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Highlights

* VA and its isomers (iso-VA and orto-VA) have antimicrobial
activity.

* VA and its isomers are toxic and genotoxic.
« VA and its isomers have the potential to generate oxidative stress.

* VA isomerism affects its biological activity.

Abstract

Vanillic acid (4-hydroxy-3-methoxybenzoic acid) (VA) is a natural benzoic acid
derivative commonly found in herbs, rice, maize, and some fruits and vegetables.
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However, due to the wide use of VA in various industrial sectors, its presence in the
environment might harm living organisms. This study evaluated the toxicity of VA and
its isomers, iso-VA and orto-VA. Firstly, the antimicrobial effect of VA and its isomers
iso-VA and orto-VA (in doses of 1000; 100, 10, 1; 0.1; 0.01 mg/L) against Escherichia
coli, Sarcina spp., Enterobacter homaechei, Staphylococcus aureus and Candida albicans

were identified. The toxic effect and protein degradation potential of VA and its
isomers were determined using E. coli grpE:luxCDABE and lac:luxCDABE biosensor
strains. However, the genotoxicity and oxidative stress generation were assessed with
the E. coli recA:luxCDABE biosensor and E. coli strain. The results showed that VA, iso-
VA, and orto-VA exhibited antimicrobial activity against all tested bacterial strains.
However, VA's antimicrobial effect differed from iso-VA and orto-VA. Similar toxic,
genotoxic, and oxidative stress-inducing effects were observed for VA and its isomers.
Each compound exhibited toxicity, cellular protein degradation, and genotoxic activity
against E. coli grpE:luxCDABE, E. coli lac:luxCDABE, and E. coli recA:luxCDABE strains.
Analysis of reactive oxygen species (ROS) generation within E. coli cells highlighted
oxidative stress as a contributing factor to the toxicity and genotoxicity of VA and its
isomers. While the findings suggest potential applications of VA compounds as food
preservatives, their presence in the environment raises concerns regarding the risks
posed to living organisms due to their toxic and genotoxic characteristics.
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Vanillic acid; Toxicity; Microbial biosensor strains; Water pollutants; Clean water

1. Introduction

Vanillic acid (4-hydroxy-3-methoxybenzoic acid) (VA) is a benzoic acid derivative. It is
a naturally occurring aromatic phenolic acid found in various herbs such as Angelica
Sinensis, Ocimum basilicum, Origanum vulgare, Salvia Rosmarinus, and Thymus
vulgaris, as well as in cereals like rice and maize. VA is also present in fruits and
vegetables, such as Euterpe oleracea, Phoenix dactylifera and Olea europaea fruits and
beverages like green tea (Swistocka et al., 2013, Kaur et al., 2022, Oke et al., 2021,

Sha et al., 2023). Numerous scientific studies have demonstrated the diverse
pharmacological properties of VA, including its anti-venom, anti-inflammatory,
antimicrobial, cardioprotective, hepatoprotective, free radical scavenging, and
antioxidant activities (Tanaka et al., 2019, Girawale et al., 2022, Caetano et al., 2023,
Shabani et al., 2023). VA has shown efficacy as an antimicrobial compound against
foodborne bacteria such as S. aureus, E. coli, and carbapenem-resistant E. cloacae (

Qian et al., 2019). The in vivo anti-diabetic properties of VA have been reported by
Sha et al. (2023). In rats, VA reduced blood glucose and triglyceride levels and

improved insulin resistance, glucose tolerance and insulin signalling. In several
studies, the anticancer potency of VA, including lung cancer, prostate cancer, liver

cancer, melanoma, and endometrial carcinoma, has been reported (Kaur et al., 2021).
Moreover, VA has pharmacological activity in treating inflammatory, metabolic, bone
loss, and neurodegenerative diseases (Girawale et al., 2022, Sha et al., 2023). VA has
also found applications in brovanexine, vanitiolide, etamivan and flecainide
production. The protective properties of VA on human skin exposed to UV radiation
and premature skin ageing were also demonstrated; VA is added to ointments, lotions,
and creams (Zilius et al., 2013, Girawale et al., 2022). Additionally, VA is used as a
fragrance, an additive, a flavouring, and a colouring agent (Victor-Ortega et al., 2022).
Currently, VA is used in pharmaceutical, food, flavour, cosmetic, polymer, and wine-
making industries and the synthesis of biobased polymers. VA is extensively produced
in the industry through chemical synthesis and microbial enzymatic processes (
Girawale et al., 2022). The demand for VA has been steadily rising, particularly in
Europe and China. Between 2012 and 2016, global production of VA increased from
18.6 MT to 18.9 MT, showing an average growth rate of 1.6% (Girawale et al., 2022). The
constantly increasing consumption of VA leads to its presence in wastewater.
Moreover, VA enters wastewater as a metabolic by-product of caffeic acid. VA is
frequently detected in the urine of individuals who consume coffee, chocolate, tea,
and vanilla-flavoured confectionery (Dhananjaya et al., 2006).
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According to the US Environmental Protection Agency (EPA), the permissible
concentration limit of discharge for effluents containing phenolic compounds is 1 mg/
L. However, the allowable limit for phenol content in potable water set by the World
Health Organization (WHO) is 0.002 mg/L (Victor-Ortega et al., 2022). Despite the
standard given by EPA and WHO, the content of phenolic compounds in industrial and
domestic wastewaters could be many times higher than the allowed concentration.
For example, coffee wastewaters might range from 12 to 388 mg/L, polyphenol
content detected in winery wastewaters ranged from 0.5 to 1450 mg/L, and the total
phenolics in olive mill wastewaters ranged from 0.03 to 10 g/L (Ramos et al., 2023).

Numerous significant biodegradation metabolites of VA have been identified to date,
including o-dihydroxybenzene, butyric acid, valproic acid, and guaiacol; some of these

are harmful to living organisms (Wang et al., 2018). Therefore, further research on the
toxicity of VA towards living organisms is warranted. Currently, there is a lack of
studies examining the biological effects of VA isomers such as iso-VA and orto-VA. The
existing scientific literature only reports the detection of general VA in wastewater,
with no information on the presence of its iso- and orto-isomers as environmental
contaminants. Nevertheless, this absence of data does not preclude the potential

occurrence of VA isomers as micropollutants.

