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Editorial

Chemical and Biological Threats, Hazard Potential
and Countermeasures

Ondrej Soukup 1,2,* and Jan Korabecny 1,2,*

1 Biomedical Research Center, University Hospital Hradec Kralove, Sokolska 581,
50005 Hradec Kralove, Czech Republic

2 Faculty of Military Health Sciences, University of Defence, Trebesska 1575,
50005 Hradec Kralove, Czech Republic

* Correspondence: ondrej.soukup@fnhk.cz (O.S.); jan.korabecny@fnhk.cz (J.K.)

The scope of this Special Issue is to pay attention to various aspects of toxicology
specifically focused on the chemical and biological threats, which may accidentally, or
on purpose, endanger human health. Besides the characterization of such threats and
their biological consequences, we will focus on the available and novel experimental
countermeasures able to provide protection from and/or threaten such exposures. In
particular, we have focused, in this Special Issue, on the neuroprotective approaches against
organophosphorus poisoning, decontamination approaches against organophosphates
and sulphur mustard. From a civilian sphere, we bring original reports that describe
the occupational exposure risk to phthalates and diacetyl, commonly occurring plastic
components and flavoring additives, respectively, and their health consequences. Finally,
we present a review focused on micro and nanoplastics, their relation to human health and
their exposure routes through the environment.

In detail, the team of M. Braga, in a paper on the antiseizure and neuroprotective
efficacy of midazolam in comparison with tezampanel (LY293558) against soman-induced
status epilepticus, present the neuroprotective efficacy of novel glutamatergic inhibitor
tezampanel in comparison to commonly used midazolam (MDZ). The neuroprotective
efficacy of the two drugs was studied in the basolateral amygdala, 30 days post-exposure.
To highlight the findings, significant neuronal and interneuronal loss, reduced ratio of
interneurons to the total number of neurons, and reduction in spontaneous inhibitory
postsynaptic currents, accompanied by increased anxiety, were found in the MDZ-treated
group. Rats treated with tezampanel did not differ from the control rats (not exposed to
soman) in any of these measurements. Thus, tezampanel has significantly greater efficacy
than midazolam in protecting against prolonged seizures and brain damage caused by
acute nerve agent exposure [1]. Another work, ‘Molecular Evidence on the Inhibitory Po-
tential of Metformin against Chlorpyrifos-Induced Neurotoxicity’ by Daniali et al, presents
an in vivo study on the neuroprotective effect of metformin upon chlorpyrifos (CPF) poi-
soning. Indeed, following the 28 days of CPF and metformin administration, the levels of
inflammatory biomarkers, such as tumor necrosis factor alpha (TNFα) and interleukin 1β
(IL-1β), as well as the expression of 5HT1 and 5HT2 genes, were analyzed. Moreover, the
levels of malondialdehyde (MDA), reactive oxygen species (ROS), and the ADP/ATP ratio,
in addition to the activity of acetylcholinesterase (AChE) and superoxide dismutase (SOD),
were tested through in vitro experiments. This study demonstrated the potential role of
metformin in alleviating the mentioned biomarkers, which can be altered negatively as a
result of CPF toxicity. Moreover, metformin showed protective potential in modulating
inflammation, as well as oxidative stress, the expression of genes, and histological analysis,
in a concentration-dependent manner [2]. Finally, Kassa et al. in their paper ‘Influence of
Experimental End Point on the Therapeutic Efficacy of Essential and Additional Antidotes
in Organophosphorus Nerve Agent-Intoxicated Mice’ report the effect of antinicotinic
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compound MB327 on the survival of mice upon nerve agents (sarin, soman, tabun and
cyclosarin) exposure. To sum up, MB327 increased the therapeutic efficacy of atropine
alone for sarin, soman and tabun intoxication, and that of the standard antidotal treatment
(atropine and oxime) for sarin and tabun intoxication; however, the therapeutic efficacy of
MB327 was lower than the oxime-based antidotal treatment. To compare the 6 and 24 h end
points, the influence of the experimental end point was not observed, with the exception
of the higher dose of MB327. Despite the fact that only a negligible beneficial impact of
the compound MB327 was observed, antinicotinics may offer an additional avenue for
countering poisoning by nerve agents that are difficult to treat. Of note, LD50 values of
sarin, soman, tabun and cyclosarin, both treated and untreated, in mice for experimental
end points of 6 and 24 h are reported in this study [3].

The second area covered by this Special Issue deals with the decontamination of chem-
ical warfare agents. Markova et al. in their study ‘Synthesis and Decontamination Effect

on Chemical and Biological Agents of Benzoxonium-Like Salts’ describe antimicrobial,
as well as decontamination, potential of novel series based on benzoxonium scaffolds. In
particular, biocidal activity against a panel of bacterial strains, including Staphylococcus
aureus in biofilm form and Francisella tularensis as a representative of potential biological
warfare agents, was screened. From a point of view of decontamination potential, the
efficiency of BOC-like compounds to degrade the organophosphate simulant fenitrothion
was examined. In summary, despite the fact that no single compound with universal effec-
tiveness was identified, a mixture of only two compounds from this group would be able to
satisfactorily cover the proposed decontamination spectrum. Furthermore, the dual effect
on chemical and biological agents of benzoxonium-like salts offer attractive potential as
active components of decontamination mixtures in the case of a terrorist threat or chemical
or biological accidents [4]. In another work entitled ‘Reactive Organic Suspensions Com-

prising ZnO, TiO2, and Zeolite Nanosized Adsorbents: Evaluation of Decontamination

Efficiency on Soman and Sulfur Mustard’ by Ginghina and Bratu, the decontamination
efficiency of three types of reactive organic suspensions (based on nanosized adsorbents) on
two real chemical warfare agents, soman (GD) and sulfur mustard (HD), is described. Three
types of nanoparticles (ZnO, TiO2, and zeolite) were employed in the decontamination
formulations for enhancing the degradation of the toxic agents. The conversion of the
two chemical warfare agents into their decontamination products was also monitored up
to 24 h. Four main degradation products, resulting from the decontamination of sulfur
mustard, and five main degradation products, resulting from the decontamination of GD,
were identified and quantified by the GC-MS technique as well. In terms of efficacy, the
organic suspensions that comprised ZnO, TiO2, and zeolite nanoparticles proved their de-
contamination efficiency on soman and sulfur mustard, whereas the conversion study into
the harmless degradation products offers a comprehensive image on the decontamination
process [5].

Finally, the third part that refers to the occupational exposures is introduced by a
review entitled ‘Scientific Evidence about the Risks of Micro and Nanoplastics (MNPLs) to
Human Health and Their Exposure Routes through the Environment’ by Rodrigues et al.,
focusing mainly on ingestion and inhalation routes and their medical consequences [6].
Inhalation route of exposure is the subject of an original work entitled ‘Diacetyl Vapor
Inhalation Induces Mixed, Granulocytic Lung Inflammation with Increased CD4+CD25+

T Cells in the Rat’ by McGraw’s group. Diacetyl (DA) is a highly reactive alpha diketone
associated with flavoring-related lung disease. The study characterizes different T cell pop-
ulations within the lung following repetitive DA vapor exposures. In particular, while no
significant change was observed in percent lung CD3+, CD4+, or CD8+ T cells, a significant
increase in lung CD4+CD25+ T cells developed after 1 week that persisted at 2 weeks post-
exposure. In addition, BALF IL-17a increased significantly after 2 weeks in DA-exposed
rats compared to the air controls. Lung CD4+CD25+ T cells and BALF IL17a correlated
directly with BALF total protein and inversely with rat oxygen saturations. In summary,
repetitive DA vapor exposure at occupationally relevant concentrations induced mixed,
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granulocytic lung inflammation with increased CD4+CD25+ T cells in rats [7]. Finally, the
original paper ‘Risk of Abdominal Obesity Associated with Phthalate Exposure of Nurses’
by Kolena et al assesses potential phthalate exposure among nurses by high-performance
liquid chromatography and tandem mass spectrometry and anthropometric measurements,
along with questionnaires. As a result, associations between mono-benzyl phthalate (MBzP)
and body mass index (BMI), hip circumference (HC), waist circumference (WC), waist
to height ratio (WHtR), and fat mass index (FMI), visceral fat content, BMI risk and hip
index risk (HIrisk) were observed, suggesting that occupational exposure to phthalates
may induce abdominal obesity and result in obesity-related metabolic disorders [8].

To conclude, this Special Issue describes important findings related to chemical and
biological threats, their hazard potential on human health and potential countermeasures.
All these findings broaden the knowledge in this field and will stimulate further research,
which hopefully will result in an impact on practical applications in the near future.

Funding: This work was supported by a grant of the Ministry of Defence “Long Term Development
Plan” Medical Aspects of Weapons of Mass Destruction of the Faculty of Military Health Sciences,
University of Defence; and by MH CZ - DRO (University Hospital Hradec Kralove, No. 00179906).

Conflicts of Interest: The authors declare no conflict of interest.
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Antiseizure and Neuroprotective Efficacy of Midazolam in
Comparison with Tezampanel (LY293558) against
Soman-Induced Status Epilepticus

Taiza H. Figueiredo 1,†, Vassiliki Aroniadou-Anderjaska 1,2,†, Volodymyr I. Pidoplichko 1, James P. Apland 3

and Maria F. M. Braga 1,2,*

1 Department of Anatomy, Physiology, and Genetics, F. Edward Hébert School of Medicine, Uniformed Services
University of the Health Sciences, Bethesda, MD 20814, USA; taiza.figueiredo.ctr@usuhs.edu (T.H.F.);
vanderjaska@usuhs.edu (V.A.-A.); volodymyr.pidoplichko.ctr@usuhs.edu (V.I.P.)

2 Department of Psychiatry, F. Edward Hébert School of Medicine, Uniformed Services University of the Health
Sciences, Bethesda, MD 20814, USA

3 Neuroscience Branch, U.S. Army Medical Research Institute of Chemical Defense, Aberdeen Proving Ground,
Aberdeen, MD 21010, USA; James.p.apland.civ@mail.mil

* Correspondence: maria.braga@usuhs.edu; Tel.: +1-(301)-295-3524; Fax: +1-(301)-295-3566
† These authors contributed equally to this work.

Abstract: Acute exposure to nerve agents induces status epilepticus (SE), which can cause death or
long-term brain damage. Diazepam is approved by the FDA for the treatment of nerve agent-induced
SE, and midazolam (MDZ) is currently under consideration to replace diazepam. However, animal
studies have raised questions about the neuroprotective efficacy of benzodiazepines. Here, we
compared the antiseizure and neuroprotective efficacy of MDZ (5 mg/kg) with that of tezampanel
(LY293558; 10 mg/kg), an AMPA/GluK1 receptor antagonist, administered 1 h after injection of
the nerve agent, soman (1.2 × LD50), in adult male rats. Both of the anticonvulsants promptly
stopped SE, with MDZ having a more rapid effect. However, SE reoccurred to a greater extent in the
MDZ-treated group, resulting in a significantly longer total duration of SE within 24 h post-exposure
compared with the LY293558-treated group. The neuroprotective efficacy of the two drugs was
studied in the basolateral amygdala, 30 days post-exposure. Significant neuronal and inter-neuronal
loss, reduced ratio of interneurons to the total number of neurons, and reduction in spontaneous
inhibitory postsynaptic currents accompanied by increased anxiety were found in the MDZ-treated
group. The rats treated with LY293558 did not differ from the control rats (not exposed to soman)
in any of these measurements. Thus, LY293558 has significantly greater efficacy than midazolam in
protecting against prolonged seizures and brain damage caused by acute nerve agent exposure.

Keywords: soman; seizures; neuroprotection; amygdala; midazolam; tezampanel

1. Introduction

Acute nerve agent exposure affects both the peripheral and the central nervous system,
and can result in an agonizing death if not treated in a timely manner. The primary action
of these organophosphorus agents is the inhibition of acetylcholinesterase; the resulting
elevation of acetylcholine and the hyperstimulation of cholinergic receptors are the main
causes of both the peripheral and central effects [1]. Rapid death can ensue, due to respira-
tory failure caused by bronchospasms and thick secretions in the airways, weakness and
eventual paralysis of the respiratory muscles, and suppression of the respiratory center [2].
These effects can be prevented or adequately controlled by the prompt administration
(or auto-injection) of available and efficacious drugs, such as atropine, which counteracts
the excessive activation of muscarinic cholinergic receptors, primarily in the peripheral
nervous system. In the brain, acute nerve agent exposure induces unrelenting status epilep-
ticus (SE), which can also lead to death. If death is prevented but SE is not adequately
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Toxics 2022, 10, 409

controlled, the brain will be damaged by the intense seizures, which will result in long-term
neurological and behavioral deficits [3]. Therefore, control of the seizures after acute nerve
agent exposure is necessary to prevent death or brain damage.

The seizures induced by nerve agent exposure are initiated primarily due to hyperstim-
ulation of muscarinic receptors by the elevated acetylcholine [4–8]. The hyperstimulation
of the muscarinic receptors triggers excessive activity in the glutamatergic synapses [9–11],
which reinforces and sustains seizures [12], and is the main cause of excitotoxic neuronal
damage and death [13,14]. Excessive glutamatergic excitation can be suppressed by enhanc-
ing the GABAA receptor-mediated inhibitory activity. Benzodiazepines—mainly diazepam
(DZP) and midazolam (MDZ) which are positive modulators of GABAA receptors [15–17]—
are most often used for the suppression of seizures and are administered as the first-line
treatment for SE, regardless of the etiology [18–20]. However, seizures often reoccur after a
transient suppression by the administration of DZP or MDZ [21–23]. Furthermore, benzo-
diazepines may be ineffective if administered at delayed time points after the onset of SE,
and for this reason, they are recommended for early treatment [18,20,24]. There are also
cases where the seizures are completely refractory to benzodiazepines [18,20,25].

Some of these drawbacks have also been observed when benzodiazepines are admin-
istered to terminate SE induced by nerve agents, in animal models of nerve agent exposure.
Thus, the anticonvulsant efficacy of DZP decreases as the latency from the onset of SE
induced by the nerve agent soman increases [26–28]. In addition, the seizures induced by
exposure to soman or other organophosphorus agents return after a temporary cessation
by administration of DZP [29,30]. More importantly, cessation of nerve agent-induced SE
by DZP does not prevent brain damage, or the appearance of behavioral and neurological
deficits [29,31–33].

Despite this knowledge, DZP is the current FDA-approved anticonvulsant for treating
the victims of acute nerve agent exposure. MDZ has a more rapid absorption and onset
of action than DZP, as well as greater water solubility and a longer shelf life [34]; for
these reasons, the FDA is currently considering the approval of MDZ for the treatment of
nerve agent-induced SE. However, it is unclear if, in the same way as DZP, MDZ is not
a good neuroprotectant, particularly if administered with some delay after the exposure.
The present study was undertaken to enhance knowledge of the antiseizure and neuro-
protective efficacy of MDZ when used to control nerve agent-induced SE. The efficacy
of MDZ was compared with that of a compound that directly counteracts glutamater-
gic hyperexcitation, the AMPA/GluK1 receptor antagonist (3S, 4aR, 6R, 8aR)-6-[2-(1(2)H-
tetrazole-5-yl)ethyl]decahydroisoquinoline-3-carboxylic acid (LY293558 [35]; also known
as Tezampanel), which we previously tested against soman under various experimental
conditions and obtained promising results [36–40].

2. Materials and Methods

2.1. Animals

Sprague-Dawley male rats, purchased from Charles River Laboratories (Wilmington,
MA, USA), were individually housed in an environmentally controlled room (20–23 ◦C,
12-h light/12-h dark cycle, lights on 06:00 a.m.), with food and water available ad libitum.
The rats weighed 150–250 g at the start of the experiments. The experiments performed
followed the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory
Animal Resources, National Research Council), and were approved by the Institutional
Animal Care and Use Committees of the Uniformed Services University of the Health
Sciences and the U.S. Army Medical Research Institute of Chemical Defense (Approval
number APG-18-677). The animal care and use programs of both of the institutions are
accredited by the Association for Assessment and Accreditation of Laboratory Animal
Care International.
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2.2. Soman Administration and Drug Treatment

Soman (pinacolyl methylphosphonofluoridate) was obtained from Edgewood Chemi-
cal Biological Center (Aberdeen Proving Ground, MD, USA); it was diluted in cold saline
and administered via a single subcutaneous injection (132 μg/kg, 1.2 × LD50). To alleviate
the peripheral effects of soman we injected the rats with 2 mg/kg atropine sulfate (IM;
Sigma-Aldrich, St. Louis, MO, USA), a muscarinic receptor antagonist, and 125 mg/kg HI-6
(IP; Starks Associates, Buffalo, NY, USA), a bispyridinium oxime that reactivates inhibited
AChE, primarily in the periphery [41], within 1 min after injection of soman. One hour after
the soman exposure, the rats were injected (IM) with either MDZ (5 mg/kg; Hospira Inc.,
Lake Forest, IL, USA) or LY293558 (10 mg/kg; kindly provided by Raptor Pharmaceutical
Corp., Novato, CA, USA). In deciding the appropriate anticonvulsant dose to use, we
aimed for the lowest dose that will completely stop seizure activity in less than 30 min
(Figure S1), as high anticonvulsant doses may contribute to cardiorespiratory depression,
particularly in an animal undergoing SE. In the present study, we did not use a group of rats
that was exposed to soman but did not receive any anticonvulsant treatment because (1) we
have obtained such data in previous studies [29,36–38,42–45] and, therefore, considered it
unnecessary to have more animals experiencing prolonged, unalleviated SE; and (2) the
focus of the present study was to compare the outcomes when soman-exposed rats are
treated with LY293558 versus MDZ.

The rats, implanted with electrodes for electroencephalographic (EEG) recordings,
were exposed to soman two weeks after the electrode implantation. After the exposure,
all of the rats (electrode implanted and non-implanted) were injected with 5 mL Lactate
Ringer’s solution every 8 h for 24 h, which continued for another 24 h in the animals that
had not completely recovered and appeared to need more hydration. The rats implanted
with EEG electrodes were euthanized after the completion of 24 h of recording. For
the evaluation of neuropathology and anxiety-like behavior, only the rats that were not
implanted with electrodes were used, so as to avoid potential confounded variables (for
example, additional stress in the electrode-implanted rats, arising from the presence of the
headpiece and the electrodes, particularly during SE).

2.3. Electrode Implantation and EEG Recordings

The rats were anesthetized with isoflurane using a gas anesthesia system (Kent Scien-
tific, Torrington, CT, USA), and five stainless steel, cortical screw electrodes were stereo-
taxically implanted, as previously described (Figure 1B) [29]. The video-EEG recordings
were obtained in the freely-moving rats at a sampling rate of 200 Hz, using an EEG system
(Stellate, Montreal, QC, Canada). The recordings were visually analyzed offline with the
filters set to 0.3 Hz for the low frequency filter, 60 Hz for the notch filter, and 70 Hz for the
high frequency filter, using the Harmonie Viewer 6.1e from Stellate (Montreal). The EEG
recordings were obtained starting 1 to 2 h before the soman exposure and continuing for
another 24 h after the soman injection. The disappearance of large amplitude, repetitive
discharges (>1 Hz with at least double the amplitude of the background activity) was
considered to be evidence of cessation of SE.

2.4. Preparation of Brain Sections

The neuropathological analysis was performed in the basolateral amygdala (BLA), 30 days
after the exposure. The rats were deeply anesthetized with pentobarbital (75–100 mg/kg,
i.p.) and transcardially perfused with PBS (100 mL), followed by 4% paraformaldehyde
(200 mL). The brains were removed and placed in 4% paraformaldehyde, overnight at 4 ◦C,
for post-fixation. The next day, the brains were transferred to a solution of 30% sucrose in
PBS for 72 h, and frozen with dry ice before storage at −20 ◦C, until sectioning. A one-in-
five series of sections (for every five sections cut in series, one was kept), starting from the
rostral extent of the amygdala, were cut at 40 μm on a sliding microtome and mounted on
Superfrost Plus slides (Daigger, Vernon Hills, IL, USA). Two adjacent sections from every
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five were used, one for Nissl staining with Cresyl Violet and one for immunohistochemical
labeling for GAD-67. The neuropathological evaluation was completed in a blind fashion.

Figure 1. Intramuscular administration of midazolam (MDZ) or LY293558 stopped soman-induced
SE within less than 30 min of administration, but seizures reoccurred significantly more in the MDZ-
treated group. MDZ (5 mg/kg) or LY293558 (10 mg/kg) were administered at 1 h after injection
of soman (1.2 × LD50). Representative EEG traces at 40 min after soman exposure, as well as at
1 h and 8 h after administration of MDZ or LY293558 are shown in (A). Notice the persistence of
low-amplitude epileptiform activity and the return of seizures in the MDZ-treated rats, but not in
the LY293558-treated rats. Electrode placement for the recordings is shown diagrammatically in
(B) (one, two, three, and four, parietal electrodes; five, cerebellar reference electrode). The group
data in (C) show the duration of the initial SE in each of the two groups and the total duration of SE
throughout the 24 h period after soman exposure (*** p < 0.001, Independent Samples t-test). Sample
sizes are n = eight for each of the two groups.

2.5. GAD-67 Immunohistochemistry

Our GAD-67 immuno-labeling procedure was previously described [36,44]. The
sections were collected from the cryoprotectant solution, washed three times for 5 min
each in 0.1 M PBS, and then kept for 1 h in a solution containing 10% normal goat serum
(Chemicon, CA, USA) and 0.5% Triton X-100 in PBS, at room temperature. The sections
were then incubated with mouse anti-GAD-67 serum (1:1000, MAB5406; Chemicon), 5%
NGS, 0.3% Triton X-100, and 1% bovine serum albumin, overnight at 4 ◦C. After rinsing
three times for 10 min each in 0.1% Triton X-100 in PBS, the sections were incubated
with Cy3-conjugated goat anti-mouse antibody (1:1000; Jackson ImmunoResearch, West
Grove, PA, USA) and 0.0001% DAPI (Sigma, St. Louis, MO, USA) in PBS, for 1 h at room
temperature. Subsequently, the sections were rinsed in PBS for 10 min, mounted on slides,
air dried for 30 min, and cover-slipped with ProLong Gold antifade reagent (Invitrogen,
Waltham, MA, USA).

2.6. Estimation of Neuronal and Interneuronal Loss

Design-based stereology was used to quantify the total number of neurons in the
Nissl-stained sections, and the interneurons in the GAD-67 immuno-stained sections, in
the BLA, as previously described [36,44]. The sections were viewed with a Zeiss Axioplan
2ie fluorescent microscope (Oberkochen, Germany), equipped with a motorized stage, and
interfaced with a computer running StereoInvestigator 8.0 (MicroBrightField, Williston,
VT, USA). The BLA was identified under a 2.5× objective on slide-mounted sections,
using as the reference the atlas of Paxinos and Watson, 2005 [46]. All of the counting was
completed under a 63× oil immersion objective. The total number of Nissl-stained and
GAD-67-immunostained neurons was estimated, using the optical fractionator probe, and,
along with the coefficient of error (CE), were calculated using the Stereo Investigator 8.0
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(MicroBrightField, Williston, VT, USA). The CE was calculated by the software, according
to the Gundersen (m = 1; [47]) and Schmitz–Hof (second estimation; [48]) equations.

To determine the number of Nissl-stained neurons in the BLA, one section in a series
of five sections was analyzed (seven sections were used on average from each rat). The
counting frame was 35 × 35 μm, the counting grid was 190 × 190 μm, and the dissector
height was 12 μm. The nuclei were counted when the cell body came into focus within
the dissector, which was placed 2 μm below the section surface. The section thickness was
measured at every counting site, and the average mounted section thickness was 20 μm.
An average of 345 neurons per rat was counted, and the average CE was 0.05 for both the
Gundersen and Schmitz–Hof equations.

To determine the number of neurons immuno-labeled for GAD-67, one section in a
series of 10 sections was analyzed (on average, five sections from each rat). The counting
frame was 60 × 60 μm, the counting grid was 100 × 100 μm, and the dissector height was
20 μm. The nuclei were counted when the top of the nucleus came into focus within the
dissector, which was placed 2 μm below the section surface. The section thickness was
measured at every fifth counting site, and the average mounted section thickness was
27 μm. An average of 235 neurons per rat was counted, and the average CE was 0.08 for
both the Gundersen and Schmitz–Hof equations.

2.7. Electrophysiological Experiments

The procedures followed to obtain the whole-cell recordings from the BLA have been
previously described [49]. The rats were anesthetized with isoflurane before decapitation.
The coronal brain slices (400 μm-thick) containing the amygdala were cut in ice-cold solu-
tion (consisting in mM: 115 sucrose; 70 NMDG; 1 KCl; 2 CaCl2; 4 MgCl2; 1.25 NaH2PO4;
30 NaHCO3; 25 d-glucose) with the use of a vibratome (Leica VT 1200 S; Leica Microsys-
tems, Buffalo Grove, IL, USA). The slices were transferred to a holding chamber at room
temperature, in a bath solution containing (in mM): 125 NaCl; 2.5 KCl; 1.25 NaH2PO4;
21 NaHCO3; 2 CaCl2; 1 MgCl2; and 11 D-glucose. The recording solution (artificial cere-
brospinal fluid; ACSF) was the same as the holding bath solution. All of the solutions were
saturated with 95% O2/5% CO2 to achieve a pH near 7.4. The recording chamber (0.7 mL
capacity) had continuously flowing ACSF (~8 mL/min) at 30 to 31 ◦C. The osmolarity of
the ACSF was adjusted to 325 mOsm with D-glucose.

To visualize the neurons in the BLA, we used a 40× water immersion objective
equipped with a CCD-100 camera (Dage-MTI, Michigan City, IN, USA), under infrared light,
using Nomarski optics of an upright microscope (Zeiss Axioskop 2, Thornwood, NY, USA).
The recording electrodes had resistances of 3.5~4.5 MΩ when filled with the internal
solution (in mM): 60 CsCH3SO3; 60 KCH3SO3; 5 KCl; 10 EGTA; 10 HEPES; 5 Mg-ATP;
0.3 Na3GTP (pH 7.2; osmolarity was adjusted to 290 mOsm with potassium gluconate).
Tight-seal (over 1 GΩ) whole-cell recordings were obtained from the cell body of the
principal neurons, distinguished from the interneurons by their larger size, pyramidal
shape, and electrophysiological characteristics [49–52]. Access resistance (5~24 MΩ) was
regularly monitored during the recordings, and the cells were rejected if the resistance
changed by more than 15% during the experiment.

The currents were amplified and filtered (1 kHz) using the Axopatch 200B amplifier
(Axon Instruments, Foster City, CA, USA) with a four-pole, low-pass Bessel filter, digitally
sampled (up to 2 kHz) using the pClamp 10.5 software (Molecular Devices, Sunnyvale,
CA, USA), and subsequently analyzed using the Mini Analysis program (Synaptosoft Inc.,
Fort Lee, NJ, USA) and Origin (OriginLab Corporation, Northampton, MA, USA).

2.8. Behavioral Experiments

Anxiety-like behavior in the open field and the responses to acoustic startle were examined
30 days after soman exposure. The behavioral tests used were previously described [44,51]. The
open field apparatus consisted of a clear Plexiglas arena (40 × 40 × 30 cm). One day prior
to testing (on day 29 after soman exposure), the animals were acclimated to the apparatus
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for 20 min. On the test day, the rats were placed in the center of the open field, and activity
was measured and recorded for 20 min, using an Accuscan Electronics infrared photocell
system (Accuscan Instruments Inc., Columbus, OH, USA). The automatic collection of
the data was completed with a computer equipped with Fusion software (Accuscan).
Locomotion (distance traveled in cm), total movement time, and time spent in the center of
the open field were analyzed. Anxiety-like behavior was measured as the ratio of the time
spent in the center over the total movement time, expressed as a percentage of the total
movement time.

The responses to acoustic startle were assessed, using the Med Associates Acous-
tic Response Test System (Med Associates, Georgia, VT, USA). This system consists of
weight-sensitive platforms inside individual sound-attenuating chambers, and includes a
ventilating fan to provide background noise. Each rat was individually placed in a venti-
lated holding cage. The holding cages were small enough to restrict extensive locomotion,
but large enough to allow the subject to turn around and make other small movements.
Each cage was placed on a weight-sensitive platform. Movements in response to acoustic
stimuli were measured as a voltage change by a strain gauge inside each platform. The
rats were placed in the apparatus for two sessions, on post-soman days 28 and 29, for
acclimation. The startle stimuli consisted of 110- or 120 dB noise bursts (burst duration
20 ms). Each stimulus had a 2 ms rise and decay time, such that the onset and offset
were abrupt, which is a primary requirement for startle. Each trial type (110 dB or 120 dB
stimulus) was presented eight times. The trial types were presented in random order to
avoid effects and habituation, and the inter-trial intervals ranged randomly from 15 to
25 s. An interfaced Pentium computer, with the Med Associates software, recorded startle
amplitude as the difference between the maximal voltage change during the startle period
and the maximal voltage change during the no-stimulus periods, and assigned a value
based on an arbitrary scale used by the software of the test system.

2.9. Statistical Analysis

A Fisher exact test was used to compare the survival rate between the two soman-
exposed groups treated with MDZ or LY293558. The other variables of the study were
tested for normal distribution, using the Kolgomorov–Smirnov normality test, and all
of the results showed a normal distribution (p > 0.05). Thus, the Independent Samples
t-test was used to determine whether there were significant differences between the two
groups (treated with MDZ or LY293558) in the time it took for cessation of seizures after
anticonvulsant administration, the duration of the initial SE, and the total duration of SE
within 24 h after soman exposure. Before comparing the differences between the three
groups (soman-exposed group treated with MDZ, soman-exposed group treated with
LY293558, and control group not exposed to soman) using analysis of variance (ANOVA),
we tested for homogeneity of the variances between the groups, using Levene’s test. The
only variable that showed unequal variances (p = 0.0002) was the “Total Charge transferred
by sIPSCs” (in the electrophysiological experiments); therefore, we used Welch’s ANOVA
followed by Games–Howell post hoc test for comparisons of these results. The ANOVA
followed by the Bonferroni post hoc test was used to compare stereological estimations of
the total number of neurons and interneurons, and ANOVA followed by Holm–Šídák was
used to compare the results from the behavioral tests. The statistical values are presented
as mean and standard error of the mean. For all of the tests, differences were considered
significant when p < 0.05. The sample sizes (n) refer to the number of animals, except for
the in vitro experiments, where n refers to the number of recorded neurons.

3. Results

3.1. Seizure Termination by MDZ or LY293558 and Survival Rates

The male rats implanted with electrodes for monitoring electrographic seizure activity
were exposed to soman; the rats were treated with atropine and HI-6 within 1 min after the
soman injection, and were administered 5 mg/kg MDZ (n = 10, SOMAN + MDZ group) or
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10 mg/kg LY293558 (n = 11, SOMAN + LY293558 group), 1 h later. The status epilepticus
(SE) developed within an average of 9 min after the injection of soman (8.75 ± 0.79 and
9.25 ± 0.75 min for the SOMAN + MDZ and the SOMAN + LY293558 group, respectively).
The seizures were completely suppressed within 19.75 ± 1.8 min after administration of the
MDZ, and within 29.5 ± 1.75 min after administration of the LY293558 (significantly longer
in the LY293558 group, p = 0.0017). Thus, the duration of the initial SE (the SE triggered
by soman injection and ceased by anticonvulsant administration) was 65 ± 5 min in the
SOMAN + MDZ group and 80 ± 9 min in the SOMAN + LY293558 group (p = 0.0729,
n = eight in each group; two rats in the MDZ group and three rats in the LY293558 group
died during SE). Monitoring the seizure activity for 24 h after the soman exposure revealed
that SE returned after administration of either MDZ or LY293558, but to a significantly
greater extent in the MDZ-treated group (representative samples of EEG activity at different
time points after soman exposure are shown in Figure 1A). Thus, the total duration of SE
within the 24 h post-exposure period was 735 ± 80 min in the SOMAN + MDZ group and
244 ± 59 min in the SOMAN + LY293558 group (p = 0.0002; Figure 1C).

Among the animals implanted with electrodes, the 24 h survival rate was 80% (8/10)
in the SOMAN + MDZ group and 72.7% (8/11) in the SOMAN + LY293558 group (Fisher
exact probability test p = 0.77). However, the survival rate among the animals not implanted
with electrodes was 100% in both the SOMAN + MDZ and the SOMAN + LY293558 group.
The results are summarized in Table 1.

Table 1. Effects of MDZ (5 mg/kg, i.m) or LY293558 (10 mg/kg, i.m) on soman-induced status epilep-
ticus (SE) and survival rate, when the anticonvulsants are administered 1 h after soman exposure.

Experimental Groups SOMAN + MDZ SOMAN + LY293558

Time to cessation of the initial SE (min) 19.75 ± 1.8 29.5 ± 1.75 **

Duration of the initial SE (min) 65 ± 5 80 ± 5.9

Total duration of SE in 24 h (min) 735 ± 80 244 ± 59 ***

Survival rate: electrode-implanted rats 80% (8/10) 72.7% (8/11)

Survival rate: non-implanted rats 100% (11/11) 100% (11/11)
** p < 0.01, significantly longer compared with the MDZ group; *** p < 0.001, significantly shorter compared with
the MDZ group (Independent Samples t-test).

3.2. LY293558 but Not MDZ Provides Full Protection against Neuronal and Interneuronal Loss in
the BLA

Only the rats that were not implanted with EEG electrodes were used for neuropathol-
ogy and behavioral testing. Thirty days after soman exposure, the total number of neurons
in the BLA was estimated, using an unbiased stereological method in the Nissl-stained
sections. The BLA was selected to study both the pathology and pathophysiology because
this amygdala nucleus plays a central role in seizure initiation and propagation after nerve
agent exposure [53–55], and the amygdala is one of the brain regions where nerve agents
cause the most severe neuropathology [42].

The number of neurons in the BLA of the SOMAN + MDZ group (71,771 ± 3980; n = 8)
was significantly lower than the number of neurons in the BLA of the SOMAN + LY293558
group (97,305 ± 5872; n = 8; p = 0.003) and a control group that was not exposed to soman
(98,587 ± 4287; n = 8; p = 0.002; Figure 2). The number of neurons in the SOMAN + LY293558
group did not differ from the control (p = 0.9).

The estimation of the total number of GABAergic interneurons in the BLA, using an
unbiased stereological method on the GAD-67 immuno-stained sections, showed that thirty
days after soman exposure the number of interneurons in the BLA of the SOMAN + MDZ
group (9125 ± 597, n = 8) was significantly lower than that in the SOMAN + LY293558
group (14,466 ± 1070, n = 8; p < 0.01) and a control group that was not exposed to soman
(14,657 ± 1.281, n = 8; p < 0.01; Figure 3). The ratio of the GABAergic interneurons to
the total number of neurons was also significantly lower in the SOMAN + MDZ group
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(12.7% ± 0.3), compared to either the SOMAN + LY293558 group (14.86% ± 0.47, p < 0.01),
or the control group (14.86% ± 0.45, p < 0.01; Figure 3). The number of interneurons and the
ratio of interneurons to the total number of neurons in the BLA of the SOMAN + LY293558
group did not differ from the control (p = 0.9).

Figure 2. Thirty days after soman exposure, there was significant neuronal loss in the BLA of the
MDZ-treated group but not the LY293558-treated group. (A) Panoramic view of a Nissl-stained section
showing the area where neuronal loss was assessed; (B) Representative photomicrographs from a
control (not exposed) rat and an MDZ- or LY293558-treated soman-exposed rat (total magnification
630×; scale bar, 50 μm); (C) Group data; sample sizes: n = 8 for each group; ** p < 0.01 compared with
either the control or the SOMAN + LY293558 group (ANOVA, Bonferroni post hoc test).

Figure 3. Thirty days after soman exposure, there was significant loss of GABAergic interneurons
in the BLA of the MDZ-treated group but not the LY293558-treated group. (A) Panoramic view
of a GAD-67 immuno-stained section showing the area where interneuronal loss was assessed;
(B) Representative photomicrographs of GAD-67 immuno-stained interneurons in the BLA from a
control (not exposed) rat and an MDZ- or LY293558-treated soman-exposed rat (total magnification
630×; scale bar, 50 μm); (C) Group data of the total number of GABAergic interneurons (left panel)
and the ratio of the number of GABAergic interneurons to the total number of neurons (right) for the
two experimental groups and a control group. Sample sizes: n = 8 for each group; ** p < 0.01 compared
with either the control or the SOMAN + LY293558 group (ANOVA, Bonferroni post hoc test).
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3.3. LY293558 but Not MDZ Prevents a Reduction of Background Inhibition in the BLA

We have previously shown that, along with the loss of interneurons in the BLA after
soman-induced SE that is not treated with an anticonvulsant [36,44], there is a reduction in
the background inhibitory activity [45]. Therefore, we investigated whether the treatment
of soman-exposed rats with MDZ or LY293558 prevented a reduction in the spontaneous
IPSCs in the BLA.

