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Preface

Animal models play a crucial role in enhancing our understanding of complex human
pathologies. They not only provide insights into the underlying mechanisms of diseases but are
also used for testing potential treatments and interventions.

Recent advancements in science and technology have ushered in new approaches for
characterizing animal disease models. Research has increasingly focused on a deeper exploration
of the molecular mechanisms driving disease and the various factors implicated in it. This shift
underscores the necessity of critically re-evaluating existing models, a fundamental process for
advancing scientific research.

While animal models are essential for unraveling the biological mechanisms of human
pathology, the growing depth of knowledge regarding these mechanisms—along with the intricate
interplay of factors contributing to human diseases—demands ongoing characterization and
refinement of existing models, as well as the development of improved disease models to better meet
the needs of scientific inquiry.

This reprint addresses the underlying mechanisms, risk factors, opportunities, hurdles, and
challenges associated with a wide range of animal models. These include models of perinatal
asphyxia, developmental hypertension, cisplatin toxicity, interstitial cystitis/urinary bladder pain
syndrome, autism spectrum disorder, brain aging and neurodegeneration, peripheral neuropathy,
tauopathies, iatrogenic chronic hypercortisolism, cancer, early-onset glaucoma, mucosal irritation
studies, testing cardioplegic solutions for cardiopulmonary bypass surgery, and skin healing.

We thank the authors for their contributions and invite readers to explore the diverse topics
presented in this issue. This reprint serves as an invaluable resource for anyone interested in the

forefront of biomedical research and the understanding of animal models in complex diseases.

Martina Perse
Guest Editor
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Abstract: Perinatal asphyxia is caused by lack of oxygen delivery (hypoxia) to end organs due to
an hypoxemic or ischemic insult occurring in temporal proximity to labor (peripartum) or delivery
(intrapartum). Hypoxic-ischemic encephalopathy is the clinical manifestation of hypoxic injury to
the brain and is usually graded as mild, moderate, or severe. The search for useful biomarkers to
precisely predict the severity of lesions in perinatal asphyxia and hypoxic—ischemic encephalopathy
(HIE) is a field of increasing interest. As pathophysiology is not fully comprehended, the gold
standard for treatment remains an active area of research. Hypothermia has proven to be an effective
neuroprotective strategy and has been implemented in clinical routine. Current studies are exploring
various add-on therapies, including erythropoietin, xenon, topiramate, melatonin, and stem cells. This
review aims to perform an updated integration of the pathophysiological processes after perinatal
asphyxia in humans and animal models to allow us to answer some questions and provide an interim
update on progress in this field.

Keywords: brain injury; hypoxic-ischemic encephalopathy; human and animal models; meconium
aspiration syndrome; perinatal asphyxia

1. Introduction

“Globally 2.5 million children died in the first month of life in 2018, approximately
7000 newborn deaths every day, with about one third dying on the day of birth and close to
three quarters dying within the first week of life” [1]. Newborn mortality differs, depending
on the country. With 27 deaths per 1000 live births in 2019, sub-Saharan Africa had the
highest newborn mortality rate, followed by 24 deaths per 1000 live births in central and
southern Asia. An infant born in sub-Saharan Africa or southern Asia is 10 times more
likely than an infant born in a high-income country (HIC) to die in the first month of life [1].

“Preterm birth, intrapartum-related complications (birth asphyxia or lack of breathing
at birth), infections and congenital disabilities cause most neonatal deaths” in 2017 [1].

Progress in newborn survival has been slow, and the reduction in stillbirths has been
even slower. An accelerated scaleup of care strategies targeting the major causes of death
is needed in order to meet Every Newborn targets of 10 or fewer neonatal deaths and 10
or fewer stillbirths per 1000 births in every country by 2035. The most effective strategy
to decrease perinatal and neonatal deaths is through interventions delivered during labor

Biomedicines 2022, 10, 347. https:/ /doi.org/10.3390 /biomedicines10020347
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and birth, with 41% dying due to obstetric complications, and 30% followed by the care of
small and ill newborn babies [2].

The incidence of neonatal hypoxic-ischemic (HI) brain injury is higher in preterm
newborns than in the term newborns. Although the risk factors of perinatal asphyxia in
preterm newborns are similar to those observed in the term newborns, the immature brain
of preterm newborns, particularly those born before 32 weeks gestational age, is highly
vulnerable to HI injury. Two primary reasons for this have been documented: (1) preterm
newborns are at higher risk of hypoperfusion during transition, especially when transition
is impaired; (2) their immature brains possess reduced autoregulatory capacity [3-6].

The increased survival of extremely immature infants poses an additional challenge.
Data analysis on 4274 infants born after just 22-24 weeks of gestation in three periods
(2000-2003, 2004—2007, 2008-2011) at the Neonatal Research Network Centers of the Na-
tional Institute of Child Health and Human Development (NICHD) in the United States
produced results that indicated an overall increase in survival from 30 to 36% and a rate
of survival free of neurodevelopmental impairment that rose from 16 to 20% between
period 1 and period 3. The frequency of cases of cerebral palsy of moderate-to-severe
degree, however, did not show a significant decrease from period 1 to periods 2 and 3
(15% in period 1 vs. 11% in periods 2 and 3) [7-10]. Although evidence of this kind
suggests that improvement has occurred in the affected population, indices of death and
neurodevelopmental impairment, among other undesirable outcomes, are still high and
raise concern that the evident decrease in mortality rates means that more infants with
neurodevelopmental problems will survive. Hence, it is important to gather data on these
two outcomes—death and impairment—so that physicians and family members can make
informed decisions regarding early care for these high-risk children. The goal of this article
is to clarify the major issues involved in the obstetric management of these cases, as well as
aspects of the pathophysiology of the birth process, while stressing that it is unacceptable
to decrease blood flow to the brain of fetuses and neonates in this condition [7-10]. This
review aims to perform an updated integration of the pathophysiological processes after
perinatal asphyxia, as well as recent investigations in different animal models, to allow us
to answer some questions.

2. Defining Birth Asphyxia

The term birth asphyxia was introduced by the World Health Organization (WHO) in
1997 to describe the clinical condition of a newborn who either fails to establish or sustain
regular breathing at birth [11,12]. In that context, birth asphyxia, implies a condition
or a state in which the newborn requires immediate assistance to establish breathing.
However, this makes the term imprecise and non-diagnostic of a causal pathology, which
may vary from an intrapartum-related hypoxic event to a physiologic condition, such as
prematurity, perinatal sedation, congenital structural abnormality of the brain or other
maternal conditions.

Asphyxia has also been defined as a condition characterized by the impairment of gas
exchange that can generate distinct degrees of hypoxia, hypercarbia and acidosis according
to the duration and severity of airflow interruption. Asphyxia at birth—that is, impeded
perinatal gas exchange—has no exact biochemical criteria, and we lack a gold standard
that could ensure reliable diagnoses. For this reason, researchers have proposed numerous
clinical and biochemical markers to predict, confirm or determine the condition called
intrapartum asphyxia. These include verifying the pH of the umbilical cord, calculating
Apgar scores, and evaluating the presence of acidosis, as well as signs of fetal distress. This
is complicated, however, because intrapartum physiology can be very dynamic. These
markers have limitations and remain controversial [13]. As such, caution must be exercised
in labeling a neonate with asphyxia. Unfortunately, this term is often inappropriately linked
with the poor neurodevelopmental outcome commonly referred to as cerebral palsy [14,15].
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3. Circulatory Changes during Labor and Neonatal Transition

Human fetuses develop in an hypoxicemic state—but not hypoxic—where various
vital mechanisms allow them to thrive. By binding to high-affinity fetal hemoglobin, for
example, oxygen easily diffuses into the fetus” bloodstream from the mother’s circulatory
system. The blood that enters the placenta in this way is returned to the fetus via the
umbilical vein, most of it entering the ductus venosus. The PO; level of this blood ranges
from 32 to 35 mmHg, but en route to the right atrium, it meets less oxygenated blood from
the inferior vena cava. In the right atrium, the blood with greater oxygenation from the
umbilical vein flows into the left atrium through the foramen ovale before exiting through
the left ventricle to supply two arteries, the carotid and coronary. After that, it streams into
the aorta with blood from the right ventricle via the ductus arteriosus [12,16]. Thus, the
fetus preferentially supplies more oxygenated blood to the brain (PO, of approximately
28 mmHg) and heart. The less oxygenated blood from the inferior and superior vena cava
also mixes with placental blood and then exits the right side of the heart via the pulmonary
trunk. Most of this blood (~90%) then bypasses the lungs via the ductus arteriosus and
enters the aorta distal to the carotid and coronary arteries. The right ventricular blood has a
PO; of 15 to 25 mmHg; however, distal oxygen delivery is supported by the fact that a large
proportion of the cardiac output of both ventricles, pumping in parallel, is systemic in the
fetus [12,16]. Then, a portion of this combined ventricular output (30% during gestational
weeks 20 to 30 and 20% or less at or near term) enters the placental circulation. During
labor, uterine contractions lead to intermittently decreased uterine arterial blood flow and
decreased flow into the intervillous spaces. Transplacental gas exchange is also impaired
intermittently, but this is generally inconsequential during normal labor. When the fetal
side of the circulation is examined, uterine contractions do not seem to affect umbilical
blood flow. At the time when normal birth occurs, several simultaneous circulatory changes
favor the adaptation of the fetus to extrauterine conditions [12,16-19].

Because circulation switches from in-parallel to in-series, there is a need to equilibrate
the outflows from the left and right ventricles (LVO, RVO), but completing this process
takes several days—sometimes weeks—after birth, particularly in cases of preterm infants.
This may occur due to a delay in closing of the fetal channels. When infants begin to
cry right after birth, pulmonary vascular resistance decreases, and the newborns’ lungs
expand rapidly. Another important factor in systemic circulation is the removal of the
(low-resistance) placenta by clamping the umbilical cord [20,21]. Pulmonary blood flow
increases significantly, and so does the pulmonary venous return to the left atrium, closing
the foramen ovale. Right-to-left shunting at the ductus arteriosus then decreases and
eventually reverses as pressure of the pulmonary artery decreases below and the systemic
blood pressure increases, aiding in the reversal of the ductal shunt. Increases in PaO,
stimulate ductal closure. Finally, especially in some very preterm neonates, the inability
of the immature myocardium to pump against the suddenly increased systemic vascular
resistance (SVR) might lead to a transient decrease in systemic blood flow, which in turn
could also contribute to a decrease in cerebral blood flow (CBF). Thus, the transition
from intrauterine to extrauterine life involves fast, complex, and well-organized steps to
guarantee neonatal survival [20,21]. When all of these changes are completed, an adult
circulation pattern is established [14,22].

4. Pathophysiology of Birth Asphyxia

Delay in starting pulmonary ventilation at birth brings about a reduction in oxygen
saturation in the blood and decreased oxygen delivery to the brain, which depends on aero-
bic metabolism to sustain the mitochondrial respiratory chain and adenosine triphosphate
(ATP) ATPase activity. When hypoxia persists, there is a metabolic switch to glycolysis,
which, for neurons, is a poor metabolic option because of low stores of glucose in brain
tissue and the deficient ATP output by the glycolysis pathway. Glycolysis culminates in the
generation of lactate, which then accumulates in extracellular compartments, causing aci-
dosis, although it has also been suggested that lactate is an energy source for neurons [23].
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Zheng and Wang [24] investigated the regulatory mechanisms of energy metabolism in neu-
rons and astrocytes in the basal ganglia of a neonatal hypoxic—ischemic brain injury piglet
model. Their results showed that lactate levels had peaked at 2-6 h after hypoxic-ischemic
injury, and glucose peaked at 6-12 h. The expression levels of monocarboxylic acid and
glucose transporter proteins (MCTs and GLUTs) increased after HI (peak at 12-24 h) and
then decreased. Astrocytes and neuronal damage after HI were not synchronized. These
results indicate that lactate and glucose transporters have a synergistic effect on the energy
metabolism of neurons and astrocytes following hypoxic-ischemic reperfusion brain injury.

