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Introduction:

This review seeks to consolidate and summarize the existing literature regarding exposure of
the parturient to halogen gas or to gases or vapors of halogenated molecules and the
consequent maternal and fetal considerations of halogen toxicity. Given the limitations of
currently existing peer-reviewed literature regarding halogen exposure in pregnancy, we
focus this review primarily on bromine and cardiopulmonary injury. Additionally, we will
discuss potential therapeutic targets and considerations for future investigation.

The elemental halogens are oxidizing and electrophile agents comprising Group 17 of the
periodic table with a multitude of commercial and industrial uses. While these elements are
utilized broadly in a variety of contexts in the modern era, the history of inhaled anesthetics
provides an informative context through which to understand the potential benefits, toxic
potential, and weaponization of halogen derivatives. The halogenated inhalational
anesthetics are a prime example of the medicinal utility of the halogens with halothane being
halogenated with fluorine, chlorine, and bromine; isoflurane with fluorine and chlorine; and
both sevoflurane and desflurane halogenated only with fluorine(Suckling and Raventos
1958; Sherer and Kuhn 1960; Suckling and Raventos 1960; Rozov et al. 1993; Rozov et al.
1995; Terrell 1999).

Interestingly, the impetus for the development of today’s volatile anesthetic agents was
partially due to inadvertent halogen gas injury caused by earlier iterations of inhaled
anesthetics. The clinical use of ether and chloroform, two agents employed in the early days
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of anesthesiology, brought to light significant safety concerns. In particular, the delivery of a
chloroform anesthetic posed significant risks to physicians as well as their patients due to the
decomposition of the gas to hydrogen chloride, chlorine, and phosgene gases due to
exposure of chloroform to oxygen and to the open flames which provided light in the
operating rooms of the time. The dangerous combination of open flame and chloroform led
to numerous cases of halogenated inhalational injury including incidents reported in a case
series from The Lancet in 1894 where the authors wrote, “Under certain circumstances
attending its administration, chloroform may act as a severe irritant to the larynx, producing
spasmodic cough and dyspnea; secondarily these toxic effects are not exerted upon the
patient but upon the operator and his assistants.(Lee 1894; Firth 2016)” Additional reports of
upper respiratory symptoms and delayed complications continued to emerge, including
several deaths of patients, physicians, and nurses attributed to the combination of chloroform
anesthesia, open flames, and poor ventilation. These incidents helped to further encourage
development of more stable inhalational anesthetics(Firth 2016). Contemporaneously,
diphosgene, a modification of the chloroform degradation product phosgene, was unleashed
on the battlefield of Verdun demonstrating the devastating potential of employing
halogenated gas as a chemical weapon. Thus, through attempts to avoid inhalational halogen
toxicity, the process of halogenation was employed to craft more stable volatile agents
suitable for clinical use resulting in the modern class of halogenated volatile anesthetics. In
succession, halothane, isoflurane and the sevoflurane were developed with toxicity reduced
at each step.

Today the non-medical applications of the halogens are myriad with bromine having
continued value in photographic development, dyes, purification agents, disinfectants, and as
a flame retardant. Chlorine remains commonly utilized for water sanitation and is employed
broadly for numerous industrial and medicinal processes. Several reports indicate that
bromine is a more effective disinfectant than chlorine resulting in an increased utilization of
bromine for drinking water purification(Floyd et al. 1976; Coulliette et al. 2010; World
Health Organization 2018). To facilitate this demand global production of bromine exceeds
500,000 tons annually with the United States, China, and Israel (where the Dead Sea serves
as an important source of bromine) responsible for the majority of production(The
International Bromine Council). Chlorine is produced on a larger scale with a global
estimation of 58 million metric tons of chlorine and 62 million metric tons of sodium
hydroxide (a co-product of chlorine) produced annually(World Chlorine Council).

The production process, transport, storage, and utilization of halogens provides numerous
potential interfaces for human exposures through accident or deliberate malicious intent. A
2011 railroad accident resulted in release of an estimated 24-50 liters of bromine engulfing a
portion of Chelyabinsk, Russia in a cloud of vapor and leading to at least 42 hospitalizations
and over 200 patients seeking medical attention(BBC News 2011). Graniteville, South
Carolina was the site of another calamitous train accident in 2005 where a collision released
11,500 gallons of chlorine resulting in hundreds of injuries and 9 deaths(Fretwell 2015). A
recent incident at a water treatment facility in Birmingham, Alabama resulted in exposure of
several individuals to chlorine gas with over 50 patients presenting to local hospitals and
some exposed individuals subsequently requiring hospitalization(WVTM 13 2019).
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The unpredictable nature of a small-scale or mass casualty incident necessitates that
clinicians and researchers assess for threats to numerous unique and potentially vulnerable
demographic groups including infants, children, elderly individuals, and pregnant women.
At any given time pregnant women are estimated to account for 1-2% of the general
population in the United States and up to 5% of women of reproductive age are pregnant or
up to 6 weeks postpartum(Mosher et al. 2004; Jamieson et al. 2009; Centers for Disease
Control and Prevention 2019). The Pandemic and All-Hazards Preparedness Reauthorization
Act of 2013 (H.R. 307) identifies women within the peripartum period as a population with
special clinical needs, recognizing the unique pathophysiological milieu as potentially
increasing risk in the event of a natural or man-made disaster or pandemic(Centers for
Disease Control and Prevention 2019). The normal maternal physiological adaptations to
pregnancy that allow for fetal growth and development along with maternal hemostasis in
the peripartum period have significant implications for cardiorespiratory function and
consequently create a unique risk profile for exposure to cardiopulmonary toxins.

Bromine gas exposure:

Bromine exists as a corrosive, volatile liquid at room temperature and violation of a
container or lead-lined tank will result in release of an orange-tinted malodorous vapor.
Occupational exposures may occur in facilities utilizing bromine for industrial purposes or
during routine maintenance of pools or hot tubs. Transportation mishaps also may result in
individual or large-scale exposures as occurred in Russia and South Carolina. Bromine
storage facilities are potential targets for terrorist attacks as demonstrated by a suicide attack
in Ashdod, Israel in 2004 where the explosive detonation at a port fortunately did not
destroy the nearby bromine tanks thought to be the target of the attack(Makarovsky et al.
2007). Bromine and chlorine content of tobacco smoke is largely overlooked, but well-
documented(Hé&sénen et al. 1990; Muller et al. 2011; Miller et al. 2012; Azman et al. 2016).
Finally, direct employment of bromine gas as a weapon by regimes or terrorist factions
remains a possibility.