In the BLA of the control rats (not exposed to soman), the principal/pyramidal neu-
rons generated synchronous “bursts” of GABAA receptor-mediated IPSCs (in 12 out of
14 neurons; Figure 4A), which is consistent with previous reports [49,56–58]. In the rats
exposed to soman and treated with MDZ, this rhythmic synchronous inhibitory activity
was absent at 30 days after exposure, in all of the recorded neurons (n = 14; Figure 4B).
In contrast, the soman-exposed rats treated with LY293558, displayed bursts of sIPSCs
(Figure 4C) in six out of eight neurons. To quantify the differences between the groups
we calculated the total charge transferred (the area delimited by the inhibitory current
and the baseline) in picocoulombs (pC), for a time window of 10 s; we included all of the
recorded neurons in these comparisons, whether they generated rhythmic sIPSC bursts or
displayed only conventional spontaneous inhibitory activity. The total charge transferred
by the sIPSCs in the SOMAN + MDZ group (135.61 ± 22.18 pC; n = 14) was significantly
different from that in the SOMAN + LY293558 group (883.45 ± 210.29; n = 8; p < 0.001) and
a control group that was not exposed to soman (897.27 ± 139.36 pC; n = 14; Figure 4D). The
total charge transferred by the sIPSCs in the SOMAN + LY293558 group did not differ from
the control (p = 0.12).

Figure 4. Thirty days after soman exposure, spontaneous inhibitory activity was reduced in the BLA
of the MDZ-treated group but not the LY293558-treated group. Representative GABAA receptor-
mediated sIPSC current traces recorded from BLA principal neurons from a control rat (A) and from
soman-exposed rats treated with MDZ (B) or LY293558 (C). Recordings were obtained at +30 mV
holding potential; (D) Group data of charge transferred by sIPSCs, during a 10 s time window.
*** p < 0.001 when inhibitory activity of neurons from the MDZ-treated group (n = 14) is compared
with the inhibitory activity in either the control (n = 14) or the LY293558-treated group (n = 8; Welch’s
ANOVA followed by Games–Howell post hoc test).

3.4. LY293558 but Not MDZ Prevents an Increase in Anxiety-like Behavior

To investigate whether the neuropathology observed in the BLA of the MDZ-treated
rats and the reduction in spontaneous inhibitory activity had translated into behavioral
deficits, we examined anxiety-like behavior with the use of two tests, the open field [59]
and the acoustic startle response (ASR; [60]). Thirty days after the soman exposure,
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the SOMAN + MDZ group spent significantly less time in the center of the open field
(6.3 ± 0.9% of the total movement time, n = 8), when compared with either the
SOMAN + LY293558 group (12.1 ± 1.2 % of the total movement time, n = 8) or a con-
trol group which was not exposed to soman (13.8 ± 0.95 % of the total movement time,
n = 8; p < 0.001 for both comparisons; Figure 5A). The time spent in the center for the
SOMAN + LY293558 group did not differ from the control (p = 0.5). The distance trav-
eled in the open field did not differ between the control rats (2530 ± 330 cm) and the
SOMAN + MDZ (2580 ± 290 cm) or the SOMAN + LY293558 (2189 ± 300 cm) treated
groups (p = 0.6; Figure 5B).

Figure 5. Thirty days after soman exposure, anxiety-like behavior was increased in the MDZ-treated
group but not the LY293558-treated group. (A) Percentage of time spent in the center of the open
field; (B) Distance traveled in the open field; (C) Amplitude of startle responses to 110- and 120-db
acoustic stimuli. Sample sizes: n = 8 for each group. Control group is rats not exposed to soman.
** p < 0.01, *** p < 0.01 (One-Way ANOVA with Holm-Šídák post hoc test).

In the acoustic startle response test, the startle amplitude in response to the 110 dB
acoustic stimulus was significantly greater in the SOMAN + MDZ group (17.3 ± 0.8, n = 8)
compared with either the SOMAN + LY293558 group (12.3 ± 1, n = 8) or the control group
that was not exposed to soman (10.8 ± 1.1, n = 8; p < 0.01 for both comparisons; Figure 5C,
left set of bars). Similarly, the startle amplitude in response to the 120 dB acoustic stimulus
was significantly greater in the SOMAN + MDZ group (18.9 ± 1.3, n = 8) than in the
SOMAN + LY293558 group (10.3 ± 1.2, n = 8) or the control group that was not exposed to
soman (12.3 ± 0.95, n = 8; p < 0.01 for both comparisons; Figure 5C, right set of bars). The
startle amplitude in the SOMAN + LY293558 group in response to either 110 or 120 dB did
not differ from the control (p = 0.53 and p = 0.45 for the 110 and 120 dB, respectively).
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4. Discussion

In this study, we compared the efficacy of MDZ—a benzodiazepine commonly used in
the treatment of SE and currently considered by the FDA for approval as a better alternative
to DZP for the control of nerve agent-induced SE—with the efficacy of an AMPA/GluK1
receptor antagonist, LY293558 [35], in suppressing seizures and protecting the brain in
adult male rats exposed to soman. We found that both MDZ and LY293558 promptly
stopped the initial SE, with MDZ suppressing seizures significantly faster than LY293558.
In addition, both of the anticonvulsant treatments produced a 100% survival rate. However,
the seizures reoccurred significantly more in the MDZ-treated rats; as a result, the total
duration of SE in the 24 h period after soman exposure was significantly longer in the
MDZ-treated group compared with the LY293558-treated group. Furthermore, when the
brain damage was examined 30 days later, it was found that in the BLA of the MDZ-treated
group there was a significant loss of interneurons and a reduced total number of neurons.
The neuronal and interneuronal loss in the BLA of the MDZ-treated rats was accompanied
by reduced GABAergic inhibition and loss of rhythmic GABAergic activity, as well as
increased anxiety-like behavior. Such alterations had not occurred in the group treated
with LY293558, in which the number of neurons and interneurons in the BLA, GABAergic
inhibition, and anxiety-like behavior did not differ from the control rats that were not
exposed to soman.

A significant reoccurrence of the seizures after cessation of SE by administration of a
benzodiazepine was previously observed in both animals [6,29,30,61] and humans [23,62].
In the present study, the average total duration of SE in the MDZ-treated group within 24 h
after soman exposure was 735 min, which is nearly identical to the average duration of
SE in same-age male rats exposed to the same dose of soman as in the present study, but
without receiving anticonvulsant treatment (609 min total duration of SE; [43]). A plausible
explanation for the return of SE after a prompt but transient cessation by MDZ or DZP may
be based on the weakening of the GABAergic inhibition. Intense seizure activity induces the
internalization of postsynaptic GABAA receptors [63–66]; this may be caused by the excess
GABA being released during synaptic hyperactivity [65,67], and/or mechanisms related to
intense NMDA receptor activation [68,69]. When a benzodiazepine is administered, the
activity of the GABAA receptors may be enhanced sufficiently to halt seizures. However,
the availability of the GABAA receptors is progressively reduced, making these drugs
ineffective in sustaining enhanced synaptic inhibition, even more so as they are cleared
from the blood. Therefore, glutamatergic hyperexcitability overrides and seizures reoccur.

A reduction in the total number of neurons and a loss of interneurons in the BLA
was found in the MDZ-treated group; this is consistent with a previous study in which
the extent of the neuropathology in soman-exposed rats who received DZP treatment 1 h
after exposure was virtually the same as in the soman-exposed group that did not receive
anticonvulsant treatment [29]. The limited or absent neuroprotective efficacy of MDZ has
been previously reported, and the timing of MDZ administration appears to be important
in this regard. Thus, MDZ protects against nerve agent- or other organophosphate-induced
neuropathology in adult or young-adult rats, if it is administered at the time of expo-
sure [70], or at the onset of seizures [71], or after 5 min of seizure activity [72], but not if it is
given at 1 h [70,73], 30 min, or 2 h after SE onset [73]. Therefore, it is commonly presumed
that the brain damage that is seen when the anticonvulsant administration is delayed is
caused primarily by the SE that occurred before the anticonvulsant administration [70,73];
this seems to be a reasonable assumption, particularly if the SE was severe. However,
our results suggest that SE lasting up to 1 h does not necessarily produce long-term brain
damage, and that the outcome may significantly depend on whether or not the type of the
anticonvulsant used can limit the total duration of SE. Thus, in the present study, both MDZ
and LY293558 were administered after about 50 min of ongoing SE, both of the anticonvul-
sants completely suppressed seizures in less than 30 min, but only LY293558 protected from
brain damage (at least at the 30-day time point that we examined). In previous studies in
immature rats exposed to soman, in which DZP, LY293558, or LY293558 + caramiphen were
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administered 1 h after soman exposure, all three treatments promptly stopped the initial
SE, but only LY293558 and LY293558 + caramiphen protected against brain damage [31].
Similarly, when DZP or UBP302 was administered 1 h after the exposure of adult rats
to soman, UBP302 took significantly longer than DZP to stop the initial SE, and yet only
UBP302 provided significant neuroprotection [29]. The main observation that is common
among these studies is that the seizures reoccurred to a dramatically increased extent
after the benzodiazepine treatment. Taken together, these findings suggest that the most
important factor determining the extent of the brain damage is the total duration of the
SE. The extent of neuroprotection may also depend on the mechanisms of action of the
administered anticonvulsant, which may halt the pathological processes triggered by the
initial SE, or allow them to progress unopposed.

The reduction in the GABAergic interneurons and total number of neurons in the BLA
of the MDZ-treated rats, and the decreased ratio of the number of interneurons to the total
number of neurons, were accompanied by a reduction in the spontaneous inhibitory activity.
Remarkably, there was a loss of the spontaneous “bursts” of GABAA receptor-mediated
IPSCs that are typically generated by the principal neurons in the BLA, in an oscillatory
fashion, at an average frequency of 0.5 Hz [49,56–58]. This synchronous, rhythmic inhibitory
activity, which was found to be triggered by the rhythmic burst firing of the interneurons
dependent on the GluN2A-NMDA receptors [49] and ASIC1a channels [58], may play an
important role in the oscillatory activity patterns generated by the BLA network; these
have been associated with cognitive and emotional functions, such as the perception
of safety [74,75], and the expression of fear [76]. Therefore, the loss of this inhibitory
bursting in the BLA of the MDZ-treated rats may have implications for cognitive and/or
emotional behavior. Accordingly, in the present study, the MDZ-treated group displayed
increased anxiety-like behavior. The level of increase in anxiety in the MDZ-treated rats,
as determined with the use of the open field and the acoustic startle response tests (6.3%
of total movement time was spent in the center of the open field, while the average
startle amplitude was about 18), is almost identical to that obtained from same-age male
rats exposed to the same dose of soman as in the present study, but without receiving
anticonvulsant treatment (6.7% of total movement time was spent in the center of the
open field and the average startle amplitude was about 18; [37]), indicating the minimal
neuroprotective effects of this drug.

5. Conclusions

In the event of a mass exposure to nerve agents, there will likely be a delay before the
victims are under medical care and monitoring. The administration of MDZ with some
delay after the onset of SE can be expected to save lives by controlling the initial SE, but
it will not protect against brain damage and long-term morbidity. Perhaps a higher dose
of MDZ, or repeated injections of MDZ to suppress the reoccurrence of seizures —thus
limiting the total duration of SE—could have a better outcome on neuroprotection, but
clinical experience clearly points to the need for anticonvulsants other than MDZ or DZP
for the long-term management of SE. Furthermore, if the victims of nerve agent exposure
are very young, when the GABAergic system in the brain is still immature and GABAA
receptor activation may produce depolarization [77–79], MDZ administration could be
detrimental [80]. The glutamate receptor antagonists, such as LY293558, do not only stop
the initial SE and decrease mortality rate, but also provide significant protection against
brain damage. Assessment of brain damage at longer post-exposure time points (beyond
30 days after soman exposure) will confirm whether the neuroprotection by LY293558 after
acute nerve agent exposure can be considered lifelong.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxics10080409/s1, Figure S1: Dose-response graphs showing
the time to cessation of SE after administration of different doses of midazolam (MDZ) or LY293558.
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Abstract: Chlorpyrifos (CPF) is an organophosphorus (OP) pesticide, resulting in various health
complications as the result of ingestion, inhalation, or skin absorption, and leads to DNA damage
and increased oxidative stress. Metformin, derived from Galega officinalis, is reported to have anti-
inflammatory and anti-apoptotic properties; thus, this study aimed to investigate the beneficial role
of metformin in neurotoxicity induced by sub-acute exposure to CPF in Wistar rats. In this study,
animals were divided into nine groups and were treated with different combinations of metformin
and CPF. Following the 28 days of CPF and metformin administration, brain tissues were separated.
The levels of inflammatory biomarkers such as tumor necrosis factor alpha (TNFα) and interleukin
1β (IL-1β), as well as the expression of 5HT1 and 5HT2 genes, were analyzed. Moreover, the levels of
malondialdehyde (MDA), reactive oxygen species (ROS), and the ADP/ATP ratio, in addition to the
activity of acetylcholinesterase (AChE) and superoxide dismutase (SOD), were tested through in vitro
experiments. This study demonstrated the potential role of metformin in alleviating the mentioned
biomarkers, which can be altered negatively as a result of CPF toxicity. Moreover, metformin showed
protective potential in modulating inflammation, as well as oxidative stress, the expression of genes,
and histological analysis, in a concentration-dependent manner.

Keywords: brain; chlorpyrifos; Galega officinalis; metformin; neurotoxicity

1. Introduction

Chlorpyrifos (CPF) is an organophosphorus (OP) pesticide that has been heavily used
and demonstrated various health complications in humans. CPF was introduced in 1965
as the most widely used pesticide in agriculture and non-agriculture environments [1].
According to the United States Environmental Protection Agency (EPA), elderly Americans
consume CPF at 0.009 μg/kg daily through food and water consumption. However,
ingestion, inhalation, and skin absorption are among the possible exposure routes of this
pesticide [1,2]. The toxicity of CPF depends widely on the dose and duration of exposure;
however, due to the half-life of CPF in water and food residue (as the main route of exposure
for humans), many studies have focused on its subchronic exposures [1,2]. Different studies
demonstrated the molecular mechanism of toxicity of CPF as DNA damage. Moreover,
some studies reported CPF as a pesticide affecting the functionality and activity of cellular
enzymes [3–5]. This pesticide is also reported to affect the regulation of serotonin receptors
(5HT1 and 5HT2), which mediate hyperpolarization and the reduction of the firing rate of
postsynaptic neurons [6,7].
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Metformin is a biguanide drug originally developed from Galega officinalis, commonly
known as goat’s rue or French lilac [8]. Since G. officinalis was found to contain guanidine
and was associated with glucose-lowering potential, Jean Sterne initiated his studies of met-
formin as a glucose-lowering medication in the 1950s, and metformin was introduced as an
antidiabetic medication in France and the United States in 1957 and 1995, respectively [9,10].
Nowadays, metformin is used as the first-line therapy in diabetes type 2 (T2D). Although
the exact mechanism of metformin is not fully understood, suggested underlying mecha-
nisms can be divided into two groups of adenosine 3′,5′-monophosphate (AMP)-dependent,
and AMP-independent pathways [11]. Metformin is reported to have anti-inflammatory,
anti-apoptotic, and anti-oxidative roles in different tissues [12–16]. Various studies also
reported the beneficial impacts of metformin on diseases associated with the central ner-
vous system (CNS), including reducing the risk of ischemic stroke and improvements in
short-term neurological functions in traumatic brain injury [17,18]. Several in vivo studies
noticed that chronic treatment with metformin (500 mg/kg for 30 days) reduced acetyl-
cholinesterase (AChE) activity and levels of oxidative stress biomarkers [19,20]. Moreover,
the amount of butyrylcholinesterase, which is involved in the prevalence of Alzheimer’s
disease, was alleviated through the administration of metformin [21]. Thus, the focus
of some recent studies was to investigate the role of metformin in Alzheimer’s disease,
amnestic mild cognitive implications, Huntington’s, and Parkinson’s diseases [22–25].

Due to the lack of investigation on the role of metformin in CPF’s induced neurotoxicity,
in the present study, the authors aimed to determine the beneficial role of metformin in
attenuating the neurotoxicity symptoms of CPF. Biological, molecular, and analytical assays
were performed after the administration of metformin in Wistar rats that were exposed to
CPF for 28 days (sub-acute exposure).

2. Materials and Methods

2.1. Chemicals

The chemicals used in this study, including metformin and CPF, were purchased from
Sigma-Aldrich® (Munich, Germany). In addition, experimental kits for RNA extraction,
cDNA synthesis, rat IL-1β and TNFα enzyme-linked immunosorbent assay (ELISA), and
SOD activity were obtained from Sacace® (Como, Italy), Thermo Scientific® (Waltham, MA,
USA), Diaclone® (Besançon, France), and Teb Pazhouhan Razi® (Tehran, Iran), respectively.

2.2. Animals

Healthy, adult, male Wistar rats weighing approximately 160 g were selected and
kept in the animal house of the School of Pharmacy, Tehran University of Medical Sciences
(TUMS). Wistar rats were adapted to the laboratory conditions two weeks before initiating
the in vivo step. Animals were kept in an environment with a temperature of 25 ± 1 ◦C,
humidity of 50–55%, and a 12 h light and dark cycle.

Moreover, all steps of this study were performed according to the regulations regard-
ing animal experiments and it received ethical approval from the National Institute for
Medical Research Development (NIMAD), on 18 November 2020, with the approval code
of IR.NIMAD.REC.1399.257.

2.3. Study Design

In this study, animals were divided into nine groups of 6 Wistar rats. Proper concentra-
tions of dissolved metformin in normal saline (NS) and CPF in corn oil were administered
to the animals through intraperitoneal (IP) injection and oral gavage, respectively [1–4]. Ad-
ministration of toxin and drug was performed in a sub-acute period (for 28 days), according
to the following plan:

• Group 1 (Control corn oil): receiving oral gavage of corn oil;
• Group 2 (Control NS): receiving IP injection of NS;
• Group 3 (CPF): receiving oral gavage of 7.5 mg/kg (1/20 LD50) CPF;
• Group 4 (Met-30): receiving IP injection of 30 mg/kg/day metformin;
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• Group 5 (Met-60): receiving IP injection of 60 mg/kg/day metformin;
• Group 6 (Met-120): receiving IP injection of 120 mg/kg/day metformin;
• Group 7 (CPF + Met-30): receiving oral gavage of 7.5 mg/kg CPF and IP injection of

30 mg/kg/day metformin;
• Group 8 (CPF + Met-60): receiving oral gavage of 7.5 mg/kg CPF and IP injection of

60 mg/kg/day metformin;
• Group 9 (CPF + Met-120): receiving oral gavage of 7.5 mg/kg CPF and IP injection of

120 mg/kg/day metformin.

After 28 days of CPF and metformin administration to the rats, ketamine and xylazine
were injected into the rats at 100 mg/kg and 10 mg/kg, respectively. Four of the separated
brain tissues of each group were frozen at −80 ◦C for further biochemical experiments,
and 2 of the brain tissues were kept in 10 mL of 10% formalin, following washing with
phosphate buffer two times (pH = 7.4).

2.4. Oxidative Stress Markers

First, 0.1 g samples of the cortex of the brain tissue were homogenized with 1 mL
of phosphate buffer (PBS) and centrifuged for 5 min at 3000× g. The supernatant of the
samples was collected for measuring oxidative stress biomarkers.

2.4.1. Determination of ROS Level

ROS is produced through electron transport in mitochondria and is indicative of
the free radicals associated with oxygen, leading to damages in cellular function [26].
First, 25 μL of the supernatant of the homogenized brain tissues was added to 81 μL of
assay buffer and 5 μL of dichlorodifluorcein diacetate (DCFH-DA). Following 15 min of
incubation at 37 ◦C, the fluorometric absorbance was measured for 60 min at the wavelength
of 485 nm.

Moreover, to normalize the ROS level, protein level measurement was performed
according to the Bradford Protein Assay (BPA). Here, 100 μL Bradford reagent was added
to 10 μL of sample and was kept for 30 min in a dark place. The amount of protein was
investigated by a spectrophotometer at the wavelength of 595 nm [27].

2.4.2. Determination of MDA Level

The MDA level in brain tissue indicates the peroxidation of lipids and oxidative stress.
First, 150 mL thiobarbituric acid of 1% w/v for was added to 600 mL supernatant. After
placing the samples in boiling water for 15 min, 400 mL of n-butanol was added, and the
level of MDA was investigated at the wavelength of 532 nm [28].

2.5. Determination of SOD Activity

First, 0.1 g samples of the cortex of the brain tissue were homogenized with 1 mL
of KCl (150 mM) and centrifuged for 5 min at 3000× g. The supernatant of the samples
was collected for the SOD activity assay. According to the kit manufacturer’s protocol, the
activity of SOD was measured using a rat-specific enzyme-linked immunoassay (ELISA) kit.

2.6. Determination of Inflammatory Cytokine Levels (TNFα and IL-1β)

First, 0.1 g samples of the cortex of the brain tissue were homogenized with 1 mL
of phosphate buffer and centrifuged for 15 min at 3000× g. The supernatant of the sam-
ples was collected for measuring inflammatory cytokines. Measurement of inflammatory
biomarkers, including TNFα and IL-1β, was performed using rat-specific ELISA kits,
according to the kit manufacturer’s protocol [29].

2.7. Determination of AChE Inhibition

First, 0.1 g samples of the cortex of the brain tissue were homogenized with 1 mL of
phosphate buffer and centrifuged for 15 min at 3000× g. To determine the level of AChE
inhibition, 10 μL of the homogenized samples were added to 3 mL of 5, 5′-dithiobis-(2-
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nitrobenzoic acid) (DTNB) solution (25 mM DTNB in 75 mM phosphate buffer). Following
the addition of 10 μL of 3 mM acetylcholine iodide, a two-fold spectrophotometer was used
to measure the absorbance change at the wavelength of 412 nm [30].

2.8. Gene Expression

The expression of specific genes, including 5HT1 and 5HT2, which are associated
with the expression of serotonin receptors, was investigated by the real-time polymerase
chain reaction (PCR) technique. In the first step, total RNA was extracted according to the
Sacace® RNA extraction kit protocol and then its concentration was measured by nanodrop.
Complementary DNA (cDNA) was formed using a reverse transcription Thermo Scientific®

cDNA synthesis kit. In this study, the β-actin gene has been used as the housekeeping gene
to study the expression of 5HT1 and 5HT2 genes. Finally, the double delta analysis was
used to assess the expression of the mentioned genes. The sequences of the primers used in
the real-time PCR step are listed in Table 1.

Table 1. Sequences of the genes used in real-time PCR analysis.

Name Symbol Primer Sequence

Rattus norvegicus actin, beta (Actb) β-actin F: AGGGAAATCGTGCGTGACAT
R: CCGATAGTGATGACCTGACC

Rattus norvegicus
5-hydroxytryptamine receptor 1A

(Htr1a)
5HT1 F: GTCCACTTGTTGAGCACCTG

R: ACGTGACCTTCAGCTACCAA

Rattus norvegicus
5-hydroxytryptamine receptor 2A

(Htr2a)
5HT2 F: TAGTTTGGCTCGAGTGCTGA

R: TCCATGCCAATCCCAGTCTT

2.9. Determination of ADP/ATP Ratio

First, 0.1 g samples of the cortex of the brain tissue were homogenized in 1 mL of
6% cold trichloroacetic acid (TCA) solution. Following the centrifuging of the samples at
16,000× g for 10 min, the pH of the supernatants was neutralized using 0.5 M KOH solution.
The neutral solutions were injected into a high-performance liquid chromatography (HPLC)
instrument, and the ADP/ATP ratio was calculated and normalized according to the
standard curves of ADP and ATP [31,32].

2.10. Histopathological Studies

The samples kept in formalin were embedded in paraffin, and 5 μm sections were
prepared for staining with hematoxylin and eosin (H&E). Using an Olympus BX51 light
microscope, histological slides from the cortexes of the brains were evaluated, and the
changes in tissue sections, such as inflammatory responses, necrosis, hemorrhage, etc.,
were reported [33].

2.11. Statistical Analysis

Results of this study were presented as mean ± standard error of means (SEM). One-
way analysis of variance (ANOVA) and Tukey’s multi-comparison tests were performed
in GraphPad Prism, version 9.3.0. The significance of the changes was reported and set at
p < 0.05.

3. Results

3.1. Oxidative Stress Biomarkers
3.1.1. ROS

Results of the ROS test, summarized in Figure 1A, demonstrated that the administra-
tion of CPF to the animals led to a significant increase in the ROS level (p-value < 0.001).
However, metformin in all three concentrations did not change the brain tissue’s ROS level,
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which indicates the safety of this medication. Despite the safety of metformin, the Met-30,
Met-60, and Met-120 groups showed lower ROS markers in brain tissue in a concentration-
dependent manner, and the Met-120 group resulted in the formation of the lowest level
of ROS. Moreover, the groups receiving CPF and metformin simultaneously showed a
concentration-dependent decrease in the ROS level of the brain tissue. However, the level
of ROS in the CPF + Met-30 and CPF + Met-60 groups was significantly higher than in the
control groups (p-value < 0.001 for both), the CPF + Met-120 group resulted in the most
significant decline in ROS level in comparison with the CPF group (p-value < 0.001), and the
lack of significant difference in ROS levels in comparison with the control groups demon-
strated the beneficial role of metformin in the modulation of ROS markers in CPF-induced
neurotoxicity.

Figure 1. Results of oxidative stress biomarker tests on the brain tissue of 6 Wistar rats in each
group. Data were obtained from 4 repeated measurements and are reported as the mean ± SEM.
(A) Reactive oxygen species (ROS) assay. (B) Malondialdehyde (MDA) assay.** p-value < 0.005,
*** p-value < 0.001; compared with the control groups. # p-value < 0.05 and ### p-value < 0.001;
compared with chlorpyrifos (CPF) group.

3.1.2. MDA

In the MDA test, which is provided in Figure 1B, the CPF group showed a significant
increase in this marker in the brain tissue (p-value < 0.001). However, the lack of significant
changes in the MDA marker in the groups receiving different concentrations of metformin
indicated the safety of metformin in the formation of the MDA marker in brain tissue.
Simultaneous administration of CPF and metformin to the animals resulted in fewer MDA
biomarkers. In other words, the CPF + Met-30, CPF + Met-60, and CPF + Met-120 groups
showed significantly decreased levels of MDA when compared to the CPF group, in a
concentration-dependent manner (p-value < 0.05, p-value < 0.001, and p-value < 0.001,
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respectively). Results of the MDA test also demonstrated that the simultaneous administra-
tion of higher concentrations of metformin (60 mg/kg and 120 mg/kg) with CPF did not
yield significant differences from the control groups, indicating its beneficial potential in
the modulation of the MDA marker in CPF-induced neurotoxicity.

3.2. Inflammatory Cytokines
3.2.1. TNFα

According to the results of the TNFα test, the CPF group showed significantly increased
levels of the TNFα inflammatory cytokine compared to the control groups (p-value < 0.001).
In contrast, the administration of metformin in 30 mg/kg, 60 mg/kg, and 120 mg/kg
concentrations did not cause any changes in the level of the TNFα inflammatory cytokine.
Results also demonstrated that the concentration-dependent administration of metformin
with CPF could decrease the level of the TNFα cytokine compared to the CPF group.
Although the level of the TNFα marker in the CPF + Met-30 and CPF + Met-60 groups did
not show a significant difference in comparison with the CPF group but showed a significant
difference from the control groups (p-value < 0.001 and p-value < 0.005, respectively), the
CPF + Met-120 group showed a significant decrease in TNFα inflammatory cytokine levels
in comparison with the CPF group (p-value < 0.05). Figure 2A summarizes the results of the
TNFα cytokine test.

Figure 2. Results of inflammatory cytokine tests on the brain tissue of 6 Wistar rats in each group.
Data were obtained from 4 repeated measurements and are reported as mean ± SEM. (A) Tu-
mor necrosis factor alpha (TNFα) assay. (B) Interleukin 1 beta (IL-1β) assay. ** p-value < 0.005,
*** p-value < 0.001; compared with the control groups. # p-value < 0.05 and ### p-value < 0.001;
compared with chlorpyrifos (CPF) group.
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3.2.2. IL-1β

Results of the IL-1β test confirmed the beneficial role of metformin in the modulation of
inflammatory cytokines in CPF-induced neurotoxicity, which is demonstrated in Figure 2B.
According to the results, the administration of CPF to the animals resulted in a significant
increase in IL-1β inflammation cytokine levels. Moreover, metformin did not change the
level of the IL-1β biomarker in the brain tissue at any of the three concentrations. However,
the administration of metformin in the groups receiving CPF could alleviate the toxicity
and IL-1β formation associated with CPF’s administration in a concentration-dependent
manner. The co-administration of CPF and metformin in the CPF + Met-30, CPF + Met-60,
and CPF + Met-120 groups demonstrated a decrease in the IL-1 marker level compared
to the CPF group; however, the reductions in the IL-1β cytokine in the CPF + Met-60 and
CPF + Met-120 groups were significant, with a p-value of <0.001 for both groups. Despite
the modulatory impact of metformin in CPF-induced neurotoxicity, the CPF + Met-30,
CPF + Met-60, and CPF + Met-120 groups showed significant differences when compared
to the control groups (p-value < 0.001, p-value < 0.001, and p-value < 0.005, respectively).

3.3. AChE Inhibition

The results of AChE inhibition are explored in Figure 3. Results demonstrated that
the administration of CPF in the animals significantly increased AChE inhibition in the
brain tissue compared to the control groups (p-value < 0.001), which demonstrates the
accumulation of ACh in the synaptic cleft, which can over-stimulate the relevant recep-
tors, resulting in neurotoxicity. However, in the groups receiving 30 mg/kg, 60 mg/kg,
and 120 mg/kg of metformin, the inhibition of AChE did not show any changes com-
pared to the control groups, which confirms metformin’s safety profile in AChE inhi-
bition. Results also demonstrated that metformin has modulatory potential to prevent
the inhibition of AChE. These results also showed significant reductions in AChE inhi-
bition in the CPF + Met-30, CPF + Met-60, and CPF + Met-120 groups (p-value < 0.005,
p-value < 0.001, and p-value < 0.001, respectively). Moreover, the CPF + Met-60 and
CPF + Met-120 groups did not show significant differences compared to the control groups,
indicating the concentration-dependent modulatory impacts of metformin.

Figure 3. Results of acetylcholinesterase (AChE) inhibition test on the brain tissue of 6 Wistar rats in
each group. Data were obtained from 4 repeated measurements and are reported as mean ± SEM.
** p-value < 0.005, *** p-value < 0.001; compared with the control groups. ## p-value < 0.005,
### p-value < 0.001; compared with chlorpyrifos (CPF) group.

27



Toxics 2022, 10, 197

3.4. SOD Activity

According to the results obtained from the SOD activity test, the treatment of Wis-
tar rats with CPF significantly reduced SOD activity compared to the control groups
(p-value < 0.001). Although metformin showed neutral impacts on SOD activity and the
groups receiving metformin at 30 mg/kg, 60 mg/kg, and 120 mg/kg concentrations did
not show changes in the level of SOD activity, metformin could improve SOD activity when
administrated with CPF. The concentration-dependent modulatory effect of metformin has
been demonstrated in Figure 4. Elevated activity of SOD in the CPF + Met-30, CPF + Met-60,
and CPF + Met-120 groups showed that although the SOD activity of CPF + Met-30 had a
significant difference from that of the control groups (0.005), the lack of significant differ-
ences in the SOD activity of the CPF + Met-60 and CPF + Met-120 groups confirmed the
beneficial role of metformin in the neurotoxicity induced by CPF.

Figure 4. Superoxide dismutase (SOD) activity assay on the brain tissue of 6 Wistar rats in each
group. Data were obtained from 4 repeated measurements and are reported as mean ± SEM.
** p-value < 0.005, *** p-value < 0.001; compared with the control groups.

3.5. Serotonin Receptor Gene Expression
3.5.1. 5HT1

According to the real-time PCR results, the expression of 5HT1 in the brain tissue of
Wistar rats treated with CPF was significantly elevated compared to the control groups
(p-value < 0.001). Moreover, the expression of the 5HT1 gene was not altered in the
groups receiving metformin at 30 mg/kg, 60 mg/kg, and 120 mg/kg concentrations.
Additionally, metformin showed a concentration-dependent, beneficial impact in alleviating
the expression of this gene when administered simultaneously with CPF. Nonetheless, the
CPF + Met-30, CPF + Met-60, and CPF + Met-120 groups showed significant reductions in
5HT1 expression when compared to the CPF group (p-value < 0.001), as well as significant
increases in 5HT1 expression when compared to the control groups (p-value < 0.001).
Figure 5A indicates the results of 5HT1 expression in the brain tissue through a real-time
PCR test.
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(A) (B) 

Figure 5. Expression of the genes associated with serotonin receptors (5HT1 and 5HT2, in (A,B),
respectively) in the brain tissue of 6 Wistar rats in each group. Data were obtained from 4 repeated
measurements and are reported as mean ± SEM. *** p-value < 0.001; compared with the control
groups. ## p-value < 0.005 and ### p-value < 0.001; compared with chlorpyrifos (CPF) group.

3.5.2. 5HT2

According to the real-time PCR results, the expression of 5HT2 in the brain tissue of
Wistar rats treated with CPF was significantly elevated in comparison with the control
groups (p-value < 0.001). Moreover, the expression of the 5HT2 gene was not altered in
the groups receiving metformin at 30 mg/kg, 60 mg/kg, and 120 mg/kg concentrations.
Additionally, metformin showed a concentration-dependent, beneficial impact in alleviating
the expression of this gene when administered simultaneously with CPF. Nonetheless, the
CPF + Met-30, CPF + Met-60, and CPF + Met-120 groups showed significant reductions in
5HT2 expression when compared to the CPF group (p-value < 0.005), as well as significant
increases in 5HT2 expression when compared to the control groups (p-value < 0.001).
Figure 5B indicates the results of 5HT2 expression in the brain tissue through a real-time
PCR test.

3.6. ADP/ATP Ratio

The ADP/ATP ratio test results showed a significant increase in the ADP/ATP ratio
in the group treated with CPF compared to the control group (p-value < 0.001). Moreover,
the administration of lower metformin concentrations increased the ADP/ATP ratio in
the brain tissue. In other words, although a significant difference was not observed in
the Met-120 and control groups, the Met-30 and Met-60 groups showed an increased
ADP/ATP ratio, with p-values of <0.005 and <0.05, respectively, which is associated with
the AMP-dependent mechanism of metformin. Moreover, this concentration-dependent
impact of metformin was observed in the groups exposed to CPF and metformin. These
groups, including CPF + Met-30, CPF + Met-60, and CPF + Met-120, showed a significant
increase in the ADP/ATP ratio compared to the control groups (p-value < 0.001 for all of the
groups). However, in the CPF + Met-60 and CPF + Met-120 groups, the ADP/ATP ratio was
significantly lower than in the CPF group (p-value < 0.001 for both groups). Nonetheless,
the ADP/ATP ratio test results in the CPF + Met-120 group showed the lowest ratio among
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other groups receiving metformin and CPF simultaneously. Figure 6 demonstrates the
results obtained from the ADP/ATP ratio test.

Figure 6. Results of ADP/ATP ratio assay on brain tissue of 6 Wistar rats in each group. Data
were obtained from 4 repeated measurement and are reported as mean ± SEM. * p-value < 0.05,
** p-value < 0.005, *** p-value < 0.001; compared with the control groups. ### p-value < 0.001;
compared with chlorpyrifos (CPF) group.

3.7. Histological Evaluation

Results of the histological analysis of the brain tissue are presented in Figure 7. In the
control (corn oil) group (A), healthy tissue with glial cells (green arrows), perikaryon (red
arrows), and axonal projections (brown arrows) was seen; likewise, no histological change
was seen in the control (NS) group (B). Moreover, no histological alterations were seen in the
Met-treated groups at the concentrations of 30 mg/kg, 60mg/kg, or 120 mg/kg (G, H, and
I, respectively). The histological evaluations also showed that in the CPF group (C), tissue
damage was observed, with vacuolated space and slight pyknosis (marked with yellow
and gray arrows, respectively). However, some degree of vacuolization was observed in
the CPF + Met-30 mg/kg group (D), as indicated with yellow arrows. Nevertheless, the
CPF + Met-60 and CPF + Met-120 groups (E and F, respectively) were not reported to be
histologically damaged, confirming the modulatory and beneficial role of metformin.
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Figure 7. Histological sections of the cortex of the brain tissue of 6 Wistar rats in each group. Yellow,
gray, green, red, and brown arrows indicate vacuolization, pyknosis, glial cells, perikaryon, and
projections. (A) Control (corn oil), (B) Control (NS), (C) CPF, (D) Met-30, (E) Met-60, (F) Met-120,
(G) CPF + Met-30, (H) CPF + Met-60, (I) CPF + Met-120.