Reoxygenation is another process necessary for survival, but this involves uneven
metabolism with certain organs that are metabolically privileged (adrenal medulla, brain,
heart), others that are less privileged in this regard (the body in general, kidneys, muscles),
and brain regions with irregular metabolism. While reoxygenation occurs, there is an
increase in the levels of extracellular glutamate, which enhances activation of Na*/K*
ATPase to further increase the consumption of ATP. These high levels of extracellular gluta-
mate exceed the buffering ability of astrocytes and produce a continuous overactivation of
glutamate receptors. The receptors most severely affected are of the N-methyl-D-aspartate
(NMDA) subtype. These reactions intensify Ca?* conductance, leading to improper home-
ostasis and a condition of metabolic crisis marked by acidosis and an accumulation of
lactate, which is reflected differentially during development in distinct areas of the brain.
Under these conditions, lactate levels in the neostriatum remain high (>2-fold); however,
this does not occur in other zones of the basal ganglia of rats subjected to severe asphyxia
when compared to a group of control rats evaluated on postpartum day 8 [25]. This condi-
tion can arise in still-immature brains, causing a lesion that can alter the initial plasticity
that is required to establish synapses and circuits. In fact, the extra energy the organism
consumes in order to reestablish homeostasis could affect the levels it needs to consolidate
synapses and circuits. Research based on the Swedish experimental model has identified
various alterations that may be associated with perinatal asphyxia (PA). These include
thicker pre- and post-synaptic densities, ubiquitination, errors in protein folding, altered
levels of synapsin and neurotrophic factors, aggregation, interrupted postnatal neurogene-
sis, decreased length and branching of neurites, and deficits in myelination. Some studies
suggest that plastic changes may occur in an effort to compensate for such neuronal loss.
However, compensatory mechanisms, such as over-plasticity, for example, are not necessar-
ily functional and may even aggravate cognitive impairment. Unfortunately, behavioral
deficits inevitably and irreparably accompany this insufficiency of neural circuits [26].

Perinatal brain injury can affect infants born at any gestational age; however, preterm
fetuses (born < 32 weeks of gestation) are less equipped to adapt to perinatal insults as
term infants, making them more predisposed to brain injury [27].

Perinatal asphyxia remains a significant cause of neurological morbidity and mortality
in the newborns [14], comprising a decrease in gas exchange, leading to a deficit of O,
(hypoxemia) and excess CO, (hypercapnia), with consequent metabolic acidosis. If the
episode is prolonged, blood flow and oxygen delivery to tissues are reduced (ischemia) [28].
This condition can have significant repercussions for the neonate, mainly at the level of the
central nervous system [29].

Fetuses can suffer asphyxia at any point before, during, or after parturition [14]. In
terms of frequency, studies indicate that around 50% of cases occur prepartum, 40% during
birthing, and the other 10% immediately postpartum [30-33]. The fact that asphyxia has
also been associated with various risk factors during gestation makes the pathophysiology
of this condition exceedingly complicated. Risk factors identified to date include chronic
diseases in the mother (preeclampsia, hypertension, diabetes) and her age, as these can
restrict fetal blood flow and alter placental vasculature [14] (Figure 1), two processes associ-
ated with parturition and prolonged labor. Risk factors related to the placenta, meanwhile,
include detachment, fetal-maternal hemorrhaging, inflammation, and insufficiency. In
addition, the umbilical cord may become occluded, the fetus may develop an anomaly or
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Figure 1. Prenatal risk factors and effect on cerebral ischemic injury.

Birth in all mammal species is accompanied by a period of obligatory or transient
asphyxia in the newborn [30-32]. However, the severity of hypoxia—ischemia during
these events can be affected by different factors related to the dam, placenta and/or fetus,
or the neonate. Asphyxia can occur during fetal life, before, during, or after birth [14].
Approximately 50% of asphyxia occurs before delivery, 40% during parturition, and the
remaining 10% during the neonatal period [33].

The pathophysiology of asphyxia is extraordinarily complex and related to several
gestational risk factors, such as the dam’s age and chronic maternal diseases, including dia-
betes, hypertension, or preeclampsia, that can affect the placental vasculature and decrease
fetal blood flow [14] (Figure 1) associated with the process of parturition and prolonged
labor. Placental risk factors are detachment, fetal-maternal hemorrhage, placental insuf-
ficiency, or inflammation. Other fetal neonatal factors involve occlusion of the umbilical
cord, fetal anomalies, malformations, and intrauterine growth retardation, as well as spinal
cord injuries and neurological disorders, among others [14,34].

4.1. Physiological Changes during Birth Asphyxia

Asphyxia markedly alters the physiology of the transition from the intrauterine to
extrauterine life. Under conditions of placental hypoxia, circulatory and non-circulatory
changes occur in the fetus. From the circulatory changes, the most important mechanism
is the centralization of blood flow, or diving reflex, which consists of concentrating blood
flow in vital organs, such as the brain, myocardium, and adrenal glands, reducing flow to
less essential organs, such as skin, kidney, intestines, and muscle [35]. It is proposed that
this mechanism is originated by the chemoreceptor of the carotid body that produces the
release of catecholamines that are responsible for centralizing the blood flow; in turn, there
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is also a decrease in cerebral vascular resistance in order to improve cerebral perfusion. This
mechanism of redistribution of flow has limits, and when its severity or duration exceeds
these limits, a compromise of the blood flow begins to the encephalon and myocardium,
predisposing neuronal damage. Although this mechanism of centralization can ideally
preserve fetal physiology in hypoxic conditions, there is evidence that in some neonates,
these mechanisms do not develop normally, which can favor brain damage [35].

At the respiratory level, after 30 s of absolute hypoxia, there is a brief period of
rhythmic and rapid breaths, which leads to a brief stage of primary apnea (30-60 s).
During this phase, there is also bradycardia followed again by panting breaths lasting
4 min after which there is again a secondary apnea, and in the lack of resuscitation, death
follows [14,35].

Other mechanisms that attempt to compensate for this oxygen deficiency occur at
the level of fetal hemoglobin, which increases its transport capacity and dissociation of
oxygen. Additionally, the brain can use other energetic substrates under hypoxia to remain
functional, such as lactate and ketone bodies. This is because neuroglial glycogen stores are
depleted very quickly (<5 min) [14]. In some cases, neonates successfully recover from hy-
poxic episodes; however, in prolonged hypoxia, the redistribution of cardiac output causes
dysfunction and multiorgan injury [36], leading to hypoxic-ischemic encephalopathy (HIE).
Survivors of moderate-to-severe HIE show a high incidence of permanent neurologic and
psychiatric disorders, including seizures, cerebral palsy, cognitive delays, motor disabilities,
visual loss, hearing loss, behavioral alterations, schizophrenia, and epilepsy [30,37,38].

Basic and clinical research on asphyxia at birth has been supported by animal models,
which contribute to the understanding of pathophysiology and lead to the discovery
of biomarkers to accurately detect rapid alterations of biochemical pathways [39-42] in
response to the hypoxic environment, as well as the severity of the injury by HIE, allowing
for intervention and timely therapy. It is important to understand that the physiology of
the fetus differs in fundamental ways from that of the newborn, and those distinctions
are both structural and functional in nature. Ensuring the survival of neonates requires
several well-orchestrated steps during the passage from intra- to extrauterine life, but these
are complex and occur rapidly. Therefore, all caregivers handling newborns need to be
well-versed in the physiology of this crucial transition; otherwise, they may fail to perceive
deviations from normal physiology or to respond adequately when such scenarios arise.
Precisely because asphyxia alters the physiology of transition, managing affected newborns
must be based on a thoughtful approach [21].

Human and animal newborns are extremely vulnerable to hypoxia during and im-
mediately after labor as a result of different anatomical, physiological, and biochemical
factors. Several mechanisms can be responsible for the lack of fetal or newborn oxygena-
tion: (a) fetal asphyxia due to obstruction of the blood supply in the umbilical cord, for
example, torsion or tight circular cord; (b) imbalances of the placental exchange of oxygen,
for example, premature placental detachment or retroplacental hematomas; (c) placental
perfusion imbalances, for example, maternal hypotension, dehydration, cardiopathies, or
severe maternal anemia; (d) failure of the expansion or ventilation or in the pulmonary
perfusion of the newborn (asphyxia after birth is usually produced by the latter mechanism,
since pulmonary ventilation does not adequately occur) [40-49].

Current clinical criteria of perinatal hypoxia require the presence of four conditions:
(1) evidence of metabolic acidosis detected in a sample of umbilical cord arterial blood
at birth (pH less than 7.00 and base deficit higher than 12 mmol/L); (2) early onset of
moderate or severe encephalopathy in newborns of 34 weeks or more from gestation;
(3) cerebral palsy of the spastic or dyskinetic type; and (4) exclusion of other etiologies,
such as trauma, sepsis, and coagulopathy, among others [14]. During perinatal asphyxia,
several physiologic changes occur in an attempt to compensate for the deficiency of oxygen
supply in the newborn (Figure 2).
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Figure 2. Fetal asphyxia in human and non-human animals, organ injury and physiological imbal-
ances in response to hypoxia—-ischemia. Image (A) summarizes the neuronal damage at a biochemical
and pathological level. Image (B) shows damage in other vital organs. In image (C), the physiological
imbalances are appreciated due to the drastic reduction of oxygen to the fetus, and promote the
expulsion of meconium. In letter (D) some adverse effects if the newborn survives.

4.2. Mechanisms of Neuronal Injury in Perinatal Asphyxia

Once the compensation mechanisms mentioned above are overcome, a cascade of
biochemical events begins in the brain, which eventually leads to different degrees of
neuronal and cerebral injury.

As soon as the demands of cerebral O, are not adequately satisfied, the cerebral
metabolism begins to perform anaerobic glycolysis with an increase in lactate levels (favor-
ing the process of acidosis) and therefore a reduction in the formation of ATP. This energy
deficit affects, in the first instance, the sodium/potassium membrane ATPase pumps, are
involved in the maintenance of the membrane potential at neuronal rest [45,46,50,51].

This failure of the electrogenic pumps leads to a secondary accumulation of intracellu-
lar sodium, which induces intracellular oedema and loss of the membrane potential at rest,
leading to the entrance of intracellular calcium, which favors the release of glutamate and
other exciter amino acids, which, in turn, could be involved in the dispersion of neuronal
damage caused by excitotoxicity [50]. The entrance of neuronal calcium also activates
diverse calcium-dependent enzymatic systems (lipases, proteases, caspases), which are
responsible for carrying out proteolysis of cytoplasmic components, also inducing mito-
chondrial damage. This mitochondrial damage, in turn, produces an increase in oxygen
free radicals, which also enhance damage to macromolecules, such as the peroxidation of
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lipids, proteins, carbohydrates, and nucleic acids [52]. Additionally, all these processes of
damage produce the release of inflammatory mediators by the microglial cells, leading to
the recruitment of inflammatory cells from the periphery, interstitial oedema and alterations
in the permeability of the blood-brain barrier [52].

All of these mechanisms are closely related, and all contribute, to a greater or lesser
extent, to primary and secondary neuronal and brain injury. Additionally, it is also widely
described that delayed restoration of oxygenation and perfusion to brain tissue can generate
even more damage due to previously developed alterations in the permeability of the
blood-brain barrier, as well as biochemical changes. This late reperfusion can increase
inflammation, the generation of oxygen free radicals, and the interstitial oedema of brain
tissue, which can increase final brain damage [14].

Despite the fact that at birth, the immune system has not fully matured, it does have
the capacity to react to certain kinds of stimuli. When the condition called neonatal hypoxia—
ischemia occurs, immune cells in the blood, brain, and peripheral organs are activated and
trigger complex, dynamic interactions among these corporal regions. During or after HI, in-
nate and adaptive immune cells in the bloodstream are activated and proliferate, and some
extravasation into the parenchyma of the brain occurs. In addition, peripheral immune
organs, such as the spleen, may be activated. This seems to exacerbate the insult, since
performing splenectomies has been shown to provide some neuroprotection. However,
we still do not know exactly how or to what extent specific innate or adaptive immune
cells participate in neonatal cerebral lesions. We do know that excessive local cerebral
inflammation has detrimental effects, but recent evidence suggests that microglia activation
post-lesion may have a protective effect. Another important factor to be considered is
the complex interaction that occurs between two systems: the central nervous (CNS) and
the peripheral immune system. Responses by the CNS can be modulated by peripheral
immune cells and mediators that penetrate the brain; however, at the same time, induction
of tolerance and immunity can be orchestrated by brain-derived antigens that drain to
peripheral lymph nodes [53].

Finally, because of the activity from all these mechanisms of neuronal damage, diverse
strategies of neuroprotection have been implemented with different therapeutic targets
(antiexcitotoxic, antioxidant, anti-inflammatory) to limit the neuronal damage associated
with perinatal hypoxia and to improve the functional prognosis of the newborns. A
complete review of these topics may be found in several recent publications [54,55].

5. Cardiovascular Alterations and Multiorgan Dysfunction

As a consequence of asphyxia and ischemia, multiple biochemical mechanisms are
responsible for the deterioration of different organs and systems (central nervous system,
28%; cardiovascular system, 25%; kidneys, 50%; and lungs, 23%) [56]. However, the
cardiovascular system and hemodynamic instability due to hypoxia, either in the uterus or
during the transition of the newborn, have received considerable research attention [36].

During oxygen deprivation in the event of fetal hypoxia—ischemia, compensatory
mechanisms are responsible for redistributing cardiac output, centralization of blood flow
to vital organs, and reducing oxygen consumption [57]. Although hypoxia—ischemia can
affect other tissues and systems, such as the renal (transient renal failure), pulmonary (pul-
monary hypertension, meconium aspiration), hepatic (transient transaminase elevation),
and gastrointestinal (food intolerance, necrotizing enterocolitis) systems, the heart and
the kidneys are the two most critical extracerebral organs involved [56,58]. In a study
carried out by Hankins et al. [59], they observed that low oxygen level was not the cause of
hypoxic-ischemic encephalopathy (HIE) but that it was a condition developed secondarily
to renal, hepatic, and cardiac dysfunction after asphyxia at birth (Figure 2).