In this study, we compared the biological properties of vanillic acid (VA) and its
isomeric forms, iso-vanillic acid (iso-VA) and orto-vanillic acid (orto-VA). We
investigated their antimicrobial activity, toxicity, cytotoxicity, genotoxicity, and ability

to induce oxidative stress. Antimicrobial activity was assessed using various bacterial
strains, including Escherichia coli ATCC-25922, Sarcina spp. ATCC-35659, Enterobacter
homaechei LBM ATCC-700323, Staphylococcus aureus ATCC-25923, and Candida
albicans ATCC-10231. To evaluate toxicity, protein damage, and genotoxicity, we

employed three distinct bioluminescent E. coli biosensor strains. These strains carried
promoters for recA (indicating DNA damage and genotoxicity), grpE (indicating toxicity
and protein damage), and lac (indicating constitutive expression and toxicity), fused to

the bacterial operon luxCDABE from Photorhabdus luminescens. Additionally, we
quantified reactive oxygen species (ROS) production in E. coli cultures to measure the
level of oxidative stress induced by exposure to the tested chemical compounds.

2. Materials and methods

2.1. Chemical compounds

VA, iso-VA, and orto-VA were purchased from Sigma-Aldrich (Sigma-Aldrich, UK). All
chemicals were dissolved in dimethyl sulfoxide (DMSO). To minimize the impact of
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DMSO on bacterial cells, tested chemical compound solutions were diluted in 0.86%
NaCl in a ratio of 1:9 (100 uL DMSO and 900 pL 0.86% NaCl). VA, iso-VA, and orto-VA
were tested at concentrations of 0.01, 0.1, 1, 10 and 100 mg/L. The concentration of

1000 mg/L was also tested to determine the antimicrobial activity. In each well of a

96-well plate, the tested samples comprised 100 pl of microorganism culture and

100 pl of the respective concentration of VA, iso-VA, and orto-VA dissolved in a
mixture of DMSO and 0.86% NaCl at a ratio of 1:9 (100 ul DMSO and 900 ul 0.86%
NaCl). The control samples lacked the tested chemical compounds. They were

composed of equivalent amounts of microorganism cultures and solvents as the test

samples corresponding to the specified concentrations of the chemicals under

investigation. The concentrations of the tested compounds were selected based on the

polyphenol concentrations found in wastewater, as reported by Yanez et al. (2016) and

Ramos et al. (2023). Additionally, the study aimed to explore the performance of the

microbial biosensors E. coli grpE:luxCDABE, E. coli lac:luxCDABE, and E. coli

recA:luxCDABE across a range of concentrations, including lower concentrations (0.1

and 0.01, 1, 10 mg/L) and higher concentrations (100 mg/L). The physical and chemical

properties of the tested acids are presented in Table 1.

Table 1. Chemical and physical properties of VA, iso-VA and orto-VA.

Nazwa

Chemical

structure

IUPAC name

Molecular
Weight [g/

mol]

Appearance

Melting
Point [°C]

Vanillic acid (VA)

4-hydroxy-3-

methoxybenzoic acid

168.15

Light yellow to yellow

to orange powder

173-177

Ortovanillic acid (orto-
VA)

®c

9
.9

<@
9®
e &

N

»< o
¢ e

¥ 9
W

2-hydroxy-3-

methoxybenzoic acid

168.15

Light brown powder

147-150

Isovanillic acid (iso-VA)

3-hydroxy-4-

methoxybenzoic acid

168.15

Beige to gray-brown

powder

250-253
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Ortovanillic acid (orto-

Nazwa Vanillic acid (VA) VA) Isovanillic acid (iso-VA)
Solubility in 1.5 g/L w temp. 14 °C 3.86 g/L 442 ¢|L

H,0

pKa 4.53 2.85 4.35

XLogP3 1.4 1.9 14

Acute Intraperitoneal, 5020 Intraperitoneal, 2056 mg/ Intraperitoneal, 2974 mg/
toxicity LD5y mg/kg (rat), >2691 mg/ kg (rat), kg (rat)

kg (mouse)

PubChem Compound PubChem Compound PubChem Compound
Summary for CID 8468, Summary for CID 70140, 2- Summary for CID 12575, 3-
vanillic acid. Retrieved = hydroxy-3- Hydroxy-4-
July 6, 2023 from methoxybenzoic acid. methoxybenzoic acid.
https:// Retrieved July 6, 2023 from Retrieved July 6, 2023 from
pubchem.ncbi.nlm.nih.g https:// https://
ov/compound/Vanillic-  pubchem.ncbi.nlm.nih.gov/ pubchem.ncbi.nlm.nih.gov/
Acid compound/2-Hydroxy-3-  compound/3-Hydroxy-4-
methoxybenzoic-acid » methoxybenzoic-acid »

2.2. The preparation of microorganisms

For antimicrobial activity, five different strains (E. coli ATCC-25922, Sarcina spp.,
ATCC-35659, E. homaechei LBM ATCC-700323, S. aureus ATCC-25923 and C. albicans
ATCC-1023) representing bacteria and fungi were purchased from ATCC (American

Type Culture Collection, USA). E. coli RFM443 strains with a plasmid transcriptional
fusion of grpE and lac promoters with [uxCDABE reporter gene were applied to
determine toxicity and protein damage potency of VA, iso-VA, and orto-VA. The
utilization of bioluminescent microbial biosensors to estimate the toxicity of different
micropollutants, including pharmaceuticals and their metabolites, as well as
compounds of natural origin, has been reported in several studies (Bae et al., 2020,
Rojas-Villacorta et al., 2022a, Rojas-Villacorta et al., 2022b, Matejczyk et al., 2023). In
this study, for genotoxicity of VA, iso-VA and orto-VA, the E. coli RFM443
recA:luxCDABE strain with genotoxin-sensitive recA promoter was utilized (
Melamed et al., 2012, Zhu et al., 2022, Rojas-Villacorta et al., 2022a,

Rojas-Villacorta et al., 2022b). The E. coli strains were obtained from the laboratory
collection of microorganisms of Prof. Shimshon Belkin, Hebrew University of
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Jerusalem, Israel. E. coli strains used in this study are presented in Table 2.