4. Discussion

Among OPs, CPF is linked to various neurological problems, and it is frequently used
as an insecticide worldwide [34]. Several studies established different cellular pathways to
explain the neurotoxicity of CPF [35–38]. CPF is associated with irreversible consequences
in the brain tissue due to chronic exposure [5]. Despite the significant impairments of oxida-
tive stress biomarkers, inflammatory cytokines, the activity of enzymes, and the expression
of genes as the result of CPF exposure, metformin modulates the altered characteristics of
the brain tissue [39]. Metformin, as a compound with natural botanic sources, is beneficial
and preventive in various brain disorders [40]. Mechanisms impacting the formation of ox-
idative stress markers and the inflammatory cytokines are considered essential underlying
mechanisms for the beneficial role of metformin [41].

In this study, metformin has been used to investigate its possible beneficial role in
CPF-induced neurotoxicity. Oxidative stress biomarkers such as ROS and MDA, and
inflammatory cytokines such as TNFα and IL-1β, were measured in this study. Results
demonstrated that exposure to metformin alleviates and reduces the increased levels of
the mentioned biomarkers associated with CPF. Moreover, the inhibition of AChE and the
activity of SOD, which were increased and decreased, respectively, as a consequence of CPF
treatment, were positively and significantly changed through metformin administration.
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Metformin can also impact the expression of the 5HT1 and 5HT2 genes and lower the
expression levels to normal ones. Moreover, despite the histological injuries, including
vacuolization and pyknosis, induced by CPF exposure, co-administration with the highest
(120 mg/kg) concentrations of metformin did not demonstrate such damages in the brain’s
histological sections. All of the tests performed in this study confirmed the role of metformin
in modulating the neurotoxicity associated with CPF exposure and demonstrated the
concentration-dependent impact of metformin.

Various studies investigated the influence of exposure to CPF, particularly neuro-
toxicity induced by CPF, which confirm the results obtained from our research. A study
on Atlantic salmon demonstrated that CPF could affect protein degradation and lipid
metabolism in the brain and liver, and also showed CPF’s impact on the disruption of
encoding proteins involved in neuron function. This study found that CPF significantly
altered the transcription of the genes involved in the neurological function of Atlantic
salmon fish [35]. Moreover, another study on the neurotoxicity of CPF in mice reached
the same results for AChE and SOD biomarkers. This study investigated the toxicity in
the brain tissue and studied the abnormalities in AChE, SOD, catalase activity (CAT),
glutathione peroxidase (GPX), and an increase in oxidative stress biomarkers. According to
this study, CPF activates the formation of oxidative stress biomarkers and consequently
alters significantly the activity of the mentioned enzymes [36].

AChE has been the focus of attention in various studies due to CPF-induced neuro-
toxicity. Although the exact mechanism of AChE alteration is not fully known, following
the intracerebroventricular (ICV) injection of cytochrome P450 2B enzyme (CYP2B) in-
hibitors, the effect of the subcutaneous (SC) administration of CPF was assessed. Results of
AChE neurochemical analysis showed that the CYP2B inhibitor attenuates the reduction
in brain AChE. Thus, CYP2B is suggested as a factor involved in the neurotoxicity of
CPF [37]. The expression of the genes involved in encoding AChE and monoamine oxidase
A (MAO-A) has been examined. Results showed that the expression of the mentioned
genes was reduced significantly when the animals were treated with CPF. This pesticide
also significantly reduces the levels of neurotransmitters such as dopamine and serotonin
and the activity of MAO-A, AChE, and sodium-potassium adenosine triphosphatase. The
oxidative stress increase associated with exposure to CPF has been suggested to be relevant
to a significant increase in MDA and nitric oxide (NO) markers [38]. Serotonin receptor
assays have studied the impact of CPF on serotonin neurotransmitters. A study on an avian
model showed that CPF directly increases the receptor binding of cerebrocortical 5HT2,
demonstrating its upregulatory impacts on the expression of this serotonin receptor, and it
also reduces the activity of presynaptic AChE in a concentration-dependent manner [42].

Furthermore, the role of CPF in 5HT signaling in noncholinergic neurotoxicity has been
established. CPF is reported to alter the expected levels of the 5HT1A and 5HT2 receptors,
in addition to 5HT transporters [7]. CPF is also suggested to modify the concentrations of
pro-inflammatory and inflammatory biomarkers in the brain, plasma, and other tissues.
Chronic exposure to CPF led to higher concentrations of TNFα, interleukin 6 (IL-6), and
IL-1β in Wistar rats [43]. According to the literature, CPF impacts various cellular pathways
in the brain tissue, and some of the most important mechanisms were discussed earlier.
Due to the same cellular pathway of CPF and metformin, we benefited from metformin as
the protective agent in our study.

The positive potential of metformin in neurotoxicity has been confirmed in several
studies. Impaired mitochondrial oxidative metabolism as a result of insulin resistance
is associated with cognitive decline. It is suggested to elevate ROS formation and con-
sequently reduce mitochondrial ATP production. However, a recent study investigated
metformin’s effect on mitochondrial proteins and mitochondrial fission, preventing ROS
formation and inflammation [44]. Moreover, metformin showed beneficial roles in the
cerebral ischemia of the brain by impacting mitochondrial dysregulation, oxidative stress,
blood–brain barrier (BBB) breakdown, and inflammation. Various underlying mechanisms
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are suggested for the mentioned influences, including decreasing IL-6, TNFα, IL-1β, and
intercellular adhesion molecule-1 (ICAM1) and consequent apoptosis prevention [45].

The neuroprotective role of metformin has also been studied in patients with acute
stroke. The disrupted function of the brain as the result of impaired glucose control can
be managed with the administration of metformin. This study suggested metformin’s
role in controlling the blood glucose level, as well as altering the activated protein kinase
(AMPK)/mammalian target of rapamycin (mTOR) signaling pathway and decreasing and
increasing MDA and SOD biomarkers, respectively [46]. An animal study on streptozotocin
(STZ)-induced diabetic rats showed that although brain injuries associated with diabetes
are reported to reduce the activity of SOD to 65% and increase the MDA level to 59%,
metformin has significant protective impacts against these injuries (p-value < 0.01) [47].
Another study on sepsis-induced brain injury showed that metformin ameliorates neuronal
apoptosis by increasing the phosphorylation of protein kinase B (PKB) and activating
phosphoinositide 3-kinase (PI3K)/Akt signaling [48].

5. Conclusions

The main conclusion to be drawn is that CPF-induced neurotoxicity is associated
with increased levels of oxidative stress biomarkers as well as inflammatory cytokines.
Moreover, CPF can impair the activity of SOD while increasing the expression of the genes
relevant to serotonin receptors. CPF alters the ratio of ADP to ATP, and this pesticide
can result in histological injuries in the brain tissue. Administration of metformin is
reported to modulate the changes associated with the neurotoxicity of CPF, and metformin
demonstrated its beneficial impacts in a concentration-dependent manner. Thus, this study
suggests metformin as a protective agent against the neurotoxicity of CPF. Moreover, in
future studies, other biomarkers and pathways can be studied with sub-acute and chronic
exposure to CPF.
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Abstract: The therapeutic efficacy of treatments for acute intoxication with highly toxic organophos-
phorus compounds, called nerve agents, usually involves determination of LD50 values 24 h after
nerve agent challenge without and with a single administration of the treatment. Herein, the LD50

values of four nerve agents (sarin, soman, tabun and cyclosarin) for non-treated and treated intoxica-
tion were investigated in mice for experimental end points of 6 and 24 h. The LD50 values of the nerve
agents were evaluated by probit-logarithmical analysis of deaths within 6 and 24 h of i.m. challenge
of the nerve agent at five different doses, using six mice per dose. The efficiency of atropine alone or
atropine in combination with an oxime was practically the same at 6 and 24 h. The therapeutic efficacy
of the higher dose of the antinicotinic compound MB327 was slightly higher at the 6 h end point
compared to the 24 h end point for soman and tabun intoxication. A higher dose of MB327 increased
the therapeutic efficacy of atropine alone for sarin, soman and tabun intoxication, and that of the
standard antidotal treatment (atropine and oxime) for sarin and tabun intoxication. The therapeutic
efficacy of MB327 was lower than the oxime-based antidotal treatment. To compare the 6 and 24 h end
points, the influence of the experimental end point was not observed, with the exception of the higher
dose of MB327. In addition, only a negligible beneficial impact of the compound MB327 was observed.
Nevertheless, antinicotinics may offer an additional avenue for countering poisoning by nerve agents
that are difficult to treat, and synthetic and biological studies towards the development of such novel
drugs based on the core bispyridinium structure or other molecular scaffolds should continue.

Keywords: atropine; MB327; nerve agents; oximes; mice

1. Introduction

Organophosphorus nerve agents are highly toxic chemical warfare agents. Their
signs and symptoms can appear rapidly [1]. They inhibit acetylcholinesterase (AChE, EC
3.1.1.7) irreversibly [2]. Acetylcholine (ACh) then accumulates in the nervous system. The
ACh overstimulates muscarinic (mAChRs) and nicotinic acetylcholine receptors (nAChRs)
causing muscarinic and nicotinic effects: muscle twitching, lachrymation, miosis, salivation,
seizures and coma [3]. Death arises from the inability to breathe, bronchial spasm and
hypersecretion, and paralysis of the diaphragm and the brain respiratory centers [4,5].

The acute poisoning is usually treated by injecting a reactivator of the inhibited AChE
(such as pralidoxime, HI-6, obidoxime or trimedoxime), an antimuscarinic (usually atropine
to counter the muscarinic effects) and an anticonvulsant (e.g., diazepam to counter the
centrally-mediated seizures) [1–5]. The treatment does not include drugs able to directly
reduce the nicotinic effects. Its effectiveness is generally insufficiently broad because of the
limitation of a single oxime to reactivate AChE inhibited by all nerve agents equally [6–8].
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The search for more efficient therapies continues [9–11]. One option is to use an nAChR
antagonist to counter the nicotinic effects [12]. Nicotinic antagonists administered with the
aforementioned standard drug combination can help [13] as atropine cannot reverse the
nerve agent-induced overstimulation of nAChRs [14]. Some bispyridinium compounds can
do this, by blocking the nAChR open ion channel and/or orthosteric sites, or by positive
allosteric modulation of nAChRs [15–20].

The bispyridinium non-oxime [1,1′-(propane-1,3-diyl) bis(4-tert-butyl pyridinium)
diiodide] (MB327) was prepared at Dstl Porton Down, Salisbury, United Kingdom, and was
found to be effective for treating the actions of nerve agents in guinea pigs [21,22]. MB327
has been shown to have a positive therapeutic effect due to a non-competitive action at
muscle type nAChRs and positive allosteric activity at neuronal nAChRs [20].

MB327 is more effective over shorter timescales due its rapid elimination from the
circulation (in guinea pigs) [23]. The therapeutic efficacy of antidotes is most often investi-
gated 24 h after the nerve agent challenge. However, given that clearance of the treatment
drugs, including MB327 and atropine, may impact their efficacy, the use of an earlier end
point may provide a more realistic or useful assessment of their benefit as immediate or
first aid treatments.

The present study measured the 6 h LD50 of sarin, soman, tabun or cyclosarin in
mice either alone, or in the presence of atropine with or without an effective oxime (HI-6,
obidoxime or trimedoxime) and/or MB327 (Figure 1). The results were compared to the
24 h LD50 measurements.

Figure 1. Components (A) of the therapies tested—the antimuscarinic atropine, the oximes HI-
6, obidoxime and trimedoxime, and the antinicotinic MB327—against the panel of nerve agents
shown (B).

2. Materials and Methods

2.1. Animals

Male NMRI mice aged 7 weeks, weighing 30–35 g from VELAZ (Prague, Czech Re-
public) were housed in polypropylene solid bottom cages in climate- and access-controlled
rooms (22 ± 2 ◦C and 50 ± 10% relative humidity) with light from 07:00 to 19:00 h and
access to standard food and tap water ad libitum. The mice were acclimatized in the
laboratory vivarium for 14 days before the experiments commenced. They were divided
into groups of 6 animals and handled under the supervision of the Ethics Committee of the
Faculty of Military Health Sciences in Hradec Kralove (Czech Republic).
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2.2. Chemicals

The nerve agents were obtained in 85–90% purity (by acidimetric titration) from the
Military Technical Institute in Brno (Czech Republic). Stock solutions of these (1 mg/mL)
were prepared in propylene glycol 3 days before starting the experiments. The solu-
tions were diluted with saline immediately before administration. HI-6, obidoxime and
trimedoxime dichlorides were synthesized in the Department of Toxicology and Military
Pharmacy of the Faculty of Military Health Sciences in Hradec Kralove. Their purity was
assessed by high performance liquid chromatography (HPLC) with ultraviolet detection
(310 nm) and exceeded 95% [24]. MB327 of 99% purity was synthesized at Dstl Porton
Down [22]. Other chemicals of a similar analytical grade were purchased commercially
and used as received. All substances were administered by intramuscular (i.m.) injection
at a volume of 10 mL/kg body weight (b.w.). The volume of administered substances
was higher than recommended for i.m. administration in mice but there were no adverse
effects observed.

2.3. In Vivo Experiments

The LD50 values of the nerve agents and 95% confidence limits in mice were evaluated
by probit-logarithmical analysis of deaths within 6 and 24 h of i.m. administration of the
nerve agent at 5 different doses, using 6 mice per dose [25]. The intoxicated mice were
treated i.m. with atropine or with an oxime and/or MB327. An effective oxime was used
for each nerve agent: obidoxime for sarin, trimedoxime for tabun, and HI-6 for soman and
cyclosarin [4,7,26,27].

The oximes were delivered at equitoxic doses (obidoxime 5.8 mg/kg; trimedoxime
5.3 mg/kg; and HI-6 at 25 mg/kg) corresponding to 5% of their respective LD50. MB327 was
administered at doses (16.7 and 33.4 mg/kg) corresponding to 10 and 20% of its respective
LD50 [22]. Equitoxic doses were used to ensure that sufficiently safe doses with respect to
their different toxicities were given. Consistent with previous work, atropine (10 mg/kg)
was injected at a dose approximating 2% of its LD50 [28]. All antidotes were applied as an
admix 1 min after i.m. administration of the nerve agent.

The LD50 values of the nerve agents and 95% confidence limits in mice treated with the
antidotes were evaluated by the method used to determine the toxicity of the nerve agents
without antidotal treatment [25]. The therapeutic efficacy of the antidotal combinations was
expressed as a protective ratio A (LD50 value of the nerve agent in protected mice/LD50
value of the nerve agent in unprotected mice) for the 6 or 24 h end points. The influence of
end point on the therapeutic efficacy of the antidotes was expressed as a protective ratio
B (LD50 value of the nerve agent in mice for the 6 h end point/LD50 value of the nerve
agent in mice for the 24 h end point). Statistical significance was determined by a one-way
ANOVA test with Tukey’s post hoc test and differences were considered significant when
p < 0.05 [25].

3. Results

Clinical signs in mice intoxicated with sarin, soman, tabun and cyclosarin included
salivation, lachrymation, nasal secretion and tonic-clonic convulsions. Signs were observed
within a few minutes of administration of the nerve agents. In the case of treatment for
nerve agent poisoning, nerve agent-induced signs and symptoms did not disappear but
their intensity was decreased regardless of the type of nerve agent used. The decrease
in the intensity of toxic signs and symptoms was especially observed when atropine in
combination with an oxime was used as a treatment of nerve agent poisoning. Observations
and potencies of the antidotes studied are now discussed in turn.

3.1. The Efficacy of Antidotes (Atropine, Obidoxime, MB327) for Prevention of Sarin Lethality

The dependence of the therapeutic efficacy of the various combinations of treatments
on the selected experimental end point is summarized in Table 1. The times to death were
similar for all treatment groups. Most mice died within the first hour. The average time
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to death within the first 6 h was 7.4 min for non-treated animals and 8.1 min for treated
animals. Only in the atropine alone group did some deaths occur after 6 h. All deaths
occurred within 6 h of intoxication for the other groups: atropine with obidoxime or MB327,
and atropine with obidoxime and MB327. Atropine increased the LD50 of sarin 1.25-fold at
6 h and 1.10-fold at 24 h. The combination of atropine and obidoxime increased it 1.45-fold.
With the lower dose of MB327, it increased it 1.21-fold, and with the higher dose of MB327
it increased it 1.23-fold. Atropine and obidoxime and the higher dose of MB327 increased it
1.80-fold, regardless of the end point. The efficacy of atropine and obidoxime was higher
than that of atropine and MB327 regardless of the dose of the latter. With atropine and
MB327, a slight increase in protection ratio versus atropine alone was seen at 24 h but the
difference was not significant. A significant benefit of MB327 on the efficacy of atropine
and obidoxime was not observed.

Table 1. The effect of experimental endpoint on the protection provided against lethal effects of sarin
in mice.

Treatment
LD50 (μg/kg) ± 95%

Confidence Limit—6 h
Protective Ratio A

LD50 (μg/kg) ± 95%
Confidence Limit—24 h

Protective Ratio A Protective Ratio B

—– 328.2 (270.1–360.2) —- 328.2 (270.1–360.2) —- —-

Atropine 411.9 (329.9–514.2) 1.25 361.2 (324.9–430.7) 1.10 1.14

Atropine +
obidoxime 476.9 (375.8–539.1) * 1.45 476.9 (375.8–539.1) * 1.45 1.00

Atropine + MB327
(lower dose) 397.8 (354.1–446.8) 1.21 397.8 (354.1–446.8) 1.21 1.00

Atropine + MB327
(higher dose) 402.7 (269.1–496.3) 1.23 402.7 (269.1–496.3) 1.23 1.00

Atropine +
obidoxime + MB327 591.6 (456.9–766.1) * 1.80 591.6 (456.9–766.1) * 1.80 1.00

* p < 0.05 (comparison with the untreated values). Bold values are significantly different from untreated values at
the level of p < 0.05.

3.2. The Efficacy of Antidotes (Atropine, HI-6, MB327) for Prevention of Soman Lethality

The data for soman appear in Table 2. The times to death differed slightly between
the treatment groups; nevertheless, most mice died within the first hour. The average
time to death within the first 6 h was 6.7 min for non-treated animals and 22.4 min for
treated animals. Only for atropine with the higher dose of MB327 did deaths occur after
6 h. Thus, with the higher dose of MB327 the LD50 of soman was increased 1.48-fold at 6 h,
but only 1.31-fold at 24 h. In the other groups—atropine alone, or with HI-6 or the lower
dose of MB327, or with HI-6 and the higher dose of MB327—all deaths occurred within 6 h.
Atropine increased the LD50 1.36-fold, atropine and HI-6 increased it 1.81-fold, atropine
and the lower dose of MB327 increased it 1.32-fold, and atropine and HI-6 with a higher
dose of MB327 increased it 1.80-fold, at both end points. The efficacy of HI-6 with atropine
exceeded that of atropine and MB327 regardless of the MB327 dose and end point. With
atropine and the higher dose of MB327, a small increase in protection ratio compared to
atropine alone was apparent at 6 h but the difference was not significant. A significant
benefit of MB327 on the efficacy of atropine and HI-6 was not observed.
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Table 2. The effect of experimental endpoint on the protection provided against the lethal effects of
soman in mice.

Treatment
LD50 (μg/kg) ± 95%

Confidence Limit—6 h
Protective Ratio A

LD50 (μg/kg) ± 95%
Confidence Limit—24 h

Protective Ratio A Protective Ratio B

—– 110.5 (79.4–137.1) —- 110.5 (79.4–137.1) —- —-

Atropine 150.1 (92.8–190.1) 1.36 150.1 (92.8–190.1) 1.36 1.00

Atropine + HI-6 199.9 (140.6–282.3) * 1.81 199.9 (140.6–282.3) * 1.81 1.00

Atropine + MB327
(lower dose) 145.7 (124.7–186.0) 1.32 145.7 (124.7–186.0) 1.32 1.00

Atropine + MB327
(higher dose) 163.1 (137.6–225.5) * 1.48 144.4 (117.9–196.8) 1.31 1.13

Atropine + HI-6 +
MB327 198.8 (158.4–248.3) * 1.80 198.8 (158.4–248.3) * 1.80 1.00

* p < 0.05 (comparison with the untreated values). Bold values are significantly different from untreated values at
the level of p < 0.05.

3.3. The Efficaccy of Antidotes (Atropine, Trimedoxime, MB327) for Prevention of Tabun Lethality

The tabun results feature in Table 3. Times to death differed slightly between treatment
groups. All deaths occurred within 6 h in mice given atropine and trimedoxime, atropine
and the lower dose of MB327, and atropine with trimedoxime and MB327. Most mice died
within the first hour. The average time to death within the first 6 h was 14.3 min for non-
treated animals and 17.6 min for treated animals. With atropine alone, and with atropine in
combination with the higher dose of MB327, some deaths occurred after 6 h. Thus, atropine
increased the LD50 of tabun 1.20-fold at 6 h but only 1.09-fold at 24 h. Atropine and the
higher dose of MB327 increased it 1.52-fold at 6 h and only 1.32-fold at 24 h. Atropine and
the lower dose of MB327 increased it only 1.20-fold, atropine and trimedoxime increased
it 1.95-fold, and atropine and trimedoxime and the higher dose of MB327 increased it
2.06-fold. With atropine and the higher dose of MB327, the protection ratio increased
compared to atropine alone, at both experimental end points but the differences were not
significant. The efficacy of atropine and trimedoxime was higher than that of atropine and
MB327 regardless of the dose of the latter and end point. A significant benefit of MB327 on
the efficacy of atropine and trimedoxime was not observed.

Table 3. The effect of experimental endpoint on the protection provided against the lethal effects of
tabun in mice.

Treatment
LD50 (μg/kg) ± 95%

Confidence Limit—6 h
Protective Ratio A

LD50 (μg/kg) ± 95%
Confidence Limit—24 h

Protective Ratio A Protective Ratio B

—– 420.5 (370.8–470.2) —- 420.5 (370.8–470.2) —- —-

Atropine 504.2 (447.4–533.3) 1.20 458.3 (405.2–494.0) 1.09 1.10

Atropine +
trimedoxime 818.9 (774.2–866.2) *,x 1.95 818.9 (774.2–866.2) *,x 1.95 1.00

Atropine + MB327
(lower dose) 503.7 (466.5–543.9) 1.20 503.7 (466.5–543.9) 1.20 1.00

Atropine + MB327
(higher dose) 639.4 (492.2–822.3) * 1.52 554.2 (472.7–602.9) * 1.32 1.15

Atropine +
trimedoxime +

MB327
866.0 (738.9–1017.5) *,x 2.06 866.0 (738.9–1017.5) *,x 2.06 1.00

* p < 0.05 (comparison with the untreated values). x p < 0.05 (comparison with the values treated with atropine
alone). Bold values are significantly different from untreated values and values treated with atropine alone at the
level of p < 0.05.
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3.4. The Efficacy of Antidotes (Atropine, HI-6, MB327) for Prevention of Cyclosarin Lethality

The efficacies of the antidotes to cyclosarin appear in Table 4. A difference in distri-
bution of times to death among treatment groups was not observed; all deaths occurred
within the first 6 h. Most mice died within the first hour. The average time to death within
the first 6 h was 9.3 min for non-treated animals and 12.5 min for treated animals. With
atropine alone the LD50 of cyclosarin increased 1.31-fold. In combination with HI-6 it
increased by 3.15-fold, with the lower or higher dose of MB327 it increased it 1.24- or
1.34-fold, respectively, and with HI-6 and the higher dose of MB327 it increased it 3.12-fold.
Atropine and the higher dose of MB327 produced a slightly increased therapeutic efficacy
compared to atropine with the lower dose of MB327 but the difference was not significant.
The efficacy of atropine and HI-6 was superior to that of atropine and MB327. A benefit of
MB327 on the efficacy of atropine and HI-6 was not observed.

Table 4. The effect of experimental endpoint on the protection provided against the lethal effects of
cyclosarin in mice.

Treatment
LD50 (μg/kg) ± 95%

Confidence Limit—6 h
Protective Ratio A

LD50 (μg/kg) ± 95%
Confidence Limit—24 h

Protective Ratio A Protective Ratio B

—– 248.4 (192.8–287.9) —- 248.4 (192.8–287.9) —- —-

Atropine 326.8 (254.9–417.7) 1.31 326.8 (254.9–417.7) 1.31 1.00

Atropine + HI-6 782.9 (680.6–856.4) *,x 3.15 782.9 (680.6–856.4) *,x 3.15 1.00

Atropine + MB327
(lower dose) 309.1 (268.0–394.4) 1.24 309.1 (268.0–394.4) 1.24 1.00

Atropine + MB327
(higher dose) 333.4 (247.1–400.9) 1.34 333.4 (247.1–400.9) 1.34 1.00

Atropine + HI-6 +
MB327 775.9 (635.3–878.8) *,x 3.12 775.9 (635.3–878.8) *,x 3.12 1.00

* p < 0.05 (comparison with the untreated values). x p < 0.05 (comparison with the values treated with atropine
alone). Bold values are significantly different from untreated values and values treated with atropine alone at the
level of p < 0.05.

4. Discussion

Oximes are key components of nerve agent antidotes due to their capability to re-
activate nerve agent-inhibited AChE. However, their therapeutic efficacy is restricted, as
reactivation of inhibited AChE is not universally effective because all nerve agents and
current oximes are generally ineffective in the central compartment due to their difficulty
crossing the blood–brain barrier [4]. Generally, the reactivating efficacy of each oxime
depends on the chemical structure of the nerve agent and it is not the same for all nerve
agents studied. Therefore, one of the most effective oximes was chosen for each nerve agent
(obidoxime for sarin, trimedoxime for tabun, and HI-6 for soman and cyclosarin [4,7,26,27]).
Although obidoxime, used for the treatment of sarin poisoning, has a lower efficacy against
sarin than the oxime HI-6 [26], it was used for sarin poisoning in this study due to the need
to compare our results with previously published data where obidoxime was used for the
treatment of sarin poisoning.

Additionally, anticholinergic drugs such as atropine cannot counter the overstimula-
tion of nAChRs. Therefore, novel potential antidotes, based on bispyridinium non-oxime
structures, were developed to mitigate the overstimulation of nAChRs and to reduce the
therapeutic reliance on oxime-based reactivation of AChE in the treatment of nerve agent
poisoning [12,29].

Several bispyridinium compounds have been shown to counter the acute toxicity of
nerve agents [12,21–23,30]. Their efficacy hinges on modulating nAChRs at the ion channel,
orthosteric ACh binding sites, or both [31,32]. One of the most promising is MB327. It has
been shown to have a positive therapeutic effect due to a non-competitive antagonistic
action at muscle type nAChRs and has been found to have a positive allosteric activity at
muscle and neuronal AChRs [20,33,34]. MB227 has been characterized as a re-sensitizer of
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the desensitized nAChR. MB327 is thereby capable of restoring its functional activity and
restoring nerve agent-induced irreversibly disrupted neurotransmission at the neuromuscu-
lar junctions. The re-sensitizing effect of MB327 is probably based on its positive allosteric
activity, as was repeatedly demonstrated [32,35]. Two putative binding sites were found for
MB327. Both sites are located inside the channel: one in the extracellular domain between
the γ and α subunits, and the other between β and δ subunits in the transmembrane re-
gion [17,33,34]. By comparison, MB327 does not interact with the orthosteric ACh binding
sites [16]. It is known that conventional nAChR antagonists have a low therapeutic index
between sufficient antagonism and muscle paralysis and, therefore, they have a negative
impact on respiration However, MB327, which acts as a re-sensitizer of the desensitized
nAChR, has a low impact on respiration when administered at recommended doses [13].
In addition, MB327, like other bispyridinium non-oxime compounds, is a charged polar
species. It has a high aqueous solubility and comparatively low hydrophobicity. It is
therefore expected to exert its biological action mainly in the periphery rather than in the
brain, and to have a low capacity to cross the blood–brain barrier.

In the present study, the significant benefit of MB327 for the therapeutic efficacy of
standard antidotal treatment of nerve agent poisoning was not shown.

To determine the optimal potential of antidotes, a pharmacologically relevant time
following intoxication should be selected based on the pharmacokinetics and mechanisms
of action of the drugs tested. An effective concentration of MB327 in the blood and at key
nicotinic synapses in tissues is required for nicotinic antagonism and consequent protection.
Due to the predicted rapid elimination of MB327 from the body [23], a decrease in the
efficacy of MB327 from 6 to 24 h was anticipated. However, a slight reduction in the efficacy
of MB327 from 6 to 24 h was only observed for the higher dose of MB327 for soman and
tabun intoxication.

To compare the influence of the end point on the therapeutic efficacy of MB327 with
other MB antinicotinics, the analogue MB408 showed a higher decrease in its efficacy from
6 to 24 h in the case of intoxication with nerve agents, especially sarin and soman [36].
Generally, the changes in protection ratio seen with atropine with MB327 at 6 h compared
to 24 h were small, were only observed for the higher MB327 dose, and were not statistically
significant. In contrast, the effects of MB327 in guinea pigs showed a very marked increase
in protection at a 6 h compared to a 24 h end point [37]. This disparity may reflect
MB327 pharmacokinetic differences between the mouse and guinea pig: in size, absorption,
distribution, metabolism and elimination.

The present and previous studies in mice [36] and in guinea pigs [37] demonstrate
that earlier experimental end points can show that certain treatments can provide increased
protection against acute intoxication by nerve agents. This is also supported theoretically
by the reversible, pharmacological mechanism of action of certain antidotes, and therefore
a reliance on their pharmacokinetics, ensuring that therapeutically effective drug concentra-
tions are maintained. Importantly, then, the shorter experimental end point may reduce the
risk of falsely rejecting effective treatments, particularly if these are intended for immediate,
first-aid treatment of nerve agent casualties. Our study has limitations because only one
animal species and one end point (besides the standard 24 h) were used. Due to species
differences, especially in the pharmacokinetics of MB327 (and analogues), the end point
chosen should be matched to the animal species studied, as different species or end points
may provide different results.

5. Conclusions

Although MB327 may provide limited benefit for the treatment of nerve agent poison-
ing in the absence of an oxime, the data from the evaluation of the therapeutic efficacy of
MB327 in this particular study do not support the presumption that this non-competitive
antinicotinic may significantly benefit the standard antidotal treatment (atropine + oxime)
of nerve agent intoxication, at least in mice. Its effectiveness did not approach any of the
oximes studied in this animal species. Therefore, atropine and an oxime should continue to
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be the core elements of treatment. As only a negligible beneficial impact of the compound
MB327 was observed, novel compounds with similar action to MB327 but which exhibit
better nicotinic selectivity and increased antinicotinic efficacy should be developed.
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Abstract: Benzoxonium chloride belongs to the group of quaternary ammonium salts, which have
been widely used for decades as disinfectants because of their high efficacy, low toxicity, and thermal
stability. In this study, we have prepared the C10-C18 set of benzoxonium-like salts to evaluate the
effect of their chemical and biological decontamination capabilities. In particular, biocidal activity
against a panel of bacterial strains including Staphylococcus aureus in biofilm form was screened.
In addition, the most promising compounds were successfully tested against Francisella tularensis as
a representative of potential biological warfare agents. From a point of view of chemical warfare
protection, the efficiency of BOC-like compounds to degrade the organophosphate simulant feni-
trothion was examined. Notwithstanding that no single compound with universal effectiveness was
identified, a mixture of only two compounds from this group would be able to satisfactorily cover the
proposed decontamination spectrum. In addition, the compounds were evaluated for their cytotoxic-
ity as a basic safety parameter for potential use in practice. In summary, the dual effect on chemical
and biological agents of benzoxonium-like salts offer attractive potential as active components of
decontamination mixtures in the case of a terrorist threat or chemical or biological accidents.

Keywords: quaternary ammonium salts; benzoxonium; decontamination; organophosphates;
disinfection; micellar catalysis

1. Introduction

Benzoxonium chloride (N-benzyl-N,N-bis(2-hydroxyethyl)dodecan-1-aminium chlo-
ride, BOC), known for over 30 years [1], manifests strong antimicrobial activity against
certain bacterial strains, especially non-spore forming, yeasts and protozoa. In practice,
BOC is widely used against buccopharyngeal pathogens as a mucous membrane disin-
fectant. It is commercially available in the form of gargle solutions, lozenges, and oral
sprays, often in combination with lidocaine [2,3]. Likewise in dentistry it is used against
dental plaque and dental caries [4,5]. Further applications include disinfection of medical
instruments in hospitals, and of skin burns, seborrheic dermatitis, and cutaneous leish-
maniosis [4,6,7], as a veterinary fungicide and bactericide in the treatment of animal skin,
in the food and beverage industry, and in the textile industry as a bactericide in textile
fibers [1,8,9]. Of note, BOC is one of the few quaternary ammonium salts (together with
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cetrimide and benzalkonium chloride (BAC)) highly efficient in preservation of topical eye
medications [10,11].

BOC belongs in the wide group of quaternary ammonium salts (QACs)—substances
with surface-active properties. They are still considered an important component of
hygienic and anti-epidemic measures against the spread of nosocomial diseases, due to
their high efficacy, low price, and only modest toxicity to eukaryotic cells [12,13].

QACs are predominantly supposed to have relatively unspecific mechanisms of
antimicrobial action. Owing to the positively charged nitrogen moiety, QACs are able
to interact with the negatively charged outermost surface of cell walls and membranes
and penetrate into the phospholipid bilayer with their long alkyl chain, thus causing
leakages, ruptures, and disintegration of the cell [14]. QACs exhibit higher activity against
Gram-positive (G+) bacteria as these possess a single phospholipid cellular membrane
and a thicker cell wall composed of peptidoglycan, whereas Gram-negative (G-) bacteria
are enveloped by two cellular membranes and a thinner layer of peptidoglycan. The
outer membrane causes decreased antimicrobial activity in the case of Gram-negative
bacteria [15].

However, recent studies show that some QACs can be also used as micellar catalysts
because of their ability to accelerate the decomposition of neurotoxic organophosphate
esters [16–20]. Such esters (e.g., fenitrothion, chlorpyrifos, paraoxon) are widely used
as pesticides in agriculture. Similarly, highly toxic organophosphates, so-called nerve
agents (tabun, soman and sarin and VX), have been reported be also susceptible to de-
composition of their organophosphorus ester moieties by quaternary ammonium salt-type
cationic surfactants.

The above-mentioned properties of QACs render benzoxonium salts as suitable active
ingredients of a decontamination mixture against chemical and biological agents. Despite
the fact that BOC is a well-known compound, there is a lack of comprehensive information
describing its potential decontamination properties, and the preparation and evaluation of
the whole series [21].

Therefore, within this study, we have designed and synthesized a novel series of BOC-
like compounds differing in the long alkyl chain (C10-C18) with an expected dual effect on
biological and chemical agents including agents with warfare potential. The decontami-
nation properties screening assessed the antimicrobial effect against eight floating-form
strains and a representative biofilm-forming strain of S. aureus [22]. The cells in biofilms
possess different characteristics than single cells and due to their specific structure present
decreased susceptibility [23,24]. We further focused on potentially misused warfare agents.
Antimicrobial activity was determined against the Gram-negative Francisella tularensis,
with potential to be misused as a biological weapon; also determined was the efficiency of
BOC-like compounds to decompose fenitrothion as an organophosphate simulant. Finally,
the cytotoxicity on a mammalian cell line was evaluated as one of the key safety parameters
for new substances. Despite the above-mentioned properties, the substances can have
practical use in the military (the main active ingredient of a universal decontamination
mixture for chemical and biological warfare agents in form of solution or foam). Further,
in the civil sector use as disinfectant in healthcare (viruses, bacteria, fungi) or as active
ingredients for decontamination of organophosphorus pesticides (from water, soil, etc.).