5.1. Cardiovascular Response

Cardiovascular response consists of transient fetal bradycardia, systemic hypertension,
peripheral vasoconstriction, and centralization of blood flow triggered by the release
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of catecholamines derived from the stimulation of chemoreceptors of the carotid sinus,
which detect hypoxemia and transmit afferent impulses to the cardiovascular center in the
medulla, then send parasympathetic efferent discharges and peripheral - and 3-adrenergic
to the heart, peripheral vasculature, and adrenal glands [14,60,61]. If hypoxia persists,
redistribution of blood flow to vital organs is maintained by peripheral vasoconstriction
mediated by circulant vasoconstrictors norepinephrine, arginine, vasopressin, neuropeptide
Y, and angiotensin II [62].

Hypoxia affects myocardial contractility and relaxation, causing hypotension; thus,
babies require aminergic support [63]. Hypotension is a common problem found by
neonatologists [64]. Asphyxiated newborns are known to have an increased risk of ischemic
heart injury due to decreased cardiac output and decreased coronary perfusion [65]. The
presence of high levels of cardiac enzymes diagnoses cardiac injury; however, the immediate
and long-term structural consequences are not well known, since reported histological
findings are minimal [66].

Other pathologies, such as cardiomegaly, have been described [67], including elec-
trocardiogram abnormalities, signs of myocardial ischemia, arrhythmias, atrioventricu-
lar valve dysfunction, sustained sinus bradycardia, and decreased ventricular contractil-
ity [68,69].

Tkeda et al. [70] reported evidence of necrosis with phagocytosis in hearts of lambs
with severe asphyxiation [71].

However, although blood supply to the heart is prioritized during an hypoxic event,
studies reported deficits in the cardiac function after asphyxia at birth [72]. Sehgal et al. [65],
indicate that when redistribution of cardiac output fails to maintain myocardial oxygena-
tion, depletion of cardiac glycogen, anaerobic respiration, and metabolic acidosis occur,
and without intervention, continuous circulatory deterioration will occur, eventually lead-
ing to myocardial dysfunction, circulatory shock, right and left ventricular insufficiency,
tricuspid regurgitation, hypotension, and eventual cardiac arrest. In newborns surviving
an intrapartum asphyxia event, the multiorgan damage that may result represents a high
risk for the development of severe morbidities throughout life [66].

5.2. Renal, Hepatic, Pulmonary, and Gastrointestinal Injury

The reduction in blood supply to the kidney due to the blood redistribution to the
peripheral organs to maintain the cerebral, cardiac, and adrenal perfusion during an hy-
poxic episode allowed for the recognition of Acute Kidney Injury (AKI) as an inevitable
consequence of intrapartum asphyxia [66]. It is estimated that between 50 and 72% of as-
phyxiated newborns with an Apgar score < 6 at 5 min show signs of renal compromise [73].
Cells of renal parenchyma have a limited capacity under anaerobic conditions and a high
susceptibility to injury by reperfusion. Saikumar and Venkatachalam [74] suggest that in hy-
poxia/reoxygenation in vitro models, apoptotic cell death can occur during reoxygenation
as a consequence of the mitochondrial release of cytochrome ¢ during hypoxia.

The decreased excretory function of the kidney, which leads to a reduced capacity to
filter blood and maintain blood volume, electrolyte levels, and acid-base homeostasis [75],
correlates positively with risk of morbidity and mortality in the asphyxiated newborn [68].
If the kidney injury exacerbates, other organs, particularly the brain, will be damaged [76].
Regarding liver injury, Beath [77], points out that it is probably the cause of hypoperfusion
secondary to hypoxia, rather than asphyxia itself. It has been seen that an increase in
transaminase levels has some correlation with the severity of perinatal asphyxia [78].
However, Gluckman et al. [79] reported a weak relationship in the transaminase levels in a
model of HIE in piglets.

The lungs are organs also commonly affected by asphyxia, so many babies require
mechanical ventilation at birth [36]. Pulmonary hypertension, hemorrhage, and significant
coagulopathy are frequently observed complications [80]. Concerning gastrointestinal
complications, such as necrotizing enterocolitis, are described in infants with asphyxia;
however, they are not common. The study of brain injury after intrapartum asphyxia has



Biomedicines 2022, 10, 347

been the focus of much fundamental scientific and clinical research. When compensatory
mechanisms are exceeded and cerebral blood flow can no longer meet demand, a cascade
of molecular reactions and mechanisms related to calcium flow, free radical formation,
free iron accumulation, and nitric oxide production begins, which leads to cell death [81].
The degree and location of brain injury may vary depending on the type and duration
of injury, gestational age, and whether the baby was treated with hypothermia. Studies
in both humans and animals have suggested that intermittent asphyxia for less than one
hour is not likely to cause brain injury, but severe total asphyxiations can cause brain injury
much earlier [82,83]. Brain injury after asphyxia is hypoxic-ischemic in nature, and the
neurology injury patterns include selective neuronal necrosis, parasagittal cerebral injury,
periventricular leukomalacia, and focal ischemic necrosis [14]. The adverse effects of an
hypoxic—ischemic process in the fetus are summarized in Figure 2: both organic damage
(A,B) and physiological imbalances (C), as well as some adverse effects if the newborn
survives (D).

6. Meconium Aspiration Syndrome

Meconium-stained amniotic fluid (MSAF) results from the passage of fetal intestinal
content to the amniotic fluid, which occurs with an incidence of 15 to 20% in term pregnan-
cies and 30 to 40% in post-term pregnancies [84]. Among MASF newborns, 3 to 12% may
develop meconium aspiration syndrome (MAS) [85]. When a neonate aspirates meconium
during intrauterine panting or with the first breaths at birth, MAS develops [86]. MAS is
characterized by respiratory distress (from mild tachypnea to severe respiratory failure),
which occurs in newborns as a result of bronchoalveolar aspiration of meconium [85].
Among perinatal dysfunctions, MAS is considered a consequence of fetal distress and one
of the predominant causes of morbidity and mortality in term infants [86], with important
sequelae in lungs and neurologic development at short and long term [44,87]. Its association
with asphyxia and pulmonary hypertension is well recognized [85]. It is worth considering
that the incidence of MAS, pathophysiology, prevention, and management have changed
in the last 20 years.

Meconium is mainly composed of water (70-80%), as well as intestinal epithelial cells,
squamous cells, lanugo, amniotic fluid, bile acids and salts, phospholipase A2, interleukin-
8, mucous glycoproteins, lipids, and proteases [48] (Figure 3). Meconium is present for the
first time in the fetal intestinal tract between 70 to 85 days of gestation. It is recognized that
the passage from meconium to the amniotic fluid is due to fetal gastrointestinal maturity or
fetal stress secondary to hypoxia and infection. However, the pathophysiology of MAS is
very complex and not yet fully understood. Fundamental questions arise, as some neonates
exposed to MASF develop MAS, while others do not [88].

It is known that several mechanisms are implicated in the pathophysiology of MAS,
including acute airway obstruction (considered the primary mechanism of MAS in the past),
surfactant dysfunction, chemical pneumonitis and the direct toxic effect, and persistent
pulmonary hypertension of the newborn (PPHN) with a right-to-left shunt and secondary
infection. Other authors suggest that fetal systemic inflammation is also a risk factor for
the development of MAS in newborns with MSAF [89-91].

Despite the complexity of the passage of meconium to the amniotic fluid, what is
certain is the damage it generates when it is aspirated, such as airway obstruction, air trap-
ping, hyperinflation of the lungs and subsequent pneumomediastinum or pneumothorax,
partial alveolar collapse, and complete obstruction of the smaller airways, which may cause
atelectasis [44,51,91-93]. Additionally, pneumonitis can develop due to the direct toxic
effect of meconium components and the infiltration of a large number of polymorphonu-
clear leukocytes and macrophages. A decrease in lung capacity and oxygenation has been
reported as a result of a reduction in surface tension of the surfactant due to meconium [84].
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Figure 3. Neonatal piglets with perinatal hypoxia syndrome. When the neonate goes through a
severe hypoxia process, it displays bradycardia, yellow to greenish meconium staining, tachypnea,
lactic acidemia, hypothermia, hypoglycemia, adynamia, and flaccid muscle tone. Neonates with this
perinatal syndrome do not recover, since they do not connect with the teat and are sluggish, which
is why they die in the following postpartum hours. There is no neonatal intensive therapy area on
pig farms.

7. Criteria for Diagnosis of Hypoxia-Ischemia

Animal studies in newborns are crucial for our understanding of transitional phys-
iology and current resuscitation practice; as Dawes showed in the sixties [93], sustained
hypoxia in utero, during labor or postnatally, manifests as an increased or absent respiratory
effort, followed by a period of apnea (primary apnea). During this period, heart rate falls,
but blood pressure is maintained. If asphyxia continues the infant gasp and the heart rate
and blood pressure fall, and secondary apnea appears with anaerobic metabolism, lactic
acidosis and myocardial performance compromise [94]. Ventilation is required to recover
positive pressure, and if the insult lasted long enough, cardiac compressions are needed.
Hypoxic-ischemic encephalopathy is the clinical manifestation of generalized disordered
neurologic function due to hypoxia. In HIE, as opposed to other etiologies of neonatal en-
cephalopathy, criteria for its diagnosis include (in neonates > 35 weeks gestational age) [95]:
evidence of intrapartum hypoxia (significant hypoxic or ischemic event immediately before
or during labor or history consistent with fetal heart-rate compromise) and two or more of
the following:

Apgar score of <5 at 5 and 10 min;

Need for mechanical ventilation or resuscitation at 10 min;

Acidemia documented in fetal umbilical artery (pH < 7.0 or base deficit > 12 mmol/L);
Multisystem organ failure;

Evidence of moderate or severe encephalopathy staging, often supported by neu-
roimaging with evidence of acute brain injury consistent with hypoxia—ischemia.

O A
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Clinical Assessment

Clinical assessment and disease staging are based on the scale developed by Harvey
and Margaret Sarnat [96]. Frequently, a modified (simplified) score, such as Thompson’s,
is used [97]. Moderate and severe grades of encephalopathy have a poor prognosis, as
opposed to mild. Therefore, two combinations of signs have been used as criteria [79,98],
including;:

1.  Reduced responsiveness with hypotonia or incomplete reflexes (including weak suck)
or clinical seizures.
2. Atleast three signs from the following categories:

(a) Reduced responsiveness;

(b) Reduced activity;

(c) Abnormal posture;

(d) Abnormal tone;

(e) Incomplete reflexes;

(f) Abnormal pupil response, heart rate, or respiration.

8. Neonatal Hypoxic-Ischemic Encephalopathy: Clinical Aspects

Neonatal hypoxic-ischemic encephalopathy (NHIE) in babies born at term or preterm
may occur at different periods of the newborn’s life. These periods are antepartum, in-
trapartum, and postpartum. NHIE puts the neonate at a higher risk of suffering visible
neurological alterations [99].

Neonatal hypoxic-ischemic encephalopathy, as a clinical syndrome, was described in
the second half of the twentieth century and included: (1) evidence of fetal stress based on
records of heart rhythm and amniotic fluid stained with meconium; (2) signs of depression
in the neonate at birth; (3) neurological syndrome progressing in the first hours/days of
life [100]. The clinical features of NHIE from childbirth and after 12 h include low levels of
consciousness, for example, stupor or coma; a respiratory abnormality, such as periodic
breathing or failure; intact pupil response; hypo or hypertonia; and seizures.

Clinical characteristics from 12 to 24 h of life are stupor-coma or some other alert
impairment, more seizures, apnea events, and weakness (in proximal limbs or hemiparesis
in full-term infants; in lower limbs in premature infants) [101].

From 24 to 72 h, infants show stupor—coma, respiratory arrest, abnormalities of the
oculomotor brain stem and pupil, deterioration of consciousness after a hemorrhagic
infringement in full-term infants, or interventricular hemorrhage in preterm infants [101].

After 72 h, the stupor—coma remains persistent, as well as abnormal movements of
suckling and swallowing, hypo and hypertonia, and weakness [101].

Some pathological brain changes involve [102] selective neuronal necrosis of the cortex,
basal ganglia, thalamus, brain stem (reticular formation and other nuclei), cerebellum, and
anterior horns from the spinal cord.

- Parasagittal injury of the cerebral cortex, in subcortical white matter in the lateral
convection of the superior-medial orientation, in the posterior-anterior direction.

- Periventricular leukomalacia with necrosis in the subcortical white matter of the hemi-
sphere, including descending motor fibers, optical radiations, and association fibers.