Table 2. E. coli biosensor strains used in this study.

E. coli Protein damage and

RFM443  GrpE Lux general toxicity Bae et al., (2020); Matejczyk et al., (2023)

E. coli LacZ Lux General toxicity Bae et al., (2020); Matejczyk et al., (2023)
RFM443

E. coli RecA Lux Genotoxicity Melamed et al., (2012), Matejczyk et al., 2020a,
RFM443 Matejczyk et al., 2020b, Matejczyk et al., 2020c,

Matejczyk et al., 2022, Matejczyk et al., 2023

2.3. Test on antimicrobial effects

Antimicrobial activity of VA, iso-VA and orto-VA was determined based on the growth

inhibition effect of E. coli, Sarcina spp., E. homaechei, S. aureus, and C. albicans. Strains
were cultured overnight at 37°C on Luria Bertani broth (LB) that contained casein
peptone 10 g/L, yeast extract 5 g/L, NaCl 10 g/L, pH 7.0. Then, the overnight cultures
were diluted 10-fold in fresh LB broth, and they were incubated at 37°C with shaking
(130 rpm) to reach the log phase (OD600=0.2). VA, iso-VA and orto-VA were added in
the appropriate concentration (0.01, 0.1; 1, 10 and 100 mg/L) to the culture of
microorganisms and incubated at 37°C for 24 and 48 h. The control sample did not
contain the tested chemical compounds. The toxic effect of tested chemicals was
measured with Optical Density (OD) at 600 nm using a GloMax® microplate reader
(Promega, MA, USA). The antimicrobial activity of VA, iso-VA, and orto-VA was
presented as an inhibition or stimulation of bacterial/fungal culture growth after 24
and 48 h, compared to the control cells and presented as a percentage (%).
Experiments were conducted in triplicate.

2.4. Toxicity and protein damage determination

Two bacterial biosensor strains, E. coli RFEM443, with plasmid transcriptional fusion of
grpE and lac promoters with luxCDABE gene, were used to determine toxicity and
degree of cellular protein damage. In this biosensor, a series of biochemical reactions
with enzyme-luciferase participation leads to bioluminescence formation (

Bae et al., 2020). The promoter - grpE in E. coli grpE:luxCDABE belongs to the group of
inducible promoters, which are sensitive to general toxicity and protein damage (

Bae et al., 2020). GrpE protein plays an important role in the protein folding process
and the cellular heat shock response. The bioluminescent signal generated by E. coli
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grpE:luxCDABE bacterial cells is proportional to the toxic effect and the degree of
protein degradation after exposing the bacteria to VA, iso-VA and orto-VA at the
concentrations of 0.01, 0.1, 1, 10 and 100 mg/L. In the second bioluminescence, E. coli
RFM443 lac:luxCDABE plasmid with lac promoter signal is generated constitutively. In
this strain, the toxic effect of tested chemical compounds was proportional to the
decrease in luminescence. In this experiment, after the overnight cultivation of both

bacteria strains in Luria Bertani (LB) medium with 100 ug/ml of ampicillin at 37°C,
cultures were diluted in fresh LB and regrown at 37°C with shaking (150 rpm) to the
early log phase (OD600=0.2). The measurements were carried out in white plates. To
each well of the 96-well plate with an optical bottom (Grainer Bio-One, Germany), the
volumes of 100 ul of appropriate concentrations of VA, iso-VA and orto-VA and 100 pl
of E. coli RFM443 grpE:luxCDABE and E. coli RFM443 lac:luxCDABE cultures were added.
The plates were incubated at 37°C for 2 and 24 hours, and luminescence was
measured using a GloMax® microplate reader (Promega, MA, USA). Moreover, to
normalize the luminescence value to the bacterial concentration, the OD600 was
measured spectrophotometrically. The toxic and protein damage effects were
presented as a percentage (%) increase/decrease in luminescence of treated samples
compared to the control. The experiment was carried out in three independent series.

2.5. VA, iso-VA and orto-VA genotoxicity determination

Over the last quarter of a century, microbial biosensors containing lux (luminescence
method) or gfp (green fluorescent protein) (fluorescence method) reporter genes have
been used in environmental monitoring of metals in contaminated soils,
polychlorinated biphenyls (PCBs) in wastewaters, organic pollutants in treated
wastewaters, chromium, arsenic, lead, pesticides and petroleum hydrocarbons in
waters, quorum sensing phenomena and microbial communities in soils (

Moraskie et al., 2021, Zhu et al., 2022). So far, microorganisms, including E. coli strains
containing the recA:luxCDABE plasmid gene construct, have been used to determine
the genotoxicity of many chemical compounds, including antibiotics (

Melamed et al., 2012), phenol, chromium (Cr6+), lead (Pb2+) and radiation potential.
UV on bacterial cells (Jiang et al., 2017). In environmental monitoring, E. coli
recA:luxCDABE strains were used to determine the genotoxicity of crude oil in surface
water samples and the genotoxicity of municipal wastewaters (Moraskie et al., 2021,
Zhu et al., 2022, Rojas-Villacorta et al., 20223, Rojas-Villacorta et al., 2022b). In the
work of Zappi et al. (2021), microbiological E. coli biosensors containing the lux and
gfp gene were used to determine the toxic impact of nitrification inhibitors
(allylthiourea, phenol and copper) in industrial and municipal wastewaters.

The E. coli RFM443 recA:luxCDABE bacterial biosensor with a plasmid gene construct
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and a fusion of the recA promoter with the luxCDABE reporter gene was used to
determine the genotoxicity of VA, iso-VA and orto-VA at the concentration of 0.01; 0.1;
1, 10 and 100 mg/L. The recA promoter belongs to the group of DNA damage-induced
gene promoters involved in the SOS repair system. E. coli strain recA:luxCDABE was
cultured for 24 hours in LB broth with ampicillin at a 100 pg/ml concentration at 37°C.