2. Materials and Methods

2.1. Synthesis and Analysis

Analytical grade reagents were purchased from Sigma-Aldrich, Fluka, and Merck
(Darmstadt, Germany). The solvents were purchased from Penta Chemicals (Prague, Czech
Republic). Reactions were monitored by thin-layer chromatography (TLC) using pre-coated
silica gel 60 F254 TLC alumina sheet. Column chromatography was performed with silica
gel 0.063e0.200 mm. Melting points (m. p.) were determined on a micro heating stage
PHMK 05 (VEB Kombinat Nagema, Radebeul, Germany) and are uncorrected. All com-
pounds were fully characterized by NMR spectra and HRMS. NMR spectra were recorded
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on a Varian VNMR S500 (operating at 500 MHz for 1H and 125 MHz for 13C; Varian Co.,
Palo Alto, CA, USA). The chemical shifts (d) are given in ppm, relative to tetramethylsilane
(TMS) as internal standard. Coupling constants (J) are reported in Hz. Splitting patterns
are designated as s, singlet; d, doublet; t, triplet; and m, multiplet. Mass spectra were
recorded using a combination of liquid chromatography and mass spectrometry: high-
resolution mass spectra (HRMS) and sample purities were obtained by high-performance
liquid chromatography (HPLC) with UV and mass spectrometric (MS) detection gradient
method. The system used in this study was a Dionex Ultimate 3000 UHPLC: RS Pump, RS
Column Compartment, RS Autosampler, Diode Array Detector, controlled by Chromeleon
(version 7.2.9 build 11323) software (Thermo Fisher Scientific, Germering, Germany) with
Q Exactive Plus Orbitrap mass spectrometer with Thermo Xcalibur (version 3.1.66.10.)
software (Thermo Fisher Scientific, Bremen, Germany). Detection was performed by mass
spectrometer in positive mode. Settings of the heated electrospray source were: Spray
voltage 3.5 kV, Capillary temperature: 262 ◦C, Sheath gas: 55 arbitrary units, Auxiliary
gas: 15 arbitrary units, Spare gas: 3 arbitrary units, Probe heater temperature: 250 ◦C, Max
spray current: 100 mA, S-lens RF Level: 50. C18 column (Kinetex EVO C18, 3 × 150 mm,
2.6 μm, Phenomenex, Torrance, CA, USA) was used in this study. Mobile phase A was
ultrapure water of ASTM I type (resistivity 18.2 MΩ.cm at 25 ◦C) prepared by Barnstead
Smart2Pure 3 UV/UF apparatus (Thermo Fisher Scientific, Bremen, Germany) with 0.1%
(v/v) formic acid (HPLC-MS grade, Sigma Aldrich, Steinheim, Germany); mobile phase B
was acetonitrile (MS grade, Honeywell-Sigma Aldrich) with 0.1% (v/v) of formic acid. The
flow was constant at 0.4 mL/min. The method started with 1 min of isocratic flow of 5% B,
and then the gradient of B rose to 100% B in 3 min and remained constant at 100% B for
1 min. The composition then went back to 5% B and equilibrated for 5 min. Total runtime
of the method was 10 min. The column was heated to 27 ◦C. Samples were dissolved in
methanol (LC-MS grade, Fluka-Sigma Aldrich) at a concentration 1 mg/mL and sample
injection was 1 μL. Purity was determined from UV spectra measured at wavelength
254 nm. HRMS was determined by total ion current spectra from the mass spectrometer
collected at resolution of 140,000 in a range 105–1000 m/z. Clog P was calculated with the
MarvinSketch (version 14.9.8.0) software.

2.1.1. General Procedure for Synthesis of N,N-bis(2-hydroxyethyl)-N-alkylamines (3a-e)

Diethanolamine (1) (22.5 mmol), anhydrous potassium carbonate (30 mmol), and
potassium iodide (3 mmol) were dispersed in 40 mL of acetonitrile. Subsequently, the
appropriate 1-bromoalkane 2a-e (15 mmol) was added. The reaction mixture was refluxed
under nitrogen atmosphere for 12 h. After filtration the acetonitrile was evaporated under
reduced pressure. The residue was dissolved in water (30 mL) and extracted twice with
dichloromethane. The organic layer was dried over anhydrous sodium sulfate, filtered,
and evaporated to obtain a yellow oily product in 65–96% yields. The intermediates 3a-e

were of satisfactory purity for the next reaction step (>95%).

2.1.2. General Procedures for Synthesis of
N-benzyl-N,N-bis(2-hydroxyethyl)alkane-1-aminium Chloride (5a-e)

A mixture of the appropriate intermediate N,N-bis(2-hydroxyethyl)-N-alkylamine
3a-e (14 mmol) and benzyl chloride (4, 28 mmol) was heated in a 100 mL flask at 100 ◦C
for 2 h as a solvent-free reaction. Subsequently, the reaction was allowed to stand for
5 days at room temperature. Crude products were purified by crystallization in a medley
of 1:10 methanol/ethyl acetate and subsequently in 1:10 methanol/diethyl ether to obtain
white solid in 42–79% yields.

2.1.3. NMR and HRMS Analysis

N,N-Bis(2-hydroxyethyl)-N-decylamine (3a). Yellow oil, (2.40 g, 65%); 1H-NMR (chloroform-
d) δ 3.63 (t, J = 5.4 Hz, 4H), 2.68 (t, J = 5.4 Hz, 4H), 2.57–2.50 (m, 2H), 1.51–1.44 (m, 2H),
1.35–1.21 (m, 14H), 0.89 (t, J = 6.8 Hz, 3H); 13C-NMR (chloroform-d) δ 59.67, 56.05, 54.79,
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31.88, 29.61, 29.55, 29.30, 27.36, 27.17, 22.67, 14.10; HRMS: m/z 246.2424 [M + H]+ (calculated
m/z 246.2428 for [C14H32NO2]).

N,N-Bis(2-hydroxyethyl)-N-dodecylamine (3b). Yellow oil, (3.75 g, 91%); 1H-NMR
(chloroform-d) δ 3.63 (t, J = 5.4 Hz, 4H), 2.68 (t, J = 5.4 Hz, 4H), 2.58–2.51 (m, 2H),
1.52–1.44 (m, 2H), 1.32–1.22 (m, 18H), 0.89 (t, J = 7.1, 1.7 Hz, 3H); 13C-NMR (chloroform-d)
δ 59.46, 56.08, 54.80, 31.87, 29.62, 29.59, 29.52, 29.30, 27.33, 26.80, 22.64, 14.07; HRMS: m/z
274.2736 [M + H]+ (calculated m/z 274.2741 for [C16H36NO2]).

N,N-Bis(2-hydroxyethyl)-N-tetradecylamine (3c). Yellow oil, (3.07 g, 67%); 1H-NMR
(chloroform-d) δ 3.62 (t, J = 5.4 Hz, 4H), 2.66 (t, J = 5.4 Hz, 4H), 2.55–2.49 (m, 2H),
1.49–1.43 (m, 2H), 1.32–1.22 (m, 22H), 0.88 (t, J = 6.9 Hz, 3H); 13C-NMR (chloroform-d)
δ 59.65, 56.05, 54.79, 31.90, 29.67, 29.65, 29.63, 29.62, 29.57, 29.56, 29.34, 27.37, 27.08, 22.67,
14.09; HRMS: m/z 302.3054 [M + H]+ (calculated m/z 302.3054 for [C18H40NO2]).

N,N-Bis(2-hydroxyethyl)-N-hexadecylamine (3d). Yellow oil, (3.82 g, 77%); 1H-NMR
(chloroform-d) δ 3.62 (t, J = 5.4 Hz, 4H), 2.66 (t, J = 5.4 Hz, 4H), 2.56–2.49 (m, 2H),
1.51–1.43 (m, 2H), 1.29–1.25 (m, 26H), 0.89 (t, J = 6.9 Hz, 3H); 13C-NMR (chloroform-d)
δ 59.65, 56.05, 54.79, 31.91, 29.68, 29.66, 29.64, 29.62, 29.56, 29.34, 27.37, 27.09, 22.67, 14.09;
HRMS: m/z 330.3361 [M + H]+ (calculated m/z 330.3367 for [C20H44NO2]).

N,N-Bis(2-hydroxyethyl)-N-octadecylamine (3e). Yellow solid, m. p. 48.1–49.7 ◦C
(5.17 g, 96%); 1H-NMR (chloroform-d) δ 3.62 (t, J = 5.4 Hz, 4H), 2.66 (t, J = 5.4 Hz, 4H),
2.55–2.49 (m, 2H), 1.49–1.43 (m, 2H), 1.29–1.24 (m, 30H), 0.88 (t, J = 6.9 Hz, 3H); 13C-NMR
(chloroform-d) δ 61.10, 59.62, 56.04, 54.78, 50.94, 31.90, 29.67, 29.64, 29.61, 29.56, 29.33, 27.37,
27.00, 22.66, 14.09; HRMS: m/z 358.3675 [M + H]+ (calculated m/z 358.3680 for [C22H48NO2]).

N-benzyl-N,N-bis(2-hydroxyethyl)decan-1-aminium chloride (5a). White solid, m. p.
114.0–114.6 ◦C (4.09 g, 78%); 1H-NMR (chloroform-d) δ 7.63–7.57 (m, 2H), 7.47–7.39 (m, 3H),
5.73 (t, J = 5.4 Hz, 2H), 4.86 (s, 2H), 4.29–4.10 (m, 4H), 3.71–3.52 (m, 4H), 3.39–3.32 (m, 2H),
1.89–1.80 (m, 2H), 1.38–1.14 (m, 14H), 0.87 (t, J = 6.9 Hz, 3H); 13C-NMR (chloroform-d) δ
133.18, 130.61, 129.25, 127.27, 64.39, 60.20, 59.60, 55.83, 31.78, 29.37, 29.36, 29.18, 29.13, 26.22,
22.69, 22.59, 14.05; HRMS: m/z 336.2888 [M]+ (calculated m/z 336.2897 for [C21H38NO2]+).

N-benzyl-N,N-bis(2-hydroxyethyl)dodecan-1-aminium chloride (5b). White solid, m. p.
118.7–119.0 ◦C (4.68 g, 41%); 1H-NMR (chloroform-d) δ 7.62–7.57 (m, 2H), 7.47–7.39 (m, 3H),
5.30 (t, J = 5.4 Hz, 2H), 4.86 (s, 2H), 4.27–4.14 (m, 4H), 3.71–3.53 (m, 4H), 3.38–3.31 (m, 2H),
1.89–1.80 (m, 2H), 1.36–1.19 (m, 18H), 0.88 (t, J = 6.9 Hz, 3H); 13C-NMR (chloroform-
d) δ 133.17, 130.61, 129.26, 127.27, 64.39, 60.21, 59.61, 55.83, 31.84, 29.55, 29.42, 29.39,
29.27, 29.15, 26.23, 22.69, 22.62, 14.06; HRMS: m/z 364.3207 [M]+ (calculated m/z 364.3210
for [C23H42NO2]+).

N-benzyl-N,N-bis(2-hydroxyethyl)tetradecan-1-aminium chloride (5c). White solid, m. p.
120.6–120.9 ◦C (3.92 g, 65%); 1H-NMR (methanol-d4) δ 7.68–7.62 (m, 2H), 7.60–7.49 (m, 3H),
4.79 (s, 2H), 4.09 (t, J = 5.1 Hz, 4H), 3.51 (t, J = 7.4, 5.0 Hz, 4H), 3.38–3.31 (m, 2H),
1.98–1.88 (m, 2H), 1.45–1.28 (m, 22H), 0.90 (t, J = 6.9 Hz, 3H); 13C-NMR (methanol-d4)
δ 134.34, 131.79, 130.36, 129.11, 65.40, 61.34, 61.08, 56.71, 33.06, 30.79, 30.77, 30.75, 30.71,
30.61, 30.53, 30.46, 30.18, 27.34, 23.72, 23.49, 14.44; HRMS: m/z 392.3515 [M]+ (calculated
m/z 392.3523 for [C25H46NO2]+).

N-benzyl-N,N-bis(2-hydroxyethyl)hexadecan-1-aminium chloride (5d). White solid, m. p.
121.6–121.9 ◦C (4.39 g, 68%); 1H-NMR (chloroform-d) δ 7.63–7.57 (m, 2H), 7.48–7.40 (m, 3H),
5.73 (t, J = 5.4 Hz, 2H), 4.86 (s, 2H), 4.28–4.14 (m, 4H), 3.69–3.55 (m, 4H), 3.39–3.32 (m, 2H),
1.90–1.80 (m, 2H), 1.32–1.23 (m, 26H), 0.87 (t, J = 6.9 Hz, 3H); 13C-NMR (chloroform-d) δ
133.22, 130.67, 129.31, 127.31, 64.43, 60.25, 59.65, 55.89, 31.92, 29.70, 29.66, 29.61, 29.48, 29.45,
29.36, 29.21, 26.28, 22.75, 22.68, 14.11; HRMS: m/z 420.3828 [M]+ (calculated m/z 420.3836
for [C27H50NO2]+).

N-benzyl-N,N-bis(2-hydroxyethyl)octadecan-1-aminium chloride (5e). White solid, m. p.
124.2–124.7 ◦C (3.59 g, 52%); 1H-NMR (chloroform-d) δ 7.62–7.57 (m, 2H), 7.49–7.39 (m, 3H),
5.72 (t, J = 5.4 Hz, 2H), 4.87 (s, 2H), 4.22 (t, J = 10.8, 6.3, 5.6 Hz, 4H), 3.62 (t, J = 39.6, 14.4, 6.5,
3.3 Hz, 4H), 3.38–3.31 (m, 2H), 1.90–1.81 (m, 2H), 1.38–1.15 (m, 30H), 0.88 (t, J = 6.8 Hz, 3H);
13C-NMR (chloroform-d) δ 133.19, 130.63, 129.28, 127.28, 64.40, 60.22, 59.61, 55.87, 31.88,
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29.68, 29.64, 29.62, 29.59, 29.46, 29.42, 29.32, 29.18, 26.24, 22.71, 22.65, 14.08; HRMS: m/z
448.4153 [M]+ (calculated m/z 448.4149 for [C29H54NO2]+).

All spectra are available in the Supplementary Materials (Figures S1–S15).

2.2. Conductivity

The conductivity of surfactant solutions was measured in triplicate on a Tristar Orion
conductivity meter in a conductivity cell 013005MD (Thermo Scientific, Waltham, MA,
USA). The apparatus was controlled with the software Navigator 21 (Thermo Scientific)
using continuous data collection. The solutions were temperature-controlled to 49 ± 0.1 ◦C.
The surfactant stock solutions had a range of concentrations of 15-200 mM and these stock
solutions were diluted further to determine the CMC. A linear pump Lineomat (VEB MLW
Labortechnik Ilmenau, Germany) was used with a flow rate of 0.43 mL/min. An AREX
stirrer (VELP Scientifica Srl, Usmate, Italy) was used for continuous agitation, and the
conductivity was recorded every 3 s. The resulting data were captured into an MS Excel
datasheet for subsequent analysis. The transformation of the time axis to a concentration
axis was performed according to the parameters defining the measurements (starting
volume of a liquid in the titration vessel, the concentration of the surfactant solution in the
syringe, and the solution feed rate):

Ct =
C0

1 + Vstart
vinj∗t

where Ct = concentration at time t, C0 = starting concentration of the surfactant,
Vstart = volume of distilled water at start, vinj = surfactant solution dosing rate and
t = time recorded by Navigator21

2.3. Micellar Catalysis

A solution of fenitrothion (O,O-dimethyl O-(3-methyl-4-nitrophenyl) phosphoroth-
ioate) was diluted with methanol to obtain a concentration of 10−2 M (10 mM). The
surfactant stock solutions were diluted in distilled water with a concentration of 500 mM,
100 mM, or 10 mM (pursuant to the value of their CMC). Furthermore, these solutions
were diluted in the range of concentrations of 10−1–10−5 M. Carbonate buffer 0.1 M was
adjusted to pH 10 or 11. Carbonate buffer 250 μL, surfactant stock solution 250 μL, and the
solution of fenitrothion 10 μL were homogenized in a 1 cm thick cuvette. The absorption
changes were measured by Helios α spectrophotometer (Thermo Fisher Scientific) with a
set wavelength of 394 nm. The measurement was temperature-controlled to 37 ± 0.1 ◦C
and stopped at the time when the difference between adjacent absorptions was minimal.
The resulting data were processed in Thermo Scientific Vision software (Thermo Fisher
Scientific) and then converted into MS Excel. The rate constant was calculated by the
procedure described by Guggenheim [25], with modification introduced by Zajicek and
Radl [26]. The procedure used is based on the acceptance of the following equation:

At+Δt = At × exp(kobs × Δt) + An ×(1-exp(-kobs × Δt)),

where At+Δt = absorption at time t+Δt, At = absorption at time t, exp = base of natural
logarithm, kobs = observed rate constant, Δt = time between two successive measurements
and An = absorption at infinite time

This relationship is a linear equation with slope exp(kobs × Δt) and intersection
An × (1-exp(-kobs × Δt)). Data from ten minutes’ measurement were put in two columns
of MS Excel so that the second column was shifted one row up. This shift presents one
value Δt. Data prepared in such a way were displayed in an XY scatter chart. A trends line
with a print-out of the coefficient regression equation was interlaid through the displayed
points. The slope thus obtained was used for the calculation of the rate constant kobs from
the term exp(kobs × Δt). Rate constants were recalculated to the reaction halftimes [27].
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2.4. Bacterial Strains

In vitro antibacterial activity of the prepared compounds was tested on a panel of
four Gram-positive and four Gram-negative bacterial strains: Staphylococcus aureus (C1947),
methicillin-resistant Staphylococcus aureus (C1926), Staphylococcus epidermidis (C1936),
vancomycin-resistant Enterococcus (S2484), Escherichia coli (A1235), extended-spectrum
β-lactamase (ESBL) non-producing Klebsiella pneumoniae (C1950), ESBL-producing Kleb-
siella pneumoniae (C1934), and multi-resistant Pseudomonas aeruginosa (A1245). All named
bacteria used in the study were obtained as clinical isolates from patients (University
Hospital, Hradec Kralove, Czech Republic) and stored at −70 ◦C in the cryobank according
to the manufacturer’s instructions. When needed, each bacterial strain was inoculated and
cultivated on Mueller-Hinton agar (HiMedia, Cadersky-Envitek, Prague, Czech Republic).
Francisella tularensis LVS, live vaccine strain, was obtained from the collection of Faculty
of Military Health Sciences, University of Defense (Hradec Kralove, Czech Republic) and
cultured on McLeod plates.

2.5. Biofilm Cultivation

The second-subculture colonies of S. aureus were suspended in Mueller-Hinton broth
(MHB) to reach 1.0 McFarland Standard. This suspension was diluted with MHB medium
1:30 and subsequently used as the inoculum. The initial bacterial number of the inoculum
was verified by viable cell counting and equaled approximately 107 CFU/mL. Each well
from the MBEC microtiter plate (Innovotech, Edmonton, AB, Canada) was inoculated with
150 μL of inoculum. The inoculated device was incubated for 24 h at 35 ◦C ± 1 ◦C while
being shaken at 110 rpm. For every MBEC assay, the formed biofilm was verified by viable
cell counting of disrupted biofilms after removing four pegs from the lid, rinsing and
sonication (Bandelin Sonorex, Bandeline Electronics, Berlin, Germany) in MHB for 15 min.
The established bacterial number in formed biofilms equals approximately 107 CFU/mL.

2.6. Antimicrobial Activity Evaluation
2.6.1. Broth Microdilution Method

The antibacterial susceptibility against bacteria was determined by the broth mi-
crodilution method according to standard M07-A10 [28]; the optimized protocol has been
published previously [29,30]. Mueller-Hinton broth (Merck, Prague, Czech Republic) ad-
justed to pH 7.4 (±0.2) was used as the test medium. Dimethyl sulfoxide (DMSO) served
as a diluent for all compounds and its final concentration did not exceed 1% in the test
medium. The wells of the microdilution tray contained 200 μL of the MH broth with two-
fold serial dilutions of the compounds (500–0.49 μmol/L) and were inoculated with 10 μL
of the bacterial suspension. The bacterial suspensions were controlled densitometrically
to reach 1.5 × 108 viable colony forming units (CFU) per 1 mL. The MIC values, defined
as 95% inhibition of bacterial growth, were determined after 24 h and 48 h incubation at
36 ◦C ± 1 ◦C. The MBC values were determined as the concentration of compound causing
a decrease in the number of bacterial colonies by ≥99.9%, after subculturing of a 10 μL
aliquot of each well without visible growth.

2.6.2. Flow Cytometry Assay

F. tularensis LVS bacterial suspension in PBS was prepared from fresh overnight
subculture to reach O.D. 1.0 (optic density at 600 nm) which in the case of F. tularensis
means 4 × 109 CFU (colony forming units)/mL. 1 mL aliquots were centrifuged for 7 min,
7000× g at 4 ◦C and the supernatant was replaced by 500 μL of the tested compound. After
5 min exposure the treated bacterial suspension was again centrifuged for 7 min, 7000× g
at 4 ◦C and the solution of the tested compound was removed. Cells were re-suspended in
1 mL PBS and stored on ice until flow cytometry measurement. A negative control was
prepared from dead bacterial suspension resuspended in PBS (OD 1), where the bacteria
had been exposed overnight to 36% formaldehyde. Fresh bacteria cultured overnight on
McLeod agar plates were resuspended in PBS (OD 1) and used as a positive control. All
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samples were diluted 100× in 1 mL of PBS, stained with 1 μL of propidium iodide and
1.5 μL of Syto 9, and incubated in the dark for 15 min. 10 μL of vortexed microspheres
were added and samples were properly mixed before measurement. All samples we
analyzed with a CyAn ADP Flow Cytometer (Beckman Coulter, Indianapolis, IN, USA).
Listmode data were analyzed by Summit v4.3 software (Beckman Coulter). At least three
independent experiments were performed.

2.6.3. MBEC Assay

The determination of minimal biofilm eradication concentration (MBEC) against
S. aureus was determined using MBEC assay plates (Innovotech) according to the manufac-
turer’s instructions using a modified Calgary method [22]. The biofilm formed on the lid of
the MBEC assay microtiter plate was rinsed with saline and inserted on the challenge plate.
Each microtiter challenge plate contained tested compounds serially diluted two-fold in
MHB, with sterility and growth controls. After incubation for 24 h at 35 ◦C ± 1 ◦C, the lid
with treated biofilm was removed, rinsed with saline, and the biofilm was disrupted by
sonication. Disrupted biofilm was released into a new microtiter plate with MHB supple-
mented by 0.5% Tween 80 as an antimicrobial neutralizer. The MBEC was determined after
24 h of incubation at 35 ◦C ± 1◦ by reading OD600. The challenge plate was covered with a
new, sterile lid and after 24 h of incubation at 35 ◦C ± 1 ◦C was used for MIC determination
by reading OD600.

2.7. Antiviral Activity Evaluation
2.7.1. Viruses and Cell Cultures

Murine cytomegalovirus (MCMV) and SARS-CoV-2 virus were used in the experi-
ments. The viral stocks were prepared by infecting susceptible cells. For MCMV, NIH 3T3
cells (murine embryonic fibroblasts) were used, and for SARS-CoV-2 (clinical isolate kindly
provided by Assoc. prof. Daniel Ruzek, University of South Bohemia, Ceske Budejovice,
Czech Republic), Vero cells CCL81 (African green monkey kidney) were used.

The viral stocks were prepared after virus inoculation of the appropriate cells in a
suitable cell culture medium (DMEM with high glucose, containing 10% fetal calf serum,
2 mM glutamine, 100 U/mL penicillin and 100 μg/mL streptomycin). The cells were
incubated at 37 ◦C under 5% CO2 until 80–90% of cells exhibited cytopathic effect (5–7 days).
Following 5 min of centrifugation at 500× g the supernatant was collected and frozen in
aliquots at −80 ◦C.

2.7.2. Virucidal Activity Testing

The virucidal activity of the synthesized agents was evaluated by a quantitative
suspension test. Briefly, one part of the virus suspension was mixed with one part of bovine
serum albumin (final concentration 0.03%; ‘clean conditions’ as specified in EN 14476) and
eight parts of the novel tested compounds. The mixtures were kept at room temperature
for 5 min (exposure time). After the exposure period, the mixtures were serially diluted ten-
fold with ice-cold DMEM and 100 μL of each dilution were seeded into a 96-well microtiter
plate with the appropriate cell and incubated at 37 ◦C in a 5% CO2 atmosphere until a
cytopathic effect was detected, approximately 5–7 days. Six wells per sample dilution were
inoculated. Virus-untreated controls with identical protein concentrations were also tested.

Virus titer was determined using the method of Spearman and Karber and expressed
as log10 TCID50/mL [31,32]. According to the European Standard EN 14476 for the virucidal
activity of disinfection, a product should demonstrate at least a log10 reduction of 4 in
virus titer, corresponding to 99.99% inactivation [33]. To differentiate between virus-
induced cytopathogenic changes and the toxic effect caused by the tested compounds, the
cell monolayer was monitored until the end of the virucidal activity testing period for
morphological changes after exposure to the disinfectant solution.
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2.8. In Vitro Cytotoxicity and Selectivity Index

The standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
Merck) cell viability assay was applied according to the manufacturer’s protocol on the
Chinese hamster ovary cell line CHO-K1 (ECACC, Salisbury, UK) [34]. The cells were
cultured according to ECACC recommended conditions and seeded at a density of 8 × 103

per well in the 96-well plate. The tested compounds were dissolved in DMSO (Merck,) and
subsequently in the Nutrient Mixture F-12 Ham growth medium (Merck) supplemented
with 10% Fetal Bovine Serum and 1% Penicillin-Streptomycin (both Merck) so that the
final concentration of DMSO did not exceed 1% (v/v) per well. Cells were exposed to the
tested compounds for 24 h. The medium was replaced by a medium containing 0.5 mg/mL
of MTT and the cells were allowed to produce formazan for approximately 3 h under
surveillance. Thereafter, the medium with MTT was removed and the crystals of formazan
were dissolved in DMSO (100 μL/well; Ing. Petr Švec–PENTA s.r.o., Prague, Czech
Republic). Cell viability was assessed spectrophotometrically by the amount of formazan
produced. Absorbance was measured at 570 nm with 650 nm as a reference wavelength
on Synergy HT (BioTek, Winooski, VT, USA). The IC50 value was then calculated from the
control-subtracted triplicates using non-linear regression (four parameters) by GraphPad
Prism 5.03 or 7.03 software (GraphPad Software, Inc., San Diego, CA, USA). Final IC50
values including SEM (standard error of the mean) were obtained as the mean of three
independent measurements. The selectivity indices of compounds have been calculated
as the ration of the cytotoxicity (IC50) and minimum inhibitory concentrations after 24 h
(MIC) for all bacterial strains.

3. Results and Discussion

3.1. Synthesis

The series of alkyl-bis(2-hydroxyethyl)benzylammonium chlorides 5a-e was prepared
by the two-step reaction according to Limanov et al. [35]. The reaction process is shown in
Scheme 1.

Scheme 1. Two-step preparation of benzoxonium-like salts.

Yields, melting points, purity, and Clog P are listed in Table 1. Compound 5b was
prepared with a superior yield compared to Chernyavskaya et al. [36], but with inferior
yield according to Limanov et al. [35] prepared in the same way. Homologues 5a and 5d

were obtained in a yield comparable to that of Stefanovic et al. [37]. The decreased yields
are the result of repeated crystallizations to reach satisfactory purity of the final products.
Compounds 5c and 5e were reported for the first time.
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Table 1. Synthesis of BOC-like salts.

Compound R Yield (%) m.p. (◦C) Purity (%) Clog P

5a C10H21 79 114.0–114.6 97 −1.907

5b C12H25 42 118.7–119.0 95 −1.018

5c C14H29 67 120.6–120.9 95 −0.129

5d C16H33 69 121.6–121.9 98 0.76

5e C18H37 7 120.6–122.3 95 1.649

3.2. Conductometry

The critical micelle concentrations (CMC) of the new series of compounds were
assessed by a conductometric study performed in aqueous solutions at 49 ◦C, which takes
advantage of the dependency between conductivity change and rising concentration of
surfactant. The dependence curve is linear until the unimers of the surfactants can balance
the interactions between solution and micelle aggregation. This change is manifested as a
breaking of the curve as shown in Figure 1.

Figure 1. Dependency of conductivity on concentration. The curve was divided into three parts:
lower and upper linear parts, and a transition section. The equation of the line and the coefficient
of determination were calculated for both linear parts. The CMC value was determined at the
intersection of both axes [38].

According to Taube’s rule [39], obtained data confirm the dependency of CMC on
the elongation of the alkyl chain (Figure 2). The CMC values (Table 2) are the basic
characteristics of surfactants needed for further chemical decontamination measurement.
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Figure 2. Dependency of log CMC on length of alkyl chain.

Table 2. CMC value of compounds 5a-5e.

C Length (Compound) CMC [mol/L] log CMC

10 (5a) 4.836 × 10−2 −1.316

12 (5b) 8.710 × 10−3 −2.060

14 (5c) 3.003 × 10−3 −2.522

16 (5d) 1.159 × 10−3 −2.936

18 (5e) 4.707 × 10−4 −3.332E

3.3. Micellar Catalysis

Next, the hydrolytic activity against fenitrothion was measured. Because the pesticide
fenitrothion contains a 4-nitrophenol group detectable by UV/VIS spectrophotometry, it is
a suitable candidate for micellar catalysis investigation as a representative of highly toxic
organophosphorus compounds with chemical warfare potential [40]. Reaction of fenitroth-
ion with a micellar catalyst provides 3-methyl-4-nitrophenol, which in alkaline medium
creates the yellow-colored nitrophenoxide anion with absorption maximum at 400 nm [27].
This decomposition reaction is monitored by the spectrophotometer. Hydrolytic activity
was evaluated in this way using the Guggenheim method for the whole series of synthe-
sized compounds 5a-e as an assessment of chemical decontamination potential (Table 3).
This method is applicable in the case of first order or pseudo-first order reactions and
enables processing of the data using linear regression [25]. Compound 5d is the most effi-
cient micellar catalyst with half-life 2.3 min at 0.01M concentration, and half-life 2.4 min at
0.005M (pH 11 and 37 ◦C). In comparison with the spontaneous hydrolysis of fenitrothion
(k = 14.00 × 10−6, T1/2 = 808.4 min) under the same conditions, the novel compounds
were 60–160 times more effective at pH 11. It is evident that increasing the pH by one
unit causes a significant acceleration of the organophosphate degradation. Spontaneous
hydrolysis of fenitrothion at pH 10 was so slow that it could not be determined by the
given methodology.
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Table 3. Summary data of fenitrothion degradation.

Compound c (mM)
pH 11, t 37 ◦C pH 10, t 37 ◦C

104 k (s−1) T1/2 (min) 104 k (s−1) T1/2 (min)

5a

500 6.20 18.6 2.30 50.3
100 12.82 9.0 3.97 29.2
50 12.68 9.1 3.77 30.7
10 0.50 230.8 0.18 606.3
5 0.35 323.2 - -

5b

100 8.17 14.1 1.67 69.1
50 9.35 12.4 2.35 49.3
10 8.23 14.0 2.65 43.5
5 5.93 19.5 1.15 100.8
1 1.80 64.5 - -

5c

10 24.62 4.7 6.77 17.1
5 23.62 4.9 5.82 19.9
1 11.28 10.2 2.02 57.5

0.5 3.80 30.5 1.12 103
0.1 1.17 98.8 0.50 230.8

5d

10 50.73 2.3 11.56 10.0
5 49.06 2.4 11.14 10.4
1 12.32 9.4 3.97 29.2

0.5 6.47 17.9 2.30 50.3
0.1 1.77 65.3 1.10 105.2

5e

5 23.30 5.0 6.98 16.5
1 13.95 8.3 4.37 26.4

0.5 7.82 14.8 2.97 38.9
0.1 1.87 62.0 0.82 142.5

0.05 0.83 138.4 0.28 404.1

SH 0.14 808.4 - -
(–) values were outside the instrumental range. Concentration (c), half-life (T1/2), and rate constant (k). Left
column includes measurement at pH 11 and 37 ◦C and right column includes measurement at pH 10 and 37 ◦C.
The compounds are sorted in descending effect as follows 5d > 5c > 5e > 5a > 5b. Spontaneous hydrolysis (SH) of
fenitrothion at pH 11–T1/2 = 808.4 min; at pH 10 it could not be determined by given methodology.

The rate constants determined in the concentrations below the CMC values were
affected by spontaneous hydrolysis at a given temperature, by pH, and the presence of
hydroxyl groups hydrolyzing the fenitrothion ester bond. Once the concentration exceeds
the CMC, the rate constant noticeably rises. Hydroxyl groups and formed micelles together
create a counterion cationic surfactant, and fenitrothion is attracted to the Stern layer where
it adopts a favorable orientation for nucleophile access and is finally decomposed [41].

The structure-activity relationship evaluation showed a clear effect of the presence of the
hydroxyethyl groups on the rate constant of OP decomposition. Indeed, Figure 3 shows asymp-
totic dependence between rate constant and concentration for the commercially used com-
pounds with identical length of alkyl chain C12 at pH 11. Whereas DTMA (N-dodecyl-N,N,N-
trimethylammonium chloride) and BAC (N-benzyl-N,N-dimethyl-N-dodecylammonium chlo-
ride), commercially used QAS without hydroxyethyl groups, show poor decontamination
effect, DHEMA (N,N-bis(hydroxyethyl)-N-dodecyl-N-methylammonium chloride) containing
hydroxyethyl groups shows a significant increase in decontamination effect. Notably, 5b was
found to be much superior to all the reference compounds. Finally, we proved the necessity
for the hydroxyl groups potentiated by the benzyl moiety for justification of the choice of
BOC-like compounds.
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Figure 3. Commercially used compounds at pH 11. The influence of QAS structure on the decontamination ef-
fect (rate constant) at pH 11; DTMA (N-dodecyl-N,N,N-trimethylammonium chloride), BAC (N-benzyl-N,N-dimethyl-
N-dodecylammonium chloride), DHEMA (N,N-bis(hydroxyethyl)-N-dodecyl-N-methylammonium chloride) and 5b

(N-benzyl-N,N-bis(2-hydroxyethyl)dodecan-1-aminium chloride; green color highlights the positive moiety to increase the
decontamination effect. The decrease in activity at high concentrations is due to an excess of surfactant. This so-called
empty micelle effect has been previously described [42].

3.4. Antimicrobial Activity

To evaluate the biological decontamination potential, in vitro antimicrobial activity of
compounds 5a-e was evaluated by the broth microdilution method for four Gram-positive
and four Gram-negative bacterial strains. Obtained results are presented as minimum
inhibitory concentrations (MICs) after 24 h and 48 h, and the minimum bactericidal con-
centrations (MBCs) after 24 h (Figure 4). High antibacterial activity was found against
the G+ bacteria S. aureus (STAU), methicillin-resistant S. aureus (MRSA), S. epidermidis
(STEP), and vancomycin-resistant Enterococcus (VRE). The observed higher susceptibility
to the tested compounds of G+ bacteria compared to G- bacteria, as discussed previously,
is in agreement with the literature [43,44]. The lowest MIC and MBC values, i.e., the
highest effectiveness, was observed for S. aureus. The relationship of alkyl chain length
to antimicrobial activity showed that the compounds with C14 (5c) and C16 (5d) chains
were the most efficient against G+ bacteria. In contrast, the G- bacteria E. coli (ESCO),
K. pneumoniae (KLPN-), extended-spectrum β-lactamase-producing K. pneumoniae (KLPN+),
and multidrug-resistant P. aeruginosa (PSAE MR) were most susceptible to compounds
with shorter alkyl chains, C12 (5b) and C14 (5c), respectively. Unsurprisingly, the least
efficient against all tested bacterial strains was the compound with the shortest alkyl chain
C10 (5a) [14,29,31]. Compared with the commercially used BAC series, the 5a-e series was
comparable at a corresponding alkyl chain length. Individually, 5c and 5b have shown the
best activity against S. aureus and E. coli, respectively.
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Figure 4. MIC and MBC values of tested compounds for G+ and G- bacterial strains. MIC values were determined after
24 and 48 h of incubation, MBC was determined after 24 h of incubation. The results for BACs had been published
elsewhere [31,38]. N means that MIC or MBC was higher than the highest soluble concentration of the compound.
Abbreviations: STAU = S. aureus, MRSA = methicillin-resistant S. aureus, STEP = S. epidermidis, VRE = vancomycin-resistant
Enterococcus, ESCO = E. coli, KLPN- = K. pneumoniae, KLPN+ = extended-spectrum β-lactamase-producing K. pneumoniae,
PSAE MR = multidrug-resistant P. aeruginosa.