- Focal and multifocal necrotic ischemia in the cerebral cortex and subcortical necrosis
in white matter, mainly unilateral with a vascular distribution.

- Unilateral brain lesion with the presence of minor injury in the contralateral hemi-
sphere. The most frequent lesion is in the area of irrigation of the medial cerebral
artery: cerebral cortex, white matter, basal ganglia, and posterior limb of the internal
capsule (Figures 4 and 5).
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Figure 4. Periventricular white matter greyish discoloration and edema in a male, 32 weeks of
gestational age old, with HIE. (Courtesy: Maria de Lourdes Cabrera-Mufioz, MD, Department of
Pathology, Hospital Infantil de México Federico Gémez).

Figure 5. (A). Bilateral basal ganglia necrosis in a male at 39.6 weeks gestation with severe perinatal
asphyxia secondary to congenital heart disease. (B). Neuronal necrosis and calcification (arrows).
(C) Withe matter infarct (*) HE 40X. (Courtesy: Maria de Lourdes Cabrera-Mufioz MD. Department
of Pathology, Hospital Infantil de México Federico Gomez).

However, the prevention of brain damage or the use of neuroprotective drugs in animal
models was not successful as expected. More research is necessary for the benefit of new-
borns suffering NHIE in order to avoid neurological sequelae and development deviations.
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8.1. Inflammatory Biomarkers of Birth Asphyxia

Understanding the causes of asphyxia and the intermediate steps between hypoxia
and fetal death can allow for the identification of biomarkers that enable prediction and
prevention of fetal death, mainly in women at risk of this clinical complication [103].

Several biomarkers have been studied. Creatinine, liver enzymes, cardiac troponin
I, prolonged coagulation times, and thrombocytopenia help to address multiorgan dys-
function. In one study, lactic dehydrogenase (LDH) sampled within 6 h of birth was found
to provide prognostic information: <2085 U/L survived without disability vs. 3555 U/L
(interquartile range 3003 to 8705) who were disabled [104].

In the last decade, the search for useful biomarkers to accurately predict the severity of
the lesion in perinatal asphyxia and HIE has become an area of growing interest in neonatal
research [38]. However, despite the potential of many promising markers, few studies have
been validated or used in clinical practice [105].

8.2. Placental Inflammatory Biomarkers

It is well known that the placenta mediates the interactions between the mother
and the fetus during pregnancy. Thus, in a clinical study with a population of neonates
with high-risk evidence, with acidosis and encephalopathy, placentas were analyzed, and
95% were found to have abnormalities. Additionally, 65% met the criteria for diagnosis
of an important placental pathology, with a high incidence of inflammatory processes
(chorioamnionitis and chronic patchy/diffuse villitis), which were significantly associated
with abnormal outcomes of neurological development two years after treatment with
hypothermia. Therefore, these findings suggest an important contribution of placental
inflammatory mechanisms in the severity of asphyxia [106,107].

8.3. Serum Brain Biomarkers

Within the neuronal biomarkers detected in the serum of neonates with HIE we
can find glial fibrillary acid protein (GFAP), which is an intermediate filament protein
released from astrocytes [108]; ubiquitin carboxyl-terminal hydrolase (UCH-L1), a specific
cytoplasmic neuron enzyme and a marker for neuronal apoptosis that is concentrated in
dendrites [108]; S-100B, a calcium-binding protein released in astrocytes; neuron-specific
enolase (NSE), a glycolytic enzyme in neurons [109]; ubiquitin carboxy-terminal hydrolase
L1 (UCH-L1); or total tau protein, which indicates astrocytic and neuronal damage. These
proteins are released into the blood through the increased permeability of the blood-brain
barrier [81].

Another characteristic of traumatic brain injury is an imbalance between oxygen
delivery to the brain and consumption. Post-insult alterations in the flow rate and volume
of oxygen in the blood and arteries can immediately compromise the delivery of oxygen to
the brain. When this occurs, the area around the lesion suffers an hypoxic condition that
affects brain resident cells and infiltrated neutrophils. Various published reports mention
that under hypoxic conditions, microglia can release nitric oxide and a series of cytokines.
This sustains neutrophil activation, triggering persistent hypoxia and neuronal death [110].
Sorokina et al. [111] suggested the involvement of nitric oxide and its products in immune
responses and that traumatic brain injuries (TBI) may be accompanied by nitrosative stress.
Regarding the first two days of mild-to-moderate vs. severe TBI, these authors suggested
that the opposed natural levels of NR2 (NMDA) antibodies could be related to a key
mechanism that operates to protect neurons from Glu excitotoxicity.

In theory, biomarkers can identify at-risk pregnancies and allow a proper intervention
before an irreversible lesion occurs in the fetus due to hypoxia; however, many studies,
although novel, are small pilot tests that have no power to predict long-term results. There-
fore, it is necessary to continue researching this topic [81,112]. Several biomarkers have
recently been isolated that may aid in identifying neonatal neurologic injuries in the im-
mediate postpartum period. Trials with 10-day-old mice showed that the HI condition
significantly increases osteopontin significantly, but that this did not occur after adminis-
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tering LPS. The mRNA of osteopontin was induced in the brain but not the blood. Since
immunostaining showed the expression of osteopontin by the microglia/macrophages in
brains lesioned by HI, the authors suggested osteopontin as a possible prognostic blood
biomarker in cases of HIE related to the activation of microglia in the brain. They fur-
ther posited that an increase in osteopontin in the bloodstream may be indicative of a
perinatal event that occurred up to 24 h earlier. Hence, osteopontin might be an effective
marker of previous HI stress in the uterus and of an inadequate response to treatment for
hypothermia [112].

The most reliable approach for identifying and evaluating the seriousness, timing, and
pattern of these kinds of insults may well consist in measuring an array of inflammatory and
neuronal biomarkers at a precise point of care at various intervals. Full pathway analysis
employing various omic strategies could lead to the identification of new therapeutic
targets for the treatment of neonatal HI cerebral lesions. However, research into neonatal
brain biomarkers is still at its outset, so we may have to wait some time for major advances
in this area [113].

8.4. Electrophysiology

Amplitude-integrated electroencephalography (aEEG) has been widely used in neona-
tal intensive care units (NICU) and can help to diagnose encephalopathy by the bedside.
It provides an objective record that can be reviewed by a pediatric neurologist if needed.
In mild forms of encephalopathy, the background pattern might change from continuous
to discontinuous. This is called discontinuous normal voltage and does not represent
an important abnormality. If the injury is more severe, a low-voltage background with
periods of normal amplitude might be seen; this is called burst suppression. On more
severe disturbance is when there is no burst, only continuous low-voltage activity that
can progress to a flat trace. Burst suppression, continuous low voltage, and flat trace are
severely abnormal. Spitzmiller et al. [114] found in metanalysis (8 studies) that aEEG has
an overall sensitivity of 91% (95% CI 87-95%) and a negative likelihood ratio of 0.09 (95%
CI 0.06-0.15) in prediction of poor outcomes [114].

8.5. Near-Infrared Spectroscopy

Regional cerebral saturation (rScO,) and fractional tissue oxygen extraction (cFTOE)
have also been used to monitor oxygen delivery to the brain by near-infrared spectroscopy
(NIRS). High cerebral oxygenation on NIRS with a low electrical activity aEEG background
in severely HIE neonates on hypothermia treatment at 12 h of age has a 91%, positive
predictive value for long-term adverse neurological outcomes (magnetic resonance imaging
and neurodevelopmental assessment at 18 months of age), and the absence of these results
in a negative predictive value of 100% [115] (See Figure 6).

8.6. Neuroimaging

Cranial ultrasound is useful to document antenatal injury. After 24 h, cerebral vasodi-
latation can be documented in a low cerebral resistance index (cRI). Low Rl is not predictive
of poor outcome during hypothermia, but in normothermic infants or after rewarming,
a value below 0.55 has an 84% positive predictive value for death or disability [116] (See
Figure 7).
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Figure 6. (a) High cerebral oxygenation on NIRS * with (b) a low-electrical-activity aEEG background
** in severe HIE neonates on hypothermia treatment at 12 h of age has a 91%positive predictive value
for long-term adverse neurological outcome (magnetic resonance imaging and neurodevelopmental
assessment at 18 months of age), and the absence of these results in a negative predictive value of
100%. NIRS: near infrared spectroscopy; aEEG: amplitude-integrated electroencephalography; rScO,:
regional cerebral oxygenation; cFTOE: cerebral fractional tissue oxygen extraction. Courtesy: Daniel
Ibarra-Rios, MD, Department of Neonatology, Hospital Infantil de México Federico Gomez.

Figure 7. Magnetic resonance: (a) axial image of sequence enhanced in T1 towards convexity and
(b) enhanced in FLAIR, where hyperintensity of the bilateral semioval centers is observed, as well as
a decrease in volume in bordering territory in parietal regions and in the smaller frontal portion with
retraction of the lateral ventricles associated with hyperintensity of the periventricular white matter.
Courtesy: Eduardo M. Flores Armas, MD, Department of Medical Imaging. Cranial ultrasound:
(c) low RI (<0.55) in normothermic infants or after rewarming has an 84% positive predictive value
for death or disability. Courtesy: Daniel Ibarra-Rios, MD, Department of Neonatology, Hospital
Infantil de México Federico Gomez. ACA: anterior cerebral artery; MCA: medial cerebral artery;
RI: resistive index.
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Magnetic resonance is the imaging choice for prognosis. Diffusion-weighted imaging
helps to detect abnormalities within the first week. A study of between 7 and 21 days is
essential to document injury to basal ganglia, the internal capsule, white matter, brainstem
and cortex. In conjunction with cranial ultrasound, it can help to detect complications
or comorbidities such as infarction, hemorrhage, and malformations. The evolution of
diffusion abnormalities on MRI following HIE in term infants on therapeutic hypothermia
(current treatment) has been studied [117]. The above led to the development an MRI
injury scoring system. Higher MRI injury grades were significantly associated with worse
outcomes in the cognitive, motor, and language domains of the Bayley-III [118,119].

8.7. Hemodynamic Management

Echocardiography is an important diagnostic tool to delineate two different clinical
scenarios [120]:

1.  Low systemic blood flow with normal oxygenation: with echocardiographic findings
consistent of left ventricle (LV)/right ventricle (RV) dysfunction in which management
must include positive inotropes.

2. Low systemic blood flow with impaired oxygenation. In this scenario, the echocardio-
graphic finding can show:

(a) Persistent pulmonary hypertension, where management should include pul-
monary vasodilation, subsequentially augmenting systemic blood flow after
pulmonary venous return improves;

(b) LV dysfunction with PPHN, where management must include positive inotropy
and maintenance of right-to-left ductal shunt to support systolic blood flow;

(c) RV dysfunction with PPHN, where management must include positive in-
otropy, reduced RV afterload (pulmonary vasodilation and consideration of
prostaglandin E1 if the ductus arteriosus is restrictive) and maintenance of
adequate RV preload.

Nitric oxide remains the vasodilator of choice. Low-dose vasopressin is a physiolog-
ically suited drug in HIE newborns with systemic hypotension and oxygenation failure,
as it can produce systemic constriction and pulmonary vasodilation, as well as theoretical
stimulation the endogenous production of nitric oxide, as noted in animal models [121].
Milrinone, a widely used inotropic/dilator in neonatology, is not recommended, as drug
clearance is lower (especially in patients on therapeutic hypothermia), and might cause
extreme hypotension [122].

Hochwald et al. [123] found that neonates with brain injury on magnetic resonance
imaging had higher superior vena cava (SVC) flow pre-rewarming compared with new-
borns without brain injury, possibly reflecting a lack of cerebral vascular adaptation in
newborns with more severe brain injury [123]. Is important to note that LVO is lower in
patients receiving therapeutic hypothermia (mean + SD 126 4 38 mL/kg/min), so one
must be cautious interpreting it. Sakhuja et al. [124] found that celiac artery and superior
mesenteric artery blood flow velocity and LVO did not vary during hypothermia but
rose after rewarming, suggesting a protective effect of therapeutic hypothermia on the
gastrointestinal system [124].

Hemodynamic assessment might have prognostic value, as Giesinger et al. [125]
found studying 53 patients with HIE undergoing hypothermia. RV dysfunction was
associated with risk of adverse outcome; high brain-regional oxygen saturation and low
middle-cerebral artery resistive index were associated with RV dysfunction in post hoc
analysis [125].