After a 24-hour incubation, the culture was diluted in fresh LB broth with ampicillin at

a concentration of 100 ng/ml and incubated at 37°C with shaking (150 rpm) until a
logarithmic growth phase of OD600=0.2 was reached. The appropriate solutions of VA,
iso-VA and orto-VA were added to the LB broth cultures of E. coli recA:luxCDABE and
incubated for 2 and 24 hours at 37°C. To standardize the luminescence response of the
E. coli recA:luxCDABE culture for all test samples and the control samples, the OD at
600 nm was spectrophotometrically determined. A GloMax® microplate reader
(Promega, MA, USA) was used to measure luminescence and absorbance.
Luminescence measurement and data analysis were performed according to the
method described by Melamed et al. (2012) and Kessler et al. (2012). Luminescence
was measured for all tested and control samples. The dynamic of the induction of recA
promoter after 2 and 24 hours incubation of E. coli recA:luxCDABE cultures with the
test chemicals was presented as the percentage (%) increase/decrease in luminescence
compared to the control sample. The experiment was performed in triplicate.

2.6. ROS generation

The ROS synthesis in E. coli ATCC-25922 after treatment with VA, iso-VA and orto-VA
at the concentration of 0.01, 0.1, 1, 10 and 100 mg/L was determined using 7’-
dichlorofluoresceindiacetate (DCFH-DA) (Sigma-Aldrich, UK), according to the method
described by Matejczyk et al., 2020a, Matejczyk et al., 2020b, Matejczyk et al., 2020c.
The overnight culture of E. coli in LB broth at 37°C was diluted in fresh LB broth and
then incubated at 37°C with shaking (130 rpm) to reach the log phase (OD600 =0.2).
The E. coli culture was treated with VA, iso-VA, and orto-VA at concentrations of 0.01,
0.1, 1, 10 and 100 mg/L. Next, DCFH-DA was added to each sample at a final
concentration of 5 uM and incubated at 37°C for 45 min. As the control, non-treated
bacterial suspensions were used. The DCF fluorescence intensity was measured using
GloMax® microplate reader (Promega, MA, USA) at the excitation wavelength of 485
nm and the emission wavelength of 535 nm. In this method, the fluorescence intensity
of the treated sample is proportional to the degree of ROS generation. At the same
time, for each sample, the OD600 values of bacteria cultures were monitored
spectrophotometrically. The ROS generation in E. coli culture treated by VA, iso-VA and
orto-VA was presented as a percent (%) of ROS increase compared to the not treated
control culture. All the experiments were performed in triplicates.
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2.7. Statistical analysis

For statistical analysis, the Tukey test was used. This test was chosen because of the
existence of a normal distribution for the individual variables included in the study

according to the Shapiro-Wilk test results and the heterogeneity of variance according
to the Bartlett test. Statistical calculations were done using Statistica 13.1 (TIBCO,
Software, Inc.). Significant differences were taken as a= 0.05.

3. Results

The complete set of results regarding antimicrobial activity, toxicity, degree of
degradation of cellular proteins, genotoxicity and generation of oxidative stress of VA

and its isomers iso-VA and orto-VA are presented in Fig. 1-27 and
Supplementary materials (§1-S13).
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Fig. 1. The antimicrobial activity of VA against E. coli ATCC-25922. *- statistically
significant difference at a= 0.05 between control sample. Error bars indicate the
standard deviation (SD) of the mean of three independent replicates.

3.1. Antimicrobial activity of VA, iso-VA, and orto-VA

Our finding demonstrated that VA, iso-VA, and orto-VA exhibited varying effects on
the growth of E. coli ATCC-25922, Sarcina spp. ATCC-35659, E. homaechei LBM
ATCC-700323, S. aureus ATCC-25923 and C. albicans ATCC-10231 across different
concentrations (Fig. 1, fig. 2, fig. 3). Specifically, after 24 h, significant E. coli culture
growth stimulation was observed for orto-VA at 100 mg/L (10.4%) and 0.01 mg/L

03-10-2024, 12:40

https://www.sciencedirect.com/science/article/pii/S0147651324004597


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/gaussian-distribution
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/gaussian-distribution
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/oxidative-stress
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/oxidative-stress
https://ars.els-cdn.com/content/image/1-s2.0-S0147651324004597-gr1_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S0147651324004597-gr1_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S0147651324004597-gr1_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S0147651324004597-gr1_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S0147651324004597-gr1_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S0147651324004597-gr1_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S0147651324004597-gr1.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S0147651324004597-gr1.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S0147651324004597-gr1.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S0147651324004597-gr1.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S0147651324004597-gr1.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S0147651324004597-gr1.jpg
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/growth-stimulation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/growth-stimulation

Biological effects of vanillic acid, iso-vanillic acid, and orto-vanillic a... https://www.sciencedirect.com/science/article/pii/S0147651324004597

(13.7%) concentrations. Conversely, notable inhibition of E. coli growth was detected
after 24 hours and 48 hours, with a 17.8% and 59.3% reduction, respectively, at a
concentration of 1000 mg/L VA and a 26.06% reduction after 48 hours at a
concentration of 1000 mg/L orto-VA. The most pronounced stimulation of Sarcina spp.
growth (10.5%) occurred after 24 hours at concentrations of 10 mg/L for both iso-VA
and ortho-VA. Conversely, the most significant increase in the inhibition of bacteria
growth for Sarcina spp. was noted after 24 hours (83.8%, 69.6%, and 69.9%,
respectively) and 48 hours (80.3%, 70.8%, and 65.1%, respectively) After 48 hours, the
most pronounced stimulation of bacteria growth, at 16.7%, was observed with a
concentration of 0.01 mg/L for iso-VA. After 48 h, the greatest enhancement of the
toxic effect of VA and orto-VA (28.4% and 26.4%, respectively) for E. homaechei culture
development in the concentration of 1000 mg/L was observed. Both after 24 h and
after 48 h, the inhibition effect of VA and orto-VA for S. aureus ATCC-25923 growth
was found. The most significant inhibition of the growth of S. aureus culture was
observed after 24 h in the concentrations of 100 mg/L and 10 mg/L orto-VA (36.8% and
30.7%, respectively). However, the maximum inhibition of the growth of C. albicans
ATCC-10231 culture was found after 24 h and 48 h in a dose of 100 mg/L VA (35.9%,
33.4%, respectively) and after 48 h in a dose of VA 1000 mg/L (31.8%). In turn, after 24 h
in the concentrations of 100, 10, 1, 0.1 and 0.01 mg/L iso-VA, the stimulating effect for
C. albicans growth in the range of 2.03% (0.01 mg/L) to 11.6% (100 mg/L) was observed.
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Fig. 2. The antimicrobial activity of iso-VA against E. coli ATCC-25922. *- statistically
significant difference at a= 0.05 between control sample. Error bars indicate the
standard deviation (SD) of the mean of three independent replicates.
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Fig. 3. The antimicrobial activity of orto-VA against E. coli ATCC-25922. *- statistically
significant difference at a= 0.05 between control sample. Error bars indicate the
standard deviation (SD) of the mean of three independent replicates.