According to the MICs and MBCs obtained for the traditional strains, the most ef-
ficient derivatives (5b, 5c, and 5d) underwent susceptibility testing against Francisella
tularensis Live Vaccine Strain (LVS) by flow cytometry assay (Figure 5). Although we
used a F. tularensis LVS model strain that is attenuated in comparison to the virulent
strain, the resistance of this strain is identical to that of the virulent strains. F. tularen-
sis is a Gram-negative, intracellular bacterium which is an important medical challenge.
F. tularensis is included in category A on the Centers for Disease Control and Prevention
(CDC) bioterrorism agent/disease list for the following reasons [45]: (a) it can be easily
disseminated or transmitted from person to person; (b) it results in high mortality rates
and has the potential for major public health impact; (c) it might cause public panic and
social disruption; and (d) it requires special action for public health preparedness. In view
of the above, any substance that can successfully kill F. tularensis is highly desirable. The
time of exposure (5 min) and reference compounds (ethanol 70% and BAC 0.1%) were
used to simulate more practical conditions. The obtained results showed high efficacy
especially of 5b, at least comparable to all reference drugs (Figure 6). Notably, substance
5b at concentration 0.1% has an even better effect compared to ethanol, which is used
as standard for disinfection and decontamination against pathogenic bacteria. Moreover,
the effect of alkyl chain length on susceptibility to G- bacteria, represented by decreasing
activity from 5b to 5d, corresponded to results obtained by microdilution assay. In addition,
it is clear that the decontamination effect is proportionally dependent on the concentration
(5c at concentration of 0.1%, 0.05% and 0.01% causes the elimination of 80.47 ± 4.61%,
58.16 ± 7.23% and 29.04 ± 8.80% of bacteria, respectively) (Figure 5).
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Figure 5. Susceptibility testing against Francisella tularensis LVS. The remaining ratio of living LVS
after 5 min exposure is expressed as mean ± SEM (n = 3).

Figure 6. MBEC values and MBC values established for S. aureus. MBC and MBEC values were
determined after 24 h of incubation for BAC and 5b-d series by broth microdilution method and
MBEC assay respectively. Results are expressed as the mean ± SD (n = 3).

3.5. Antibiofilm Activity and Comparison in Effectiveness against S. aureus in Planktonic and
Biofilm Form

To evaluate the efficacy of the novel series against the biofilm form, which is much
more resistant than the planktonic form and can often cause a relapse of the infection, a
S. aureus biofilm formed on a polystyrene surface for 24 h was exposed for 24 h to the
5b, 5c, 5d and BAC derivatives with C12, C14 and C16 alkyl chains. The minimal biofilm
eradication concentration (MBEC) showed comparable activity between both tested series,
and notably the MBECs values of 5b-d derivatives were slightly lower than the values for
the corresponding BAC derivatives. Comparison of established MBEC and MBC values
have shown that S. aureus in biofilm form was 4–64 times less susceptible to the tested
compounds than in planktonic form. All results are depicted in Figure 6.

3.6. Virucidal Activity against Enveloped Viruses

To evaluate the width of the spectrum against different microorganisms, the viru-
cidal activity of 5b-d on murine cytomegalovirus (MCMV) and SARS-CoV-2 virus was
determined using a quantitative suspension assay. Virus titer was evaluated using the
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Spearman-Karber method and expressed as logTCID50/mL [32]. In accordance with EN
14476 for disinfection with full virucidal activity, the substance should demonstrate a
reduction in virus titer of at least 4 orders of magnitude, corresponding to 99.99% inactiva-
tion [33]. The morphological changes of one layer of cells were monitored to distinguish
between the virus-induced cytopathic changes and the toxic effect caused by the test sub-
stance. The highest efficiency was shown by substance 5b, where the virus titer decreased
by more than 5 orders of magnitude at a concentration of 0.01% (Table 4). The decrease
could not be determined exactly for the compounds at a concentration of 0.1% (marked>),
as the tested substances at this concentration already affected the cell culture which was
used for growing the virus. Evaluation against SARS-CoV-2 showed that 5b and 5c showed
only a modest effect at a concentration of 0.01%. Unfortunately, at higher concentration
(0.1%), growth of the cells for culturing the virus was affected and the effect reaching the
required value of a decrease of 4 logarithms cannot be confirmed.

Table 4. Determination of virucidal activity against MCMV and SARS-CoV-2 (5 min exposure).

Compounds Conc. (mM)
ΔlogTCID50

(MCMV)
ΔlogTCID50

(SARS-CoV-2)

5b
0.1% (2.690) >3.34 a >3.5 1a

0.01% (0.269) 5.33 0.47

5c
0.1% (2.340) >2.34 a >3.51 a

0.01% (0.234) 3.34 0.64

5d
0.1% (2.190) >3.34 a 1.00

0.01% (0.219) −0.50 0.84
a The symbol > indicates that the concentration of the tested substances already affected the cell culture used for
virus cultivation and it is not possible to determine the exact value.

3.7. Cell Viability Evaluation and Selectivity Index

To define the cytotoxic selectivity, i.e., safety, towards eukaryotic cells, in vitro cytotox-
icity studies were performed using the mammalian Chinese hamster ovary (CHO)-K1 cell
line. The values of IC50 (half maximal inhibitory concentration) confirmed the predicted
trend of the correlation described earlier for the homolog group, i.e., elongation of the
alkyl chain length increases the cytotoxic potential of the drugs (Table 5) [29,31]. This
effect is related to the increasing lipophilicity expressed as the Clog P (Table 5), and most
likely correlates with the easier ability to penetrate cells. Notably, considering the identical
BAC homologs (BAC 12-16), we can conclude that the introduction of the hydroxyethyl
groups into the structure increases the IC50 value and therefore reduces the toxicity of the
substances. Furthermore, the selectivity indexes were calculated as the ration of IC50/MIC
(24 h) for all bacterial strains (Table 6).

Table 5. The effect of the tested compounds on CHO-K1 cell viability. Values are expressed as the
IC50 (series 5a-e): Mean ± SEM (n = 3).

Compound IC50 ± SEM (μM) Clog P

5a 128.40 ± 12.7 −1.91
5b 36.09 ± 0.5 −1.02
5c 27.34 ± 1.1 −0.13
5d 19.58 ± 0.5 0.76
5e 19.14 ± 1.3 1.64

BAC 12 a 19.54 ± 1.2 2.63
BAC 14 a 15.04 ± 0.1 3.52
BAC 16 a 12.85 ± 1.4 4.41

a The preparation of BAC12-16 has been described elsewhere [46].
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Table 6. The selectivity indexes of benzoxonium-like salts calculated as ration IC50/MIC (24h).

SI (IC50/MIC)

Compounds STAU MRSA STEP VRE ESCO KLPN- KLPN+
PSAE
MR

5a 21.986 10.956 2.739 1.027 0.514 0.342 0.257 <0.257
5b 18.508 2.309 3.079 2.309 4.621 1.155 1.155 0.289
5c 55.796 5.602 9.331 3.501 1.166 0.875 0.875 <0.437
5d 19.980 4.012 6.683 1.671 <0.313 <0.313 <0.313 <0.313
5e 8.700 1.225 1.959 1.225 0.817 <0.612 <0.612 <0.612

BAC 12 3.750 0.625 0.625 0.375 0.313 0.156 0.094 0.039
BAC 14 13.193 5.127 3.847 2.310 0.722 0.577 0.241 0.030
BAC 16 19.668 0.987 4.936 3.946 1.234 0.822 0.822 <0.051

Abbreviations: STAU = S. aureus, MRSA = methicillin-resistant S. aureus, STEP = S. epidermidis, VRE = vancomycin-
resistant Enterococcus, ESCO = E. coli, KLPN- = K. pneumoniae, KLPN+ = extended-spectrum β-lactamase-producing
K. pneumoniae, PSAE MR = multidrug-resistant P. aeruginosa, SI—selectivity index, MIC—minimum inhibitory
concentration (24 h).

4. Conclusions

The series of benzoxonium-like salts with alkyl chain length C10, C12, C14, C16 and C18
was identified as promising active ingredients for chemical-biological decontamination.
Critical micellar concentration as a standard characteristic of surfactants has shown a
suitable concentration for chemical decontamination and the efficacy in fenitrothion degra-
dation surpassed that of all the reference compounds. Biocidal activity against various
strains of bacteria including F. tularensis and S. aureus in biofilm form was also determined
to discover biological decontamination potential. The homolog with a chain length of
C12 (5b) shows the highest biocidal activity. However, the best effect for chemical decon-
tamination is observed for derivatives with a longer alkyl chain (i.e., compounds 5d, 5e).
In addition, the compounds seem to be safe on mammalian cell lines as a basic safety
parameter for potential use in practice. Finally, BOC-type compounds have been found to
have a significant dual effect against both chemical and biological agents. It is thus possible
to envisage their use, individually or in a mixture, as active components of multi-purpose
decontamination products.
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Abstract: This paper comprises an extensive study on the evaluation of decontamination efficiency
of three types of reactive organic suspensions (based on nanosized adsorbents) on two real chemical
warfare agents: soman (GD) and sulfur mustard (HD). Three types of nanoparticles (ZnO, TiO2, and
zeolite) were employed in the decontamination formulations, for enhancing the degradation of the
toxic agents. The efficacy of each decontamination solution was investigated by means of GC-MS
analysis, considering the initial concentration of toxic agent and the residual toxic concentration,
measured at different time intervals, until the completion of the decontamination process. The
conversion of the two chemical warfare agents (HD and GD) into their decontamination products
was also monitored for 24 h.

Keywords: chemical warfare agents; decontamination solution; nanoparticles; GC-MS; degradation;
conversion rate; soman; sulfur mustard

1. Introduction

Chemical warfare agents (CWAs) represent, undoubtedly, some of the cruelest weapons
of mass destruction (WMDs) created by mankind. The modern use of chemical weapons
began with The First World War [1]. On 29 April 1997, the Chemical Weapons Conven-
tion [2] entered into force and officially banned the use of chemical agents. Nevertheless,
large stockpiles of chemical weapons still exist. Moreover, chemical terrorism still repre-
sents an imminent threat because chemical agents are inexpensive and are relatively easy
to obtain [3], even by small terrorist groups, and can cause mass casualties with small
amounts of toxic. The main current CWA threats involve easily produced agents potentially
manufacturable on large scales: blister agents (e.g., sulfur mustard) and nerve agents (e.g.,
soman, sarin, tabun or Vx). Blister agents alkylate molecules such as nucleic acids, proteins,
and cellular membrane components [2]. This results in a surge of medical problems: the
eyes are firstly impacted, exhibiting redness and irritation which can progress to corneal
damage with photophobia, blepharospasm, and temporary blindness [2]. When in contact
with skin, these highly electrophilic compounds cause the formation of large and extremely
painful blisters [4]. Figure 1 illustrates a comparative representation of the toxicity of six of
the most notorious CWAs, and the values plotted were selected from ref. [5].

Toxics 2021, 9, 334. https://doi.org/10.3390/toxics9120334 https://www.mdpi.com/journal/toxics67
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Figure 1. Relative toxicity of chemical warfare agents; LCt50 refers to lethal concentration, in
mg·min/m3 and LD50 stands for median lethal dose, in mg/kg (skin exposure).

Nerve agents are much more toxic than blister agents, because they are lethal in very
small amounts: V-agents are considered the most toxic, with LD50 = 0.071 mg/kg (VX),
followed by G-agents, LD50 = 0.71 mg/kg (soman) or LD50 = 24.28 mg/kg (sarin) [2,6].
Their mechanism of action consists of the irreversible inhibition of the acetylcholinesterase
enzyme (AChE), with fatal cardiac and respiratory effects [4].

Over time, considerable efforts have been made to create efficient tools suitable for
the neutralization of CWAs. The impacts of CWAs can be diminished through the neutral-
ization of their toxic effects by employing adequate media with essential physico-chemical
properties, specially designed for this purpose. The process used for the neutralization
and removal of CWAs is known as ‘decontamination’. Chemical decontamination con-
verts the toxic CW agents into less toxic and non-toxic products, which can be handled
safely. The chemical reactions that are generally employed in chemical decontamination
methods are either nucleophilic reactions or oxidations [7–10]. To restrict the spread of the
contaminants, the decontamination must be carried out rapidly and efficiently because
a CWA event represents an emergency which can result in injury, illness, or loss of life.
Therefore, emergency intervention departments/offices need to have the appropriate fa-
cilities, equipment, and capabilities to respond to chemical agents’ exposure, in order to
save lives and to mitigate injuries. In this context, the decontamination of warfare agents
has become a major challenge for researchers as well as for soldiers. The efficiency of
decontamination is conditioned by a set of variables: contamination time, nature of the
agent and nature of decontaminants, type of surface contaminated, contamination density,
and decontamination formulation, pH, and temperature [3]. An ideal decontamination
formulation should be highly compatible with the chemical agents to be able to perform
a rapid and efficient decontamination while being non-corrosive and stable in storage.
Even though several decontamination formulations have been developed so far, there are
intrinsic limitations of their application: low solubility of the CW agents, low neutral-
ization efficiency, toxicity, and corrosivity [11]. Bleaching powder, calcium hypochlorite,
and sodium hypochlorite were the first decontaminants that were employed for CWA
neutralization. Many commercially available decontamination formulations have been
developed over time. Solutions based on ethanol, phenol, sodium hydroxide, ammonia,
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calcium hypochlorite, tetrachloroethylene, surfactants, and water were developed and
were introduced in the endowment of the armies, but they presented drawbacks related to
their poor performances at certain pH levels and also to the potential damages produced to
the decontaminated substrate (metal [12], glass [13], plastics [14], rubber [15], wood floor-
ing [16], concrete [17], painted surfaces [18], or the surface of sensitive equipment [19], etc.).
Solid adsorbents, such as Fuller’s earth [20], have been used as an alternative because they
do not affect the surface subjected to decontamination, but the major inconvenience in this
case is that they only physically remove the contaminants, not neutralize them [11]. Active
sorbents, also called destructive sorbents, represent a prospective development in this field.
These solid materials absorb CWAs on their surface, followed by chemical decomposition.
Unfortunately, practical CWAs decontamination studies have shown that not all solid
decontamination sorbents react with CWAs to the required degree of decomposition [21].

In contrast, nanosized particles (NPs) have been reported as promising prospective
reactive sorbent materials [7,11,22] which have the ability to potentiate the neutralization
of CWAs [23,24]. In comparison with the conventional materials, nanostructures have
attracted great interest due to their enhanced reactivity towards CWAs, owing to large
specific surface and reactive edges, corner defects and unusual lattice planes [22]. Prasad
et al. reported the decontamination of sulfur mustard (HD) and its surrogate, 2-chloroethyl
ethyl sulfide (CEES) by manganese oxide nanosheets and nanotubes and also by titania
nanotubes [11,22,25]. CWAs underwent degradation on the surface of these nanostructures
through hydrolysis reactions [4,11,22]. Crystalline porous oxides known as zeolites [26]
can also adsorb and potentially detoxify simulants and CWAs [27]. When employed in the
appropriate decontamination formulations, the nanoparticles can improve the efficiency of
CWA decontamination.

Regarding the formulations employed for chemical decontamination, they can be
either aqueous or organic, or even biphasic. Certain studies have demonstrated that aque-
ous systems may delay the oxidation process of CEES simulants while an organic solvent
would bring a benefic contribution to the oxidation reaction [28]. Moreover, mustard agents
and their analogous simulants are highly soluble in organic solvents. In some cases, for the
inactivation of nerve agents, such as soman, a 10% NaOH aqueous solution may prove to
be efficient, but with a consumption norm of about 0.5–1 L/m2, specific for aqueous decon-
tamination solutions, making this decontamination process a producer of high amounts of
liquid wastes, whereas an organic decontamination solution has a consumption norm of
0.5 to 0.1 L/m2. These aqueous decontamination solutions also have the inconvenience of
being highly corrosive [16].

In other cases, an organic decontamination solution can be more practical because it
includes some advantages, in comparison with aqueous systems: the consumption norm
of decontamination solution per square meter can be considerably lower; the preferential
solubility of CWAs in specific organic solvents recommend the utilization of organic
solutions for the improvement of the decontamination capacity; the compatibility between
the organic solvents and CWAs leads to shorter reaction times; organic formulations have
better resistance to low temperatures than aqueous systems; organic system are more stable
in storage and, in general, they do not require additional preparation at the contaminated
site, thus improving the response time of the decontamination actions; and using lower
amounts of solvents, the organic systems do not require additional operations prior to
analysis (such as extraction and concentration in case of an aqueous solution).

Taking into consideration the need for extensive studies on real warfare agents and
for a better understanding of the systems that streamline the decontamination process, we
herein report an original survey on novel highly reactive organic suspensions comprising
ZnO, TiO2, and zeolite nanosized adsorbents together with the evaluation of their decon-
tamination efficiency on soman and sulfur mustard. As far as we are concerned, there
are scant data in the literature about the influence of these types of nanostructures on the
decontamination efficiency of real CWAs in organic media.
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The novelty of this study consists of the development of new organic decontamination
formulations, with enhanced decontamination efficiency brought by the nanosized particles
selected for this type of application, and also in revealing, by thorough investigations, how
they influence the degradation of two real warfare agents: a blister agent—sulfur mustard
(HD), and a nerve agent—soman (GD).

Thus, in this article, we describe the preparation of three different types of NP-based
decontamination formulations and an extensive evaluation of their decontamination effi-
ciency for HD and GD warfare agents by means of a GC-MS technique. We also identified
and quantified the main degradation products of GD and HD produced during the decon-
tamination process.

2. Materials and Methods

2.1. Materials

The materials employed for the preparation of the decontamination formulations—
2-ethoxyethanol (≥99.8%, ethylene glycol monoethyl ether, Sigma Aldrich, St. Louis,
MO, USA ), monoethanolamine (≥98%, Sigma Aldrich, St. Louis, MO, USA), sodium
hydroxide (≥98%, Sigma Aldrich, St. Louis, MO, USA), isopropyl alcohol (≥99.7%, Sigma
Aldrich, St. Louis, MO, USA), and sodium lauryl sulfate (SDS, Sigma Aldrich, St. Louis,
MO, USA)—were used as received. Nanosized adsorbents ZnO, TiO2, and zeolite were
provided by the National Institute for Research and Development in Microtechnologies
(IMT, Bucharest, Romania), they were obtained according to ref. [29] (ZnO), ref. [30] (TiO2),
ref. [31] (zeolite-NPs) and were used as received, for the decontamination solutions.

For decontamination tests, real chemical warfare agents were utilized: bis(2-chloroethyl)
sulfide (HD, sulfur mustard, purity: 95%, CAS: 505-60-2, Schedule 1A(4) in the Chemical
Weapons Convention (CWC), own synthesis) and soman (GD, Pinacolyl methylfluorophos-
phonate, purity 90%, CAS: 96-64-0, Schedule 1A(1) in the CWC, own synthesis). The sample
preparations for the GC-MS analyses involved dichloromethane (≥99.8%, DCM, Merck Mil-
lipore, Burlington, MA, USA) extractions, anhydrous sodium sulphate (Sigma Aldrich, St.
Louis, MO, USA) drying and derivatization with N,O-Bis(trimethylsilyl)trifluoroacetamide
(≥99%, BSTFA, Sigma Aldrich, St. Louis, MO, USA) silylation reagent. All the tests in-
volving the CWA utilized in this study were performed at the Research and Innovation
Center for CBRN Defense and Ecology, in the ‘Chemical Analysis Laboratory’, the OPCW
Designated Laboratory from Romania.

2.2. Methods
2.2.1. Synthesis of Decontamination Solutions

The organic decontamination solution (SD) was prepared in a three-neck flask equipped
with dropping funnel with pressure compensation, ascending refrigerant, and mechanic
stirrer. The components of the decontamination formulations were added progressively,
maintaining a temperature of 30 ◦C with the aid of a cooling bath. Ethylene glycol mo-
noethyl ether (50–60 wt.%) was the first reagent introduced in the three-neck flask, followed
by the dropwise addition of monoethanolamine (20–30 wt.%). Meanwhile, a solution of
sodium hydroxide 48 wt.% was prepared. After completing monoethanolamine addition,
NaOH solution (2–5 wt.%) was introduced dropwise in the decontamination solution.
In the meantime, sodium lauryl sulfate (1–3 wt.%) was dissolved in isopropyl alcohol
(10–20 wt.%). Afterwards, this solution was slowly added to the decontamination formu-
lation. The last step consisted of the dispersion of the nanosized adsorbents with the aid
of a probe sonicator (750-Watt Ultrasonic Processor, 30 min at 40% amplitude). Table 1
summarizes the decontamination formulations obtained.

70



Toxics 2021, 9, 334

Table 1. Nanosized components of the decontamination formulations.

NPs

Sample

Blank
(SD) *

S1 S2 S3 S4

ZnO (wt.%) 0 0.1 0.5 1 2

TiO2 (wt.%) 0 0.1 0.5 1 2

Zeolite (wt.%) 0 0.1 0.5 1 2
* SD: 2-ethoxyethanol, monoethanolamine, sodium hydroxide, isopropyl alcohol, SDS. S1, S2, S3 and S4, contain,
in addition to SD, the corresponding amounts of NPs mentioned above.

Therefore, the last stage of the synthesis of the reported decontamination solutions
consisted of preparing four suspensions with different concentrations of NPs (0.1, 0.5, 1
and 2 wt.% NPs in SD) for each type of nanosized adsorbent (ZnO, TiO2, and zeolite), as
detailed in Table 1.

2.2.2. Preliminary Evaluation of the Neat Organic Decontamination Solution

The density of the organic decontamination solution was calculated with the aid of a
pycnometer. The alkalinity of the neat organic decontamination solution was determined
by titration with HCl (1N). All measurements were effectuated in triplicates and the mean
values were reported.

The SD was especially designed not to damage the decontaminated surfaces and not
to affect the operational capability of military equipment. In this way, the solution has
been tested in accordance with AEP-7 (nuclear, biological, and chemical (NBC) defense
factors in the design, testing, and acceptance of military equipment), by immersing painted
metallic samples in SD for 30 min, rinsing with water, drying, and evaluating the samples
immediately and after 24 h, in accordance with ISO 4628-2:2016, for cracking, exfoliation,
discoloration or other visible defects. The solution was exposed to cycles of extreme temper-
ature and humidity conditions characteristic for the Romanian region and neighborhoods
(−33 ◦C to +49 ◦C), i.e., two cycles (24 h each), one for low temperatures (extreme tempera-
ture −33 ◦C) and one for high temperatures (extreme temperature +49 ◦C), provided by
NATO AECTP 230 standard (climatic conditions) [32], and afterwards, it was investigated
whether it preserved its decontamination efficiency.

2.2.3. Decontamination Procedure

The evaluation of the decontamination efficiency of the novel organic formulations on
real CWA, HD, and GD was performed in two main stages: controlled contamination with
CWA followed by sample preparation of the decontaminated samples for GC-MS analyses.

Five milliliters from each of the twelve synthesized suspensions were contaminated
with 5.25 μL HD, with 5.55 μL GD, meaning 1000 ppm of pure toxic in the suspension.
The decontamination process was performed under magnetic stirring (300 rpm) at room
temperature (20 ◦C). Two control samples (SD) were also contaminated with 1000 ppm
toxic. After specific decontamination times (2 min, 10 min, 30 min, 60 min, 3 h, 5 h, and
24 h), 200 μL of each suspension were extracted with 3.8 mL dichloromethane (DCM),
dried for water traces over sodium sulphate, filtered on 45 μm Sartorius filter, and analyzed
by GC-MS/EI. In order to identify and quantify the degradation products produced after
the decontamination process, 1 mL sample was derivatized with 20 μL BSTFA (N,O-
Bis(trimethylsilyl)trifluoroacetamide) at 60 ◦C for 30 min and analyzed by GC-MS. BSTFA
is a derivatizing agent widely used in the derivatization of low or no volatility compounds,
thereby resulting in the formation of trimethylsilyl (TMS) derivative.

For the evaluation of the decontamination efficiency, the decontamination factor (DF)
was calculated taking into account the initial concentration of the toxic chemical and the
residual toxic after decontamination, resulted from the GC-MS investigations. The formula
for the calculation of the decontamination factor is: DF = 100 ∗

(
C0 − Cf

)
/C0, where

DF is the decontamination factor, C0 is the initial toxic concentration, and Cf is the final
concentration, indicating the residual contamination. Controlled contamination and the
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decontamination procedure, followed by GC-MS analyses, were repeated in triplicates and
the average values obtained were reported.

2.3. Characterization

The morphology and dimensions of ZnO, TiO2, and zeolite NPs were examined by an
ultra-high-resolution field emission scanning electron microscope (FE-SEM)—FEI Com-
pany Nova NanoSEM 630. The characterization was performed at magnifications of 120 kx
and 100 kx, and acceleration voltages of 10 kV and 15 kV, through the lens SE detector
(TLD). The FT-IR spectra of the decontamination solutions were obtained at 4 cm−1 resolu-
tion, from 550 to 4000 cm−1, with the aid of a Pekrin Elmer Spectrum Two instrument, ATR
mode. Gas chromatography mass spectrometry analyses were performed on a GC Thermo
Scientific Trace 1310–TSQ 9000 triple quadrupole MS. GC analysis method: carrier gas—
helium, 1.5 mL constant flow, 270 ◦C injector temperature, splitless injection mode, TR5MS
gold column, 5% phenyl 95% dimethylpolysiloxane phase, 30 m × 0.25 mm × 0.25 μm,
temperature program—40 ◦C to 300 ◦C with a heating rate of 10 ◦C/min. MS analysis
method: solvent delay—2.5 min and 8.5 min (derivatization method), electron impact (EI)
ionization mode, 40 eV electron energy, 40–650 m/z scan range. Qualitative analyses and
the identification of the toxic compounds and their degradation products were performed
by comparing the mass spectra of the chemicals with NIST (National Institute of Stan-
dards and Technology) and OCAD (OPCW Central Analytical Database) spectra libraries.
Quantitative analyses were performed with the addition of an internal standard.

3. Results and Discussion

The first step in our study consisted of the development of the organic decontami-
nation solution, which subsequently served as the dispersion media for the investigated
nanoparticles. The synthesis of the organic decontamination solutions, with and without
the nano adsorbents, is described in the Methods section. Before adding the NPs, the
neat organic decontamination solution (SD), considered as a blank sample for these decon-
tamination experiments, was subjected to a series of specific analyses in order to obtain
some preliminary information. Therefore, following the above-described procedures, we
obtained decontamination solutions with 0.91 ± 0.02 g/cm3 density and total alkalinity of
2.4678 ± 0.5 cm3 HCl 1 N/1 g analyzed solution. The neat organic solution did not degrade
the tested painted metallic surfaces; therefore, we can affirm that these solutions do not af-
fect the operational capability of military techniques when employed for decontamination.
In addition, this solution proved that it maintained its decontamination efficiency even
after being exposed to multiple cycles of extreme temperature and humidity conditions.

The second step of this research involved the addition of three types of nano ad-
sorbents, ZnO, TiO2, and zeolite, to the organic decontamination solution, in order to
investigate their ability of enhancing the decontamination efficiency for HD and GD. The
morphology of the nanosized adsorbents employed in the decontamination solutions was
investigated through SEM analysis.

In Figure 2, it can be observed that the morphology of the ZnO (Figure 2A) and
TiO2 (Figure 2B) nano adsorbents was very similar. Their dimensions can also be mea-
sured on comparable scales, the sizes of the particles varying between 60 and 100 nm in
both cases. The zeolite adsorbent has a different morphology due to its porous structure
(Figure 2C). The size of the particles measured falls within 100–500 nm, being larger than
ZnO and nanoparticle-sized TiO2. The nanosized adsorbents presented in Figure 2 were
used as received for the decontamination suspensions, by simply being added and sonicated
(details in the Methods section) in the organic solution, prior to the decontamination stage.
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(A) (B) (C) 

Figure 2. SEM images of the NPs employed in the decontamination solutions: (A) ZnO NPs; (B) TiO2 NPs; (C) zeolite NPs.

The chemical composition of the decontamination solution and the interactions be-
tween its components and the CWAs directly influences the decontamination performance.
Comparative FT-IR plots for neat SD and for the decontamination solutions enriched with
different concentrations of nanosized adsorbents are illustrated in Figure 3.

(A) 

−

(B)  

−

Figure 3. FT-IR spectra: (A) neat SD and (B) decontamination solutions with NPs.
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The broad peak specific for O-H stretching vibrations partially overlapped with the
peak specific for N-H stretching vibrations in the 3500–3300 cm−1 region, due to the pres-
ence of monoethanolamine in the decontamination solution (Figure 3A). A characteristic
absorption band of the C–H stretching bond could be observed around 2973 cm−1. The
high intensity of this peak can be attributed to the overlap of the absorptions of a large
number of C–H bonds [33] from –CH2– groups present in the DS, particularly those found
in the structure of the surfactant. The peaks found at 2973 cm−1 and 2871 cm−1 can be
associated with C–H stretching from CH3 groups. Peaks situated at around 1450 cm−1

and 1378 cm−1 can also be assigned to methyl groups. The intense sharp peak found at
1119 cm−1 can be attributed to C–O stretching. Primary alcohols from SD composition
exhibited a strong C–C–O asymmetric stretch at around 1075 cm−1. The decontamination
solutions are complex blends; therefore, some of the adsorption bands, specific for a certain
component, may possibly overlap with those of the other components, and thus some of
them may have been omitted because they were not clearly visible on the spectra. Even
so, the FT-IR analysis offers valuable information about the main groups present in the
structure of the components from the decontamination solutions.

The decontamination tests on real warfare agents offered the possibility of evaluating
the decontamination performances of the solutions developed in this study. A compre-
hensive assessment of the decontamination capacity of the organic solutions enriched
with ZnO, TiO2, and zeolite nanoparticles for GD and HD was effectuated as described in
Methods section, and it is detailed below.

The main degradation products of CWA obtained in this study are summarized in the
schematic illustration found in Figure 4.

The interaction of each type of decontamination solution with HD and GD was
thoroughly investigated and the results are explained below.

Figure 4. Schematic illustration of the main degradation products of HD (A) and GD (B) obtained through the decontamina-
tion process with SD-NP suspensions.
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HD employed in this study has been identified by m/z (109, 111, 63, 158) and by
comparing the spectra with NIST and OCAD analytical libraries. HD decontamination
tests performed on the neat organic solution showed a very fast decontamination reac-
tion, leading to a decontamination degree (Figures 5A, 6A and 7A) of 76.42% after 2 min.
The decontamination reaction progressed another 6.5% in the next 58 min and continued
advancing by 3.5%/h in the next 4 h. The residual HD (Figures 5B, 6B and 7B) indicated
concentrations decreasing from 236 ppm (after 2 min) towards 37 ppm (after 5 h), from
an initial contamination of 1000 ppm. After 24 h, the decontamination process could be
considered complete with a 99.99% decontamination efficiency. The next step consisted
of evaluating the influence of the nanosized adsorbents on the decontamination efficacy
of HD. Therefore, SD—1% ZnO NP suspensions—revealed decontamination efficiencies
(Figure 5A) between 66.96% (immediately after initial contact meaning 2 min) and 97.42%
(5 h), with an increase in decontamination efficiency of 19.83%/h in the first hour and
slowing down to approximately 2.65%/h in the next 4 h. The residual HD after decontami-
nation with S3—1% ZnO suspension—indicated values (Figure 5B) starting from 330 ppm
(after 2 min) and reaching 26 ppm (after 5 h). The decontamination efficiency was 1.15%
higher compared with one of neat SDs after 5 h. Evaluating the four concentrations of
ZnO NP suspensions, we observed a higher decontamination efficiency with the increase
in the concentration from 0.1% to 1%. The suspension with 2% ZnO NPs exhibited lower
decontamination efficacy, probably due to the agglomeration of the NPs, which may have
slowed down the reaction rate and reduced the overall active surface available for the
adsorption of toxic. SD—0.1% TiO2 NP suspensions reacted instantly and through an
almost complete decontamination reaction with HD, showing a decontamination efficiency
(Figure 6A) of 94.95% (after 2 min), 97.01% (after 1 h) and 99.90% (after 5 h). After an almost
instantaneous behavior of the decontamination reactions, the conversion rates continued to
increase by another 2.06% in the first hour; afterwards, it started to slow down to 0.72%/h
in the next 4 h. The residual HD after decontamination with S1—0.1% TiO2 NPs, showed
values (Figure 6B) between 51 ppm (2 min) and 1 ppm (5 h). The decontamination effi-
ciency of S1—0.1% TiO2 NPs after 5 h was higher with 3.63% in comparison with SD. When
comparing the immediate decontamination efficiency (after 2 min) we can affirm that the
decontamination efficiency of SD-TiO2 NPs (0.1 wt.%) was 18.53% higher than that of neat
SD, decisive fact in operational field. SD-zeolite NP suspensions shower slightly superior
results than SD-TiO2 NP suspensions. The initial decontamination reaction showed a
higher conversion rate of about 95.64% (after 2 min), and even a slightly higher decon-
tamination efficiency of 99.92%, after 5 h (Figure 7A). In the first hour, the conversion
rate continued to increase by another 1.56%, and approximately 0.68%/h in the next 4 h.
The residual HD (Figure 7B) firstly indicated 44 ppm (after 2 min) and 1 ppm later (after
5 h). The decontamination efficiency was 3.65% higher in comparison with that of neat
SD after 5 h, and 19.22% higher after only 2 min. SD-zeolite NPs (0.1 wt.%) showed the
best decontamination efficiency of HD. After 24 h, all decontamination solutions showed
a decontamination efficiency of about 99.99% or 100%. Analyzing Figures 5–7, we can
affirm that for all TiO2 NPs and zeolite NP suspensions, we observed that decontamination
efficiency slightly decreased with the increase in NP concentration, whereas for ZnO NP
suspensions, the optimal concentration for decontamination seemed to be 1 wt.%, because
these solutions exhibited the best results.
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Figure 5. (A) HD decontamination efficiency with organic decontamination suspensions of ZnO NPs with concentrations of
0.1%, 0.5%, 1%, 2%, and (B) HD residual concentrations after the decontamination process.
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Figure 6. (A) HD decontamination efficiency with organic decontamination suspensions of TiO2 NPs with concentrations of
0.1%, 0.5%, 1%, 2%, and (B) HD residual concentrations after the decontamination process.
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Figure 7. (A) HD decontamination efficiency with organic decontamination suspensions of zeolite NPs with concentrations
of 0.1%, 0.5%, 1%, 2%, and (B) HD residual concentrations after the decontamination process.
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The second warfare agent investigated in this study, GD, was identified by m/z (99,
126, 82, 69) and by comparing the spectra with NIST and OCAD analytical libraries. GD
decontamination tests showed a very fast decontamination reaction, leading to a decon-
tamination degree of 99.83% after 2 min. The decontamination progressed by another
0.98% in the next 58 min, leading to a decontamination efficiency of 99.91% and an equiv-
alent of 0.9 ppm (after 1 h) from an initial contamination of 1000 ppm. SD-ZnO NP
suspensions showed an instant and almost complete decontamination reaction, exhibiting
a decontamination efficiency (Figure 8A) of 99.91% after 2 min and 99.97% after 10 min
(for SD—1% ZnO), with equivalents of 0.9 ppm and 0.3 ppm GD remnants, respectively,
after the decontamination process (Figure 8B). The decontamination efficiency was 0.98%
higher compared with SD after 2 min. Comparing the four concentrations of ZnO NP
suspensions, we observed a higher decontamination efficiency when increasing the concen-
tration of ZnO from 0.1% to 1%. The suspension with 2% ZnO NPs showed poorer results,
probably due to the agglomeration of the NPs, thus decreasing the adsorption surface
and lowering the efficiency of decontamination. SD—0.1% TiO2 NP suspensions showed
an instant decontamination efficiency of 99.95% and a complete reaction after 10 min
(Figure 9A), equivalent of 0.5 ppm and 0.1 ppm GD remanent after decontamination
(Figure 9B). SD—0.1% zeolite NP suspensions showed an instant decontamination effi-
ciency of 99.96% and a complete reaction after 10 min (Figure 10A), equivalent of 0.4 ppm
and 0.1 ppm GD remanent after decontamination (Figure 10B). In both cases, the decon-
tamination efficiency was approximately 1% higher than neat SD after 2 min. Comparing
the four concentrations for both TiO2 NPs and zeolite NP suspensions, we observed that
decontamination efficiency decrease was directly proportional with the increasing concen-
tration of the NPs, and that some differences appeared between 1% and 2% concentrations.
SD-zeolite NPs (0.1 wt.%) showed the best decontamination efficiency of HD. The decon-
tamination reactions involving NP suspensions were all completed after 30 min, and in the
case of SD, the decontamination was finished after more than 1 h. In the case of TiO2, and
the zeolite NP (0.1 wt.%) suspension, the reaction was completed after 10 min.