9. Targets for Neuroprotection

Potential Interventions for Birth Asphyxia: A Window for Reducing Further Brain Injury
Studies of animals and humans show that both the stage of development and the

seriousness of HI lesions impact the brain’s selective regional susceptibility to damage

and, as a result, the clinical manifestations that ensue from such damage. This approach,
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however, has one serious drawback: the fact that of every six or seven neonates with
HI treated with therapeutic hypothermia (TH), only one is saved from death or serious
disability by the age of 18-22 months. The HELIX trial, which looked into hypothermia for
encephalopathy in economically developing countries with low and middle incomes, was
published in 2021, adding complexity. It was a multicenter, open trial performed with a
randomized control method. The study, which included 408 newborns, was conducted with
a thoroughly strict procedure. For the group with hypothermia, 202 subjects were included,
and for the control group, 206. The study concluded that hypothermia in these developing
countries did not reduce mortality or moderate-to-severe impairment at 18 months, but
it remarkably increased the number of deaths [126]. The lack of hypothermic neuropro-
tection in developing countries could potentially be associated with the subacute nature
of brain injury in these countries, as demonstrated by the pathway of partial prolonged
hypoxia (intermittent hypoxic injury) presented in economically developing countries vs.
acute hypoxia manifested in high-income countries, as proven by MRI spectroscopy and
gene-expression studies [127]. These results indicate that alternative techniques must be
developed to increase the efficiency of TH or replace it [128].

Based on different animal models on newborn swine, rat pups, and fetal sheep [129,130],
clinical trials of head cooling combined with body cooling and whole-body cooling alone
were conducted [131]. As previously mentioned, current evidence from 11 randomized
control trials on asphyxiated newborns with 36 weeks of gestation or more found that
moderate hypothermia (33.5 °C for the whole body and 34.5 °C for head combined with
body cooling) initiated less than 6 h after birth for 72 h with a rate of rewarming of 0.5 °C/h
reduces death and neurodevelopmental disability among moderate and severe cases of
HIE (64). A recent trial demonstrated that among infants of at least 36 weeks of gestation
with HIE, more extended cooling was not superior to 72 h of cooling, and more profound
cooling was not superior to cooling to 33.5 °C [132]. Gunn et al. [130] studied a fetal
sheep model of hypothermia, cooling at 1.5, 5.5, and 8 h. They found the highest levels
of neuroprotection (neuronal loss score) at 1.5 h, less (but favorable) neuroprotection at
5.5 h, and no neuroprotection at 8 h [133]. These findings constitute the basis for the
conclusion that hypothermic neuroprotection is time-sensitive. A question that has not
been answered is whether, on humans, a wider window of opportunity exists beyond 6 h,
which is very important in limited-resource settings where transport to third-level care
might take longer. At present, a clinical trial is addressing that question [8]. It is crucial
to prevent hyperthermia, as one of the clinical trials showed that the odds of death or
disability were quadrupled for each 1 degree C increase in the highest quartile of the skin
or esophageal temperatures [134]. Some groups use the term therapeutic normothermia to
designate all the measures taken at the bedside to avoid iatrogenic hyperthermia. Another
critical question to be addressed is whether there is a benefit of cooling late preterm
infants. So far, case reports have shown mixed results, but a lack of safety is an issue.
Currently, a clinical trial is recruiting preterm infants of 33 to 35 weeks gestational age
who present at < 6 h postnatal age with moderate to severe neonatal encephalopathy [134].
Supportive management for neonatal encephalopathy includes adequate resuscitation,
avoiding hyperthermia, maintaining PaCO, in the normal range, adequate hemodynamic
management according to clinical scenario, avoiding hypertension, and cautious volume
management (initial volume restriction) following serum sodium and fluid balance and
serial glucose, with prompt correction when abnormal [120,135].

In addition to hypothermia, the most promising adjuvant therapies include Xenon
and erythropoietin [135]. Xenon is an anesthetic gas that acts as a non-competitive NMDA
antagonist. The largest trial in humans is the TOBY-Xe study, wherein one arm was treated
with hypothermia and xenon (administered within 12 h of life for a duration of 24 h vs.
hypothermia alone). No differences were found in biomarkers of cerebral damage, and
this is believed to be influenced by the late initiation (median 10 h) of the drug [136].
Erythropoietin (EPO) is assumed to work as an antioxidant, an anti-inflammatory, and an
inducer of antiapoptotic factors [137]. Protection has been found in stroke and hypoxic—
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ischemic animal models [138-140]. Razak et al. [141], in metanalysis (6 studies 5 with
EPO and one with darbepoetin, N; 454), found a reduced risk of brain injury identified in
EPO-treated infants, as well as a trend toward a lower risk of death [10].

To date, EPO is the only approach that has been tested in primates, accompanied
by follow-up that allows for the calculation of anticipated effect sizes for the combined
outcomes of cerebral palsy and death.

With the possible exception of melatonin, none of the therapeutical approaches exam-
ined herein necessarily requires intensive care measures. However, additional pre-clinical
research on the processes of infection and inflammation are needed before trials can be
contemplated [142].

Adverse neurodevelopmental results due to HIE can be reduced by treating (subclini-
cal) seizures and routine EEG neuromonitoring. The large number of patients who suffer
undesirable outcomes, however, indicates the need to focus research on complementary
therapies and interventions that can improve results. There is an urgent need for funding
to carry out studies of this kind. The evidence available at this time supports beginning TH
as soon as indicated to obtain optimal results in terms of neuroprotection [143]. Topiramate
is a sulfamate-substituted monosaccharide and carbonic anhydrase inhibitor. A substance
similar to acetazolamide, it was first analyzed as an anticonvulsant with potential for
neuronal repair. It also seemed promising for repairing post-ischemic myocardial damage.
The best protection seems to come from treatment with melatonin, a pineal hormone with
circadian secretion and maximum nocturnal values. Melatonin has several important
abilities, as it can diminish oxidative stress, scavenge free radicals, and improve cellu-
lar physiology. Recent stem cell research has raised expectations regarding regenerative
medicine, where the functionality of cells damaged by hypoxic insult could be improved
or replaced by progenitor cells. The paracrine role of progenitor cells and stimulation of
myocardial angiogenesis/repair are reflected in current data [144].

10. Neurodevelopment of Babies with Asphyxia

Deviations in the neurodevelopment of infants after an NHIE event have recently
been the focus on many investigations. Researchers have found a large percentage of child
survivors of NHIE with significant neurodevelopment sequelae [145] (Figure 8). There is a
close relationship between the degree of NHIE and the outcome. When the risk of death
was 12.5%, neurological disabilities had a frequency of 14.3%—the more severe the NHIE
event, the greater the number and severity of sequelae. Therefore, clinical classification of
NHIE has prognostic value [146]. More severe symptoms of neurological dysfunction in
the first days of life are associated with a more severe outcome [145].

The main neurological alterations after an NHIE event are cerebral palsy, blindness,
deafness, epilepsy, mental retardation, delayed motor control, speech delay, attention
deficit hyperactivity disorder, reading-writing disability, and psychiatric alterations. At-
risk Infants must be followed by a long interval of time, at least during the first years of the
school-age period. If the necessary resources are available, it is recommended to continue
monitoring until adolescence and youth [146]. The observation of the findings related to
the language of children with NHIE indicates that deficits may become evident only with
advancing age and stages of childhood neurodevelopment [147]. The aim is to prevent
the development of neurological disabilities, control seizures and abnormal movements,
aid in orthopedic development, and promote the development of cognitive functions and
brain plasticity. The rational use of therapeutic measures should produce normal or almost
normal neurologic development of these at-risk infants.
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Figure 8. Male of 34 weeks of gestational with multiorgan damage (heart, lungs, liver, gut, and
kidneys) after severe perinatal asphyxia. (Courtesy: Dina Villanueva-Garcia, MD, Department of
Neonatology, Hospital Infantil de México Federico Gomez).

Prognoses of the clinical course, severity, and results of any disease are important.
In this regard, studies have analyzed organ-specific proteins as potential plasma-based
biomarkers of insults. To date, they have been found to be of poor specificity and sensitivity
for routine clinical use, but research to identify biomarkers that can characterize brain
injury in critically ill children is ongoing [148].

11. Animal Models of Perinatal Asphyxia

The use of animal models has significantly contributed to the understanding of perina-
tal asphyxia. Several studies have used animal models for the induction of fetal asphyxia,
including maternal hypoxemia, infrared thermography (IRT), reduction of in uteroplacental
blood flow, umbilical cord occlusion, and embolization, among others [46-48,51,92,147-153]
(Figures 3 and 9). Infrared thermography (IRT) is a technique used in both veterinary and
human medicine to quantify the surface temperature of the skin based on visualizations
of thermographic changes [154]. The use of IRT is essential to understanding the changes
in the vascular microcirculation in the study of hypothermia newborns with asphyxia
(Figure 9). In veterinary medicine, thermography has brought several benefits for animal
models in terms of evaluating lesions, diseases, and surgical procedures [150,155-158].
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Figure 9. Thermograms of newborn piglets with severe hypoxia and meconium staining on the
skin to a severe degree. It is important to dry the newborn immediately, since the humidity of
the amniotic fluid favors a rapid drop in body temperature. The areas marked in yellow on the
thermograms indicate temperatures between 28 and 32 °C, especially in images (A-C), where a
marked drop in temperature is seen in peripheral areas of the auricular pavilion, thoracic limbs,
and especially the face, particularly the snout. In thermographic image (D), we can see a piglet
stained with severe meconium grade, with umbilical-cord rupture, a failing vitality score, and severe
hypothermia, despite having been dried. It is important to note that different temperatures are seen
depending on the body region. In the frontal area of the head and left pectoral region, the highest
surface temperatures are observed (35.5 °C). In yellow (image (D)), the proximal region of the snout
and the auricular pavilion (28-29 °C) are distinguished, and in the distal region of the thoracic limbs
and the distal snout area (in blue), the lowest temperature ranges of 18-19 °C are shown. The use of
infrared thermography is essential to understanding the changes in the vascular microcirculation in
the study of hypothermia in newborns with asphyxia.

During the last six decades of the study of perinatal asphyxia, various animal species
have been included from non-human primates, sheep, pigs, canine, and rodents,
among others.

While it is true that models of small animals with mouse, rats, and rabbits to analyze le-
sions for neonatal asphyxia/hypoxia have provided relevant data, models of larger animals
that use pigs, sheep, and non-human primates have provided additional essential informa-
tion necessary to initiate clinical trials [159]. For example, piglets have been frequently used
for studies of oxidative-stress conditions as a result of the hyperoxic challenge due to the
transition from the hypoxic intrauterine environment to extrauterine life [160] (Figure 3).
The ovine fetus has been widely used for physiological and pathophysiological studies of
the brain [161]. The non-human primate model is unique because of the physiological and
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anatomical similarities to humans and because neurological development tests adapted
from those of humans can be used [159].

However, a benefit of neonatal models with rodents is the advantage that pups exhibit
postnatal cerebral development analogous to human development in the third trimester,
and litters are easily produced and easy to handle. The main disadvantages of neonatal
rodent models are related to their lissencephalic brain organization, a lower proportion
of white and grey matter compared to primates, and the limited behavioral repertory.
Compared to rodents, the development and complexity of the brain in non-human primates
are similar to those in humans, allowing for applications of sophisticated neurological tests
over time [162].

12. Scientific Findings of Perinatal Asphyxia in Animal Models: Advantages
and Limitations

In general, animal models have significantly contributed to the field of neonatal
medicine. Specifically, research on animal models has provided the evidence base for the
therapeutic treatment of newborns with NHIE [163].

Some animal models that have been proven crucial for perinatal brain research are
non-human primate fetuses and neonates, as well as pregnant sheep, lambs, puppies,
piglets, and immature rodents. Although no model is perfectly ideal in terms of capturing
the diversity and complexity of human brain pathology, the investigator must evaluate the
strengths and limitations of each model in the context of the research questions [164].

Clinically, it is challenging to estimate the exact time or duration of hypoxia damage,
and even more, neurologic lesions as hypoxic-ischemic injury. However, animal models
give us the ability to control the time of the injury, allowing for programmed detection of
the alteration of metabolites and clarification of the pathophysiological mechanisms [38].

In the case of sheep, they have been used for a variety of purposes, helping to elucidate,
for example, how subjection to moderate hyperglycemia before ischemia for a pro-longed
time and during reperfusion does not influence the length of brain injury. On the contrary,
immense damage to the fetal brain can result from exposure to an additional acute increase
in plasma glucose concentration before ischemia [161].

Other relevant contributions in lambs include the fact that renal tubular injury occurs
with all degrees of asphyxia, despite varying degrees of brain injury. Lamb models have
also helped to establish a correlation between morphological changes in the myocardium
and liver, which were previously only associated with severe brain damage. Therefore,
oxidative stress appears to play a role in liver damage pathogenesis (Table 1) [70].

Additionally, there have been successful studies to determine variations in the regional
blood flow of fetal sheep under severe asphyxia and presenting neurological impairment
(presence of seizures) (Table 1) [165].
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Table 1. Relevant findings of studies related to perinatal asphyxia in sheep.