3.2. Significant differences in VA, iso-VA and orto-VA antimicrobial
activity

Significant differences in the antimicrobial activity of VA, iso-VA, and orto-VA are
presented in Figures S1-S13. A significant difference (a=0.05) in the growth inhibition
of E. coli after treatment with VA was noticed only for a concentration of 1000.0 mg/L
after 48 hours (Figure S1). Conversely, significant differences (a=0.05) in growth
inhibition of Sarcina spp. were observed between control and treatment groups after
24 and 48 hours of incubation across various doses of VA (1000.0, 100.0, and 10.0 mg/
L), as well as for iso-VA and orto-VA at 1000.0 mg/L (Figures S1, S6, S10). For E.
homaechei, statistically significant differences (a=0.05) in growth inhibition by iso-VA
were observed at a dose of 1000.0 mg/L compared to the control group after 48 hours
of incubation (Figures S3, S7, S11). No statistically significant differences were noted
for S. aureus following VA treatment (Figure S4, S8, S12). However, significant
differences (a=0.05) in growth inhibition were observed for iso-VA at doses of 1.0, 0.1,
and 0.01 mg/L after 48 hours of incubation (Figure S8), while orto-VA showed
significant differences at doses of 1000.0 and 100.0 mg/L after 24 hours of incubation
compared to the control group.

3.3. Determination of the VA, iso-VA and orto-VA toxicity and the
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potential for protein damage

To assess the toxicity and protein degradation potential of VA, iso-VA, and orto-VA, we
utilized two distinct bioluminescent E. coli biosensor strains, E. coli RFM 443
grpE:luxCDABE and E. coli RFM443 lac:luxCDABE. Our finding showed that after 24 h of
exposure, VA, iso-VA, and orto-VA at a dose of 100 mg/L significantly induced the grpE
promoter and led to increased bioluminescence synthesis in E. coli RFM 443
grpE:luxCDABE cells (104.8%, 136.8%, and 141.9%, respectively) (Fig. 4). In addition, the
stimulating effect of iso-VA at low doses of 0.1 mg/L (9.86%) and 0.01 mg/L (18.9%) on
grpE promoter induction has also been observed. However, the reduction of grpE
promoter activity and bioluminescence decrease in E. coli RFM 443 grpE:luxCDABE
were detected after 2 h and 24 h of bacteria treatment with VA, iso-VA and orto-VA.
The most significant toxic and protein degradation effects were found after 24 hin 1
mg/L iso-VA (27.86%) and 10 mg/L orto-VA (42.9%) doses. A pronounced inhibitory
effect on E. coli lac:luxCDABE bioluminescence was evident upon exposure to VA, iso-
VA, and orto-VA. Specifically, VA induced a substantial reduction in bacteria
bioluminescence, with the most notable decreases (72.53% and 69.86%) observed after
24 hours at doses of 10 mg/L and 100 mg/L, respectively. Similarly, both iso-VA and
orto-VA at doses of 10 and 100 mg/L significantly suppressed the bioluminescence
signal (ranging from 50.36% to 64.36% and 59.62-43.23%, respectively) in the E. coli
lac:luxCDABE strain (Fig. 5). Conversely, after 2 hours of treatment with VA (100 mg/L),
a significant stimulating effect on bioluminescence synthesis (up to 36.6%) in bacterial
cells was observed.
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Fig. 4. Effect of studied doses of VA on grpE promoter response in E. coli RFM443
grpE:luxCDABE (toxicity and protein damage), presented as a percent (%) of the
induction or inhibition. *- statistically significant difference at a= 0.05 between
control sample. Error bars indicate the standard deviation (SD) of the mean of three
independent replicates.
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Fig. 5. Effect of studied doses of iso-VA on lac promoter response in E. coli RFM443
lac:luxCDABE (toxicity), presented as a percent (%) of the induction or inhibition. *-
statistically significant difference at a= 0.05 between control sample. + - statistically
significant difference at a= 0.05 between sample after 2 h. Error bars indicate the
standard deviation (SD) of the mean of three independent replicates.

Our study showed significant toxicity and protein degradation potential of VA, iso-VA,
and orto-VA in E. coli grpE:luxCDABE cells after 24 hours at a concentration of 100 mg|/L.
Among them, orto-VA exhibited the highest toxicity, with a value of 141.9%. Notably,
iso-VA and orto-VA displayed higher toxicity and protein degradation than VA, with
values of 136.8% for iso-VA and 141.9% for orto-VA, while VA showed 104.8%. However,
there were no significant differences in toxicity between iso-VA and orto-VA in E. coli
grpE:luxCDABE cells. Additionally, significant toxicity of VA, iso-VA, and orto-VA on E.
coli lac:luxCDABE was observed after 24 hours across all tested doses (0.01, 0.1, 1, 10,
and 100 mg/L), with the highest value recorded for VA (72.5%) at a dose of 10 mg|/L.
The most substantial differences in toxicity values were observed between VA (44.8%
at 1 mg/L) and iso-VA (44% at 1 mg/L), and orto-VA (14.06%), particularly at lower acid
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concentrations (0.01, 0.1, and 1 mg/L).