The solutions that exhibited the highest decontamination efficiency from each class
of NP suspensions (S3-ZnO, S1-TiO2, S1-Zeolite), together with the neat organic solution
(SD), were presented comparatively, considering their residual contamination for HD and
for GD, as can be observed in Figure 11. It was observed that the organic suspensions
containing 0.1 wt.% of TiO2 or zeolite reduced the decontamination time from 1 h to 10 min
for GD. In the case of HD, the decontamination efficiency of these suspensions after 2 to
10 min was equivalent to the decontamination efficiency of the neat organic solution after
5 h, circumstances which may have had a crucial role in the operational field. Thus, by
analyzing all the results illustrated above, we can affirm that the hypothesis about the
possibility of enhancing the decontamination efficiency of our organic solution through the
addition of small amounts (0.1–1 wt.%) of NPs (ZnO, TiO2, or zeolite) was confirmed and
demonstrated through reproducible results.

The final step of this work consisted of identifying the decontamination products
produced in this process, quantifying their abundance proportionally with time, evaluating
the conversion rate of the CWA into its main decontamination products. Four main
degradation products resulting from the decontamination of HD, and five main degradation
products resulting from the decontamination of GD were identified and are illustrated in
Figure 4.
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Figure 8. (A) GD decontamination efficiency with organic decontamination suspensions of ZnO NPs with concentrations of
0.1%, 0.5%, 1%, 2%, and (B) GD residual concentrations after the decontamination process.
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Figure 9. (A) GD decontamination efficiency with organic decontamination suspensions of TiO2 NPs with concentrations of
0.1%, 0.5%, 1%, 2%, and (B) GD residual concentrations after the decontamination process.
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Figure 10. (A) GD decontamination efficiency with organic decontamination suspensions of zeolite NPs with concentrations
of 0.1%, 0.5%, 1%, 2%, and (B) GD residual concentrations after the decontamination process.
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(A) (B) 
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Figure 11. Remnant contamination with HD (A) and GD (C) after decontamination with S3-ZnO, S1-TiO2, S1-Z, and neat
SD; (B) detail extracted from (A) for smaller ppm ranges of HD; (D) detail extracted from (C) for smaller ppm ranges of GD.

The four main degradation products resulting from the decontamination of HD were
identified and quantified by the GC-MS technique. The first degradation product, 2-
chloroethyl vinyl sulfide (CAS 81142-02-1, Non-Schedule—N.S.) was identified by m/z
(73, 122, 60, 45) at a retention time (RT) of 6.45 min. This product was slightly visible at
the beginning of the decontamination process (after 2 min) in small concentrations, and
its concentration increased to a maximum value after 3 h. After this point, the concentra-
tion dropped, showing that this compound had started to transform into a subsequent
decontamination product. Its concentration after 24 h was equivalent to the concentration
measured after 2 min (Figure 12). A linear concentration increment of 2-chloroethyl vinyl
sulfide was observed as the concentration of nanoparticles in the suspension increased in
all the three cases. The second degradation product of HD found by GC-MS investigation
was 1,4-dithiane (CAS 505-29-3, N.S.), which was identified by m/z (120, 46, 61, 45) at
RT for 9.11 min. The abundance of this compound in the decontamination solution was
almost constant at any point of the decontamination process, which sustains the hypothesis
that the compound existed at time zero of the decontamination process, and the neat
decontamination solution had a neglectable effect in this case. Even so, the concentration
of this compound increased in the NP suspensions, directly proportional with the NP
concentrations, which demonstrates the enhanced formation of degradation products in
the suspensions containing nanoparticles (Figure 13). In the specific case of SD—2 wt.%
TiO2, the abundance of 1,4-dithiane was double than that in the case of neat SD. The third
degradation product formed was 1,2-bis(vinylthio)ethane (CAS 4413-12-1, N.S.), identified
by m/z (45, 59, 87, 58) at RT for 10.60 min. This degradation product showed a linear
increase with time, up to 5 h from the start of the decontamination process. In the time
interval between 5 h and 24 h, an exponential increase in its concentration was observed
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(Figure 14). A slight increment of its abundance with the increase in NP concentration has
also been observed. The last main degradation product of HD identified in this study was
2-thiomorpholinoethanol (CAS 6007-64-3, N.S.). This chemical compound was identified as
TMS-derivative, in the silylated samples with BSTFA, N-(2-trimethylsilyloxyethyl) thiomor-
pholine (CAS 959040-20-1) by m/z (116, 88, 73, 204) at RT for 14.34 min. Its formation started
at the beginning of the decontamination process and increased to a maximum after 30 min;
afterwards, it slowly decreased. In a particular case, SD—2 wt.% ZnO, this maximum was
reached after 1 h (Figure 15). The decrease in concentration after a specific moment leads
to the idea that this compound was transforming into a different decontamination product.

   

(A) (B) (C) 

Figure 12. 2-Chloroethyl vinyl sulfide abundance in time in the HD decontamination process with (A) ZnO, (B) TiO2, and
(C) zeolite suspensions.

   
(A) (B) (C) 

Figure 13. 1,4-Dithiane abundance in time in the HD decontamination process with (A) ZnO, (B) TiO2, and (C) zeolite
suspensions.

   
(A) (B) (C) 

Figure 14. 1,2-Bis(vinylthio)ethane abundance in time in the HD decontamination process with (A) ZnO, (B) TiO2,
and (C) zeolite suspensions.
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Figure 15. Thiomorpholinoethanol abundance in time in the HD decontamination process with (A) ZnO, (B) TiO2, and
(C) zeolite suspensions.

The proposed mechanism of reaction for the degradation of HD is schematically
illustrated in Figure 16.

Figure 16. Hypothetical degradation mechanism for HD.

In the case of GD, five major degradation products resulted from its decontamination.
These compounds were identified and quantified by GC-MS technique as well. The first
degradation product of GD, methylphosphonic acid (CAS 993-13-5, Schedule 2B(4)), was
identified as di-TMS-derivative in the silylated samples with BSTFA, bis(trimethylsilyl)
methylphosphonate (CAS 18279-83-9) by m/z (225, 73, 226, 147) at RT of 10.44 min. This
compound appeared after 2 min, but after this moment its abundance dropped down to
zero. In case of ZnO suspensions, the highest concentration of methylphosphonic acid,
after 2 min, was observed in the case of S3 (1 wt.% ZnO) (Figure 17). The other suspensions
which presented a lower concentration of this GD degradation product showed a delay in
the process of conversion, indicated by the fact that the product has also been observed after
10 min in small concentrations. In both cases, TiO2 and zeolite, the highest concentration
of this degradation product, after 2 min, was observed in the case of S1 (0.1 wt.% NPs).
Delayed conversion was also observed (Figure 17), in comparison with ZnO suspensions.
The second GD degradation product found was isopropyl pinacolyl methylphosphonate
(CAS 92411-67-1, Schedule 2B(4)), which has been identified by m/z (123, 97, 124, 125) at
RT of 12.24 min. Its formation started at the beginning of the decontamination process
and continued with a slightly increasing trend (Figure 18). The decontamination product
showed a higher abundance in neat SD, in comparison with NP suspensions. The third

85



Toxics 2021, 9, 334

GD degradation product identified was pinacolyl methylphosphonic acid (CAS 616-52-4,
Schedule 2B(4)). This chemical compound was identified as TMS-derivative in the silylated
samples with BSTFA, pinacolyl trimethylsilyl methylphosphonate (CAS 199116-10-4) by
m/z (153, 169, 195, 151) at RT of 12.78 min (Figure 19). Pinacolyl methylphosphonic acid was
the second most abundant decontamination product of GD in this decontamination process.
Its concentration reached a maximum at 3 h from the beginning of the decontamination
process, which suggests the idea that it further transformed into another degradation
product. The fourth degradation product of GD, dipinacolyl methylphosphonate (CAS
7040-58-6, Schedule 2B(4)) was identified by m/z (123, 97, 124, 85) at RT for 15.22–15.25 min.
This compound was formed from the beginning of the decontamination process (2 min) and
its abundance exhibited a slightly increasing trend (Figure 20). A more visible increment
was observed in zeolite suspensions (Figure 20C). The last main degradation product of
GD was methylphosphonic acid di(2-ethoxyethyl) ester (CAS 6069-07-4, Schedule 2B(4)),
identified by m/z (72, 45, 123, 97) at RT for 15.35–15.50 min. It was the most abundant
decontamination product, formed in high amounts from the beginning of the process and
continued with a slightly decreasing trend (Figure 21). It is highlighted that the 0.1 wt.%
NP suspensions showed a better conversion of GD into this chemical, compared with the
other NPs solutions. As NP concentrations increased, GD showed a decreasing tendency
of converting into methylphosphonic acid di(2-ethoxyethyl) ester.

The proposed mechanism of reaction for the degradation of GD is schematically
illustrated in Figure 22.

The conversion rates of the chemical warfare agents into degradation products were
evaluated and presented in Figure 23A,B. In the decontamination process of HD, the
major decontamination product was 2-chloroethyl vinyl sulfide. This compound was
formed from the beginning of the reaction and its concentration continued to increase
until 3 h had elapsed. After this moment, its concentration dropped down, which leads
to the assumption that 2-chloroethyl vinyl sulfide was probably transformed into 1,2-
bis(vinylthio)ethane. After 5 h, the concentration of 1,2-bis(vinylthio)ethane increased
exponentially. On the other hand, 1,4-dithiane was found in small concentrations, as
impurity in the HD was tested. However, in the decontamination process utilizing NP
suspensions, an increase in its concentration of about 40% to 50% was observed, compared
with the neat organic solution. Another specific degradation product for these organic com-
positions was 2-thiomorpholinoethanol, which resulted from the reaction between HD and
monoethanolamine (present in the organic solution, 20–30 wt.%). In the decontamination
process of GD, the most abundant and specific degradation product was methylphosphonic
acid, di(2-ethoxyethyl) ester. This compound resulted from the reaction between GD and
2-ethoxyethanol (present in over 50% in the organic decontamination formulation). The re-
action took place almost instantly, with a high conversion rate. Pinacolyl methylphosphonic
acid is the second most abundant degradation product observed. The concentration of this
chemical compound exhibited an increasing trend in the first 3 h. After this moment, the
concentration started to decrease, probably because pinacolyl methylphosphonic acid tends
to transform into dipinacolyl methylphosphonate and isopropyl pinacolyl methylphos-
phonate, both compounds displaying higher concentrations after this point. Isopropyl
pinacolyl methylphosphonate resulted from the reaction between GD and isopropyl alcohol
(present in 10–20 wt.% in the organic decontamination solution).
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(A) (B) (C) 

Figure 17. Methylphosphonic acid abundance as a function of time in the process of GD decontamination with (A) ZnO,
(B) TiO2, and (C) zeolite suspensions.

   
(A) (B) (C) 

Figure 18. Isopropyl pinacolyl methylphosphonate abundance as a function of time in the process of GD decontamination
with (A) ZnO, (B) TiO2, and (C) zeolite suspensions.

   
(A) (B) (C) 

Figure 19. Pinacolyl methylphosphonic acid abundance as a function of time in the process of GD decontamination with
(A) ZnO, (B) TiO2, and (C) zeolite suspensions.

   
(A) (B) (C) 

Figure 20. Dipinacolyl methylphosphonate abundance as a function of time in the process of GD decontamination with
(A) ZnO, (B) TiO2, and (C) zeolite suspensions.
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Figure 21. Methylphosphonic acid, di(2-ethoxyethyl) ester abundance as a function of time in the process of GD decontami-
nation with (A) ZnO, (B) TiO2, and (C) zeolite suspensions.

 
Figure 22. Hypothetical degradation mechanism for GD.

The relative acute toxicity of the obtained degradation products is included in category
3 and 4, meaning slightly toxic and irritating, non-toxic and non-irritating, respectively.
The LD50 for these two categories ranges between 500 and 5000 mg/kg, respectively; over
5000 mg/kg for oral toxicity and between 2000 and 5000 mg/kg, respectively; and over
5000 mg/kg for dermal toxicity, as stated by the Environmental Protection Agency (EPA).
For the degradation products methylphosphonic acid, di(2-ethoxyethyl) ester, dipinacolyl
methylphosphonate, thiomorpholinoethanol, 1,2-bis(vinylthio)ethane, no toxicological data
are currently available. In fact, the purpose of a decontamination process does not seek to
eliminate toxicity altogether, but to transform highly toxic substances into substances that
are not harmful to humans.
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(A) 

 
(B) 

Figure 23. The conversion rate of the toxic chemicals (A) HD and (B) GD into their degradation
products during 24 h decontamination process.

4. Conclusions

An organic decontamination solution, which subsequently served as dispersion media
for three different types of nanoparticles, especially designed for the decontamination of
chemical warfare agents, was synthesized and characterized. Density, pH, and total alkalin-
ity of this organic solution were assessed, and the specific preliminary tests demonstrated
that it preserved its decontamination performances after being exposed to multiple cycles
of extreme temperature and humidity conditions, in accordance with NATO standard
AEP 58 requirements for chemical warfare decontamination solutions [33]. The next step
consisted of obtaining three types of reactive organic suspensions (based on ZnO, TiO2, and
zeolite nanosized adsorbents), briefly characterized by means of FT-IR and SEM analyses.

In this study, the main focus was on the comprehensive examination of the decontam-
ination performances of these solutions for two real chemical warfare agents: GD and HD.
For this purpose, the initial concentration of toxic agent and the residual toxic concentrations
were determined and compared with the aid of a GC-MS technique. Measuring the concen-
tration of residual toxic agent at different time intervals offered evidence on the progression
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of the decontamination process. It was observed that the decontamination efficiency for HD
slightly decreased with the increase in NP concentration, whereas for ZnO NP suspensions,
the optimal concentration for decontamination seemed to be 1 wt.%. The positive influence
of NPs on the enhancement of the decontamination performance was more noticeable in the
case of soman decontamination. The decontamination organic suspensions showed higher
decontamination factors for GD than the neat organic solutions. In comparison with HD,
which required between 5 and 24 h for complete decontamination, the complete degradation
of GD was fulfilled in a maximum of 60 min, due to the different chemical properties of these
two chemical warfare agents. When comparing the improvements brought by the nanosized
adsorbents, we observed that in the case of HD, TiO2 and zeolite led to higher decontamination
factors more rapidly than ZnO, whereas for GD, they behaved in a similar manner.

The conversion of the two chemical warfare agents into their decontamination prod-
ucts was also monitored up to 24 h. Four main degradation products resulting from the
decontamination of sulfur mustard, and five main degradation products resulting from the
decontamination of GD were identified and quantified by the GC-MS technique as well.

We can conclude that these organic suspensions comprising ZnO, TiO2, and zeolite
nanoparticles proved their decontamination efficiency on soman and sulfur mustard,
whereas extensive study on their conversion into harmless degradation products offers a
comprehensive image on the decontamination process.
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Abstract: Nowadays, a large amount and variety of plastic is being produced and consumed by
human beings on an enormous scale. Microplastics and nanoplastics (MNPLs) have become ubiq-
uitous since they can be found in many ecosystem components. Plastic particles can be found in
soil, water, and air. The routes of human exposure are numerous, mainly involving ingestion and
inhalation. Once ingested, these particles interact with the gastrointestinal tract and digestive fluids.
They can adsorb substances such as additives, heavy metals, proteins, or even microorganisms on
their surface, which can cause toxicity. During inhalation, they can be inhaled according to their
respective sizes. Studies have reported that exposure to MNPLs can cause damage to the respiratory
tract, creating problems such as bronchitis, asthma, fibrosis, and pneumothorax. The reports of boards
and committees indicate that there is little data published and available on the toxicity of MNPLs
as well as the exposure levels in humans. Despite the well-established concept of MNPLs, their
characteristics, and presence in the environment, little is known about their real effects on human
health and the environment.

Keywords: microplastics; ecosystem; human health; toxicity

1. Introduction

Nowadays, a wide variety and large quantity of plastic is being produced and con-
sumed on a large scale by human beings. Plastics are synthetic polymers mainly derived
from the petrochemical industry. Although some sources of biodegradable plastics are
produced by natural sources (cellulose, cornstarch, soybeans, etc.), those coming from the
oil industry are the most commonly manufactured and can cause a greater impact on nature
since they remain longer in the environment [1].

Since it is mostly a synthetic polymerized product, plastic has desirable characteristics
when considering durability, resistance, inertia, and its low cost. These properties, while
beneficial to industry, have created a significant problem for the environment and human
health. The pollution of the environment and the oceans with large amounts of plastic,
in all its varieties, has become a global issue in environmental pollution [2].

As previously mentioned, synthetic plastic has incredible characteristics for use in
industry, but these same characteristics make these products virtually indestructible due
to their composition and material hardness. When in contact with air, soil, and fresh or
saltwater, plastic deteriorates into smaller particles called micro and nanoplastics (MNPLs).
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Consequently, long and short fragments are released from the chains of polymerized
organic molecules which can remain in the environment for hundreds of years [3].

Microplastics (MPs) are plastic particles that range from 1 μm to less than 5 mm, while
nanoplastics (NPs) are plastic particles smaller than 1 μm [4]. MNPLs are mainly classified
in two ways—primary or secondary—taking into account their origin [5]. Primary MNPLs
are plastic particles intentionally manufactured to have a small size (1 μm to less than
5 mm), e.g., pellet beads, which are used as raw material for the production of cosmetics,
such as toothpastes, exfoliating treatments, body wash, and other personal care products.

Secondary MNPLs are products derived from the degradation and fragmentation of
larger plastics, such as bottles, tire and road wear particles (TRWPs), or caps which generate
plastic microparticles. This fragmentation occurs due to mechanical actions, UV radiation,
temperature, humidity, etc., producing both micro and nanoplastics [6]. In addition to
these two types of MNPLs, synthetic microfibers used in the manufacture of clothing and
fabrics are also found in the environment [7]. These filaments are released during processes
such as washing, reaching urban sewers, and consequently, the environment, and affecting
human health [8].

Despite the well-established concept of microplastics and nanoplastics (MNPLs) and
their characteristics and presence in the environment, little is known about their real effects
on human health. This review considers the scientific evidence of their harmful effects on
the environment and human health.

2. Routes of Exposure

Micro and nanoplastics (MNPLs) have become ubiquitous since they can be found in
many ecosystem components. Plastic particles can be found in soil, water, and air. There are
many routes of human exposure to microplastics. These can include oral exposure through
contaminated water and food (mainly of marine origin); via the dermal route through the
use of soaps, scrubs, or via contact with soil; and via inhalation through the precipitation of
particles in the air [9], which was found in pulmonary tissue samples from the first study
to identify MNPLs in lung tissues [10]. Figure 1 shows a summary of the main exposure
routes to humans and animals, showing that humans can experience more exposure to to
MNPLs from these different sources.

Figure 1. Exposure routes for microplastics in the environment. Modified from Enyoh et al., 2020 [9].

2.1. Respiratory Exposure to Micro and Nanoplastics

MNPL particles, derived from the degradation of plastic in the environment, have
been observed in atmospheric precipitations. Depending on the sizes of these particles,
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they can be inhaled. We must clarify that particles capable of entering through the nose
and mouth and being deposited in the upper respiratory tract are classified as inhalables,
and particles that are deposited in the lungs are classified as breathable [11]. These particles
may be subject to non-specific host defense mechanisms that remove mucus through the
mucociliary process. Alveolar macrophages may capture these particles and transport them
to the intestine to be removed [12].

Studies have reported that exposure to MNPLs can cause damage to human health,
creating problems such as bronchitis, asthma, fibrosis, and pneumothorax. In an experi-
mental study with rats, in which the toxicological potential of MNPLs inhaled for 14 days
was investigated, it was observed that levels of transforming growth factor beta (TGF-beta),
factors related to fibrosis, and tumor necrosis factor alpha (TNF-alpha) were altered [13].

Studies with polystyrene nanoplastics using alveolar basal epithelial cells (A549)
have shown that they are able to disturb gene expression, resulting in inflammatory
responses and the launch of apoptosis pathways, particularly when smaller PS-NPs are
used. The results of one study suggest that nanoplastics can cause definite damage and
functional disturbance to human and mammalian respiratory systems [14].

Regarding the involvement of MNPLs in the respiratory tract of humans, for the first
time, a recent study identified plastic particles ranging in size from 1.60 to 5.58 μm in the
bronchoalveolar region in more than 50% of analyzed lung samples, confirming that the
respiratory system is an important route of exposure and that the lungs act as a site of
accumulation of MNPLs in human beings [10]. Environmental exposure to MNPLs through
the air occurs through several sources, such as synthetic textiles, tire erosion, synthetic
rubber, and urban dust [15]. Other sources of airborne MNPLs include plastics from clothes
and household furniture. Of note are synthetic textiles, which may be responsible for
human exposure in both internal and external environments [16].

The persistence of these particles in the atmosphere is determined by atmospheric
precipitation, which is influenced by rain, wind, local conditions, and particle size. Particles
with lower densities can be easily carried by the wind, which causes the contamination of
terrestrial and aquatic environments [17,18].

Plastic nanoparticles have diameters smaller than 1 μm. These nanoparticles can
generate distinct toxicities due to their smaller dimensions [19,20]. The inhalation of MPs
and NPs is related to some pathologies and a higher incidence of cancer. Studies carried
out using animal models indicate that exposure can induce granulomatous lesions [21–23].
MNPLs can have the same toxicity as other atmospheric nanoparticles, which makes it
difficult to compare them. Therefore, it is necessary to carry out studies regarding the
toxicity of different sizes of polymers and their surface properties [24].

With the arrival of the new coronavirus, the use of masks has become essential for
the population, with N95 surgical masks being the most effective at reducing the risk of
virus transmission. However, due to the scarcity of masks, people have chosen to use
masks made of other materials, such as cotton, nylon, clothing cloth, and textile mixed
with polypropylene. During the process of disinfecting masks, the fabric may suffer wear
and tear [25,26], causing distress in the material, leading to the risk of inhalation through
respiration [27,28].

Li and colleagues [29] carried out a study using seven types of masks—N95, cotton,
sky surgery, ply surgery, fashion, activated carbon, and non-woven—for the detection of
MNPLs using Raman spectroscopy and infrared spectrometry. The N95 mask performed
well and reduced particle inhalation even after disinfection. In addition, fashionable cotton
masks and those made of non-woven fabrics and activated carbon were shown to reduce
the risk of MNPL inhalation. When compared to not wearing a mask, it was concluded
that using the above-mentioned masks for at least two hours could reduce the inhalation of
plastic particles [29].
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2.2. Oral Exposure to Micro and Nanoplastics

The presence of MNPLs in food and beverages has evidently increased. Recent studies
have reported the detection of plastic particles in common food products, such as salt, milk,
honey, fruits, vegetables, mineral water, and marine foods. Thus, human exposure through
ingestion is quite likely and needs to be studied while taking into account the entire food
production chain, from cultivation to consumption [30–32].

Despite being a subject of interest, there are still many obstacles in relation to the
methodologies used to detect MNPLs in foods and beverages and characterization parame-
ters, such as exposure dose. A first issue is the diversity of these particles, which can have
different chemical compositions, in addition to different densities, sizes, and formats, which
makes it difficult to standardize techniques. In addition, there is an absence of reference
values and precise definitions [32]. Such obstacles make research on oral exposure to MN-
PLs challenging. However, advances have been reported. Recent studies estimate that each
person ingests an amount of MNPLs ranging from 39,000 to 52,000 particles annually [31].
Such findings highlight the importance of and the need for further investigation on this
subject [33,34].

Some of the most studied foods are those of aquatic origin [35]. Generally, fish
accumulate MNPLs in their gills, liver, and intestine, parts that are generally not eaten by
humans [36]. However, in some filtering animals, such as shrimps, a relatively large amount
of MNPLs was observed. It is estimated that consumers of these animals ingest about
11,000 particles annually [37]. In addition to food of aquatic origin, commercial mineral
water showed traces of plastic particles, even in bottled water in glass containers [38], while
polypropylene particles have been identified in various brands of table salt [39]. Plastic
particles have also been found in fruits, such as apples and pears, and vegetables, such as
potatoes, broccoli, carrots, and lettuce [40]. The presence of microplastics in fecal samples
from humans reinforces the idea that particles are ingested by humans [41]. However,
the effects of this kind of oral exposure are still unclear.

Once ingested, particles can interact with the gastrointestinal tract and digestive fluids.
Despite being considered chemically inert particles, plastics can adsorb substances, such
as additives, heavy metals, proteins, or even microorganisms, on their surface, which can
cause greater toxicity. In this situation, MNPLs work like a Trojan horse, bringing a series
of environmental contaminants with them. When ingested, the particles can interact with
the mucus that lines the gastrointestinal tract, with the epithelial cells themselves, and even
with intestinal microbiota, causing cellular responses and diverse physiological changes
(Figure 2) [42–45].

 
Figure 2. Oral exposure to microplastics. Possible routes and interactions that are currently under study.

Recent research suggests that, depending on the size, particles can be internalized
by intestinal epithelial cells (endocytosis) or they can pass between intestinal cells (para-
cellular transport) [46]. Animal studies have shown the distribution and deposition of
MNPLs in organs such as the kidneys, liver, and lymph nodes [47–49]. However, this
systemic distribution remains controversial, and further studies are needed to corroborate
this hypothesis.
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2.3. Dermal Exposure to Micro and Nanoplastics

Although oral exposure is the most notable type of exposure, there are also other types
of exposure—one of these is dermal exposure. Even though it is a less efficient route, studies
show that micro and nanoplastics can cross the dermal barrier [50]. These nanoparticles are
applied, for example, in cosmetics and in the continuous reduction of textile microfibers.
In addition, microplastic microspheres (less than 1 mm in diameter) are widely used in
dermal exfoliation products, such as toothpastes and denture restorations [51].

Another area in which dermal exposure is discussed is in medicine. In suturing, for
example, plastics are known to induce low inflammatory reactions and a foreign body
reaction with fibrous encapsulation. In a study of mice, the effects of polyethylene and
polyvinyl chloride (PVC) were evaluated, showing that polyethylene was associated with
lower inflammation compared to PVC. However, micro and nanoplastics can also induce
inflammation and foreign body reactions, with differences in surface properties leading to
different results. Human epithelial cells undergo oxidative stress from exposure to micro
and nanoplastics, confirming the need for studies that evaluate the effects of exposure to
MNPLs [50].

3. Epidemiological Studies

Epidemiological studies have already indicated that adverse respiratory and cardiovas-
cular effects are closely linked to air pollution via environmental atmospheric particles [52].
Some studies also demonstrate possible significant correlations between BPA levels (ad-
sorbed in both air and food) in urine and cardiovascular disease and type 2 diabetes [53].
Moreover, recent data have shown the presence of airborne MNPLs in human lung tis-
sue [10] and the bloodstream [54]. Atmospheric research on MNPLs highlights that they
can impact remote and under-developed areas that do not have any local sources of plas-
tic [55]. In addition, the dynamics of ocean circulation and marine currents represent
important space–time scales in terms of the destination, transport, and effects of micro and
nanoplastics on the environment, affecting fauna, and consequently, human life [56].

In addition to the respiratory tract, MNPLs can be ingested by several organisms,
mainly by species widely consumed by humans [57–59]. However, it is still not fully under-
stood how the interaction between human organic systems and these particles work [60].
This is mainly due to the absence of extensive and significant epidemiological studies to de-
tect their impacts at the population level and the lack of technology available to detect and
track these particles in vivo. Research is fundamental for understanding how atmospheric
air and the main foods established by nutritional health standards are contributing to the
transport of microplastics by the human body, as well as the risks to health [35].

Reports of boards and committees, such as the Scientific Council of the European
Commission, Science Advice for Policy by European Academies (SAPEA), and the World
Health Organization (WHO), show that there is little data published and available on the
toxicity of MNPLs, as well as the exposure levels in humans [60,61]. These reports also
highlight some of the main challenges when trying to gather concrete information about
the relationships between MNPLs and human health [62].

4. Experimental Studies

4.1. In Vivo

Since human exposure to MPs and NPs occurs mainly via ingestion, in vivo studies
have been prioritized in animal models for a better understanding of the biological effects
of these particles on humans. Research indicates that MNPLs, after being adsorbed by the
organism, are systemically distributed to organs and tissues, both through the blood and
lymphatic currents [63].

According to Stock and colleagues [64], in a study using a murine model and oral
exposure via gavage, the histological absence of detectable lesions and inflammatory
responses was observed, suggesting that the particles taken in through oral exposure under
experimental conditions did not represent relevant acute risks to the health of mammals.
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In contrast, in another study, a negative load of polystyrene nanoparticles (PS-NPs) in the
lungs, testis, spleen, kidney and heart of an animal model after oral administration was
observed [49]. These divergent results may be due to the properties of the particles, such as
the size, concentration, and dosage.

Questionable findings may also arise, such as the study carried out by Deng and
colleagues [65], which identified a high number of 5 μm and 20 μm polystyrene microplastic
(PS-MPs) particles crossing the intestinal barrier and distributing to organs, while most
studies in mammals have suggested the low oral bioavailability of microplastic particles.

Recent publications have elucidated mechanisms of plastic absorption in female rats
and the effect of plastic absorption on the reproductive system, indicating that these
polystyrene particles cause fibrosis through the Wnt/B-Catenin signaling pathway and the
apoptosis of granular cells in the ovary, resulting in decreased ovarian reserve capacity [66].
In addition, MNPLs also function as adsorbents for heavy metals, causing toxicity in
combination with other pollutants in the environment. With respect to testicular toxicity,
Hou and colleagues [67] demonstrated a reduction in viable sperm from the epididymis
after exposure to 5 μm polystyrene particles in mice, showing atrophy, shedding, and the
apoptosis of sperm cells at all levels of the testis after exposure.

With respect to in vivo tracing in aquatic organisms, a study was developed to improve
the tracking, transport, and localization of MNPLs in shrimp, medaka, zebrafish, and water
fleas, which involved real-time observation for the whole in vivo process of ingestion and
egestion in a zebrafish model using manufactured fluorescent fibers. In shrimp, medaka
and water fleas, the fibers were observed directly using a fluorescent microscope without
dissection [68].

4.2. In Vitro

In vitro studies have highlighted important characteristics of MNPLs, such as their
hydrophobicity. According to Wright and Kelly [69], the hydrophobicity of these particles is
correlated to their more effective transport in intestinal mucus, influencing the adsorption
of proteins to the surface of the particle, suggesting that internalization via “M” cells and
persorption were the most likely mechanisms responsible for MNPL uptake. In contrast,
in vitro studies have also demonstrated that the intestinal epithelium is an important and
robust barrier against these types of materials [70].

The size of particles is also an influential factor; for example, 100 nm PS-MNPLs
showed greater intestinal toxicity than 5 mm PS-MNPLs. Such studies suggest that direct
cytotoxicity assays for PS-MNPLs may erroneously assess their intestinal effects, offering
new insights into assessing the toxicity of PS-MNPLs via oral exposure [70].

Another important point relates to in vitro studies using cells from the digestive
tract, which is an important target organ with respect to the absorption and distribution
of MNPLs [71]. To investigate their effects in relation to the toxicological evaluation of
plastic components, some research has been undertaken using differentiated Caco-2 cells,
an important experimental model in the study of the intestinal epithelial barrier, especially
when combined with HT29 or Raji-B cells [72]. Research has suggested [70] that the
digestive process does not alter the chemical constitution of PS-MNPLs, which may be an
explanation for the reduced toxicity of MNPLs. In another study, an absence of toxicity was
observed in an intestinal cellular model; despite this, it was found that MNPLs could be
absorbed by Caco-2 cells [64]. Due to this absorption by the cells, suggesting damage to the
plasma membrane, we can infer that MNPLs may induce indirect harmful effects to the
gastrointestinal tract, increasing the pro-inflammatory effects of these components.

With respect to acute toxicity in vitro, Hesler et al. [73] evaluated the placental and
intestinal barrier using advanced in vitro co-culture models, showing that PS-MNPLs did
not have important embryotoxic and genotoxic effects. In recent publications, an increased
level of pro-inflammatory cytokines has been demonstrated when plastics are present in
high concentrations, consequently causing inflammatory and oxidative lesions. According
to previous studies, MNPLs can induce cell death, inflammation, and oxidative stress in
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various types of cells, decrease cell viability, induce cell apoptosis, alter mitochondrial
membrane potential, and deregulate mitochondrial function in lymphocytes, impairing
immune function.

As can be seen, size is an important matter—micro and nanoplastics can be ingested
by organisms and appear to have some impact on biological functions due to their small
size and biological penetration, but nanoplastics seem to have more serious effects. A study
on MNPLs (polystyrene) ranging in size from 50 nm, 500 nm, and 5 μm (PS50, PS500,
and PS5000), which aimed to analyze the interaction and distribution of these particles
with cell membranes, showed that PS particles could enter cells through endocytosis
and passive membrane penetration, especially PS50 and PS500, which were both able to
cross the cell membrane via energy-independent membrane penetration, though through
different pathways. PS50 was endocytosed by RBL-2H3 cells through clathrin-mediated,
caveolin-mediated pathways and macropinocytosis, while PS500 was endocytosed via
macropinocytosis [74]. PS5000 had no obvious adsorption on the cell because its large
particle size made it difficult for it to diffuse to the membrane surface.

5. Gaps in Knowledge

Currently, much is being said about MNPLs and their presence in the environment as
a pollutant. Despite promising studies, after many years of investigation, little is known
about the real toxic and adverse effect of these particles for humans. Furthermore, most of
the experimental studies undertaken so far have used nanopolystyrene (MNPLs) as a model
for all microplastics. Thus, caution is needed, because we are not sure whether other types
of microplastics have similar characteristics and whether they elicit the same responses.
Studies have already reported changes in murine models relating to reproductive disorders
and inflammatory, respiratory, and intestinal toxicity changes, and have suggested that
these particles act in a toxic manner in the body.

In the past 10 years, research has shown that human beings are indeed consuming
more and interacting more with plastic microparticles, both through contact, as well as
through inhalation and the consumption of food and water. There is great difficulty in
biomonitoring MNPLs in the human body, as the existing techniques lack precision [75],
making the data obtained unreliable due to their lack of accuracy. Therefore, improvements
in the techniques and research methods on animal models are important because the effects
of MNPLs on human health are increasingly concerning. To fill the knowledge gaps, it is
necessary to ensure more reliable and accurate analysis, standardizing the quantification of
MNPLs in the environment and promoting better laboratory standards for research into
these particles.

Current exposure scenarios are still speculative and imprecise; however, we suggest
that, according to recent studies using animal models, MNPLs may have toxic potential,
since they can be absorbed by organs and distributed in human beings.
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Abstract: Diacetyl (DA) is a highly reactive alpha diketone associated with flavoring-related lung
disease. In rodents, acute DA vapor exposure can initiate an airway-centric, inflammatory response.
However, this immune response has yet to be fully characterized in the context of flavoring-related
lung disease progression. The following studies were designed to characterize the different T cell
populations within the lung following repetitive DA vapor exposures. Sprague-Dawley rats were
exposed to 200 parts-per-million DA vapor for 5 consecutive days × 6 h/day. Lung tissue and
bronchoalveolar lavage fluid (BALF) were analyzed for changes in histology by H&E and Trichrome
stain, T cell markers by flow cytometry, total BALF cell counts and differentials, BALF IL17a and
total protein immediately, 1 and 2 weeks post-exposure. Lung histology and BALF cell composition
demonstrated mixed, granulocytic lung inflammation with bronchial lymphoid aggregates at all time
points in DA-exposed lungs compared to air controls. While no significant change was seen in percent
lung CD3+, CD4+, or CD8+ T cells, a significant increase in lung CD4+CD25+ T cells developed
at 1 week that persisted at 2 weeks post-exposure. Further characterization of this CD4+CD25+ T
cell population identified Foxp3+ T cells at 1 week that failed to persist at 2 weeks. Conversely,
BALF IL-17a increased significantly at 2 weeks in DA-exposed rats compared to air controls. Lung
CD4+CD25+ T cells and BALF IL17a correlated directly with BALF total protein and inversely with
rat oxygen saturations. Repetitive DA vapor exposure at occupationally relevant concentrations
induced mixed, granulocytic lung inflammation with increased CD4+CD25+ T cells in the rat lung.