;}J:;l;:/ Objective Contribution Authors

Effects of dexamethasone on brain
. injury due to asphyxia using one dose It highlights the possible adverse neural effects of

Ovine (fetuses) and a clinically relevant form of glucocorticoid treatment before perinatal asphyxia [166]
administration (12 mg of maternal IM)

:ﬁf&s:lt eal;llglil}fetl?:;afffeigfcj}nﬂtlziamb It was shown that brief fetal asphyxia in the uterus

of a brief asphyxial attack induced by in late pregnancy, increase the probability of

occlusion of the umbilical cord at 132 premature delivery, and the lambs have significant
. . behavioral deficits after birth that appear to arise

Ovine (lambs) days of gestation . [167]
2. To report the type and distribution of from the underlying neuropathology caused by
b.rain iniury present in the newborn asphyxia, and not from premature delivery per se.
after an]as YhP “ia event at 132 davs of They identified specific areas of the brain
gestation phy ¥ vulnerable to hypoxic damage in late pregnancy.

The pattern of redistribution of the blood flow of
To determine the changes in the the ovine fetus exposed to severe asphyxia is
regional blood flow of the fetal sheep comparable to the response of the mild asphyxia,

Ovine (fetuses) during severe asphyxia, and with except that a significant increase in total cerebral [165]
neurological damage (presence of blood flow does not occur, a relevant finding in the
seizures) likely association with the development of

long-term neurological damage
To evaluate the consequences of acute The initial cardiovascular responses to hypoxia in
hvpoxia on arterial ar?d central venous the near-term sheep fetus have a strong carotid

Ovine yp . chemoreflex component. Moreover, fetal survival
pressures, carotid and femoral blood p [61]

(fetuses) flows an cl, HR in intact and carotid during hypoxia is dependent on this chemoreflex
denervated fetal shee and the release of catecholamines from the adrenal

p- medulla.
To evaluate the role of oxidative stress Authors suggest that the developing telencephalic

Ovine in asphvxia induced perinatal brain white matter seems to be most vulnerable to the

(Fetuses) injur?f ir}i near-term fer’)tal lambs effects of intrauterine fetal asphyxia and that [71]

subjected to umbilical cord occlusion

oxidative stress may be a significant contributing
factor in the pathogenesis of perinatal HIE

On the other hand, preterm piglets present inadequate ventilation, along with clinical
risks comparable to the development of respiratory distress syndrome, thus representing a
viable alternative to animal models of sheep and non-human primates [168].

Other studies in piglets have aimed to investigate in detail the prospective implications
of the success of cardiopulmonary resuscitation and short-time survival, as well as the
presence of non-perfusing cardiac rhythms in asphyxiated newborns [169]. Interesting
research has helped in the development and validation of a model of birth asphyxia by
performing umbilical cord clamping in term piglets during caesarean sections under general
anesthesia as an imitation of the progress of birth asphyxia during natural parturition [170].
Other relevant studies and their contributions in piglets are shown in Table 2.
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Table 2. Relevant findings of studies related to perinatal asphyxia in piglets.

Species/

Models Objective Contribution Authors
To examine the relationship between
isovolumic relaxation time constant It was demonstrated that HR and IVR Tau
Porcine (IVR Tau), functional heart parameters.  significantly accoupled in normoxia; however, they [171]
(Piglets) and heart rate (HR) during normoxia uncoupled during hypoxia—asphyxia (HA) in a
and hypoxia—asphyxia (HA) in piglet model of asphyxia.
newborn piglets.
Fe[\?aelit;tli)(lylrs\hfrrg;ﬂ:i)rcclilf;)r:tfi‘lelsD(TfADN A) First methodological study for the extraction and
and to investicate the temporar evaluation of cfADN using a piglet model of
Porcine (Piglets) changes of c fl;gN Ain bloog for ;/ hypoxia-reoxygenation. cfADN could be an early  [160]
clinicilly relevant piglet model of indicat(?r of the damage caused by perinatal
hypoxia-reoxygenation. asphyxia.
Porcine E?egggiﬁize Y(E}?lts};e;rilffgg?xtce d The results indicated that the use of 21% oxygen
(Piglets) according to tllgxe oxvoen a%ministere 4  seemsto be better for resuscitation in piglets with ~ [172]
& duri g tothe oxyg normocapnic hypoxia.
uring resuscitation.
To evaluate the effects of asphyxia and Identification of a set of markers with good
resuscitation with different correlation with the duration of hypoxia.
Porcine (Piglets) concentrations of oxveen on plasma Plasma metabolites indicated an earlier recovery of  [173]
metabolites in newafn i leF:s mitochondrial function when 21% oxygen is used
pigiets. for resuscitation compared to 100% oxygen.
To develop an hypoxic-preconditioning . N .
(PC) model of ischemic tolerance in Results confirm, for the first time, the protective
newbofn eiole tzcthea t ircni(t)aetze: ereevan ¢ efficacy of PC against hypoxic-ischemic injury in a
cinical sirl;i?ari ties to humans with newborn piglet model, which reiterates many
Porcine (Piglets) pathophysiological features of asphyxiated human  [174]

birth asphyxia and to characterize some
of the molecular mechanisms
implicated in PC-induced
neuroprotection in rodent models.

neonates.
PC-induced protection in neonatal piglets may
involve upregulation of VEGF.

Term rodent animal models are used in basic research on the mechanisms of specific
diseases [175]. Baboons and premature lambs provide an idea for clinical applications,
and rabbits seem to be the most useful animal models due to their possible application in
both situations [176,177], in addition to the fact that their medium size greatly facilitates
handling in many investigations, reducing costs [168].

Other studies in rodents have contributed to the study and comprehension of the
conditions caused by the model of subchronic perinatal asphyxia, which has proven to
be effective for the study of conditions of asphyxia during pregnancy. It is non-invasive,
reliable, and easy to replicate, and it also allows for control of the conditions of asphyxia. It
appears to be adequate for screening and research on asphyxia indicators in the dam and
fetus [178]. Other relevant studies and their contributions in rodents are shown in Table 3.
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Table 3. Relevant findings of studies related to perinatal asphyxia in rodents.

Species/ - .
Models Objective Contribution Authors
Treatment with PEA (10 mg/kg) during the first
TZ]?;?S) y f&;:ﬁgf:rﬁfgt:g%t; (l)enotfhe hour of life could attenuate the alterations induced
Murine (Rats) }}911 oca}r/n s of a 30 dav-old rat after by perinatal asphyxia in the CA1 hippocampus [26]
epril:;atal a}; hvxia y neurons. Hence, PEA represents a recognized
P phyxia. protective agent for hippocampal disorders.
zgcf:f;ttlfst: ;?Hel azlrﬁe ecll;r?r/lfeesatri?ctle Acute and persistent prenatal and postnatal
athwav af tefsub%e tha}i fetal asphyxia changes in the metabolism of ceramide were found
Murine (Fetal Rats) ?n'ur y Py in rat brain under asphyxia, leading to positive [179]
sy . regulation of ceramide and an increase in
To identify relevant molecules for brain apoptosis
tolerance. pop '
z? ?Zisfiea:};e igﬁzc(sA(\)/fP) /copeptin Demonstrated that the proposed rat model meets
. & 1SOp . pep the standard acid-base criteria for the diagnosis of
Murine (Rats) release during asphyxia and validate asphyxia at birth and identified the production of (301
the use of the current rodent model in a massive wave of AVP
preclinical work on asphyxia at birth '
rtl::;?;:ixzzt};iigj;iiﬁ?;gf (olssure Lifelong EE was able to counteract cognitive
months) could counteract the cognitive anomalies and improved the performance of
Murine (Rats) anomalies observed in mid dle-age d spatial learning. Results support the relevance of ~ [180]
. 8 EE across the lifespan to prevent cognitive deficits
rats that suffered 19 minutes of induced by perinatal asphvxia
asphyxia at birth. yP phyxia.
To evaluate the effects of both the
physiological body temperature (33 oC)
:Eg ;;C:éili‘:rz%i}; ttaelrrrl ;irs)tugiézzo a Authors concluded that permanent post-anoxic
Murine . PO behavioral disorders are caused by iron-dependent
severe anoxia and of post-anoxic o I . [181]
(Rats) chelation of iron in neonatal rats oxidative brain injury, which can be prevented by
exposed to both critical anoxia and reducing neonatal body temperature.
hyperthermia on stress responses of the
animals at the age of 4 months.
. . . Low doses of sildenafil administered from day 35
To determine whether sildenafil o1
Guinea Pigs increased fetal weight and favored fetal to the end of pregnancy favored fetal tolerability of [182]

tolerance to induced asphyxia at birth.

intrapartum-induced asphyxia. High doses of
sildenafil increased fetal weight.

On the other hand, baboons have been used as animal models since 1980 in research
on infectious and cardiovascular diseases, obesity, and hypertension, among others, since
the stages of intrauterine development of the lungs, brain, kidneys, and adrenals are very
similar to those in human fetuses. However, non-human primates have high economic
handling costs, in addition to the fact that, for ethical reasons, their use as animal models
for the study of bronchopulmonary dysplasia has been discontinued [183-185].

Research in primates has been relevant in the study of perinatal asphyxia, such as the
first study in a modified model that aimed to detect thalamic lesions with magnetic reso-
nance, which allowed for the opportune detection of biomarkers related to specific patterns
of newborn brain injury that could be useful for the validation of possible treatments of
neonatal hypoxic—ischemic encephalopathy [162]. Measurements of the resistive indices
at the thalamus level have also been important; they could potentially supplement other
measures for anticipating results from the population of infants with hypoxic—ischemic
encephalopathy [186]. For more details of the contributions of experiments in non-human
primates, consult Table 4.
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Due to rapid advances in technology, in vitro studies are widely used. Furthermore,
for ethical reasons, it is not currently possible to test on totally healthy animals without a

highly relevant justification [187].

Table 4. Relevant findings of studies related to perinatal asphyxia in primates.

Species/ s S
Models Objective Contribution Authors
To investigate the sse of metabolomic
and analysis tools to detect potential Through metabolomic analyses, a profile of
. biomarkers of perinatal asphyxia. metabolites was identified with a significant
Primates . . . . ..
. To evaluate a model of asphyxia by elevation in response to asphyxia at birth (succinic ~ [188]
(Macaca nemestrina) . s . e
clamping the umbilical cord and to acid, lactate, glucose, malate, arachidonic acid,
evaluate the differences between pre- glutamate, and butanoic acid, among others).
and post-asphyxia.
To evaluate the safety and efficacy of
erythropoietin (EPO) plus hypothermia
for the treatment of perinatal HIE in a
non-human primate model. To Occlusion of the umbilical cord for between 15 and
Primates characterize the acute and chronic 18 minutes can induce severe asphyxia at birth.
. . . . [159]
(Macaca nemestrina) consequences of perinatal asphyxia Asphyxiated neonates developed long-term
with diagnostic imaging tools to physical and cognitive deficits.
correlate brain injury and
neurodevelopmental tests to evaluate
early motor and cognitive outcomes.
To establish a non-human primate The model demonstrated changes in magnetic
model of perinatal asphyxia suitable for ~ resonance/spectroscopy images consistent with
. preclinical evaluation of hypoxia, significant motor and behavioral
Primates (Macaca . Lo . . S
neuroprotective treatment strategies in  anomalies, and evidence of brain gliosis and was [189]

nemestrina)

conditions resembling human neonatal
emergencies and testing erythropoietin
neuroprotective treatment.

found to be an appropriate model of
moderate-to-severe perinatal hypoxic-ischemic
injury

Other benefits of working with animal models include the ability to manipulate the
genetic variety, ensuring that the phenotype is representative of the lesion, a small but
significant statistical sample, and the ability to control environmental conditions [190].
Ethical problems derived from the use of control groups (with no treatment) and informed
consent are eliminated. However, the complexity of mechanisms and organic interactions
of perinatal asphyxia, as well as the presence of multiple comorbidities, particularly those
of neurological development, cause animal studies to vary in terms of species, injury
methods, metabolic approach, and biospecific sample, among other factors, as can be
seen in the following table of revised animal models [26,30,61,70,71,159,162,165-167,169—
174,178-182,186,188,189,191-197].