3.4. VA, iso-VA and orto-VA genotoxicity estimation

The genotoxicity of VA, iso-VA, and orto-VA was evaluated based on the induction of
the genotoxin-sensitive recA promoter, which was transcriptionally fused with the
luxCDABE reporter gene in the E. coli recA:luxCDABE biosensor strain. The genotoxic
effects of the tested compounds were assessed by measuring the induction of the recA
promoter and the subsequent generation of bioluminescent signals in E. coli
recA:luxCDABE cultures. After 24 hours, all tested doses of VA, iso-VA, and orto-VA
induced the recA promoter, with maximum stimulation observed at a concentration of
100 mg/L for each compound (128.1% for VA, 637.74% for iso-VA, and 201.86% for orto-
VA) (Fig. 6). Furthermore, iso-VA exhibited a significant increase in recA promoter
activity and bioluminescence synthesis at doses of 10, 1, 0.1, and 0.01 mg/L, with
values ranging from 113.26% to 132.06%. Interestingly, after 2 hours at the highest
tested doses (1, 10, and 100 mg/L) of VA, iso-VA, and orto-VA, a slight inhibition of recA
promoter activity and a decrease in bioluminescence generation were observed, with
a maximum inhibition of approximately 15.6%.
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Fig. 6. Effect of studied doses of orto-VA on recA promoter induction in E. coli RFM443
recA:luxCDABE (genotoxicity), presented as a percent (%) of the induction. *-
statistically significant difference at a= 0.05 between control sample. + - statistically
significant difference at a= 0.05 between sample after 2 h. Error bars indicate the
standard deviation (SD) of the mean of three independent replicates.
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Fig. 6.

3.5. ROS synthesis

In the culture of E. coli ATCC-25922, a significant stimulating effect on ROS generation
was observed for VA at a dose of 10 mg/L, increasing by 195.9% (Fig. 7). In comparison,
orto-VA at 100 mg/L exhibited a stimulation of 166.85%. Moreover, in E.coli cells, both
concentrations of iso-VA, 100 and 10 mg/L, significantly elevated ROS synthesis levels,
reaching up to 139.13% and 143.26%, respectively. Additionally, iso-VA at a dose of 10
mg/L induced growth in ROS synthesis of up to 129.06%. Among the tested
compounds, the highest induction of ROS synthesis in E. coli culture was observed for
VA, with a maximum value of 138.01% at a dose of 1 mg/L.
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Fig. 7. Effect of studied doses of VA on ROS synthesis in E. coli ATCC-25922, presented
as a percent (%) of the induction. *- statistically significant difference at a= 0.05
between control sample. Error bars indicate the standard deviation (SD) of the mean
of three independent replicates.

3.6. Significant differences in toxicity, protein degradation,
genotoxicity, and ROS synthesis

For the effect of VA on the grpE promoter in E. coli REM443 grpE:luxCDABE (toxicity
and cellular protein damage), statistically significant differences (a=0.05) were
observed at a dose of 100.0 mg/L VA after 24 h incubation. This difference manifested
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as a marked increase in the induction of the grpE promoter after 2 hours of incubation
(Figures S16-S18). For the changes in lac promoter (E. coli RFM443 lac:luxCDABE)
induction, statistically significant differences (a=0.05) were noticed for 100 mg/L of VA
after the 2 h incubation (Figures S14-S19). Statistically significant differences (a=0.05)
were observed for all tested acids (VA, iso-VA and orto-VA) compared to the control
group after 2 and 24 h incubation at doses of 100.0 and 10.0 mg/L. In the first case, the
statistically significant difference concerned the induction of lac promoter after 2 h
incubation (a=0.05), while the second case described the inhibition of lac promoter
after 24 h incubation (a=0.05). Regarding the effect of the individual acids on the
change in recA promoter induction (E. coli RFM443 recA:luxCDABE), diverse patterns
were observed depending on the type of acid and its dose (Figures S20-S22).
Statistically significant differences (a=0.05) were noticed between the control after 2 h
incubation and the recA promoter induction after 24 h incubation with VA and iso-VA.
These differences were associated with the increased induction of the recA promoter,
observed for both VA and iso-VA across all tested concentrations. In the case of orto-
VA, a significant difference was noticed compared to the control after 2 h of
incubation at a dose of 100 mg/L. Regarding ROS generation (Figures S23-S25),
statistically significant differences (a=0.05) were observed between the control and
VA at 10.0, 1.0, and 0.1 mg/L doses. For iso-VA, statistically significant differences
(a=0.05) were observed at doses of 100.0, 10.0, and 1.0 mg/L, while for orto-VA,
statistically significant differences (a=0.05) were noticed at doses of 100.0, 10.0, 1.0,
and 0.1 mg/L.

4. Discussion

The objective of this study was to conduct a comparative analysis of the antimicrobial
effects, toxicity, genotoxicity, and oxidative stress-inducing capabilities of VA in
relation to its iso-VA and orto-VA isomers. This research represents the first reported
attempt to compare the biological properties of VA with iso-VA and orto-VA isomers.
The results observed in this investigation provide compelling evidence that VA and its
isomers exhibit antimicrobial activity against the bacterial strains tested. The
antimicrobial properties of VA against bacterial pathogens have been reported in
several studies. For example, Mourtzinos et al. (2009) observed growth inhibition of S.
aureus and E. coli cultures after exposure to the VA. However, Qian et al. (2019)
documented the antibacterial properties of VA against E. cloacae. Additionally,

Alves et al. (2013) elucidated the toxic effects of VA on Pasteurella multocida, and
Neisseria gonorrhoeae. Existing literature indicates that VA can disrupt the biofilm
formation of clinical pathogens by inhibiting quorum sensing (QS) signalling
mechanisms (Caetano et al., 2023, Duskaev et al., 2023). The antimicrobial properties
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of VA are not fully understood, but it is suggested that its antimicrobial activity may
be correlated with the destabilization of microbial cell surfaces and cytoplasmic
membranes (Girawale et al., 2022, Muddahally et al., 2023, Sha et al., 2023).