Keywords: CD4+CD25+ T cells; lung; airways; diacetyl; 2,3-butanedione; flavorings-related lung
disease; hazard potential; intoxication; occupational hazard; bronchiolitis obliterans

1. Introduction

Diacetyl, (2,3-butanedione; DA) is a highly reactive alpha diketone used in commercial
food manufacturing as an additive for its buttery flavor and aroma. DA also occurs
naturally through coffee roasting and alcohol fermentation [1–3]. Due to its low boiling
point (88 ◦C), DA frequently enters the vapor phase during the production process. DA
is highly reactive due to its inherent chemical properties. It has two strong electrophilic
carbonyl moieties that can easily and non-enzymatically modify nearby nucleophilic
residues in adjacent cellular proteins [4]. These two chemical properties make DA a
significant respiratory hazard. Over the past two decades, DA vapor exposures has been
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well associated with the fibrotic lung disease known as bronchiolitis obliterans (BO), now
labeled as “flavoring-related lung disease” [5]. BO is defined by histopathology with
significant small airways, or bronchiolar, remodeling consisting of sub-epithelial collagen
deposition and subsequent airway lumen occlusion due to circumferential narrowing [6].
Despite multiple reports of severe lung disease following DA exposure, DA remains a
significant and relevant respiratory toxicity considering its more recent identification in
other foods such as coffee roasting and e-cigarettes aerosols [1,7,8].

Preclinical studies of flavoring-related lung disease reveal primary injury to the air-
way epithelium as the sentinel event to disease pathogenesis [9–11]. Severe injury of the
airway results in ulceration and necrosis of the epithelium, injury to the adjacent base-
ment membrane, and subsequent initiation of an inflammatory and fibro-proliferative
response. With sufficient injury, abnormal repair of the airway epithelium often occurs
with epithelial hyperplasia and concentric overgrowth of sub-epithelial fibrous tissue [9,10].
This injury and abnormal epithelial repair initiates a potent inflammatory response seen
in both mice and rats exposed repetitively to DA vapors [11,12]. Neutrophils are most
frequently observed within the bronchoalveolar lavage fluid (BALF) as well as adjacent
lamina propria of the airways. Other infiltrative cell types include lymphocytes and rare
eosinophils [12,13]. BALF neutrophilia can persist for weeks after DA exposure despite
exposure cessation [9,14]. This persistent BALF neutrophilia is consistent with those work-
ers exposed to high concentrations of DA at popcorn factories as well as other individuals
identified to have BO pathology [5]. Thus, this mixed granulocytic inflammation with
BALF neutrophilia is an important characteristic of flavoring-related lung disease.

One associated but less characterized attribute of flavoring-related lung disease pathol-
ogy is the adaptive immune response. Increased peribronchial lymphocytic aggregates
have been noted in both mice and rats exposed to DA [11,12]. Additionally, mice exposed
to 2,3-pentanedione, a chemically similar and highly reactive ketone, showed frequent
nodular and linear lymphoid aggregates adjacent to exposed bronchioles and bronchi,
supportive of a localized T cell response [15]. Most of the lymphoid growth seen after
inhalation exposure is adjacent to injured airways with less growth of peripheral lym-
phoid aggregates. In one rare abstract, the T cell response was evaluated in athymic nude
rats exposed to DA intratracheally [16]. Thymus-deficient rats exposed to DA developed
worse airways pathology compared to DA-exposed rats alone [16], indicating a potentially
protective effect of the adaptive immune response in DA-exposed animals with previous
thymic resection.

The primary goal of the following studies was to further characterize the T cell
phenotypes within the lung and their association with flavoring-induced lung disease
progression. For studying the immune response, our lab previously developed an in vivo
vapor exposure system using DA with a 14-day follow-up period for modeling the adaptive
immune response in flavoring-induced lung disease [14]. We used this model for analyzing
the proportions of CD3+, CD4+, CD8+, CD4+CD25+ and CD4+CD25+Foxp3+ (regulatory
T cells; Tregs) immediately following DA exposure (Day 5), 1 week (Day 12) and 2 weeks
(Day 19) post-exposure. We also analyzed bronchoalveolar fluid at these specified time
points for changes in expression of the CD4+CD25+ T cell-related cytokine IL17a. We
hypothesized that the balance of different CD4+CD25+ T cell populations within the lung
contribute to the progression of flavoring-related lung disease.

2. Materials and Methods

2.1. Animals

All studies were approved by the Institutional Animal Care and Use Committee of
the University of Rochester Medical Center (URMC). Investigators adhered to the National
Institute of Health (NIH) Animal Welfare guidelines. Male outbred six to eight-week-old
Sprague–Dawley rats (Charles River Laboratory, Wilmington, WA, USA) weighing between
200–250 g were maintained in an AALAC-accredited facility.
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2.2. Diacetyl Vapor Exposures

Whole body exposures to diacetyl (DA, 2,3-butanedione; >98% pure; Sigma-Aldrich,
St. Louis, MO, USA) were performed at the URMC inhalation exposure Facility (IEF), as
described in the previous publication [14]. Briefly, animals were exposed to 200 parts-per-
million (ppm) DA vapor in a whole-body exposure chamber for 5 consecutive days, 6 h/day.
Weight and oxygen saturation (Starr Life Science Technologies, Oakmont, PA, USA) were
monitored throughout the duration of the exposure and during a 14-day period following
exposure. Animals were euthanized at Day 5 (immediately after last DA exposure), Day 12
(1 week post-exposure), and Day 19 (2 weeks post-exposure) for tissue harvest. Three
(3×) separate DA exposures were performed for exposure replicates with representative
datasets included for publication.

2.3. Bronchoalveolar Lavage Fluid (BALF), Tissue Harvest, and Histopathology

Animals were euthanized with an intraperitoneal injection of Euthasol (pentobarbital
sodium and phenytoin sodium, Virbac, France). The descending aorta was transected
for as a form of secondary euthanasia. The right ventricle was then injected with 10 mL
0.9% normal saline solution for lung perfusion. The trachea was cannulated with an 18 G
cannula. The left mainstem bronchus was tied off, and the right lungs were lavaged with
5.0 mL 0.9% normal saline solution (bronchoalveolar lavage fluid, BALF). BALF samples
were centrifuged at 200× g for 10 min at 4 ◦C, and supernatants frozen (−80 ◦C) for future
analyses of 1 mL aliquots.

The right lung lobes were isolated and suture tied in order for the left lung lobes to be
fixed in 10% neutral buffered formalin and later transferred to 70% ethanol. Lung tissue
was embedded in paraffin, sectioned (5 μm) and stained with hematoxylin and eosin (H&E)
or Masson’s Trichrome. Lung tissue was also stained for the T cell marker CD3 (1:200,
C7930, MilliporeSigma, St. Louis, MO, USA) or rabbit IgG (1:200, Agilent, Santa Clara,
CA, USA; negative control). Staining in rat spleen was used as a CD3 positive control.
In brief, sections were deparaffinized and rehydrated through ethanol. Heat-mediated
antigen retrieval was performed in citrated retrieval solution for 30 min (Agilent). Slides
were blocked for 1 hour with Rodent Block R (Biocare Medical, Pacheco, CA, USA) and
then primary antibody Cambridge, UK) was applied for 1 h, and developed using DAB
Chromagen (Biocare Medical, Pacheco, CA, USA). Slides were then counterstained with
hematoxylin, dehydrated, and finished with cover slip.

Representative images of affected airways were taken from each left lung at sequen-
tial post-exposure time points. Lung scoring for airway lymphoid hyperplasia and sub-
epithelial matrix deposition was performed on embedded lung tissue to semi-quantitate the
changes in airway architecture observed on light microscopy [17]. Briefly, intrapulmonary
bronchi were identified within each rat lung section, defined by a luminal diameter greater
than 250 μm and not connecting directly to the alveolar space [10,15]. Five bronchi were
graded for each rat at 4× (bar: 250 μm) (5 rats/time point × 5 bronchi/rat). For airway
remodeling, the presence or absence of increased sub-epithelial, extracellular matrix was
noted by Masson’s Trichrome. For lymphoid hyperplasia, each aggregate adjacent to the
bronchi was graded with: 0 for absence of an aggregate, 1+ for 1/3, 2+ for <2/3, and 3+
for >2/3 of the field obstructed by the aggregate. The cumulative average and standard
deviation was then calculated for each time point.

2.4. Flow Cytometry for T Cells in Whole Lung Homogenates

The right medial lung was excised and placed in digestion buffer of 5% FBS and
7.5 μg/mL collagenase A (Roche, Basel, Switzerland) in PBS on ice for 30 min. Tissue
was further dissociated using a GentleMacs (Miltenyi Biotec, Auburn, CA, USA) Tissue
dissociator followed by needle aspiration through an 18 G needle and syringe. Afterwards,
three aspiration homogenates were expelled onto 70 μM filter and disrupted with syringe
plunger. To ensure maximal cell retrieval filters were washed with ice cold FACS buffer
containing 5% FBS in PBS. After spinning for 5 min at 300× g, supernatants were discarded
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and pellets re-suspended ammonium-chloride-potassium (ACK) buffer (Thermo Scientific,
Waltham, MA, USA; Cat # A1049201) for red blood cell lysis prior to a final wash. Cell
suspensions were adjusted to a concentration of approximately 1 × 107 cells/mL in FACS
buffer for flow cytometric staining.

Single cell suspensions of whole lung homogenates were first stained for surface mark-
ers: CD3, CD8, CD4, and CD25 (see Supplemental Table S1). Next intracellular staining for
Foxp3 was completed using Foxp3 fixation/permeabilization kit (eBioscience, San Diego,
CA, USA; Cat. #2506527), per manufacturer’s instructions. Complete information about
clone and dilutions of antibodies used are also available in Table S1. LSR II flow cytome-
ter (BD Biosciences, Franklin Lakes, NJ, USA) was used at the URMC Flow Cytometry
Core (URMC FCR) to acquire data. FCS express (De Novo Software, Pasadena, CA, USA,
version 7) was used to analyze data captured. Gates were set based on side scatter area
(SSC-A) versus forward scatter area (FSC-A) to exclude debris and then sub-gated for
forward and side scatter height to isolate single cells. CD3+ T cells were then isolated from
this single cell population. Sub-gates were applied to resolve the CD4+ and CD8+ T cell
populations from this parent gate. Downstream CD4+CD25+ and CD4+CD25+FoxP3+ T
cell populations were also defined from this parent population.

2.5. Bronchoalveolar Fluid (BALF) Total Protein and Interleukin-17A (IL-17a)

Bronchoalveolar lavage fluid (BALF) was collected from all animals for total protein
quantification. Total protein was determined using the Pierce bicinchoninic acid (BCA
protein) assay kit (Thermo Scientific; Cat # PI23225). BALF IL-17a was determined using a
Duoset ELISA immunoassay (R&D Systems, Minneapolis, MN, USA; Cat # DY8410-05).
Standards and assays were prepared and performed according to manufacturer’s instruc-
tions. Briefly, BALF was centrifuged at (300× g, 5 min) to remove debris. Supernatant was
decanted and aliquots were applied to prepare for quantification.

2.6. Statistical Analysis

Linear regression modeling was performed (SAS v9.4, Cary, NC, USA) to estimate
the sample size with the primary end-point being percent change in CD4CD25+ T cells at
Day 12 (‘inflammatory period’) when accounting for differences in survival. We assumed
the average percent CD4CD25+ T cells in the lung to be 8% with a standard deviation of
3% and a 50% increase (4% total change) with DA exposure [18]. With an alpha of 0.05
and power of 80%, the number of animals per group was 9 (total number: 36). Thus, we
performed 3 exposure replicates (5 animals/group), accounting for animal loss. Prism
v8.0 (GraphPad Software, San Diego, CA, USA) was used for post-exposure statistical
analysis with ANOVA followed by correction for multiple comparisons assuming normal
sample distribution while Kruskal–Wallis tests with Dunn’s correction was performed for
skewed samples.

3. Results

3.1. Mixed, Granulocytic Airways Inflammation with Adjacent Lymphoid Aggregates Following
DA Vapor Exposures

Rat lungs were evaluated by histology for airways inflammation immediately after
exposure (Day 5), 1 week post-exposure (Day 12) and 2 weeks post-exposure (Day 19);
Figure 1. In all DA-exposed rats, intrapulmonary bronchi appeared with circumferential
airways inflammation as early as Day 5 post-DA exposure that persisted until Day 19 in DA-
exposed airways (n = 20 rats/group with >5 airways assessed/animal). Circumferential
airways inflammation was most prominent 1 week post-exposure (Day 12, Figure 1c,
asterisks). By Day 19, thickening of the bronchial walls with deposition of sub-epithelial,
extracellular matrix was seen on H&E (Day 19, Figure 1d, arrows) and Masson’s Trichrome
(Figure S1). The number of bronchi affected by thickened sub-epithelial, extracellular matrix
and lymphoid hyperplasia was semi-quantitated at each time point after DA exposure
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(n = 5 rats × 5 bronchi/time point, Table 1). Both histologic parameters increased with
respect to time after DA exposure.

 

Figure 1. Representative rat lung tissue stained for hematoxylin and eosin (H&E) (bar: 250 μm
(left column), 75 μm (middle column), and 50 μm (right column)). (a) Room air (control)-exposed
rat airways, (b) Day 5 (immediately post-exposure) rat airways, (c) Day 12 (1 week following DA
exposures) rat airways, and (d) Day 19 (2 weeks post-exposure) rat airways. Lymphoid aggregates
are seen adjacent to affected airways with perivascular and bronchiolar edema (asterisk). Bronchial
walls thickening identified at Day 12 and 19 (arrowheads and arrows, respectively).

Table 1. Bronchi affected by extracellular matrix deposition and adjacent lymphoid hyperplasia after
DA exposure.

Group
(n = 5 Rats/
Time Point)

Extracellular Matrix
Deposition

/Rat Lung Section

Bronchial Lymphoid
Aggregates

/Rat Lung Section

Air Control 0.0 +/− 0.0 0.0 +/− 0.0

DA D5 0.8 +/− 0.5 1.6 +/− 0.5

DA D12 2.0 +/− 1.0 2.6 +/− 0.5

DA D19 2.6 +/− 1.5 3.0 +/− 0.0

In line with previous in vivo DA exposures [9,10], airways inflammation consisted of
mixed, granulocytic lung inflammation with a predominance of neutrophils, lymphocytes,
macrophages and rare eosinophils (higher magnification image, Figure S2). Immunohisto-
chemical staining for CD3, a common T cell marker, also identified that these airway-centric,
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lymphoid aggregates stained positive (Figure S3). Collectively, these histopathologic find-
ings support DA inducing mixed, granulocytic lung inflammation with airway remodeling
and lymphoid hyperplasia adjacent to affected airways.

3.2. Bronchoalveolar Lavage Fluid (BALF) Cell Counts and Differentials after DA Exposures

To provide additional support of the inflammatory changes seen by histology, the
total number of cells, percent cell differentials, and individual cell numbers by cell type
were performed on BALF from room air, DA D5, D12, and D19 rat lungs (Figure 2). The
total number of BALF cells increased significantly in DA-exposed animals 1 week after
DA exposure (DA D12) compared to room air controls but did not differ significantly
at DA D5 or DA D19 (Figure 2a). The percentage of BALF macrophages decreased sig-
nificantly in DA-exposed animals at D19 compared to controls while the percent BALF
neutrophils increased significantly in DA-exposed animals at D19 compared to air controls
(Figure 2b). The percent BALF lymphocytes, eosinophils and basophils did not differ signif-
icantly between groups, however, the total number of BALF macrophages, neutrophils and
lymphocytes increased significantly at D12 in DA-exposed animals compared to controls
(Figure 2c). Hence, changes in BALF cell number and composition further support a mixed,
granulocytic infiltrate within the rat lung after DA exposure composed predominantly of
neutrophils and lymphocytes and peaking 1 week after DA exposure cessation (DA D12).

Figure 2. BALF total cell counts (a), percent cell differentials (b), and individual cell counts (c) from room air (blue),
DA-exposed Day 5 (black), Day 12 (yellow), and Day 19 (red). (a) BALF total cell counts increased significantly in DA D12
compared to room air controls (Kruskal–Wallis, * p < 0.05). (b) BALF percent macrophages decreased significantly in DA
D19 compared to room air controls (ANOVA, *** p < 0.001) while percent BALF neutrophils increased significantly in DA
D19 rats compared to controls (ANOVA, ** p < 0.01). (c) Total BALF macrophages, neutrophils and lymphocytes increased
significantly in DA D12 rats compared to controls (ANOVA, * p < 0.05), and BALF neutrophils increased significantly in DA
D19 compared to controls (ANOVA, * p < 0.05).

3.3. T Cell Populations within the Rat Lung after DA Exposure

In light of the lymphoid hyperplasia seen on histology, flow cytometry was performed
on whole lung homogenates to evaluate changes in T cell populations after DA exposures.
Lung homogenates were stained for the common T cell surface markers CD3, CD4, CD8
and CD25 as well as the intracellular stain Foxp3. A schematic representation of flow
gating is presented in Figure 3. Briefly, cells were gated first for size and granularity
(SSC-A/FSC-A; FSC-H/FSC-A) to remove debris and “doublets”, respectively. The CD3+

population was then sub-gated directly from the singlet population. Next, CD4+ and CD8+

cell populations were discriminated by sub-gating of the CD3+ parent population. Finally,
gates were applied to discriminate the CD4+CD25+ and CD4+CD25+Foxp3+ populations.
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Figure 3. Gating scheme for T cell isolation and identification from whole rat lung homogenates.
(a) Total isolated cells were first gated for singlets on FSC−A versus (vs.) FSC−H, then (b) SSC−A
vs. FSC−A to exclude debris and followed by (c) CD3+ cells vs. FSC−H. (d) Sub-gating for CD8+ or
CD4+ sub-populations was then applied, and then further gated for CD25+ (e) and FoxP3+ T cell
populations (f).

No significant difference in percent lung CD3+, CD4+, and CD8+ T cell populations
was seen between DA- and air-exposed rats at any of the time points assessed after DA
exposure (one-way ANOVA; p > 0.05, Figure 4a–c respectively). However, the percent of
CD4+CD25+ T cells increased significantly at Day 12 and remained increased at Day 19 in
DA-exposed compared to air controls (ANOVA with Dunnett’s, **** p < 0.0001; * p < 0.05,
Figure 4d). Conversely, staining for Foxp3+ T cell expression revealed a significant increase
at Day 12 in DA-exposed compared to air-exposed controls that did not persist until Day 19
(ANOVA with Dunnett’s, ** p < 0.01, Figure 4e).
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Figure 4. Percent (%) T cell populations from rat lung homogenates exposed to room air (blue)
versus DA-exposed Day 5 (black), Day 12 (yellow), and Day 19 (red). (a) CD3+%, (b) CD3+CD8+%,
(c) CD3+CD4+%, (d) CD4+CD25+%, and (e) CD4+CD25+Foxp3+% lung T cells. * p < 0.05, ** p < 0.01,
**** p < 0.0001. Cumulative results from 3 separate exposures (n = 11–14/group); differences in group
size are due to animal death at later time points (D12, D19).
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3.4. Increased IL-17a Expression and Total Albumin in Bronchoalveolar Lavage Fluid (BALF) after
DA Exposure

Next, we evaluated for the presence of IL-17a protein expression and total albumin in
BALF fluid at Day 12 and 19 after DA exposure (Figure 5). IL-17a is a pro inflammatory
cytokine released by effector CD4+CD25+ cells under certain inflammatory diseases and
associated with other forms of bronchiolitis obliterans [19,20]. A significant increase in
BALF IL-17a expression was seen at Day 19 in DA-exposed rats compared to room air
controls (* p < 0.05, Figure 5a). BALF albumin, a surrogate of lung permeability, also in-
creased at Days 12 and 19 in DA-exposed animals compared to room air controls (* p < 0.05,
Figure 5b). The increase in BALF IL-17a expression coincided temporally with the persis-
tence of lung CD4+CD25+ T cells (Figure 4d), decrease in lung CD4+CD25+Foxp3+ T cells
(Figure 4e) and increase in BALF albumin after DA exposure (Figure 5b).

a  b

Figure 5. Bronchoalveolar lavage fluid (BALF) expression of (a) IL-17a and (b) albumin in room
air (blue) and DA-exposed rats at Day 12 (yellow) and Day 19 (red). (a) BALF IL-17a expression
increased significantly in DA D19 rats compared to room air controls (Kruskal–Wallis, * p < 0.05).
(b) BALF albumin increased significantly in both DA D12 and D19 compared to room air controls
(Kruskal-Wallis, ** p < 0.01 and * p < 0.05).

3.5. Percent CD4+CD25+ Lung T Cells Correlates with Reduced Oxygen Saturations and
Increased Lung Permeability

To further characterize the physiologic consequences of increased CD4+CD25+ T cells
within the lung after DA exposure, correlations were performed comparing percent lung
CD4+CD25+ T cells, BALF albumin, BALF IL17a expression and percent oxygen saturations
(% SpO2) in DA-exposed animals (Figure 6). In our model of repetitive DA vapor exposures,
oxygen saturations fell precipitously in DA-exposed rats at DA Day 12 and remained
abnormal (below 90%) until study’s end (Day 19) [14]. An inverse correlation was seen
between percent lung CD4+CD25+ T cells and oxygen saturations at Day 12 (Figure 6a;
r = −0.6755; p < 0.001). A positive correlation was observed at both Days 12 and 19 between
percent lung CD4+CD25+ T cells to BALF albumin (Figure 6b; r = 0.4490; p < 0.01). While a
direct correlation was seen between the percent CD4+CD25+ and Foxp3+ T cells (Figure 6c),
no significant correlation was found between the percent lung CD4+CD25+Foxp3+ T cells
and oxygen saturations. Conversely, an inverse correlation was seen between BALF IL-
17a and oxygen saturations at D12 and D19 (Figure 6d; r = 0.5315, p < 0.01). Finally, a
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positive correlation between percent lung CD4+CD25+ T cells and BALF IL-17a was also
seen (Figure 6e; r = 0.6828, p = 0.0001). Collectively, these correlations suggest that this
CD4+CD25+ T cell population found within the rat lung following DA exposure may
contribute to worsening oxygen saturations and increasing lung permeability following
repetitive DA vapor exposures.
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Figure 6. Pearson correlations between oxygen saturations, bronchoalveolar lavage fluid (BALF) albumin, BALF IL17a
expression, and percent (%) total lung CD4+CD25+ T cells after diacetyl inhalation exposures. (a) Oxygen saturations
correlated inversely with % lung CD4+CD25+ T cells (r = −0.7320, p < 0.001). (b) BALF albumin correlated directly with
percent lung CD4+CD25+ T cells. (r = 0.8942, p < 0.01). (c) Foxp3 positive T cells correlated directly with CD4+CD25+ T
cells. (r = 0.796, p = 0.0005) (d) Day 19 oxygen saturations correlated inversely with BALF IL-17a concentration. (r = 0.5315;
p < 0.01). (e) BALF IL-17a correlated directly with percent lung CD4+CD25+ T cells (r = 0.6828; p = 0.0001).

4. Discussion

In the current study, we characterize the lung’s T cell response in flavoring-related
lung disease progression. While the overall percent of CD3, CD4, and CD8 T cells did not
change, the percent of lung CD4+CD25+ T cells increased significantly after repetitive DA
exposures with the development of persistent hypoxemia, increased lung permeability, and
sub-epithelial fibrin deposition circumferential to affected airways. More specifically, two
populations of CD4+CD25+ T cells increased within the lung after exposure: Foxp3+ and
IL17a-secreting T cells. Increases in expression of these two CD4+CD25+ T cell populations
were inverse of one another with Foxp3+ cells increasing 1 week post-exposure and BALF
IL17a expression increasing at 2 weeks post-exposure.

A limited number of previous studies support our current findings that airway-
centric, mixed granulocytic inflammation precedes bronchial fibrosis in DA inhalation
exposures [11,12,14]. One such study demonstrated increased both B and T cell aggregates
in mice exposed repetitively to DA vapors [11]. However, these DA-exposed mice did not
develop the pathologic bronchial fibrosis seen in DA-exposed rats. One potential explana-
tion for this difference in rodent response is the morphologic differences of rats and mice
airways. In rats, keratin 5 positive airway epithelial cells extend into the intrapulmonary
airways of rat that are not seen frequently in mouse intrapulmonary airways [21]. A second
study using the structurally similar, volatile flavoring chemical 2,3–pentanedione found
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increased circumferential and airway-centric lymphocytes in DA-exposed Sprague–Dawley
rats [15]. Immunohistochemistry of DA-exposed rat lungs revealed a predominance of
CD3+ T cells within these lymphoid aggregates, consistent with the current study of further
characterization of the different T cell subpopulations within the lung after DA exposures.

In comparison to flavoring-related lung disease, histopathology seen transplant-
associated BO remains more commonly studied. In transplant-associated BO, disease
pathogenesis is often described in three phases: (1) initial airway injury, (2) inflammatory
induction, and subsequent (3) fibroproliferation [22]. Prior studies in transplant-associated
BO strongly support dysregulation of the inflammatory phase that impairs epithelial repair
and promotes BO development [20]. More recently, the appropriate balance of Th17 and
regulatory (Th17/Treg) T cells has been identified as critical in damage resolution. Ad-
ditionally, skewing of this Th17/Treg axis toward a Th17-preferred phenotype has been
reported in patients suffering from post-transplant BO [20,23]. Hence, targeting of this
axis has been used to successfully modulate experimental BO in mice post-allograft lung
transplant [24]. Furthermore, IL-17a blockade partially attenuates BO pathology in allograft
lung transplant [24]. Similarly, Fan et al. reported partial attenuation of BO pathology
after IL-17a neutralization in mice [25]. Similarly, Shi and colleagues reported adoptive
transfer of Foxp3+ T cells in a rat orthotropic tracheal transplant model reduced central
airway obliteration and sub-epithelial fibrin deposition compared to control animals not
receiving adoptive transfer [26]. While this Th17/Treg axis is now well characterized in
transplant-associated BO, the beneficial effect of regulatory T cells and/or detrimental
effects of Th17 cells has yet to be established in the development of flavoring-induced
airways disease.

Imbalance of the Th17/Treg axis has also been implicated in the development of ‘mus-
tard lung disease’ [27], another fibroproliferative, airways-centric lung disease following
toxic chemical inhalation. In subjects previously exposed to sulfur mustard (SM), circula-
tion levels of Foxp3 mRNA were lower than those levels found in healthy controls whereas
mRNA levels of the Th17 transcription factor ROR-yt were increased in comparison to
healthy control levels [28]. Additionally, Foxp3 mRNA levels correlated directly with the
percent forced expiratory volume in 1 s (% FEV1), a common surrogate marker of lung
function, while the inverse correlation was true for ROR-yt mRNA levels and %FEV1 in
mustard lung subjects. Other Th17-related cytokines, including IL-17a, IL-1β, IL-23, and
IL-6, were also elevated in the blood of sulfur mustard-exposed subjects with an inverse
correlation with %FEV1 [27,28] Hence, dysregulation of the Th17/Treg axis is a potential
pathway common to both flavoring-related lung disease and mustard lung disease.

Imbalance of Th17/Treg axis is similarly implicated in the immunopathogenesis of
other inhalation-induced lung diseases, such as smoke-inhalation lung injury [29,30]. One
such study found rats exposed to gun powder smoke, composed primarily of particulate
matter 2.5 (PM2.5), experienced increased number of circulating and lung-specific Th17
cells with decreased Foxp3+ T cells compared to T cells in air-exposed control rats [30].
Similarly, this group found the ratio of Th17/Treg was significantly increased in smoke-
exposed animals compared to air-exposed controls [30]. Hence, this Th17/Treg axis is of
increasing importance and may be common to many inhalation-induced lung diseases.

The lung microenvironment and its associated cytokine milieu is imperative in the
differentiation and proliferation of certain inflammatory T cell phenotypes. There is
evidence that pro-inflammatory signals within and surrounding the airways following
epithelial injury impairs repair and promotes airway fibrosis. IL-17a acts directly on the
airway epithelium as well as adjacent fibroblasts to induce pro-fibrotic cytokines [31].
Skewing of this local cytokine network has been implicated in the phenotypic plasticity of
CD4+CD25+ T cells [32,33]. Particularly, cytokines in the IL-1 family are implicated in the
differentiation of lung T cells toward a Th17 phenotype [34]. Future studies are underway
by our lab to investigate the role of the lung microenvironment and its secreted cytokines
in shifting this Th17/Treg axis and how changing this proportion contributes to flavoring-
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related lung disease progression. More specifically, blocking either IL-1β or IL-36γ after
DA inhalation exposure is of particular interest in attenuating lung disease progression.

Our study is not without a few limitations. First, significant differences exist in the
anatomic structure of mice and rats. Specifically, the mouse lung lacks similar morphologic
complexity and structure in comparison to rats for modeling human inhalation toxicology.
Hence, the rat was used for modeling of flavoring-related lung disease but limited the
number of reagents and antibodies available for T cell characterization. We failed to isolate
Th17 cells directly, and thus used BALF IL-17a expression as an indirect assessment of Th17
cells within the lung. Second, a single concentration of diacetyl (200 ppm) was used in these
studies. Extensive prior work has evaluated the dose response within the lung following
DA inhalation exposure [9,11–13,35]. In our model, 200 ppm was previously determined
to recapitulate human BO pathology in the Sprague-Dawley rats similar to prior rat DA
exposure models [10,14]. Previous dosimetry modeling found this concentration (200 ppm
DA) to be comparable to approximately 12 ppm exposure in humans [36], which is similar
in range found in an occupational setting [37–39]. When lower concentrations are used
in small rodents, significant scrubbing occurs within the nasal passages due to their high
surface area, which ultimately prevents the majority of the DA to reach the intrapulmonary
airways [13,36,40]. Third, the specific downstream effects and local cytokines that suppress
the persistence of Treg in the lungs were not identified but are currently under further
investigation. Finally, there are risks associated with targeting this CD4+CD25+ T cell
population as a potential therapy. Th17 cells are responsible for mitigating fungal infections
and promoting barrier integrity within the lung, Hence, inhibiting Th17 cells may increase
the risk of fungal infection or loss of mucosal integrity. Second, CD4+CD25+ T cells are
known to express TGF-β. Overexpression of TGF-β may increase lung fibrosis through
sustained or unbalanced proportions of Foxp3+ T cells in the lung.

In conclusion, repetitive exposure to DA vapors at occupationally relevant concen-
trations results in temporal skewing of the IL-17a/Foxp3 axis in the rat lung. Increased
percent lung CD4+CD25+ T cells were present in DA-exposed rat lungs at 1 and 2 weeks
post-exposure compared to air controls. Percent lung Foxp3+ T cells increased at 1 week
post-exposure but did not persistent while BALF IL17a increased at 2 weeks, not seen at
week 1. Increased CD4+CD25+ T cells and BALF IL-17a correlated with lower oxygen
saturations and increased lung permeability, indicative of a potentially pathologic role of
certain CD4+CD25+ T cells in the progression of flavorings-related lung disease.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/toxics9120359/s1, Figure S1: Representative rat lung sections stained for Masson’s Trichrome
demonstrating collagen I deposition (blue). (a) Room air (Control)-exposed rat airways, (b) DA Day
5 (immediately post-exposure) rat airways (c) DA Day 12 (1 week following DA exposures) rat
airways, and (d) Day 19 (2 weeks post-exposure) rat airways. Organization of collagen I is noted in
DA-exposed rats as early as Day 5 and persists to Day 19. Figure S2: Higher magnification image
of hematoxylin & eosin (H&E) stained rat lung section at Day 12 post-diacetyl exposure. Mixed
inflammatory infiltrate adjacent to DA affected airway with neutrophils (white arrow), eosinophils
(black arrow), and clustered lymphocytes (arrow head) (bar: 25 μm). Figure S3: Rat lung sections
stained for CD3, a T cell marker, and counterstained for hematoxylin in room air controls (a), DA-
exposed Day 12 (b), and DA-exposed Day 19 (c) (bar: 250 μm). Inserts highlight the airway-centric,
lymphoid aggregates with prominent CD3+ T cell staining within lymphoid aggregates (bar: 25 μm).
Table S1: Flow Cytometry Antibody Panel.
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1 Department of Zoology and Anthropology, Constantine the Philosopher University in Nitra, 94974 Nitra,
Slovakia; hhlisnikova@ukf.sk (H.H.); lubica.keckesova@student.ukf.sk (L’.K.); msidlovska@ukf.sk (M.Š.);
ipetrovicova@ukf.sk (I.P.)

2 Department of Environmental Medicine, Slovak Medical University, 83303 Bratislava, Slovakia;
tomas.trnovec@szu.sk

* Correspondence: bkolena@ukf.sk; Tel.: +421-37-6408-715

Abstract: Background: Occupational health hazards associated with phthalate exposure among
nurses are still not well understood. Methods: We used high-performance liquid chromatography and
tandem mass spectrometry to analyze phthalates. Anthropometric measurements and questionnaires
were conducted. Results: We observed associations between mono-benzyl phthalate (MBzP) and
body mass index (BMI), hip circumference (HC), waist circumference (WC), waist to height ratio
(WHtR), and fat mass index (FMI), visceral fat content, BMI risk and hip index risk (HIrisk), adjusted
to consumer behavior and consumer practices (r = 0.36–0.61; p ≤ 0.046). In the same model, we
detected an association between mono-n-butyl phthalate (MnBP) and waist to hip ratio (WHR; r = 0.36;
p = 0.046), mono-carboxy-isononyl phthalate (cx-MiNP) and BMI (r = 0.37; p = 0.043), HC (r = 0.4;
p = 0.026) and WHtR (r = 0.38; p = 0.037), between mono-oxo-isononyl phthalate oxo (MiNP) and HC
(r = 0.36; p = 0.045), mono-2-ethylhexyl phthalate (MEHP), mono(2-ethyl-5-oxohexyl) phthalate (oxo-
MEHP) and HIrisk (r = 0.38–0.41; p ≤ 0.036), between oxo-MEHP and Anthropometric Risk Index
(ARI risk; r = 0.4; p = 0.028). We detected a relationship between BMI and MBzP (β = 0.655; p < 0.001)
and mono-2-ethylhexyl phthalate (MEHP; β = −0.365; p = 0.003), between hip circumference and
MBzP (β = 0.486; p < 0.001), MEHP (β = −0.402; p = 0.001), and sum of secondary metabolites of
diisononyl phthalate (∑DiNP; β = 0.307; p = 0.016). We observed a relationship between fat content
and MBzP (β = 0.302; p = 0.033), OH-MnBP (β = −0.736; p = 0.006) and MiBP (β = 0.547; p = 0.046),
visceral fat content and MBzP (β = 0.307; p = 0.030), HI-risk and MBzP (β = 0.444; p = 0.001), ARI-risk
and sum of di-n-butyl phthalate metabolites (∑DnBP; β = 0.337; p = 0.018). We observed an association
between the use of protective equipment with cx-MiNP. Conclusions: Occupational exposure to
phthalates may induce abdominal obesity and result in obesity-related metabolic disorders.

Keywords: nurses; occupational exposure; phthalates; obesogenic effect; health risk

1. Introduction

The actual COVID era points to a long-overlooked status among front-line healthcare
workers, especially nurses, in the context of the elimination of health-related risks. Nurses
are an indispensable part of the health system in all countries committed to caring for
patients. However, at the same time, nurses seem to be at increased occupational risk in
several significant indicators such as for obesity, higher levels of stress, and lack of sleep.

The increasing prevalence of obesity is a major health concern [1–3] which does not
pass over nurses [4,5]. Eating behavior, sleep deprivation, psychological, genetic, but also
environmental, and behavioral stimuli play a part in obesity cofactors [6,7].

Anthropometrics is crucial in defining and assessing of abdominal obesity, and new
anthropometric indices such as ABSI, HI, or ARI bring new insight into diagnosis and
treatment options [8]. Body roundness index (BRI) allows for determining the human figure

Toxics 2022, 10, 143. https://doi.org/10.3390/toxics10030143 https://www.mdpi.com/journal/toxics117



Toxics 2022, 10, 143

shape as an ellipse, generated from the height and waist circumference. BRI values range
from 1 to 16, and individuals with a more rounded figure are characterized by greater BRI
values. BRI is a predictor of the percentage of adipose tissue and visceral tissue and can be a
useful tool in the assessment of health status [9]. The Clinica Universidad de Navarra-Body
Adiposity Estimator (CUN-BAE) index was suggested to evaluate the percentage of fat
content in the body and is calculated using BMI, sex, and age. Fat percentage calculated
using CUN-BAE showed a strong correlation with the real content of adipose tissue [10].

Evidence suggests that interactions between environmental and genetic factors can
lead to acquired obesity [11,12]. Phthalates belong to endocrine disrupting chemicals
(EDCs) [13] and, as toxic environmental factors, have been known to follow non-monotonic
dose-response curves [14,15]. Phthalates and bisphenol A (BPA), such as potential obeso-
gens, are substances of particular concern commonly found in medical
devices [16,17]. Sources of phthalates are medical utilities produced from polyvinylchloride
(PVC), e.g., infusion and transfusion sets, sets for hemodialysis, parenteral nutrition, and
oxygen masks [18].