13. Conclusions

Perinatal asphyxia remains a significant cause of morbidity and neurological mortality
in newborns. Hypoxic—ischemic encephalopathy is the clinical manifestation of general-
ized disordered neurologic function due to hypoxia. The pathophysiology of asphyxia
is extraordinarily complex and related to several gestational, obstetric, and fetal risk fac-
tors. Mechanisms are closely related, and all contribute, to a greater or lesser extent, to
primary and secondary neuronal and brain injury. Many clinical and biochemical markers
have been used to evaluate intrapartum injury, but controversies remain. Recent studies
have identified several biomarkers that may improve the identification of neonatal neu-
rologic damage in the period shortly after birth. The most reliable approach to identify
and evaluate the seriousness, timing, and pattern of these kinds of insults may consist
in measuring an array of inflammatory and neuronal biomarkers at a precise point of
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care at various intervals. Diverse strategies of neuroprotection have been performed with
different therapeutic targets to limit the neuronal damage associated with perinatal hypoxia
and to improve the functional prognosis of newborns. Current evidence indicates that
therapeutic hypothermia should start as soon as indicated to obtain the best neuroprotec-
tive results. Research in animal models has significantly contributed and provided the
evidence base for the therapeutic treatment of newborns with NHIE. However, the com-
plexity of mechanisms and interactions of perinatal asphyxia cause animal studies to vary
in terms of species, injury methods, metabolic approach, and biospecific sample, among
other factors. Various experimental approaches to treat neonatal HIE have advanced to the
stage of clinical applications in recent years, but more optimal animal models, additional
support/sponsorship from industry, and greater utilization of juvenile toxicology are all
urgently required. These aspects could be complemented by dose-ranging studies based
on pharmacokinetic-pharmacodynamic modeling and carefully programmed clinical trials
that do not expose subjects to harmful medications or result in abandonment of poten-
tial treatments. Further investigation should focus on add-on treatment modalities or
interventions to further improve outcomes.
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Abstract: Autism spectrum disorder (ASD) is a neurodevelopmental disorder with complex etiology.
The core syndromes of ASD are deficits in social communication and self-restricted interests and
repetitive behaviors. Social communication relies on the proper integration of sensory and motor
functions, which is tightly interwoven with the limbic function of reward, motivation, and emotion
in the brain. Monoamine neurotransmitters, including serotonin, dopamine, and norepinephrine, are
key players in the modulation of neuronal activity. Owing to their broad distribution, the monoamine
neurotransmitter systems are well suited to modulate social communication by coordinating sen-
sory, motor, and limbic systems in different brain regions. The complex and diverse functions of
monoamine neurotransmission thus render themselves as primary targets of pathophysiological
investigation of the etiology of ASD. Clinical studies have reported that children with maternal
exposure to valproic acid (VPA) have an increased risk of developing ASD. Extensive animal studies
have confirmed that maternal treatments of VPA include ASD-like phenotypes, including impaired
social communication and repetitive behavior. Here, given that ASD is a neurodevelopmental dis-
order, we begin with an overview of the neural development of monoaminergic systems with their
neurochemical properties in the brain. We then review and discuss the evidence of human clinical
and animal model studies of ASD with a focus on the VPA-induced pathophysiology of monoamine
neurotransmitter systems. We also review the potential interactions of microbiota and monoamine
neurotransmitter systems in ASD pathophysiology. Widespread and complex changes in monoamine
neurotransmitters are detected in the brains of human patients with ASD and validated in animal
models. ASD animal models are not only essential to the characterization of pathogenic mechanisms,
but also provide a preclinical platform for developing therapeutic approaches to ASD.

Keywords: valproic acid; autism spectrum disorder; serotonin; dopamine; norepinephrine;
histamine; neurodevelopment

1. Introduction

Autism spectrum disorder (ASD) is a devasting neurodevelopmental disease with
an increasing prevalence of ~18.5 per 1000 people [1]. The etiology of ASD is highly
heterogeneous with genetic and environmental roots. The core syndromes of ASD patients
are deficits in social communication/interaction and restrictive/repetitive behavior [2].
Because of its complicated and heterogeneous etiology, the pathological mechanisms are
not yet fully characterized, which prevents the development of effective therapy for ASD.

1.1. Animal Models of ASD

ASD is a complex and heterogeneous neurodevelopmental disorder. Genetic mutations
of genes involved in synaptic wiring and neurotransmission in the development and
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function of neural circuits have been linked to ASD pathogenesis [3,4]. Genetic animal
models of ASD provide research platforms to investigate ASD pathophysiology caused
by mutations of ASD-risk genes, including MECP2, SHANK3, NLGN3, etc. [3-5]. As
developing brains are vulnerable to environmental insults, environmental factors also play
a significant role in the pathogenesis of ASD. It has been estimated up to 40-50% of the
variance in ASD pathogenesis is influenced by environmental factors [6]. Maternal exposure
to pharmacological reagents, heavy metals, and vaccination against virus infection has
been implicated in the etiology of ASD [6].

1.2. VPA-Induced ASD-Like Animal Models

Valproic acid (VPA) is prescribed medicine for treating epilepsy, migraine, and mood
disorders [7]. However, clinical studies indicate that children with maternal exposure to
VPA have a higher chance of developing ASD [8]. Subsequent animal studies confirm that
maternally VPA-treated offspring develop prominent ASD-like phenotypes resembling the
core syndromes of human ASD patients.

Most VPA-induced animal models are established in the rodent owing to the easy
accessibility to rodents in the laboratory setting. VPA-induced models have also been
reported in non-human primates [9,10]. The time windows of VPA administration in pro-
ducing offspring with ASD-like phenotypes are from neural tube closure to neurogenesis,
i.e., embryonic (E) day 9-E12.5 in pregnant rats (Tables 1 and 2) [11-13]. Time windows
of VPA exposure appear to critically influence the developmental consequences in the
VPA models. Previous studies have compared the teratogenic effects of VPA in different
time windows of exposure. For example, Rodier et al. have found that VPA exposure at
E11.5, E12, or E12.5 results in differential vulnerabilities of cranial nerves in the brains of
offspring [13]. Animals exposed to VPA at different gestational time windows also show
distinct developmental trajectories and abnormalities in cortical and brainstem regions [14].
At the behavioral level, Kim et al. have reported that VPA exposure at E12, but not at E7,
E9.5, and E15, causes significant ASD-like social abnormalities, suggesting that E12 is a
critical period for inducing ASD-like phenotypes [15].

Intriguingly, postnatal VPA administration during the first two weeks after birth
causes ASD-like behavioral phenotypes in rodents as well [16-18], suggesting that postnatal
developmental processes, including synaptogenesis, myelination, and synaptic pruning
are also vulnerable to VPA exposure. Therefore, ASD-like phenotypes could be induced by
VPA administrated at either gestational or early postnatal stages.

Regarding the issue of gender, the prevalence of human ASD patients among males is
~4.3 times higher than among females [1]. Most studies use male animals in VPA-induced
ASD model studies. However, some groups also include females and found ASD phe-
notypes in female animals as well (Tables 1 and 2). To investigate sexual dimorphism
of VPA effects, several studies have compared gender-specific alterations in maternally
VPA-treated offspring [19-23]. Evidence shows gender-specific changes in the immune
responses [19,20,22,24], cell density of cerebellum [23,25], network connectivity [26], anan-
damide signaling [27], attentional processing [28], and composition of gut microbiota [29]
in maternally VPA-treated animal offspring. These sexual dimorphisms may be related to
histone deacetylase (HDAC) inhibition by VPA, as Konopko et al. have reported differential
epigenetic modification of Bdnf genes in maternally VPA-treated fetal brains of different
genders [24]. In general, maternally VPA-treated male offspring have more severe ASD-like
phenotypes compared to female offspring.

With respect to the dosage of VPA administration, maternal VPA exposure affects
the nervous systems in a dose-dependent manner. Magnetic resonance imaging (MRI)
studies have shown dose-dependent changes in networks of the primary motor cortex-
premotor cortex and the primary motor cortex-supplementary motor area in humans,
suggesting that VPA induces changes in specific neural circuits [30,31]. The higher dose of
the expecting mother taking VPA, the higher risk of the offspring being diagnosed with
ASD [32]. Frisch et al. have reported that offspring of rat dams receiving a high dose
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of VPA (720 mg/kg) daily during the entire pregnancy show the most severe phenotype
of impaired learning and memory. In the same study, MRI data show that compared
to a medium dose of VPA (470 mg/kg), the higher dose of maternal treatment of VPA
(720 mg/kg) induced more significant reductions in cortical and brainstem regions of
offspring [33]. Prenatal administration of a lower dose of VPA (200 mg/kg) did not induce
ASD-like behavioral phenotypes [16]. Therefore, for the experimental induction of ASD-
like behavioral phenotypes without severe developmental retardation in the offspring,
VPA administrated at the dosage of 300-600 mg/kg in pregnant rodents and non-human
primates are mostly used (Tables 1 and 2) [9,34-37].

1.3. Potential Mechanisms Underlying VPA-Induced ASD-Like Pathophysiology

It is yet unclear how maternal VPA exposure induces ASD pathophysiology. VPA is
known to have multiple pharmacological properties. Firstly, VPA is a simple branched-
chain fatty acid (2-propylpentanoic acid) that can directly inhibit voltage-gated sodium
channels and suppress the high-frequency firing activity of neurons. VPA also can indirectly
inhibit GABA transferase resulting in increased GABA neurotransmission in the brain [38].
Note that the imbalanced excitatory/inhibitory (E/I) ratio in neural circuits has been
proposed as a prevailing pathogenic mechanism of ASD [39,40]. Hence, VPA may reduce
the excitability of neural circuits by inhibiting GABA uptake, leading to disrupted E/I
balance, which may account for ASD phenotypes. In supporting this hypothesis, previous
studies show that abnormal E/I balance and aberrant synaptic transmission have been
found in the medial prefrontal cortex (mPFC), primary somatosensory cortex, amygdala,
and dorsal raphe nucleus of maternally VPA-treated rodent offspring [41-46]. Furthermore,
drugs that regulate neuronal excitability can partially rescue ASD-like phenotypes in VPA-
treated animals [37,47], suggesting that E/I imbalance resulting from VPA treatment may
be a key mechanism of ASD pathogenesis.

Secondly, VPA functions as a non-specific histone deacetylase (HDAC) inhibitor that
can affect neural development by chromosome remodeling [6-8]. VPA-induced changes in
neural development have been reported in many studies and discussed by several review
articles [12,35,48]. The epigenetic effects of VPA have been confirmed by VPA-induced
site-specific epigenetic alterations in rodents [49-51] and non-human primates [9], suggest-
ing that VPA-mediated epigenetic modifications may contribute to VPA-induced ASD-like
pathophysiology. Several genome-wide screening studies have identified the alteration of
genetic networks by VPA. In non-human primates, prenatal VPA administration changes
the expression of human ASD-associated genes and the gene expression patterns that are
related to synaptogenesis, critical period, neural plasticity, and E/I balance, including
CADM1, LRRTM4, GRIN1, and GRIN2A in marmoset infant brains [52]. Another RNA se-
quencing study has investigated transcriptome profiles in maternal VPA-treated marmoset
embryos and found marked alterations in the gene expression pattern of neuronal devel-
opment, including axon guidance and calcium signaling [9]. In rodent models, maternal
VPA treatment induces changes in circadian rhythm- and extracellular matrix-related genes
in the mPFC [53]. Altered gene expression profiles in neural development and function,
cellular development and function, cell death, and immune system are also detected in the
amygdala of maternally VPA-treated offspring brains [54]. Proteomics study has further
found changes in protein expression profiles in synaptic function, energy metabolism, cy-
toskeleton and neuropsychiatric disorders in the cerebral cortex of maternally VPA-treated
rat offspring [55]. Note that molecular and cellular changes in the VPA-induced animal
models are similar, but not identical to those in idiopathic ASD patients.

On the other hand, VPA-induced changes in the immune system are of particular in-
terest, because maternal immune activation during embryonic stages has been proposed as
a pathogenic mechanism of ASD [56]. Inflammatory responses are detected in human ASD
brains, including elevated levels of inflammatory biomarkers and activation of astrocytes
and microglia [57]. Evidence suggests abnormalities in the interaction of the microbiota—
gut-brain axis and the immune system in ASD brains [58], highlighting the multifaceted
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and potential pathogenic role of inflammation in ASD pathogenesis. In VPA-treated ani-
mals, marked signs of neuroinflammation have been detected, including elevated levels
of reactive oxygen species, NFkB, and pro-inflammatory cytokines [59]. Moreover, anti-
inflammatory drugs could alleviate ASD-like phenotypes in maternally VPA-treated animal
offspring [37,47]. In light of these findings, we will discuss how monoamines interplay
with the microbiota—gut-brain axis and the immune system later.

1.4. Advantages and Limitations of VPA-Induced ASD-Like Animal Models

Since the first rodent model in the 1970s, VPA exposure in experimental animals
has been widely used as an ASD model to study the ASD etiology of environmental
risk factors. The major advantage of studying VPA models is that the VPA-exposed
animals develop robust ASD-like phenotypes resembling the core symptoms of ASD
patients [7,11,12,35]. Its simple experimental protocols also allow it to be widely adopted
as an animal model for studying ASD pathophysiology from molecular, cellular to be-
havioral levels for decades [12,35,48,60,61]. Moreover, as VPA is an HDAC inhibitor that
can influence chromosome remodeling, VPA animal models may help understand the
epigenetic basis of ASD etiology.

The limitations of VPA models are, however, that VPA exposure is one of many
environmental risk factors of ASD and maternally VPA-exposed ASD patients represent a
small population of ASD. The VPA-induced pathophysiology may thus account for part
of ASD pathophysiology. Nonetheless, because VPA-induced pathophysiology shares
some similarities with ASD genetic mutation models, e.g., synaptopathy [4,62], the easy
accessibility and the extensive knowledge built on this ASD model have been leveraged to
screen for pharmacological reagents for treating ASD patients [37,47,63].