Qian et al. (2019) observed a decrease in intracellular ATP concentration in
carbapenem-resistant E. cloacae (CREC) upon treatment with VA, indicating
disturbances in intracellular and extracellular ATP balance, which can lead to cell wall
damage and disruption of intracellular structures. Additionally, disruption of cell
membrane integrity by VA may result in the formation of pores and leakage of
intracellular components into the extracellular space (Trombetta et al., 2005,

Gill and Holley, 2006, Qian et al., 2019, Duskaev et al., 2023).

Our finding revealed distinct antimicrobial activity profiles of iso-VA and orto-VA,
compared to VA across tested bacterial strains. Specifically, orto-VA exhibited a more
pronounced antimicrobial effect than iso-VA at 100 mg/L and 1000 mg/L
concentrations, which can suggest that the VA isomerism and related differences in
the chemical structure of iso-VA and orto-VA affect the antimicrobial efficacy of VA
isomers. Although the antimicrobial activity of VA has been extensively studied ((
Girawale et al., 2022; Muddahally et al., 2023; Sha et al., 2023), there is a lack of
research focusing on the antimicrobial properties of iso-VA and orto-VA isomers.
Therefore, the results presented in our study provide new insight into the biological
activity of VA isomers. Previous reports have highlighted that phenolic compounds,
upon cell wall destruction and intracellular penetration, can interact with various
intracellular components, including proteins (Trombetta et al., 2005, Lou et al., 2011,
Duskaev et al., 2023). Consequently, the distinct chemical structures of VA, iso-VA, and
orto-VA may influence the efficiency and nature of interactions between these
compounds and cellular components, potentially modulating their antimicrobial
activity. Nonetheless, further research is warranted to elucidate the mechanisms
underlying the differential antimicrobial effects of VA, iso-VA, and orto-VA.

On the other hand, the stimulating effect of VA, iso-VA, and orto-VA on bacterial
growth at doses ranging from 100 mg/L to 0.01 mg/L observed in our study may be
attributed to their antioxidant properties. Previous studies have reported that the
phenolic structure of VA determines its antioxidant activity (Kaur et al., 2022,
Muddahally et al., 2023). Phenolic compounds have been shown to act as indirect
modulators of intracellular pro- and anti-oxidant enzymes (Kyselova, 2011). It has
been reported that VA can enhance the antioxidant status of cells by increasing the
activation of enzymes such as glutathione peroxidase, superoxide dismutase, and

catalase (Christaki et al., 2012, Magsood et al., 2014), as well as scavenging free
radicals and reducing ROS production (Kaur et al., 2022, Muddahally et al., 2023).
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In our study, to evaluate the toxicity, protein damage, and genotoxicity of VA and its
isomers, three distinct bioluminescent E. coli biosensor strains were utilized. Microbial
biosensors containing lux (luminescence method) or gfp (green fluorescent protein)
(fluorescence method) reporter genes have been used in environmental monitoring of
metals in contaminated soils, polychlorinated biphenyls (PCBs) in wastewaters,
organic pollutants in treated wastewaters, chromium, arsenic, lead, pesticides and
petroleum hydrocarbons in waters, quorum sensing phenomena and microbial
communities in soils (Moraskie et al., 2021, Zhu et al., 2022). So far, microorganisms,
including E. coli strains containing the recA:luxCDABE plasmid gene construct, have
been used to determine the genotoxicity of many chemical compounds (

Melamed et al., 2012, Jiang et al., 2017). In environmental monitoring, E. coli
recA:luxCDABE strains were used to determine the genotoxicity of crude oil in surface
water samples and the genotoxicity of municipal wastewaters (Moraskie et al., 2021,
Zhu et al., 2022, Rojas-Villacorta et al., 2022a, Rojas-Villacorta et al., 2022b).

Zappi et al. (2021) utilized E. coli biosensors containing the [ux and gfp genes to

determine the toxic impact of nitrification inhibitors (allylthiourea, phenol and
copper) in industrial and municipal wastewaters. Similarly, lux-based E. coli strains
have been used in the design of biosensors to study the toxicity and genotoxicity of
various chemical compounds such as antibiotics, non-steroidal anti-inflammatory
drugs (NSAIDs), 17p-estradiol, natural compounds such as caffeic, rosmarinic and

mandelic acids and its metal complexes (Bae et al., 2020, Ali et al., 2021,
Moraskie et al., 2021, Zhu et al., 2022, Rojas-Villacorta et al., 2022a,
Rojas-Villacorta et al., 2022b, Matejczyk et al., 2022).

In this study, VA, iso-VA and orto-VA after 24 h in dose of 100 mg/L showed significant
toxicity and protein degradation potential with a maximum value for orto-VA using E.
coli grpE:luxCDABE. The iso-VA and orto-VA were characterized by higher toxicity and
degree of protein degradation compared to VA; however, between iso-VA and orto-VA,
there were no significant differences in the toxic effect on E. coli grpE:luxCDABE cells.
The phenolic structure of VA and its isomers can be linked with their genotoxicity via
disruption of the intracellular receptor functions and binding to the genomic DNA in
bacteria cells (Duskaev et al., 2023). The results also showed that VA, iso-VA and orto-
VA at a dose of 10 mg/L were highly toxic for E. coli lac:luxCDABE strain after 24 h of
incubation. Moreover, a similar effect was observed for E. coli recA:luxCDABE strain. As
mentioned earlier, the toxicity mechanism of phenolic acids, including VA, is mainly
related to their ability to destabilize and damage the bacterial cell wall and various

intracellular organelles. Cellular disorders associated with the leakage of intracellular
components lead to dysregulation of the functionality of proteins and cell death (
Qian et al., 2019, Duskaev et al., 2023).
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In living cells, the imbalance between the synthesis of oxygen-reactive species (ROS)
and the detoxification of these reactive products leads to oxidative stress (
Islas-Flores et al., 2017, Pizzino et al., 2017). ROS include superoxide radicals (0,7),
hydrogen peroxide (H,0,), hydroxyl radicals (*OH), and singlet oxygen (10,) (