The purpose of this study was to identify the potential links between occupational
phthalate exposure and overweight/obesity among nurses who worked in psychiatric and
mental health wards in hospital.

2. Materials and Methods

The study consisted of native Slovak adult subjects-nurses who worked in psychiatric
and mental health wards in hospital (females, n = 50) recruited in September 2020 as a
pooled cohort, consisting of volunteers from departments of the Philippe Pinel Psychiatric
Hospital in Pezinok (Slovakia).

The study was approved by the Institutional Review Board of the Philippe Pinel
Psychiatric Hospital in Pezinok, Slovakia. Physical examination, questionnaires, and post-
shift urine samples were collected. Participants signed informed consent before the study,
and it was possible to withdraw participation anytime during the study. Subjects diagnosed
with an illness or metabolic disorders (medications might be a source of high exposure to
some phthalates), and with an incomplete questionnaire were excluded.

2.1. Anthropometry

All anthropometric measures were performed by a trained researcher using a standard-
ized protocol. During the anthropometric measurements, participants were light clothing
and barefoot. Height (the vertical distance from the plane where the subject stands bare-
footed to the vertex on the head with their back), weight, waist circumference (measured
in the horizontal plane at the mid-point between the anterior iliac crest and the inferior
margin of the rib, using a tape measure), and hip circumference (measured at the level of
the widest circumference over the great trochanters) were measured to the nearest 0.1 cm,
0.1 kg, and 0.5 cm, respectively. BMI was calculated as weight (kg)/height (m)2. Body
composition (weight, body fat percentage, muscle mass percentage, and visceral fat level)
was estimated by The Omron BF510 (Kyoto, Japan). Visceral fat level was estimated by
Omron and describe intra-abdominal fat present around abdominal viscera in mesentery
and omentum. Fat content means conversion of body fat percentage to kilograms.

WHtR was calculated as the waist circumference (cm) divided by the height (cm), waist
to hip ratio (WHR) was calculated as dividing waist circumference (cm) by hip circumfer-
ence (cm), FMI, and FFMI were calculated by standard anthropological procedure [19,20].

FMI was calculated as FM in kilograms divided by stature in square meters (kg/m2)
and FFMI was fat free mass in kilograms divided by stature in square meters (kg/m2).

ABSI was estimated by formula: ABSI = WC/(BMI (2/3) × height (1/2)) [8]. HI and
ARI were calculated according to Krakauer & Krakauer [21]. ABSI calculator is free available
at https://nirkrakauer.net/sw/absi-calculator.html (accessed on 16/11/2021), and ARI
calculator at https://nirkrakauer.net/sw/ari-calculator.html (accessed on 10/01/2021).
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In BMI, ARI, ABSI and HI, the “z score” is define as: (value-mean)/standard deviation,
where the mean and standard deviation are age and sex specific.

In BMI, ARi, ABSi and HI, “risk” define the death rate associated with given indices,
normalized (risk of 1 = average death rate; risk of 2 = double the average death rate, etc.). A
relative risk greater than 1 indicates greater than average death rate while numbers below
1 indicate a lower-than-average rate. For example, 1.2 indicates a 20 percent greater risk
than average while 0.8 indicates a 20 percent lower risk.

2.2. Analyses of Phthalate

Nurses provided spot urine samples (2 × 2 mL) at the end of the work shift, (work
duration at least 8 h per shift), and the day after the previous shift, which gives infor-
mation about individual exposures during the last 24 h. We used high-performance
liquid chromatography (HPLC) and tandem mass spectrometry (MS/MS) (Infinity 1260
and 6410 triplequad, Agilent, Santa Clara, CA, USA) to quantified urinary concentra-
tion of compounds: mono-methyl phthalate (MMP), mono-ethyl phthalate (MEP), mono-
isobutyl phthalate (MiBP), mono-n-butyl phthalate (MnBP), mono(hydroxy-iso-butyl)
phthalate (OH-MiBP), mono(hydroxy-n-butyl) phthalate (OH-MnBP), mono-benzyl ph-
thalate (MBzP), mono-cyclohexyl phthalate (MCHP), mono-pentyl phthalate (MnPeP),
mono-2-ethylhexyl phthalate (MEHP), mono(2-ethyl-5-hydroxyhexyl) phthalate (5OH-
MEHP), mono(2-ethyl-5-oxohexyl) phthalate (5oxo-MEHP), mono(2-ethyl-5-carboxypentyl)
phthalate (5cx-MEPP), mono-octyl phthalate (MnOP), mono-isononyl phthalate (MiNP),
mono(oxo-methyl-octyl) phthalate (oxo-MiNP), mono(carboxy-methyl-heptyl) phthalate
(cx-MiNP) by the method built on the basis of previously published off-line SPE and
on-line HPLC-MS/MS methods [22,23]. The analysis was performed in Physiological
Analytical Laboratory, Constantine the Philosopher University in Nitra, which has partici-
pated in the HBM4EU QA/QC programme, and its successful performance has resulted
in its qualification as HBM4EU laboratory for the analysis of MEP, MBzP, MiBP, MnBP,
MEHP, 5OH-MEHP, 5oxo-MEHP, 5cx-MEPP and cx-MiNP in human urine. Within this
testing, we obtained very satisfactory Z-scores for previously meant compounds ranging
from −1.1 to 0.7. The interlaboratory tests conditions for a successful passing were the
Z scores ≤ |2|. Detailed description of these tests is summarized in a paper written by
Esteban López et al. [24]. Internal quality control was performed by analyses of 2 control
materials (mixture of urine samples) with known concentrations (lower and higher concen-
tration). The limits of quantification (LOQ) were estimated between 1 and 2.5 ng/mL.

2.3. Statistics

For the description of levels of urinary phthalate metabolites, the means with stan-
dard deviations (SDs), medians, and the 5th and 95th percentiles of concentrations were
computed. Associations between anthropometric parameters (BMI—Body Mass Index,
WHR-Waist to Hip Ratio, WHtR-Waist to Height Ratio, FMI-Fat Mass Index, FFMI—Fat-
Free Mass Index, ABSI—a Body Shape Index, HI—Hip Index, z BMI, z ABSI, z HI, BMI
risk, ABSI risk, HI risk, ARI risk) and concentrations of phthalate metabolites were ex-
amined by Pearson correlation analysis. Pearson partial correlation was used to explain
the association between phthalate metabolites and anthropometric parameters adjusted
to consumer behavior (physical activity; consuming meals heated in plastic containers
in the microwave, consuming meals from the plastic container, drinking beverages from
plastic cups or bottles, using personal protective equipment, presence of polyvinyl chloride
flooring material)and consumer practices (using: hand cream, antiperspirant, perfume,
body lotion, nail polish; consuming: margarine, cheese, and salaams packaged in plastic
material, meat products, baguette, salads, biscuits, and chocolate) during last 24 h before
sampling. Multivariate regression analysis was used to estimate the association between
anthropometric parameters and occupational exposure to phthalates, monitored by urinary
phthalate concentrations log-transformed to base 10. All statistical analyses were performed
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using the SPSS for Windows statistical package (version 14.0; SPSS Inc., Chicago, IL, USA).
A difference was considered statistically significant when p ≤ 0.05.

3. Results

The study population consisted of females (n = 50; 100%) with a mean age of
48.12 ± 10.74 years. Descriptive statistic of the study population is shown in Table 1.

Table 1. Descriptive characteristic of the cohort.

Anthropometric
Parameter

Percentile

Mean Median MIN MAX 5 95 SD

Body height (cm) 164.79 163.43 155.06 197.93 157.33 172.33 6.99
Body weight (kg) 71.45 68.15 55.10 122.50 57.20 107.60 14.61
BMI (kg/m2) 26.32 25.14 20.64 48.44 20.86 37.16 5.26
Hip circumference (cm) 103.63 102.50 90.00 148.33 92.00 128.33 10.55
Waist circumference (cm) 93.32 91.66 58.00 133.00 77.00 120.66 13.52
WHR 0.89 0.90 0.54 1.16 0.81 0.98 0.08
WHtR 0.56 0.55 0.35 0.84 0.46 0.72 0.08
FMI 9.06 7.82 1.14 26.35 2.62 17.54 4.52
Lean mass 46.76 46.30 38.08 60.15 38.17 59.50 6.37
FFMI 17.26 16.55 11.29 22.09 14.59 21.66 2.41
Visceral fat (%) 6.46 6.00 1.00 16.00 1.00 12.00 3.39
ABSI 0.08 0.08 0.05 0.10 0.08 0.09 0.01
HI 104.95 105.05 91.46 114.05 97.90 112.68 4.25
z BMI −0.18 −0.36 −1.05 3.05 −1.01 1.38 0.79
z ABSI 0.63 0.65 −5.54 3.36 −0.78 2.25 1.29
z HI 0.07 0.13 −3.11 2.01 −1.56 1.71 0.96
BMI risk 0.94 0.89 0.84 1.85 0.84 1.17 0.16
ABSI risk 1.14 1.08 0.86 1.65 0.87 1.65 0.23
HI risk 1.00 0.96 0.95 1.36 0.95 1.14 0.08
ARI risk 1.07 0.97 0.73 2.18 0.80 1.62 0.30

Note: BMI, body mass index; WHR, waist to hip ratio; WHtR, waist to height ratio; FMI, fat mass index; FFMI,
fat-free mass index; ABSI, A body shape index; HI, hip index; z BMI, BMI adjusted for age and sex; z ABSI, ABSI
adjusted for age and sex; z HI, HI adjusted for age and sex; BMI risk, the risk of premature mortality based on the
body mass index; ABSI risk, the risk of premature mortality based on the A body shape index; HI risk, the risk of
premature mortality based on the hip index; ARI risk, the risk of premature mortality based on the anthropometric
risk index.

Analysis of urine samples detected the presence of phthalate metabolites above LOQ
of MEP in each urine sample. The presence of metabolites above LOQ in urine samples
exceed the 90% limit in the case of MnBP, cx-MEPP (96%), of MiBP, of OH-MEHP (94%), of
OH MnBP (92%), and oxo-MEHP a cx-MINP (90%), followed by the presence of phthalate
metabolites OH-MiBP in 70% of samples, of MEHP and MBzP in 40% of samples, of oxo-
MiNP in 38% of samples; of MnOP in 6% of samples and MCHP and MiNP in 2% of
samples. The concentration of MnPeP was below the limit of quantification in all samples
(100%) from the examined cohort. Descriptive statistics of urinary phthalate metabolites
are shown in Table 2.

We observed associations between mono-benzyl phthalate (MBzP) and BMI risk
(r = 0.49, p ≤ 0.001),MBzP, mono-isobutyl phthalate (MiBP), mono-hydroxy-iso-buthyl ph-
thalate (OH-MiBP), mono-n-butyl phthalate (MnBP), mono-hydroxy-n-buthyl phthalate
(OH-MnBP), mono-2-ethylhexyl phthalate (MEHP) and Hip index risk (HI risk; r = 0.3–0.44;
p ≤ 0.04 respectively). Phthalate metabolites (MBzP, MiBP, MnBP, OH-MnBP), was associ-
ated with Anthropometric Risk Index (ARI risk; r = 0.32–0.33; p ≤ 0.03). MBzP was also
associated with BMI, HC, WC, WHtR, Fat mas index (FMI), FFMI and visceral fat content
(r = 0.31–0.55; p ≤ 0.033). Association was detected between mono-carboxy-isononyl phtha-
late (cx-MiNP) and Body mass index, hip circumference (HC), waist circumference (WC),
Waist to height ratio (WHtR), and Fat free mass index (FFMI) (r = 0.31–0.4; p ≤ 0.03).
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Table 2. Descriptive statistics of urinary phthalate metabolites (ng/mL).

Phthalate
Metabolite

Percentile

Mean Median SD MIN MAX 5 95

MMP 27.54 0.50 183.21 0.50 1297.04 0.50 8.95
MEP 102.00 33.77 177.44 1.81 823.21 2.91 487.29
MBzP 1.16 0.50 1.55 0.50 10.60 0.50 3.16
MiBP 23.35 15.82 24.97 1.77 122.90 1.77 86.67
OH-MiBP 4.77 2.00 9.39 0.50 60.33 0.50 11.76
MnBP 39.62 25.54 46.68 1.77 272.11 5.40 112.78
OH-MnBP 9.25 5.91 10.46 0.70 48.61 0.70 36.34
MEHP 1.99 1.00 1.55 1.00 7.19 1.00 5.17
OH MEHP 14.62 6.70 40.85 0.70 291.93 0.70 33.37
oxo MEHP 5.66 4.13 5.72 0.70 34.88 0.70 14.49
cx MEPP 10.66 9.17 9.73 0.70 66.66 2.56 19.97
MiNP 0.79 0.75 0.26 0.75 2.60 0.75 0.75
oxo MiNP 1.59 0.75 1.58 0.75 6.89 0.75 6.71
cx MiNP 3.89 2.97 3.38 0.70 19.75 0.70 9.69
MnPeP 1.25 1.25 0.00 1.25 1.25 1.25 1.25
MCHP 1.19 0.50 4.90 0.50 7.24 0.50 0.50
MnOP 0.83 0.75 0.33 0.75 2.42 0.75 1.74

Note: MMP, mono-methyl phthalate; MEP, mono-ethyl phthalate; MBzP, mono-benzyl phthalate,
MiBP, mono-isobutyl phthalate; OH-MiBP, mono-hydroxy-iso-buthyl phthalate; MnBP, mono-n-butyl
phthalate; OH-MnBP, mono-hydroxy-n-buthyl phthalate; MEHP, mono-2-ethylhexyl phthalate; OH
MEHP, mono(2-ethyl-5-hydroxyhexyl) phthalate; oxo-MEHP, mono(2-ethyl-5-oxohexyl) phthalate; cx-MEPP,
mono(2-ethyl-5-carboxypentyl) phthalate; MiNP, mono-isononyl phthalate; oxo MiNP, mono-oxo-isononyl ph-
thalate; cx MiNP, mono-carboxy-isononyl phthalate; mnPeP, Mono-n-pentyl phthalate; MCHP, mono-cyclohexyl
phthalate; MnOP, mono-n-octyl phthalate.

Using stepwise multiple linear regression analysis, we evaluated how the phthalate
metabolites could affect the anthropometric parameters. Table 3 shows a significant rela-
tionship between BMI and levels of MBzP (β = 0.655; p < 0.001) and MEHP (β = −0.365;
p = 0.003). We observed a similar pattern in the case of zBMI and BMI-risk. Furthermore,
we found significant relationship between hip circumference and levels of MBzP (β = 0.486;
p < 0.001), MEHP (β = −0.402; p = 0.001) and ∑DiNP secondary metabolites (β = 0.307;
p = 0.016). We observed a similar pattern in the case of waist circumference, WHtR, FMI,
and FFMI (Table 3). We found significant relationship between fat content and levels
of MBzP (β = 0.302; p = 0.033), OH-MnBP (β = −0.736; p = 0.006) and MiBP (β = 0.547;
p = 0.046); visceral fat content and levels of MBzP (β = 0.307; p = 0.030); HI-risk and levels
of MBzP (β = 0.444; p = 0.001); ARI-risk and ∑DnBP (β = 0.337; p = 0.018).

We observed in addition to these results a statistically significant difference between
phthalate concentrations in individuals who during the last 24 h consumed versus those
who did not consume margarine (OH-MiBP 3.872 ng/mL vs. 1.479 ng/mL; r = 0.35,
p = 0.012), sliced packaged cheeses (OH-MiBP 3.559 ng/mL vs. 1.433 ng/mL; r = 0.35,
p = 0.013), packaged meat products (MEP 47.954 ng/mL vs. 22.140 ng/mL; r = 0.29,
p = 0.042), and salami (MBzP 0.5 ng/mL vs. 0.78 ng/mL, r = 0.28, p = 0.052). Interestingly,
we also observed a statistically significant higher concentration of cx-MiNP, depending
on the use/non-use of protective equipment (vinyl medical gloves) (4.192 ng/mL vs.
2.319 ng/mL, r = −0.32, p = 0.025). On the other hand, we did not observe a statisti-
cally significant difference between concentration of phthalates and other aspects which
monitored their consumer behavior (physical activity, heating and consuming meals from
plastic container in microwave, drinking liquids from plastic caps or bottles, presence
of polyvinyl chloride flooring material). In models adjusted to consumer behavior and
consumer practices, we observed statistical significant associations between concentration
of MBzP and BMI, HC, WC, WHtR, and FMI, visceral fat content, BMI risk and HI risk,
adjusted to consumer behaviour and consumer practices (p ≤ 0.046, Table S1),
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Table 3. Stepwise multiple linear regression analysis of phthalate metabolites effect on the anthropo-
metric parameters.

Anthropometric Parameter
Phthalate

Metabolite
β (95% CI) p

BMI
MBzP 0.655 (7.219; 15.064) <0.001
MEHP −0.365 (−11.313; −2.558) 0.003

Hip circumference (cm)
MBzP 0.486 (8.123; 25.029) <0.001
MEHP −0.402 (−24.170; −6.462) 0.001
DiNP 0.307 (2.101; 19.085) 0.016

Waist circumference cm)
MBzP 0.497 (10.187; 33.283) <0.001
MEHP −0.291 (−27.084; −1.310) 0.032

WHtR
MBzP 0.520 (0.068; 0.205) <0.001
MEHP −0.312 (−0.168; −0.015) 0.019

Fat content (kg)
MBzP 0.302 (0.487; 20.047) 0.040

OH-MnBP −0.736 (−28.338; −5.101) 0.006
MiBP 0.547 (0.279; 26.777) 0.046

FMI
MBzP 0.565 (4.592; 11.916) 0.000
MEHP −0.330 (−9.469; −1.295) 0.011

FFMI
MBzP 0.307 (0.321; 4.458) 0.025
MMP 0.280 (0.055; 2.094) 0.039

Visceral fat content MBzP 0.307 (0.338; 6.400) 0.030

zBMI
MBzP 0.600 (0.916; 2.138) <0.001
MEHP −0.390 (−1.790; −0.426) 0.002

BMI-risk
MBzP 0.551 (0.150; 0.408) <0.001
MEHP −0.309 (−0.318; −0.031) 0.019

HI-risk MBzP 0.444 (0.047; 0.178) 0.001
ARI-risk DnBP 0.337 (0.042; 0.429) 0.018

Note: BMI, body mass index; WHtR, waist to height ratio; FMI, fat mass index; FFMI, fat free mass index; z BMI,
BMI adjusted for age and sex; BMI risk, the risk of premature mortality based on the body mass index; HI risk,
the risk of premature mortality based on the hip index; ARI risk, the risk of premature mortality based on the
anthropometric risk index; MMP, Mono-methyl phthalate; MiBP, mono-isobutyl phthalate; MBzP, Mono-benzyl
phthalate; MEHP, Mono-2-ethylhexyl phthalate; OH-MnBP, Mono-hydroxy-n-butyl phthalate; DiNP, Sum of Mono-
isononyl phthalate (MiNP), Mono-oxo-isononyl phthalate (oxo MiNP) and Mono-carboxy-isononyl phthalate
(cx MiNP); DnBP, sum of Mono-n-butyl phthalate (MnBP), Mono-hydroxy-n-butyl phthalate (OH-MnBP).

In same model, an association between metabolite MnBP and WHR (r = 0.36;
p = 0.046), metabolite cx-MiNP and BMI (r = 0.37; p = 0.043), HC (r = 0.4; p = 0.026),
WC (r = 0.35; p = 0.051) and WHtR (r = 0.38; p = 0.037), between oxo -MiNP and HC
(r = 0.36; p = 0.045), between MEHP and ABSI (r = 0.36; p = 0.05), HI risk (r = 0.41; p = 0.022),
and between oxo-MEHP and HI risk and ARI risk (r = 0.38–0.4; p ≤ 0.04) were detected.

4. Discussion

The main objective of our study was not only biomonitoring of occupational phthalate
exposure of nurses but the assessment of obesity-related anthropometric indices of the
participants based on actual measurements (not self-reported).

Results from biomonitoring of occupational phthalates exposure studies from Slovakia
and worldwide [25] indicates lower exposure in current study. As expected, we observed
temporal trends-declines in concentrations metabolites of phthalates that have been the
focus of legislative activities in past. On the other hand, after comparison with our study
from 2020 [26], nowadays we can observe an increase in the median MiNP, which is used
as a DEHP substituent. These results correspond well with other findings that observed
changes in phthalate exposure in the last decade in the general population. Although
exposures to DnBP, BBzP, and DEHP have declined, exposures to replacement phthalates
such as DiNP and DiBP have increased [27].
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The main challenge when protecting high-risk groups in acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) situation is to increase the use of protective equipment. On
the one hand, what appears positive can also have negative consequences, which applies to
medical devices manufactured with the addition of plasticizers. Biocidal active substances,
except others, pose as potential occupational health hazards. In a study analyzing hospital
indoor air, PAEs (phthalate esters) pollution was ubiquitous. PAEs concentration in air
varied widely between different hospital departments (hospitals’ drugstores, transfusion
rooms, nurses’ workstations, wards, doctors’ offices, and halls), and the pollution of
hospitals was more severe than that of newly decorated homes [28]. A study from 2021
also mentioned the migration of plasticizers (DEHP, DEHT, and DINP) from vinyl gloves is
worrying due to direct dermal contact and can contribute to greater concern with possible
toxic effects in the human body [29]. There also exists evidence of the occurrence of
phthalates and non-phthalate plasticizers in facemasks [30].

The cx-MINP is secondary metabolite of DiNP, which belongs to the plasticizer used as
a substituent of DEHP [31] in the manufacturing of many vinyl (polyvinyl chloride/PVC)
products, including general-purpose and medical examination gloves [32].

The concentration of this metabolite in our study was associated with the use of
protective equipment (vinyl medical gloves).

Association of the metabolite cx-MiNP, with BMI reported in our work agree with a
former study [33]. Associations between cx-MINP and other anthropometric parameters
(z BMI, hip circumference, waist circumference, WHTR, and FFMI) observed in our study,
therefore, suggest hypothetical linking with the metabolism of fat tissue (which deserves
more attention in further studies). The information mentioned above is supported by the
observation in which exposure to DiNP and DiDP (di-iso-decyl-phthalate) in mice resulted
in increased lipid accumulation in 3T3-L1 adipocytes, an effect likely mediated through
activation of PPARγ and interference at different levels with the transcriptional cascade
driving adipogenesis [34]. Additionally, in the context of the potential adipogenic activity
of phthalates, we observed an association between MBzP and BMI, HC, WC, WHtR, FMI,
visceral fat content, BMI risk, HI risk, and ARI risk. An association between MBzP and BMI
is consistent with Amin et al. [35]. In our study, ARI risk and HI risk was also associated
with concentration of MiBP, MnBP, and OH-MnBP. Moreover, benzyl butyl phthalate (BBP)
promoted the differentiation of 3T3-L1 through the activation of pathways in adipogenesis
and metabolic disturbance [36].

Our findings differ from the results of the National Nutrition and Health Survey
(NHANES) from 1992–2002, as well as from the study by Hatch et al. [37], presenting
mainly the metabolite MEP in a negative association with BMI. In contrast to our previous
study [38], showing a statistically significant correlation between FFMI and MiNP, in
the current study, we observed a positive correlation with concentration of OH-MnBP
(r = 0.30), MBzP (r = 0.32), MMP (r = 0.3) and cx-MiNP (r = 0.32). When comparing with
our former results [39], noting statistically significant associations between the metabolite
MEHP with WHtR, WHR, waist circumference, and hips, we did not show any statistically
significant relationships in this work. On the other hand, in the current study, we observed
an association between oxo MEHP and HI risk.

Discrepancies mentioned above may have been affected by the specificity of the cohort,
which, in addition to specific job classification, has consisted exclusively of women, who
have significant differences in body parameters and consumer habits compared to men.

The etiology of obesity is multifactorial and depends on gene-environment interactions.
EDCs may interfere with hormonal receptors that regulate adipogenesis and metabolic
pathways [40]. Phthalates are associated with metabolic syndrome [41,42], to be linked with
insulin resistance and type 2 diabetes [43], and obesity [35,44–47]. Observed were direct
associations between phthalates (MiBP and MBzP) and adiposity-related traits, BMI, and
waist circumference [48]. Animal and human fat cell models point to activation of PPAR-γ
by MEHP, which results in stimulating adipogenesis [49,50]. In vitro evidence of MEHP
effects on lipolysis, glucose uptake/glycolysis, and mitochondrial respiration/biogenesis
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has been published [51]. In conclusion, these findings support the theory that MEHP
accumulation disturbs the energy metabolism of fat cells.

The results of stepwise multiple linear regression analysis might also point to the
potential obesogenic effect of phthalates via their potential receptor-mediated activity.
However, it is still unclear if they affect adipose tissue metabolism, and further study is
needed to confirm or refute this hypothesis.

In evaluating the individual health risk, the case of BMI risk, HI risk, and ARI risk are
important, namely where exposure to phthalates is associated with a risk of complications
that affect quality and length of life (such as metabolic syndrome, diabetes mellitus, etc.).
We hypothesize that not only exposure to specific phthalates and their concentration,
but also the ratio between the concentration of specific phthalates would act in potential
obesogenic effect as well as in other metabolic, reproductive, and neurobehavioral contexts.

We hypothesize that, although there were lower concentrations of phthalates in our
study (in comparison to concentrations worldwide), which are commonly used in the
manufacture of disinfectants, antimicrobials, cleaning products, biocides, personal care
products, and biomedical materials (i.e., the daily occupational environment of nurses),
long-term exposure scenarios could result in the obese-related findings observed in our
study. This is only a hypothesis since the limitation of our study is also the absence of diester
analyses from the air and medical devices. An aspect that we should take into account is
also the higher age of the nurses in our study. Most were at an age when the perimenopausal
transition occurs [52]. This suggests a hormonally sensitive period associated with changes
in body weight. In a study from 2021, authors observed associations between MEHP,
MEHHP, and MEOHP and one-year BMI change in women who transitioned from peri-
to post-menopause from baseline to first follow-up [53]. In another study, phthalate
metabolites were positively associated with hormones (estradiol, progesterone, and FSH)
in premenopausal women [54]. The results of our study therefore hypothetically support
the assumption that phthalates can act obesogenically (i.e., behave differently depending
on their concentration and period of life when individuals are more hormonally sensitive).

Since some EDCs may interfere with hormonal receptors that regulate adipogenesis
and metabolic pathways, we hypothesize that several phthalate esters act as agonists
and/or antagonists via estrogen, androgen receptors, and PPARs [40,55,56]. The ratio
between individual phthalates can be crucial for understanding different effects at the
molecular level, and further studies are needed to elucidate this theory. Obviously, the
synergic effect with other substances with endocrine-disrupting character and different
routes of exposure has to be taken into account (lifestyle, consumer practices, etc.).

The other relevant aspect being discussed in the context of phthalates exposure is
consumer behavior and consumer practices. One of these is practices related to meat pack-
aging. In our study, individuals who consumed packaged meat products during the last
24 h compared to those who did not consume them had statistically higher concentrations
of MEP (meat) and MBzP (salami, in which supports this hypothesis, in agreement to
detection of high concentrations of phthalates in non-frozen packaged meat products [57].

In this study, we also observed increased concentrations of OH-MiBP in individuals
who consumed sliced packaged cheeses during the last 24 h, and increased OH-MiBP
in those who consumed margarine, compared to slightly higher concentrations of BBzP
(8.4/g/mL) and DMP (11.7 μg/mL) compared to those consuming dairy products (eggs,
milk, cheese) [58].

The results mentioned in the previous paragraphs deserve the attention of further
studies in the context of associations between the concentration of MBzP and BMI, HC,
WC, WHtR, and FMI, visceral fat content, BMI risk, and HI risk, an association between
metabolite MnBP and WHR, cx-MiNP, and BMI, HC, WC, and WHtR, also between oxo
-MiNP and HC, between MEHP and ABSI, HI risk, and between oxo-MEHP and HI risk and
ARI risk, adjusted to the consumer behavior and consumer practices p ≤ 0.046) observed in
our study.
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Further, the ability of DBP and MEHP to penetrate mineral waters was detected, show-
ing that the intake of fluids packaged in plastic containers increases exposure to phthalates
and endangers the health of the exposed person [59] in conformity to the presence of DBP,
DMP, DEP, and BBP in mineral bottled waters stored at room temperature [60]. Similar
results were achieved by monitoring the presence of migration of DBP, DMP, DEP, and
DnOP from plastic bottles to bottled water [61]. This is in contrast to our findings, in which
we did not observe associations between the concentration of phthalates and consumer
behavior (e.g., physical activity, heating and consuming meals from the plastic container in
the microwave, drinking liquids from plastic caps or bottles, presence of polyvinyl chloride
flooring material).

We hypothesize the results of our study support the hypothesis that the prevalence
of obesity, besides being well-known, may be supported by several many lesser-known
environmental factors that act in parallel [62].

Our study has several limitations. The participants were recruited from one region
of Slovakia. Hence, the results should be applied cautiously to other populations. On the
other hand, in terms of cohort uniformity, it is an advantage. Limited understanding of
confounding factors, making up lifestyle, and modifying the concentration-effect associ-
ations, has to be taken into account. There also exists evidence that exposure to artificial
lighting can directly affect circadian rhythms, resulting in weight gain and obesity not only
in animals [63] but in humans, as well [64–67]. Nighttime illumination and disruption of
circadian rhythms due to night shifts may be one of the factors influencing the development
of obesity in our cohort. Further studies are needed to determine whether the results are
consistent under different criteria.

5. Conclusions

The results suggest a hypothetical non-monotonic dose-response obesogenic activity of
phthalates, demonstrated by the increase of abdominal obesity among nurses and estimated
through novel anthropometric indices (such as ABSI, HI, or ARI), pointing to a real increase
of health risk in perimenopausal transition. The present findings also emphasize the need
for monitoring chemicals in the workplace of nurses as synergic effects with other chemicals
and stressors could result in obesity-related diseases. The small sample size was one of
the limitations of our study to realize these results. For this reason, our results cannot be
generalized to the broader community based on this study alone.

Risk reduction of phthalate occupational exposure may be attained by the use of
non-toxic alternatives. In this context, healthcare facilities and professionals present an
important step in substituting of hazardous chemicals due to an ethical responsibility to
use less hazardous products for patients and less purchasing power.

As an alternative to this measure, the development and implementation of a health-
related physical fitness intervention program can promote and improve health and promote
the working efficiency of nurses. The prevention, based on wellness and physical exercise
paid by an employer as compensation for occupational health risk, can be efficient.
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39. Petrovičová, I.; Kolena, B.; Šidlovská, M.; Pilka, T.; Wimmerová, S.; Trnovec, T. Occupational exposure to phthalates in relation to
gender, consumer practices and body composition. Environ. Sci. Pollut. Res. Int. 2016, 23, 24125–24134. [CrossRef] [PubMed]

40. Biemann, R.; Blüher, M.; Isermann, B. Exposure to endocrine-disrupting compounds such as phthalates and bisphenol A is
associated with an increased risk for obesity. Best Pract. Res. Clin. Endocrinol. Metab. 2021, 35, 101546. [CrossRef] [PubMed]

41. James-Todd, T.M.; Huang, T.; Seely, E.W.; Saxena, A.R. The association between phthalates and metabolic syndrome: The National
Health and Nutrition Examination Survey 2001–2010. Environ. Health. 2016, 15, 52. [CrossRef]

42. Newbold, R.R.; Padilla-Banks, E.; Jefferson, W.N. Environmental estrogens and obesity. Mol. Cell. Endocrinol. 2009, 304, 84–89.
[CrossRef]

43. Karabulut, G.; Barlas, N. The possible effects of mono butyl phthalate (MBP) and mono (2-ethylhexyl) phthalate (MEHP) on
INS-1 pancreatic beta cells. Toxicol. Res. 2021, 10, 601–612. [CrossRef]

44. Stojanoska, M.M.; Milosevic, N.; Milic, N.; Abenavoli, L. The influence of phthalates and bisphenol A on the obesity development
and glucose metabolism disorders. Endocrine 2016, 55, 666–681. [CrossRef]

45. Stahlhut, R.W.; van Wijngaarden, E.; Dye, T.D.; Cook, S.; Swan, S.H. Concentrations of urinary phthalate metabolites are associated
with increased waist circumference and insulin resistance in adult U.S. males. Environ. Health Perspect. 2007, 115, 876–882.
[CrossRef]

127



Toxics 2022, 10, 143

46. Song, Y.; Hauser, R.; Hu, F.B.; Franke, A.A.; Liu, S.; Sun, Q. Urinary concentrations of bisphenol A and phthalate metabolites and
weight change: A prospective investigation in US women. Int. J. Obes. 2014, 38, 1532–1537. [CrossRef] [PubMed]

47. Lind, P.M.; Roos, V.; Rönn, M.; Johansson, L.; Ahlström, H.; Kullberg, J.; Lind, L. Serum concentrations of phthalate metabolites
are related to abdominal fat distribution two years later in elderly women. Environ. Health. 2012, 11, 21. [CrossRef] [PubMed]

48. Van der Meer, T.P.; van Faassen, M.; van Beek, A.P.; Snieder, H.; Kema, I.P.; Wolffenbuttel, B.H.; van Vliet-Ostaptchouk, J.V.
Exposure to Endocrine Disrupting Chemicals in the Dutch general population is associated with adiposity-related traits. Sci. Rep.
2020, 10, 9311. [CrossRef] [PubMed]

49. Campioli, E.; Batarseh, A.; Li, J.; Papadopoulos, V. The endocrine disruptor mono-(2-ethylhexyl) phthalate affects the differentia-
tion of human liposarcoma cells (SW 872). PLoS ONE 2011, 6, e28750. [CrossRef]

50. Feige, J.N.; Gelman, L.; Rossi, D.; Zoete, V.; Métivier, R.; Tudor, C.; Anghel, S.I.; Grosdidier, A.; Lathion, C.; Engelborghs, Y.; et al.
The endocrine disruptor monoethyl-hexyl-phthalate is a selective peroxisome proliferator-activated receptor gamma modulator
that promotes adipogenesis. J. Biol. Chem. 2007, 282, 19152–19166. [CrossRef]

51. Chiang, C.; Flaws, J.A. Subchronic Exposure to Di(2-ethylhexyl) Phthalate and Diisononyl Phthalate During Adulthood Has
Immediate and Long-Term Reproductive Consequences in Female Mice. Toxicol. Sci. 2019, 168, 620–631. [CrossRef]

52. Bacon, J.L. The Menopausal Transition. Obstet. Gynecol. Clin. 2017, 44, 285–296. [CrossRef]
53. Haggerty, D.K.; Flaws, J.A.; Li, Z.; Strakovsky, R.S. Phthalate exposures and one-year change in body mass index across the

menopausal transition. Environ. Res. 2021, 194, 110598. [CrossRef]
54. Chiang, C.; Pacyga, D.C.; Strakovsky, R.S.; Smith, R.L.; James-Todd, T.; Williams, P.L.; Hauser, R.; Meling, D.D.; Li, Z.; Flaws, J.A.

Urinary phthalate metabolite concentrations and serum hormone levels in pre- and perimenopausal women from the Midlife
Women’s Health Study. Environ. Int. 2021, 156, 106633. [CrossRef]

55. Takeuchi, S.; Iida, M.; Kobayashi, S.; Jin, K.; Matsuda, T.; Kojima, H. Differential effects of phthalate esters on transcriptional
activities via human estrogen receptors alpha and beta, and androgen receptor. Toxicology 2005, 210, 223–233. [CrossRef]

56. Engel, A.; Buhrke, T.; Imber, F.; Jessel, S.; Seidel, A.; Völkel, W.; Lampen, A. Agonistic and antagonistic effects of phthalates
and their urinary metabolites on the steroid hormone receptors ERα, ERβ, and AR. Toxicol. Lett. 2017, 277, 54–63. [CrossRef]
[PubMed]

57. Page, B.D.; Lacroix, G.M. The occurrence of phthalate ester and di-2-ethylhexyl adipate plasticizers in Canadian packaging and
food sampled in 1985–1989: A survey. Food Addit. Contam. 1995, 12, 129–151. [CrossRef] [PubMed]

58. Serrano, S.E.; Karr, C.J.; Seixas, N.S.; Nguyen, R.H.; Barrett, E.S.; Janssen, S.; Redmon, B.; Swan, S.H.; Sathyanarayana, S. Dietary
phthalate exposure in pregnant women and the impact of consumer practices. Int. J. Environ. Res. Public Health 2014, 11, 6193–6215.
[CrossRef] [PubMed]
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