Direct pulmonary toxicity of halogen exposure: Bromine gas exposure can acutely
lead to bronchospasm, lung edema, respiratory distress, and alveolar hemorrhage with the
eventual development of chronic fibrosis or peribronchiolar abscesses noted in
survivors(Lam et al. 2016). The US Centers for Disease Control and Prevention National
Institute for Occupational Safety and Health (NIOSH) lists an Immediately Dangerous to
Life or Health Concentration (IDLH) of 3 ppm for bromine based on acute toxicity data in
humans. The NIOSH recommended exposure limit is 0.1 ppm and the US Department of
Labor Occupational Safety and Health Administration (OSHA) takes a similar stance and
lists a permissible exposure limit of 0.1 ppm(Centers for Disease Control and Prevention
National Institute for Occupational Safety and Health 2014). The National Advisory
Committee for Acute Exposure Guideline Levels (AEGL) for Hazardous Substances are
based on small human studies where eye irritation manifested at lower concentrations (basis
for AEGL-1 [non-disabling] of 0.033 ppm for any exposure duration) followed by
conjunctival, nose, and throat irritation (basis for AEGL-2 [disabling] of 0.095 — 0.55
contingent upon exposure duration). Lethal doses (AEGL-3) were derived from animal
experiments and influenced by noted lethal dose of chlorine gas and range from 19 ppm for
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a 10m exposure to 3.3 ppm for 8 hours(National Research Council Committee on Acute
Exposure Guideline Levels 2010). Of note, our data indicate a higher lethal dose for mice.
Data on large animals is lacking.

In mice post-exposure to Bry, elevated levels of heme were found in lung tissue,
bronchoalveolar lavage (BAL) fluid, and plasma. Increased measured heme levels correlated
with lung injury, inflammation, and oxidative stress. Facilitation of heme degradation by
hemopexin administered post-exposure improved survival of the mice and reduced lung
injury and inflammation(Lam et al. 2016). Additionally, in mice exposed to Br; a biphasic
pattern of morbidity and mortality is observed with a high immediate mortality followed by
a 4-5 day plateau leading into a subsequent second spike in mortality(Aggarwal et al. 2016;
Lam et al. 2016). This second, chronic phase of injury is characterized by peribronchial
fibrosis and emphysema-like enlargement of alveoli(Aggarwal et al. 2018). The developing
lung appears to be especially sensitive to the toxic effects of bromine. Exposure of neonatal
mice to bromine resulted in impaired alveolar development, inflammation, and altered gene
expression indicative of severe derangements in lung development(Jilling et al. 2018).

Systemic absorption and distribution: While pulmonary injury is perhaps the most
dramatic and immediately apparent sequelae of Br, exposure, broader systemic involvement
was observed in both humans and in animal models post bromine exposure. Table 1
summarizes the acute and chronic effects of bromine exposure by organ system. The
systemic distribution of symptoms distant from the site of acute exposure (ie. skin, mucous
membranes, and the lungs) may reflect downstream effects of mediators generated by
bromine exposure, such as brominated lipids disseminating throughout the body, free heme
generated during the course of the injury, and the secondary effects of inflammatory and
hormonally-mediated stress responses(Aggarwal et al. 2016; Lam et al. 2016; Aggarwal et
al. 2018; Duerr et al. 2018; Ahmad et al. 2019).

Chlorine, bromine, and their hydrolysis products hypochlorous and hypobromous acid,
respectively, are oxidants and as such interact with the antioxidants ascorbate, urate, and
glutathione contained within the epithelial lung fluid(Squadrito et al. 2010; Yadav et al.
2010; Lam et al. 2016). Upon exposure to chlorine antioxidant stores are quickly depleted
and chlorine and hypochlorous acid are free to interact directly with lung epithelial plasma
membrane components(Leustik et al. 2008; Squadrito et al. 2010; Yadav et al. 2010).
Bromine exposure likely progresses through an analogous process with bromine and
hypobromous acid leading to formation of brominated fatty acids and aldehydes(Lam et al.
2016). Evidence of this was demonstrated in rats exposed to bromine where 2-
Bromohexadecanal (a brominated fatty acid) was found in both the plasma and left
ventricles of the animals(Ahmad et al. 2019). Brominated fatty acids have been shown to
injure the vasculature and the heart. Additionally, exposure of red blood cells to brominated
fatty acids or to brominated fatty aldehydes increases their fragility, likely contributing to
increased plasma heme levels measured post-exposure to Bro(Aggarwal et al. 2016).
Increased heme levels in the systemic circulation have been shown to injure the vasculature,
heart, kidney, and other organs(Ryter and Tyrrell 2000; Wagener et al. 2001; Vermeulen
Windsant et al. 2010; Kubota et al. 2017).
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Halogen exposure in preghancy or infancy:

Data regarding pregnancy and bromine or other halogen exposures are scarce, with the
preponderance of evidence stemming from mouse models. Environmental outcomes data
support a potential linkage between elevated relative levels of bromine disinfection by-
products detected in water supplies and both preterm delivery and birth defects(Chisholm et
al. 2008; Horton et al. 2011). Experiments in pregnant rats to determine the influence of
brominated flame retardants on mammary gland development have demonstrated that dietary
administration of brominated flame retardants in analogous concentrations to those seen in
household dust reduce phosphor-ser675 B-catenin (p-BcatS€r675), reducing its interaction
with E-cadherin. Preservation of intracellular junctions is important for mammary gland
function and abnormalities in junctional proteins (including E-cadherin) are linked to breast
cancer. However, in these experiments the structure and function of the mammary gland was
not appreciably altered and interestingly the most pronounced reduction in p-pcatSeré7s
occurred in the lowest dose treatment groups thus having more limited relevance to the
question of severe, acute bromine gas exposure (Dianati et al. 2017).