Hajam et al., 2022; Sazykin et al., 2023). Increased ROS levels cause serious damage to
crucial cellular structures like proteins, lipids, and nucleic acids (Schieber et al., 2014;
Muddahally et al., 2023). RNA, compared to DNA, is more sensitive to ROS. RNA in the
cell is the primary regulator of gene expression. RNA constitutes 80-90% of the total
cellular nucleic acids in bacterial cells. The main RNA damages caused by ROS include
the formation of abasic sites, strand breaks or modifications of base and sugar
moieties (Seixas et al., 2022, Buchser et al., 2023). In the last decade, apart from
studies on the antioxidant potential of phenolic compounds, including phenolic acids,
flavonoids, or curcuminoids, the number of studies describing their pro-oxidative and
apoptosis-inducing properties has also increased. It is known that the pro-oxidant
activity of these chemical compounds is correlated with the ability to generate
oxidative stress in cells. In turn, apoptosis as programmed cell death is necessary to
maintain a proper balance between cell proliferation and cell death, and disturbances
of this balance lead to cancer growth (Kashyap et al., 2021). The primary mechanism
of pro-oxidative activity of phenolic compounds is the ability to interact with
transition metals commonly found in biological systems of the cell (

Rahman et al., 2022). Several reports suggest that the pro-oxidant action of plant-
derived phenolics rather than their antioxidant action may be a key mechanism of
their toxicity and anticancer potential (Kyselova, (2011); Rahman et al. (2022).

In our study, we analysed reactive oxygen species (ROS) production in E. coli cultures
to quantify the level of oxidative stress induced by exposure to the tested chemical
compounds. We observed a significant increase in the oxidative stress in E. coli by
increasing ROS production after VA, iso-VA, and orto-VA exposure; the most
significant increase in ROS generation was found for VA (10 mg/L) and orto-VA (100
mg/L). We suppose that the toxicity of VA, iso-VA, and orto-VA in E. coli strains may be
attributed to their pro-oxidative potential. Moreover, in all of the tested
concentrations, after 24 h, especially for iso-VA and orto-VA, high genotoxic activity
was detected in the E. coli recA:luxCDABE strain. The observed increased free radicals
level after E. coli recA:luxCDABE exposition to VA, iso-VA and orto-VA could be
associated with bacterial DNA damage. Consequently, ROS may stimulate the
induction of the recA promoter as an indicator of genotoxicity (Hajam et al., 2022,
Rahman et al., 2022).

The toxicity of VA using the E. coli RFM443 lac:luxCDABE was significantly different
compared to the toxicity of VA and iso-VA, mainly at concentrations of 100, 1, 0.1 and
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0.01 mg/L After 24 h, the most significant differences were found in the genotoxicity of
iso-VA compared to VA and orto-VA, in all tested concentrations. Also, the most
significant differences were observed in the ROS generation values for VA compared to
iso-VA and orto-VA, especially at concentrations of 100 and 10 mg/L.

Our study confirms that the isomerisms of various chemical compounds impact their
biological activity (Lu and Gan, 2014, Tu et al., 2022). Differences in the arrangement
of -OH and CHj3 groups in the aromatic ring in VA, iso-VA and orto-VA may affect their
ability to interact with cellular components such as proteins or DNA, leading to
differential toxic and genotoxic activities. To assess toxicity, degradation of cellular
proteins and genotoxicity of tested chemicals, we employed an E. coli strain with a
transcriptional fusion of the grpE and lac promoters with the [uxCDABE reporter gene.
Differences in the chemical structure of VA and its isomers could alter the nature of
the interaction between the tested compounds and the grpE and lac promoter region,
consequently affecting the expression level of the [uxCDABE. Our findings align with
those reported by Melamed et al. (2012), Bae et al. (2020), and

Belkin and Cheng (2023), indicating that the level of induction of the grpE and lac
promoters and the expression of the luxCDABE are dependent on the chemical
structure of the tested compounds. Furthermore, compared to VA, iso-VA and orto-VA
may impact the synthesis of chemiluminescence in E. coli cells and the emission

intensity of the luminescent signal (Yin et al., 2022, Belkin and Cheng, 2023).

In summary, this comprehensive approach enabled us to discern potential differences
in toxicity, genotoxicity, and oxidative stress induction among VA and its iso- and
ortho-isomers, providing valuable insights into their safety profiles and biological
activities.

5. Conclusions

The experiments outlined in this study concern basic investigations into the biological
activities of VA and its isomeric forms, iso-VA and orto-VA. Currently, the research is
shifting focus towards delving deeper into understanding the molecular mechanisms
underlying the toxicity of the compounds under scrutiny. The elevated levels of
reactive oxygen species (ROS) observed in our study suggest that oxidative stress is
the primary mechanism driving the toxic and genotoxic impacts of VA and its isomers
on bacterial cells. A more comprehensive analysis should explore additional
parameters related to oxidative stress, such as cellular glutathione levels and the
activities of antioxidant enzymes like superoxide dismutase, catalases, and
peroxidases. Our findings demonstrate that VA and its iso- and orto-isomers exhibit
toxic and genotoxic effects on the tested bacteria strains. Phenolic compounds,
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including VA, commonly found in wastewater, possess toxicity that can negatively
affect the microorganisms within activated sludge. This impairment may lead to
compromised sludge functionality and reduced efficiency in biodegrading xenobiotics
in sewage. Hence, it is imperative to continually seek and implement more productive
wastewater treatment technologies for phenolic compounds. The results presented
indicate that in addition to VA, its iso- and orto-isomers possess antimicrobial
properties, suggesting their potential as candidates for food preservatives. However,
further in-depth investigations on the biological activities of VA and its isomers,
specifically regarding their suitability as food preservatives, are warranted. Moreover,
establishing safe dosages of these compounds as food preservatives for human
consumption is essential for practical application. Furthermore, obtained results
indicated that E. coli strains with the plasmid-based genetic constructs grpE:luxCDABE,
lac:luxCDABE and recA:luxCDABE are useful as microbial biosensors in the toxicity,
protein degradation and genotoxicity estimation of VA and its isomers iso-VA and
orto-VA.
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