The scientific literature is replete with basic, translational, and clinical investigations
regarding the safety of modern halogenated volatile anesthetics particularly in relation to
early childhood neurodevelopment. There is much interest in this topic globally given the
potential clinical implications of anesthetic-induced neurotoxicity, however there are
significant limitations to translating the negative neurodevelopmental effects noted in animal
models (alterations in cellular organization, neuronal apoptosis, and abnormal
synaptogenesis for example) to the clinical arena(Clausen et al. 2019). Fortunately, the
clinical evidence appears to reinforce the relative safety of modern anesthetic techniques
with the largest and most robust trials to date not findings a significant deleterious effect
after early childhood administration of halogenated anesthestics(Sun et al. 2016; Warner et
al. 2018; McCann M. E. et al. 2019; McCann Mary Ellen and Soriano 2019; Vutskits and
Culley 2019). There is considerably less evidence available regarding maternal anesthetic
exposure and future neurodevelopmental outcomes in offspring.

At present, clinically relevant doses of halogenated anesthetics do not seem to present a
significant risk to human neurodevelopment. However, it is important to differentiate the
relatively small doses of short-term volatile anesthetics administered in the highly-controlled
environment of the operating room and the chronic, trace environmental exposure possible
from water purification from the starkly contrasting acute, high-dose exposures seen in
recent industrial accidents. High-level, acute exposures to halogen vapors as would be seen
in an industrial accident or terrorist incident are fortunately not documented in parturients.

Physiology of pregnancy and considerations for toxic halogen gas exposure:

Due to the increased metabolic demands of pregnancy the parturient both consumes more
oxygen as well as produces more carbon dioxide with a concurrent 45-50% increase in
minute ventilation (MV) by the second trimester to meet the increased demand. This
increase is driven by a rise in tidal volume with a minimal change noted in respiratory rate
and a reduction in alveolar dead space(Bedson and Riccoboni 2013). Thus, pregnancy
induces a state of relative arterial hypocarbia with a compensatory renal excretion of
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bicarbonate resulting in a mild, compensated respiratory alkalosis (normal range: pH 7.40—
7.47, HCO3—- 20 mEg/L, PaCO, 30 mmHg)(Chestnut 2019). Additionally, the gravid uterus
displaces the diaphragm cephalad resulting in a significant decrease in functional residual
capacity (FRC). This constellation of changes predisposes the parturient to rapid hypoxemia
during apnea as well as to an increased uptake of inhalational halogenated anesthetic agents.
Subsequent to toxic exposure to a halogenated agent the clinician should anticipate a
parturient to demonstrate an increased susceptibility and more rapid progression to arterial
hypoxemia both acutely during exposure and post-exposure if acute lung injury is incurred.
In addition, the parturient is at risk for increased alveolar exposure and uptake of
halogenated agents, potentially increasing the toxic exposure at a given concentration.
Indeed the equilibration of alveolar and blood concentrations of halogenated volatile
anesthetic agents is accelerated in pregnancy due to the combination of alveolar
hyperventilation (increased MV) and decreased FRC despite the concurrent increase in
cardiac output. In clinical practice this effect combines with the reduced minimum alveolar
concentration (MAC) observed in pregnancy to speed the induction of general anesthesia in
the parturient. While human data for accidental halogen exposure is lacking, these insights
from halogenated anesthetics in the clinical arena suggest that a combination of increased
biological sensitivity (as evidenced by decreased MAC) as well as a higher dose exposure
(increased halogen uptake into the bloodstream) could synergize to increase the risk to
pregnant women after halogen exposure. Conversely, other physiological adaptations
including an increase in plasma volume along with an increase in cardiac output may alter
the response of a parturient to a halogenated gas and could be protective to some degree.

Finally, pregnancy presents the clinician with two patients to address. The impact of
halogen-containing toxins on fetal development, growth, and outcomes must be considered,
particularly since halogenated compounds could catabolize to form halogenated molecules
with toxic fetal effects.

Halogen exposure in pregnant mice:

Acute exposure: Pregnant and non-pregnant mice demonstrated profound hemodynamic
changes during 30 minute exposures to 600 ppm bromine. To assess hemodynamic changes
during and after bromine exposure the pressure transducer of a telemetry implant was
advanced to the aortic arch via access through the left carotid artery and a telemetry device
was implanted subcutaneously in pregnant and non-pregnant mice. Blood pressure in the
aortic arch was continuously recorded at a 20 MHz sampling frequency, and temperature at
the site of implant was recorded in 5 min intervals. Both pregnant and non-pregnant mice
demonstrated profound bradycardia during Br, exposure (Figures 1 & 2). Concurrently the
animals exhibited an increase in systemic blood pressure with a widening of the pulse
pressure. Finally, significant hypothermia developed in mice (both pregnant and non-
pregnant) exposed to bromine (Figure 1). These hemodynamic changes persisted during the
course of exposure and for 60 minutes post-exposure. Bromine exposure causes respiratory
depression in both pregnant and non-pregnant mice analogous to the respiratory depressant
effects of chlorine exposure. Chlorine is known to activate the chemosensory transient
receptor potential cation channel, subfamily A, member 1 (TRPAL) triggering a respiratory
depressant response in mice(Bessac and Jordt 2008). It is plausible that bromine causes
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hypopnea by the same mechanism. TRPA1-induced hypopnea may reduce respiratory rate in
pregnant mice such that differences in minute ventilation between pregnant and non-
pregnant animals are negated. To-date, no studies including tidal volume measurements
during acute bromine exposure have been performed limiting our ability to compare minute
ventilation between groups.

Maternal Survival: The pregnant state appears to confer physiologic changes that reduce
the resilience of the parturient during an exposure to bromine. This increased susceptibility
is illustrated by a significant decrease in survival post-exposure. Interestingly, the outcomes
of pregnant compared to non-pregnant mice diverge at 24 hours post-exposure indicating
that pregnancy-specific mechanisms of toxicity take time to develop and manifest. Figure 3
depicts the survival curves of pregnant and non-pregnant air control mice over the five days
subsequent to exposure corresponding to gestational day (E) 14.5 to E 19.5. Pregnant mice
exposed to 600ppm bromine for 30 minutes demonstrated a 36% mean survival at five days
compared with non-pregnant control mice (80%) for a mean a difference of 44%(Lambert et
al. 2017). A subsequent investigation similarly found a 48% mean survival in pregnant mice
with the same exposure parameters(Addis et al. 2020). The precise underlying etiology of
death in these mice remains unclear but is likely multifactorial.

Lung Injury: Within 24 hours of exposure to bromine both pregnant and non-pregnant
mice demonstrate elevated broncheoalveolar lavage fluid protein content and increased
wet/dry lung weight ratios (Figure 4)(Aggarwal et al. 2016; Lambert et al. 2017; Addis et al.
2020). In the surviving non-pregnant exposed animals this acute injury pattern demonstrates
progression to a chronic injury pattern around 3 days post-exposure. This chronic phase of
injury is characterized by developing peribronchial fibrosis and emphysema-like dilation and
destruction of alveoli(Aggarwal et al. 2018). In contrast, pregnant animals demonstrated a
pattern consistent with ongoing and progressive acute injury past post-exposure day 3. The
ratio between wet and dry weight of lungs procured at E 18.5 were significantly increased in
pregnhant mice exposed to bromine indicating an increased degree of pulmonary edema
(Figure 4). This was in contrast to non-pregnant mice which exhibited normal lung wet:dry
weight ratios at three days post exposure. Pregnant animals had significantly increased levels
of BAL fluid protein as compared to air-exposed control pregnant mice at E18.5, and
bromine-exposed non-pregnant mice did not exhibit elevated BAL fluid protein at the same
time point (Figure 4). SaO, was also decreased in pregnant mice exposed to bromine and
arterial blood gas measurements indicated a respiratory acidosis (mean pH 7.05, mean
PaCO, 69.2)(Figure 4)(Lambert et al. 2017). These findings were demonstrated in
subsequent experiments again noting significantly higher lung wet:dry ratios, and BAL fluid
protein(Addis et al. 2020). Additional investigation into BAL fluid content was performed
and pregnant Bry exposed mice demonstrated increases in total cell count, macrophages, and
neutrophils(Addis et al. 2020).

One possible explanation for the increased susceptibility of pregnant mice to halogens is that
they inhale higher levels of bromine because of higher alveolar ventilation as compared to
non-pregnant animals. To test this hypothesis we measured levels of a brominated fatty acids
in the plasma, formed by the interaction of bromine and plasmalogens(Ford et al. 2016;
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Duerr et al. 2018). As shown in Figure 5, pregnant and non-pregnant mice exposed to
bromine had similar levels of 18C brominated fatty acids in the plasma. Additionally, the
survival curves observed in non-pregnant and pregnant mice exposed to Br, show a delayed,
as opposed to immediate increase in mortality in pregnant mice, the higher degree of lung
injury was evident in pregnant mice at times distant (72 and 96h post exposure), and
treatments specifically tailored to mechanisms we observed in pregnant mice only had
therapeutic benefit only in pregnant mice, indicating sequential development of mechanisms
of toxicity that are specific to pregnancy. These data suggest that changes in minute
ventilation did not fully account for increased susceptibility of pregnant mice to bromine
(Figure 5) and thus the differences in halogen toxodynamics in pregnancy may overshadow
toxokinetic mechanisms.

Placental injury, fetal growth restriction, and a preeclamptic phenotype in
pregnant mice: In addition to demonstrating an increase in systemic blood pressure
acutely during bromine exposure, pregnant mice also had a 40% elevation in invasive
diastolic aortic blood pressure compared to non-pregnant controls 4 days later on E
18.5(Lambert et al. 2017). The blood pressure values reported in Lambert et al. were
obtained in anesthetized mice using a pressure transducer advanced into the aortic arch.
Comparison of these preexisting blood pressure recordings in anesthetized mice to
continuous blood pressure recordings in non-anesthetized mice using telemetry shown in
(Figure 6) clearly demonstrate the limitations of performing these measurements under
anesthesia. The measured BP of 75/50 in air exposed anesthetized mice (reported by
Lambert et al. 2017) are well-below the expected normative values, while the BP of 120/80
in air exposed non-anesthetized mice are a good match to the expected values in mice.
Additionally, in Bry exposed anesthetized mice we only observed a significant increase of
diastolic blood pressure, while in non-anesthetized Bry exposed mice we observed
significantly elevated both systolic and diastolic pressures as compared to air exposed non-
anesthetized mice (Figure 6).

The systemic hypertension in Br, exposed pregnant mice is concurrently observed along
with hindered placental development. The characteristic markers of the junctional zone (the
zone of trophoblast invasion into the decidua on the maternal side and the labyrinth on the
fetal side) are glycogen containing cells detected by periodic acid Schiff (PAS) labeling and
by CDX2 transcription factor. These markers were notably decreased in placentae of Bry
exposed pregnant mice as compared to placentae of air exposed mice (Figure 7)(Lambert et
al. 2017). Quantitative evaluation of several similar sections revealed that there was a
significant decrease in the area of junctional zone in placentae of Br, exposed pregnant
mice. Predictably, alterations in placental development were accompanied by severe fetal
growth restriction with decreased fetal length and weights noted after bromine exposure as
demonstrated in Figure 3(Lambert et al. 2017). Severe fetal growth restriction was also
demonstrated in similar experiments with Bry exposed pregnant mice (600 ppm, 30 minutes)
and was also accompanied by a significantly decreased area of the junctional zone(Addis et
al. 2020). This constellation of findings is reminiscent of preeclampsia, a pathological
condition with a similar phenotype observed in human pregnancies also characterized by
abnormal placentation, hypertension, and fetal growth restriction.
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Endothelial dysfunction: Endothelial dysfunction and alterations in angiogenic pathway
mediators are thought to be integral to the development of human preeclampsia. The soluble
form of the vascular endothelial growth factor receptor 1 (VEGFR1) also known as soluble
fms-like tyrosine kinase-1 (sFIt-1) is overexpressed in preeclampsia and acts as a decoy
receptor binding to VEGF and placental growth factor (PIGF), thus preventing downstream
activation of the VEGFRL1 pathway. Increased plasma levels of sFlt-1 as well as an increase
in the ratio of sFlt-1:PIGF are observed prior to clinical manifestations of preeclampsia in
humans(Levine et al. 2004). Similarly, in pregnant mice exposed to bromine the ratio of
placental sFlt-1:VEGFR1 mRNA was increased and a five-fold increase in plasma sFlt-1
level was observed (Figure 7 E and F respectively)(Lambert et al. 2017). The increase in
plasma sFIt-1 is progressive and manifests at 48 hours post-exposure continuing to increase
linearly over time until sacrifice at 96h in surviving mice (R?= 0.8151, P<0.0001) (Figure 8)
(Addis et al. 2020).

The activation of VEGFR by VEGF stimulates the Akt pathway which, among other effects,
improves survival and barrier function of endothelial cells as well as increases production of
the endothelial nitric oxide synthase (eNOS). The activity of eNOS is required for
endothelial production of NO which, in turn, acts within the vascular smooth muscle cells to
regulate vasodilation through a cyclic guanosine monophosphate (cGMP)-dependent
mechanism. Examination of cGMP levels in the placenta, lung, and aorta of bromine-
exposed pregnant mice revealed decreased levels potentially providing a mechanistic linkage
between placental sFlt-1 over-expression and systemic hypertension after bromine injury via
endothelial dysregulation (Figure 7)(Lambert et al. 2017). In pregnant mice exposed to Br,
and subsequently treated with exogenous VEGF-121 (a mouse VEGF splice variant)
survival to 120 hours was increased to 76% from 48% survival in the vehicle control
cohort(Addis et al. 2020). No difference in survival was noted in non-pregnant mice treated
with VEGF-121 suggesting that there is a pregnancy-specific alteration in VEGF signaling
after Bry exposure. Similarly, maternal body weight gain was partially rescued by
VEGF-121 treatment in pregnant animals. Significantly, at 120 hours after Br, exposure
pregnant mice treated with VEGF-121 had reduced lung wet:dry weight ratios compared to
vehicle treated pregnant mice and no significant difference was noted between wet:dry
weight ratios of air-exposed mice and pregnant Br, exposed mice treated with
VEGF-121(Addis et al. 2020). Further, BAL fluid protein content, cell count, and neutrophil
counts were simultaneous decreased after VEGF-121 treatment while weights of delivered
fetuses increased compared to vehicle control animals accompanied by a significant increase
in the area of the junctional zone(Addis et al. 2020). Taken together, these findings suggest
that decreased VEGF signaling is involved to some degree in the pregnancy-specific
phenotype observed post Bry exposure.

Cardiovascular Derangements: In addition to the acute hemodynamic derangements
observed during the exposure period, cardiac function progressively deteriorates in bromine
exposed pregnant mice, resulting in significant deficiency in left ventricular end diastolic
volume and in cardiac output. In normal pregnancy, cardiac output (CO) increases to meet
metabolic demands, with stroke volume (SV) rising concurrently with expansion of the
blood volume. The SV increase stems from a combinatory effect of increased end-diastolic
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volume (increased preload) and increased myocardial mass. Human pregnancy also leads to
an increase in heart rate (HR), particularly later in the gestation. With the exception of
increased heart rate, these anticipated findings were observed in the pregnant, air control
group which demonstrated increased echocardiographic derived estimations of CO, SV, and
left ventricular end diastolic volume (LVEDV) compared to non-pregnant air-exposed
control animals (Figure 9). Conversely, at E 18.5 CO and SV were significantly reduced in
pregnhant mice exposed to bromine with values approaching those of non-pregnant mice in
both air and bromine arms of the study(Lambert et al. 2017). Cardiac chamber dimensions
were similar between groups with the exception of a decreased in LVEDV observed in
pregnant mice exposed to bromine compared to the normal increased LVEDV noted in
pregnant mice exposed to air. In all groups left ventricular ejection fraction was preserved.
Cardiac output measurements performed on the pulmonary circulation (right ventricular
output) also were increased in pregnancy reflecting the interdependence of the systemic and
pulmonary circulatory systems in series. Pregnant mice exposed to bromine however
demonstrated an increase in right ventricular systolic pressure (RVSP) as determined by both
invasive ventricular pressure monitoring along with echocardiographic Doppler-based
estimation (Figure 9). This increase in RVSP was not noted in air-control pregnant mice.

Notably, it is well-documented that exposure to halogens results in acute cardiotoxicity in
non-pregnant animals. Bromine exposures of greater duration (600 ppm for 45 minutes)
have been demonstrated to cause severe cardiac injury in non-pregnant rats and chlorine
exposures in rats (600 ppm for 30 minutes) resulted in acute biventricular failure (Zaky,
Ahmad, et al. 2015; Zaky, Bradley, et al. 2015; Ahmad et al. 2019).

Mechanisms of injury in non-pregnant animals includes inhibition of the sarco/endoplasmic
reticulum Ca2*-ATPase (SERCA), loss of cardiac ATP activity, and myocyte death as was
documented in rats exposed to chlorine gas(Ahmad et al. 2015). Significantly, cardiac injury
was observed even when the inspired oxygen concentration was increased to correct for
chlorine-induced hypoxia(Zaky, Bradley, et al. 2015). Higher levels of chlorine exposure
(600 ppm for 30 minutes) resulted in lethal biventricular failure as noted above. Conversely,
a lower exposure dose (500 ppm) resulted in diastolic dysfunction and a hyperdynamic LV
despite an ex vivo retrograde perfused heart preparation indicative of reduced contractile
force(Zaky, Bradley, et al. 2015). The increased LVEF observed was surmised by the authors
to be related to afterload reduction (decreased measured systemic blood pressures) in
combination with a hyperadrenergic state leading to increased inotropy(Zaky, Bradley, et al.
2015). It is notable that echocardiographic examinations in these animals were conducted
under ketamine anesthesia, an anesthetic with well-described sympathomimetic effects.

Bromine also has cardiotoxic effects in rats evidenced by both decreased SERCA activity
and increased calcium sensitive LV calpain activity. Cytoskeletal disruption was observed
along with mitochondrial damage, neutrophil infiltration, and evidence of contraction band
necrosis(Ahmad et al. 2019). Exposed non-pregnant rats had echocardiographic evidence of
both systolic and diastolic LV dysfunction at 1-week post exposure to 600 ppm for 45
minutes(Ahmad et al. 2019).
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It is likely that the mechanism of gradually developing myocardial function deficit in
pregnant mice exposed to Br, is different from the mechanisms of the aforementioned acute
injury described in non-pregnant rats. The interplay between VEGF signaling in endothelial
cells and cardiomyocyte remodeling may further explain some of the observed
cardiovascular effects of halogen exposure. Bromine-induced placental injury driving sFlt-1
overexpression may decrease VEGFR2 signaling, thus reducing positive downstream effects
that are linked to physiologic cardiomyocyte remodeling and instead preferentially inducing
a pathological phenotype(Kivela et al. 2019; Ueda et al. 2019).

Inflammatory Response: Bromine and chlorine exposure both trigger acute
inflammatory responses in mice and rats (Song et al. 2011; Aggarwal et al. 2016; Aggarwal
et al. 2018). In pregnant mice exposed to bromine this pro-inflammatory milieu is observed
to persist after the acute period post-insult, offering evidence that pregnancy may both
potentiate and prolong pulmonary injury and dysfunction. At E 18.5 pregnant mice exposed
to bromine demonstrated increased plasma tumor necrosis factor alpha (TNFa) and
keratinocyte chemoattractant/growth related oncogene (KC/GRO) compared to non-pregnant
controls. Both pregnant and non-pregnant animals had elevations in interleukin-6 (IL-6) at
the same time point. In the placenta, pregnant mice exposed to bromine had elevated TNFa
and IFN-y mRNA expression compared to air controls indicative of local placental injury and
inflammation (Figure 10).

Potential therapeutic targets:

Intervention to address alterations in the cGMP-mediated vasodilatory response via
administration of the phosphodiesterase-5 inhibitor tadalafil demonstrates promise and the
supporting data sheds additional light on one of the underlying mechanisms by which
halogen exposure exerts a pathological influence.

Tadalafil is a phosphodiesterase-5 specific inhibitor currently approved for clinical use to
treat erectile dysfunction, benign prostatic hypertrophy, and used “off-label” for the
treatment of pulmonary hypertension. With phosphodiesterase-5 inhibition the breakdown of
cGMP is impeded, resulting in a functional increase in the availability of cGMP to serve as a
vasoactive mediator. Pregnant mice exposed to bromine demonstrate decreased levels of
cGMP. In pregnant mice administered tadalafil 1-hour post-exposure and then once every
subsequent 24-hours they demonstrated increased cGMP levels accompanied by a
significantly improved overall mortality rate resulting in 80% survival and bringing the
survival curve back into alignment with that observed in non-pregnant mice post-exposure
(Figure 3). Pregnant mice administered tadalafil demonstrated a less pronounced decrease in
maternal weight at 4 days post-exposure compared with control animals. Finally, tadalafil
administration improved fetal length and fetal weight. These findings suggest that impaired
cGMP-mediated vasodilation may be at least in part a mechanistic driver for not only the
maternal phenotype demonstrated, but also the observed impairment of fetal growth and
development. Downstream vasoactive modulation of the placental vasculature may be a
significant component of the toxic effects of halogen gas on the fetus.
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The VEGF pathway provides another avenue to develop targeted therapeutics for the
pregnant patient after halogen exposure. Modulation of VEGF signaling is now common in
the development of antiangiogenic, antineoplastic pharmacologics and consequently
significant work exists describing the various VEGF subtypes including PIGF. VEGF
signaling in pregnancy is intricate and made more complex by the fluctuations in signaling
necessary to facilitate the various stages of placental development. The findings that sFlt-1
and the ratio of sFlt-1 to PIGF are both increased after halogen exposure suggest that
pharmacologically increasing VEGF signaling may prove beneficial in attenuating
endothelial dysfunction. As discussed above, treatment of pregnant mice exposed to Br;
with VEGF-121 improved mortality, increased maternal weight gain, improved indices of
pulmonary endothelial dysfunction, and improved placental and fetal development while
treatment of non-pregnant animals proved ineffectual(Addis et al. 2020). Additional research
is necessary to explore whether this is a common feature of other halogen gasses and to
further understand the underlying mechanisms prior to potentially translating these results to
the bedside.

Discussion:

The safety profile of modern inhalational anesthetic agents is markedly improved and the
specter of a large-scale military deployment of chemical weapons during trench warfare has
faded as military tactics and security threats have evolved. Halogens, however, remain an
important component of modern global industry and accidental or terrorism-related
exposures will likely continue to occur. Exposure to Cl, and Br, due to cigarette smoking is
overlooked and warrants potential further exploration. In our efforts to further understand
the pathophysiologic effects of halogens it is important to consider the implications of
exposure to the parturient and fetus. The current evidence suggests a different pattern of lung
injury occurs post-exposure in pregnant mice than is observed in non-pregnant mice. Rather
than acute lung injury with gradual resolution in sub-lethal exposures, the injury incurred in
pregnant mice seems to progress and gradually worsen past the 24-hour point up until
euthanasia or death. The systemic consequences of halogen gas exposure are remarkably
similar in phenotype to preeclampsia with a concurrent biomarker profile suggestive of a
similar angiogenic imbalance as is characteristic of preeclampsia. The cumulative effects of
progressive systemic hypertension, pulmonary edema, and uncompensated respiratory
acidosis and cardiac dysfunction resulted in increased mortality in exposed pregnant mice.
Worsening hypertension, pulmonary edema, and cardiac function in preeclamptic human
patients portend worse clinical outcomes and thus it is reasonable to surmise that halogen
exposure in pregnant humans may lead to similar negative clinical outcomes.

Severe preeclampsia is generally considered to develop over a period of weeks with
elevations in sFlt-1 noted 5-weeks before the onset of clinical symptoms(Levine et al. 2004).
Historical attempts to create rodent models of preeclampsia have struggled with the lack of
pregnancy specific phenotype development (for example, non-pregnant animals developing
hypertension), prolonged onset prior to clinical effect, or the necessity of performing a
survival surgery in the animal. One frequently employed rodent model of preeclampsia relies
on reduced uteroplacental perfusion (RUPP) achieved by uterine artery ligation(Marshall et
al. 2018). RUPP induced uteroplacental insufficiency alters trophoblast differentiation,
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placental gene expression, fetal capillary network development, and the cellular makeup of
the placental junctional zone(Natale et al. 2018). Bromine exposure appears to reproducibly
trigger a pregnancy-specific phenotype and has marked effects on junctional zone histology
and fetal growth and weight. This suggests a similar pathway related to uteroplacental
insufficiency is shared between RUPP and bromine exposure. Furthermore, the rapidity and
severity of sFlt-1 elevation concurrent with the acute onset of symptoms reminiscent of
severe preeclampsia is a remarkable response to elicit from a single 30-minute bromine
exposure.

In addition to an elevation of plasma sFlt-1, exogenous VEGF administration can partially
rescue key components of the halogen-exposure phenotype but only in pregnant mice. This
suggests that the VEGF signaling pathway is involved and may be at least partially
responsible for the increased permeability of the blood gas barrier and consequent
pulmonary edema. Despite this, the mechanisms by which halogen exposure trigger
increased placenta secretion of SFLT-1 remain unclear. Potential mechanisms include
interruption of placental blood flow with relative tissue hypoxia within the uteroplacental
unit or toxic effects of brominated lipids within the placenta.

It is important to further understand the underlying pathways by which halogen exposure
triggers this constellation of findings in such an acute fashion. Finally, investigative efforts to
elucidate the mechanistic underpinnings of halogen toxicity may concurrently help us better
understand the pathophysiology of preeclampsia, particularly as it relates to pulmonary
edema and cardiovascular injury.

Conclusion:

Pregnancy may potentiate, exacerbate, and prolong the acute lung injury incurred during
exposure to the halogen gases. Endothelial dysfunction with increased pulmonary
endothelial permeability seems to contribute to the resultant pulmonary edema and manifests
approximately 24-hours post-exposure in rodent models. Additionally, halogen exposure
may precipitate a preeclamptic-like syndrome characterized by systemic and pulmonary
hypertension, placental injury, endothelial dysfunction, fetal growth restriction, and a
decreased cardiac output culminating to impart a higher risk of mortality to the parturient
and fetus. Angiogenic imbalance reflected by an increase in sFlt-1 implicates VEGF
signaling pathways as playing an important role in the preeclamptic-like syndrome observed
in halogen exposed pregnant mice. Additional research is indicated to further characterize
the mechanisms driving the phenotype and to explore possible therapeutic targets and
develop interventions to mitigate risk to the parturient and fetus in the event of halogen gas
exposure.
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Figure 1.

Hemodynamic data obtained from telemetry recordings in two mice exposed to either air or
Br, (600 ppm for 30 min). Dashed lines demarcate the beginning and end of Br, exposure.
The telemetry pressure transducer was located in the aortic arch. Brp: Bromine
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Figure 2.

Representative telemetry aortic arch pressure tracings obtained during exposure to bromine
(600 ppm) or air at 25 minutes into a 30 minute exposure. Bradycardia, an increased systolic
blood pressure, and a widened pulse pressure are evident.
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Figure 3. Pregnant mice exhibit increased body weight loss and mortality and fetal growth
restriction.

Non-pregnant (NP) and pregnant (P) (E14.5) mice were exposed to air or to Br2 at 600 ppm
for 30 min and returned to room air; they received tadalafil (TAD; 2 mg/kg BW in 0.1 ml of
sterile saline) or vehicle via oral gavage at 1 h post-exposure and every 24 h thereafter. Body
weights and survival times were recorded daily. A) Kaplan-Meyer curves of pregnant and
non-pregnant mice with tadalafil or vehicle, post Br2 exposure. Non-pregnant mice exposed
to Br2 and returned to room air lived longer than similarly exposed pregnant mice (* =
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P<0.05). Tadalafil improved survival times of pregnant mice post Br2 (# = P<0.05) but not
of non-pregnant mice; n=10-19; Log-Rank Test. B) Body weights normalized to weights of
air-exposed mice. Pregnant mice exposed to Br2 and returned to room air exhibit more
severe weight loss compared to similarly exposed non-pregnant mice (* = P<0.05). Tadalafil
administration mitigated weight loss in pregnant mice at four days post-exposure, but has no
effect in non-pregnant mice; n=6-8; ANOVA. C) Representative ultrasound of a fetus
showing how fetal length was measured. D) Summary data of fetal length measurements at
E14.5, E16.5, & E18.5. Exposure to Br2 resulted in decreased fetal lengths which were
restored to their air control values at E18.5 in the tadalafil group; n= 6-10 pups (2 pups per
litter) for each condition; ANOVA; p values as compared to the corresponding air controls
for the indicated gestational age. E) Representative photograph of paraformaldehyde-fixed
fetuses at E18.5 for the indicated conditions. Fetuses of Br2-exposed pregnant mice exhibit
severe fetal growth restriction, and tadalafil improves fetal growth. F) Fetal weights were
recorded after extraction of fetuses at E18.5. Fetal weights of fetuses from Br2-exposed
pregnant mice weighed considerably less and were partially rescued by tadalafil (TAD);
n=pups (11-25) (2 pups per litter); ANOVA. All data are means+S.E.M.
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Figure 4. Pregnant mice exhibit pulmonary injury 96 h post-exposure.
Non-pregnant and pregnant (E14.5) mice were exposed to air or 600ppm Br2 for 30 minutes,

returned to room air, then administered tadalafil (TAD) or vehicle. A) Lung wet/dry weight
ratios at E18.5 are increased in pregnant mice exposed to Br2 and are reduced by tadalafil.
B) Protein concentrations in the bronchoalveolar lavage fluid (BALF) of pregnant mice were
increased at E18.5 and returned to the air control values following administration of tadalafil
(TAD). C-F) PaO2 was unchanged, PaCO2 increased, [H+] increased and SaO2 was
decreased in pregnant mice exposed to Br2 at E18.5. Administration of Tadalafil returned [H
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+] and Sa02 to their air control values but did not improve PaCO2; All data n=6-14 mice;
ANOVA,; means+S.E.M.
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Figure 5.
Levels of brominated fatty acids (18C = stearic acid) in the plasma of non-pregnant or

pregnant mice at 1 hour post exposure to bromine (600 ppm for 30 min). Individual values
for each mouse along with means + SEM. There was no difference among the means of
pregnant and non-pregnant mice for 18C brominated fatty acid. ANOVA, Tukey’s multiple
comparisons test. n=6-8. NP: non-pregnant, P: pregnant, C: carbon.
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Figure 6. Exposure to Bry increases the systemic blood pressure of pregnant mice.
Non-pregnant and pregnant (E14.5) mice were exposed to air or 600ppm Br2 for 30 minutes

then returned to room air. At E18.5, a pressure-transducer catheter was inserted into the
aortic arch via the carotid in anesthetized mice. Increases in both systolic and diastolic
pressure were noted in pregnant mice.
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Figure 7. Exposure of pregnant mice to Bro damages their placentas.
Pregnant (E14.5) mice were exposed to air or 600ppm Br2 for 30 minutes, returned to room

air and received tadalafil (TAD) or vehicle. A-B) Representative H&E stained (A) placenta
sections at E18.5 with the junctional zone demarcated with yellow highlighting (A) as well
as (B) PAS staining (left) and CDX2 staining (right) of Br2-exposed pregnant mice revealed
a reduced junctional zone (B: black bars) at E18.5; tadalafil administration restored
junctional zones to normal size. C) Junctional zone areas at E18.5 for the indicated groups;
n=9-20; ANOVA. D-E) TNFa mRNA (n=6-23) was reduced in Br2-exposed pregnant mice
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treated with tadalafil. SFLT-1/FLT-1 mRNA (=12-18) was increased in placentas of Br2-
exposed pregnant mice at E18.5 (ANOVA), and was reduced to air control values by
tadalafil. F) sFLT-1 in plasma at E18.5 increased in pregnant mice exposed to Br2 and was
reduced with tadalafil; ANOVA. Only one placenta per pregnant mother was used. All data
are means=S.E.M.
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Figure 8.
Br,-exposed pregnant mice exhibit progressively increased circulating sSFLT-1 (soluble fms-

like tyrosine kinase 1) with a concomitant increase of lung wet/dry weight. Non-pregnant
and pregnant (E14.5) mice were exposed to air or to Bry at 600 ppm for 30 minutes and
returned to room air. SFLT-1 levels in the plasma of (A) pregnant Br,-exposed mice
increased 48-hour post-exposure vs air controls and continued to increase until euthanasia at
96 hours. This increase was linear (R2=0.8151, £<0.0001). Similarly exposed (B) non-
pregnant mice exhibited no increase at any time point; n=6 to 8; ANOVA. Lung wet:dry
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weight ratios of (C) pregnant Bro-exposed mice increased 72-hour post-exposure compared
with air controls and continued to increase until euthanasia at 96 hours. Similarly exposed

(D) non-pregnant mice exhibited no increase at any time point; n=6 to 8; ANOVA. All data
are individual values and means+SEM. sFLT-1 indicates soluble fms-like tyrosine kinase 1.
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Figure 9. Bro-exposed pregnant mice exhibit diminished cardiac function at E18.5.
Non-pregnant and pregnant (E14.5) mice were exposed to air or 600ppm Br2 for 30 minutes,

returned to room air, then administered tadalafil (TAD) or vehicle. A) Representative
echosonography LV and RV traces at E18.5 of pregnant mice exposed to air or Br2 with
demarcation of ventricular sizes. HR = Heart rate, A = Area, A;s = Area systole, A;d = Area
diastole, FAC = Fractional area change. B) Cardiac output (LV) determined by
echosonography was decreased in Br2-exposed pregnant mice, which increased following
administration of tadalafil; ANOVA: n=6-8. C) Ejection fraction (LV) was unchanged in all
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groups; ANOVA. D) LV end-systolic volume was similar in all groups. E) However, LV end-
diastolic volume was diminished in Br2-exposed pregnant mice; n=6-8; ANOVA. All data
are means=S.E.M.
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Figure 10. Pregnant mice exposed to Bro demonstrated systemic inflammation at E18.5.
Non-pregnant and pregnant (E14.5) mice were exposed to air or 600ppm Br2 for 30 minutes,

returned to room air, then administered tadalafil (TAD) or vehicle. A—C) Plasma TNFa,
IL-6, and KC/GRO increased in pregnant mice exposed to Br2 but only IL-6 increased in
non-pregnant mice post-Br2. All three cytokines in pregnant mice exposed to Br2 returned
to air control values following tadalafil administration; n=6-12 per group; ANOVA. All data
are means=S.E.M.
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Table 1.

Systemic clinical manifestations and associations of acute and chronic bromine exposure

Organ System

Clinical and systemic manifestations or associations

Integumentary Irritation, vesicles, pustules, blistering

Ulcerating chemical burns

Tissue necrosis

Endocrine Hypothyroidism *
Neurological Headache 1
Ataxia

Nausea/vomiting
Cognitive impairmentf
Cardiovascular  Cardiac arrhythmias

Circulatory arrest
Renal Nephrotoxicity
Pulmonary Bronchospasm

Pulmonary edema

Airway hyperreactivity t

Rhinorrhea
Acute respiratory failure

ARDS
Gastrointestinal ~ Oropharyngeal chemical burns
Mucous membrane damage

Other Possible carcinogen

*
Chronic;

fAcute and chronic;
ARDS: acute respiratory distress syndrome

Sources: — Makarovsky, Markel, et al.; Lam, \etal, et al.

Contact dermatitis
Halogen acne *
Bromoderma tuberosum *
Goiter ™

Memory deficits 7

Chronic fatigue *

Psychosis
Schizophrenia*

Myocardial degeneration *

Alveolar rupture
Pneumomediastinum
Chemical pneumonitis
Pulmonary fibrosis *

Emphysematous changes *

Gastroenteritis

Ulceration or gastric perforation
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