1.5. Dysfunction of Monoaminergic Neurotransmission in VPA-Induced ASD-Like Animal Models
of ASD

Alterations of monoaminergic neurotransmitter systems have been detected in many
brain regions as well as in the peripheral system in ASD pathophysiology (Figure 1;
Tables 1 and 2). Unlike the classical neurotransmitters of glutamate and GABA that directly
dictate neuronal activity, monoamines are neuromodulators that modulate the excitability
of neurons by regulating synaptic neurotransmission (Figure 2; Tables 1 and 2).

Monoamine-modulating drugs are so far the available medications for treating ASD-
associated syndromes. The atypical antipsychotics, risperidone and aripiprazole, are U.S.
Food and Drug Administration (FDA)-approved clinical drugs for ASD. Risperidone and
aripiprazole pharmacologically act on dopamine (DA) and serotonin of the monoaminergic
systems. In supporting the importance of the monoaminergic systems for ASD, several
studies have shown that antipsychotics targeting monoaminergic systems are effective in
improving maternal VPA-induced ASD-like abnormalities [64—67].

The neural development of monoaminergic systems protracts a long time from embry-
onic to postnatal stages. The prolonged developmental time frame makes it vulnerable to
pathological alterations that are induced by genetic and epigenetic challenges related to
ASD. In the present review, we focus on the VPA-induced ASD model, because it has been
widely adopted to investigate the neuropathophysiology of ASD and used as an experimen-
tal platform to develop therapeutic reagents [35,37,68]. We begin with an overview of the
neural development and neurochemical property of each monoamine neurotransmitter, we
then discuss the abnormalities of ASD in human patients and VPA-induced animal models.
Schematic summary of the monoaminergic neurotransmission-related endophenotypes
and other pathophysiological changes in the central nervous system and peripheral system
of VPA-treated animals are illustrated in Figures 1 and 2 and listed in Tables 1 and 2.
Schematic drawings of synaptic transmission of monoaminergic neurotransmissions and
VPA-induced dysfunction of monoaminergic neurotransmission are illustrated in Figure 2.
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Figure 1. Alterations of monoaminergic systems in the brain and peripheral system of mater-
nally VPA-treated rodent offspring. Schematic drawings illustrate pathophysiological changes in
monoaminergic systems in the central nervous system and peripheral system of maternally VPA-
treated rodent offspring. The bi-directional arrows indicate cross-talk between the central and
peripheral systems. Abbreviations: 1, increased; |, decreased; 5-HIAA, 5-hydroxyindoleacetic acid;
5-HT, 5-hydroxytryptamine (serotonin); 5-HTP, 5-hydroxytryptophan; D1R, dopamine D1 recep-
tor; D2R, dopamine D2 receptor; DAT, dopamine transporter; DOPAC, 3,4-dihydroxyphenylacetic
acid; E/I, excitatory/inhibitory; Htr, 5-hydroxytryptamine receptors; mEPSCs, miniature excitatory
postsynaptic currents; METH, methamphetamine; MHB, midbrain-hindbrain boundary; NET, nore-
pinephrine transporter; SERT, serotonin transporter; SN, substantia nigra; TH, tyrosine hydroxylase;
TPH, tryptophan hydroxylase; VTA, ventral tegmental area.
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Figure 2. Schematic drawings illustrate monoaminergic neurotransmissions and their dysregulation

in response to maternal VPA challenge. (A) Serotonergic neurotransmission. (B) Dopaminergic

neurotransmission. (C) Norepinephrinergic neurotransmission. The neurotransmission molecules

that are altered by maternal VPA treatments are indicated by asterisk*. Abbreviations: T, increased;
1}, decreased; 5-HIAA, 5-hydroxyindoleacetic acid; 5-HIAL: 5-hydroxyindole acetaldehyde; 5-HT, 5-
hydroxytryptamine (serotonin); 5-HTP, 5-hydroxytryptophan; 5-HTR, 5-hydroxytryptamine receptor;
AADC, aromatic L-amino acid decarboxylase; ALDH, aldehyde dehydrogenase; DIR, dopamine D1
receptor; D2R, dopamine D2 receptor; D3R, dopamine D3 receptor; D4R, dopamine D4 receptor; D5R,
dopamine D5 receptor; DA, dopamine; DAT, dopamine transporter; DBH, dopamine-f3-hydroxylase;
DHPG, dihydroxyphenylglycol; DOPAC, 3,4-dihydroxyphenylacetic acid; MAO, monoamine oxidase;
mEPSCs, miniature excitatory postsynaptic currents; METH, methamphetamine; NE, norepinephrine;
NET, norepinephrine transporter; SERT, serotonin transporter; TH, tyrosine hydroxylase; TPH,
tryptophan hydroxylase; VMAT, vesicular monoamine transporter.

40



Biomedicines 2022, 10, 560

2. Alterations of Monoaminergic Systems in VPA-Induced ASD Models
2.1. Serotoninergic Systems
2.1.1. Neural Development of Serotonergic Neurons

In the central nervous system, the majority of serotonergic neurons are localized in
the raphe nuclei. All the serotonergic neurons are derived from the developing rhomben-
cephalon. Serotonergic progenitors are generated in the isthmus and p3 domain of the
ventral hindbrain. Serotonergic neurons undergo neurogenesis at E 9.5-E12 in mice and
E10.5-E13 in rats. Shortly after cell mitosis, differentiating serotonergic neurons begin their
migration as early as E10 [69]. The early-born neurons migrate to form the anterior cluster of
serotonergic neurons (B5-B9) that extensively innervate the forebrain, midbrain, cerebellum,
and raphe nuclei themselves. The late-born neurons migrate caudally to form the posterior
cluster of serotonergic neurons (B1-B4) that innervate the brainstem and spinal cord [70].
Upon the end of differentiation, serotonergic neurons produce 5-hydroxytryptamine (5-HT,
i.e., serotonin) not only for neurotransmission, but also for facilitating the maturation of
themselves. Along with axonal outgrowth and navigation, serotonergic neurons start to
release 5-HT during axonal outgrowth as early as E16.5. The extensive and prolonged
axonal innervations of serotonergic neurons are not completed until several weeks after
birth [71].

2.1.2. Neurochemical Properties of Serotonin

Tryptophan is the precursor for the synthesis of serotonin. Tryptophan hydroxylase
(TPH), the rate-limiting enzyme found only in serotonergic neurons, converts tryptophan
into 5-hydroxytryptophan (5-HTP). Then, aromatic L-amino acid decarboxylase (AADC)
converts 5-HTP into 5-HT. Cytoplasmic 5-HT is packed into synaptic vesicles through
vesicular monoamine transporter 2 (VMAT?2), where it is stored until being released into
the synaptic cleft by exocytosis. The neurotransmission activity of 5-HT in the synaptic cleft
is terminated by the serotonin transporter (SERT) that reuptakes 5-HT back to presynaptic
terminals [70]. Because SERT is critical to 5-HT activity, the kinetics of 5-HT neurotrans-
mission is governed by the level of SERT. 5-HT is metabolically degraded by monoamine
oxidase (MAO) and converted into 5-hydrozy-indoleacetaldehyde, which is subsequently
oxidized by aldehyde dehydrogenase to derive 5-hydroxyindoleacetic acid (5-HIAA). See
Figure 2 for the summary of serotoninergic neurotransmission.

2.1.3. Clinical Evidence of Abnormalities of Serotoninergic Systems Related to ASD

Clinical evidence of dysregulated serotoninergic systems in ASD patients is yet dis-
puted. The first clinical study has reported hyperserotonemia in early-onset ASD pa-
tients [72]. Consistent with this report, a meta-analysis study has revealed elevated levels
of 5-HT in the blood of 25.4% of ASD patients [73]. Another group has also reported an in-
creased number of dystrophic 5-HT axons in different regions of human ASD brains [74,75].
Despite the evidence of hyperserotonemia as reported in some clinical studies, postmortem
studies indicate different aspects of serotonin dysfunction in ASD pathophysiology. Signifi-
cant reductions in receptor-binding density of two 5-HT receptors, Gj-coupled 5-HT 4 and
Gq-coupled 5-HT,, were found in the posterior cingulate cortex and fusiform gyrus of ASD
patients [76]. Moreover, abnormally increased and decreased levels of serotonin receptors
were, respectively, observed in ASD patients with and without seizure histories [76]. Age-
dependent alterations of the serotonergic systems have recently been identified, especially
in the anterior cingulate cortex [77]. In addition to neuroanatomical alterations, genetic
linkage studies have observed that SERT variants are correlated with platelet hypersero-
tonemia and impaired social communication in ASD patients [78-80]. Animal studies
have found abnormal serotonergic neurotransmission in ASD-like pathophysiology as well.
Normal serotonin levels are critical to the maintenance of E/I balance in cortical neurons,
and restoration of serotonin levels can alleviate ASD-like phenotypes [81]. The causal
relationship between the ASD-associated SLC6A4/SERT Ala56 coding variant and hyper-
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serotonemia has been demonstrated in SLC6A4/SERT Ala56 gain-of-function transgenic
mice that exhibited ASD-like behaviors [82].

2.1.4. Abnormalities of Serotonergic Systems in VPA-Induced ASD Models

In the peripheral system, previous studies have found elevated 5-HT levels in serum,
plasma or gastrointestinal tract of VPA-treated rodents, which support the general hyper-
serotonemia theory of ASD etiology [14,83-85]. However, other studies have reported the
reduction in 5-HT-positive cells in the ileum, 5-HT levels and its precursors (tryptophan and
5-HTP), and metabolites (5-HIAA) in both the peripheral system and brain [22,86-89]. Note
that short-term depletion of 5-HT precursor tryptophan deteriorates repetitive behavior
and elevates anxiety status in ASD patients [90]. Given the complexity of clinical case
studies, e.g., variations in the genetic, comorbidity, medication, and diet, it remains to be
clarified how dysfunction of peripheral 5-HT takes part in ASD pathophysiology.

In the central nervous system, alterations of 5-HT levels have been detected in several
brain regions of VPA-treated offspring. Serotonergic neurons of the median raphe nucleus
primarily project to the hippocampus, whereas serotonergic neurons of the dorsal raphe
nuclei preferentially project to the prefrontal cortex, basal ganglia, and amygdala [70]. In
contrast to the more consistent results of VPA-induced 5-HT levels in the regions that
are innervated by the dorsal raphe nucleus, the VPA-induced alterations of 5-HT levels
are varied in the hippocampus [14,18,83,91,92]. The dorsal and median raphe nuclei may
differ in vulnerabilities to VPA treatments. Reduced serotonin receptors have also been
found in the hippocampus [93]. In other brain regions, alterations in 5-HT levels are more
consistent. In VPA-treated rodents, increased 5-HT levels are detected in the cerebellum
and pons; however, reduced 5-HT levels are detected in the prefrontal cortex, midbrain, and
amygdala. Considering developmental changes in VPA-treated rodents, administration of
VPA during E9-E12.5 is at the time window of neurogenesis, differentiation, and migration
of serotonergic neurons in the raphe nuclei. Kuwagata et al. have reported differential
vulnerabilities of 5-HT-positive neurons to different time windows of maternal VPA admin-
istration. They found abnormal migration of 5-HT-positive neurons in rats receiving VPA
at E11, but not in rats receiving VPA at E9 [94]. Wang et al. found an increased number
of 5-HT-positive neurons in the raphe magnus nucleus (caudal part of raphe nuclei), but
Miyazaki et al. report no significant changes in the total number of 5-HT-positive cells in
the raphe nuclei [95,96]. These two studies are different at VPA dose and the timing of VPA
injections. The discrepancy of these findings may be partly explained by VPA-induced
abnormal migration in the raphe nuclei as reported by other groups [94,95,97]. Abnormal
differentiation of serotonergic neurons has been reported in the embryos of VPA-treated
zebrafish [98]. Because VPA is an HDAC inhibitor that can regulate chromatin remodel-
ing, it would be of interest to study how VPA-induced epigenetic changes in chromatin
remodeling affect the development of serotonergic neurons.

2.1.5. Behavioral Phenotypes Related to Abnormal Serotonergic Systems in VPA-Induced
ASD Models

At the functional level, Wang et al. (2018) reported abnormal excitatory /inhibitory balance
and mEPSCs of 5-HT neurons in the dorsal raphe nucleus of VPA-treated brains, implicating
a role of 5-HT in the modulation of excitatory/inhibitory balance of neuronal activity [46].
With respect to behavioral phenotypes, most of the studies have found abnormal social behav-
iors along with abnormalities in serotonergic systems [18,22,83,84,86-89,91,92,96,99]. Impaired
social communication is a hallmark of ASD symptoms, and defective social interaction also
occurs in VPA-induced ASD animals. Other ASD-like behavioral phenotypes in serotonergic
deficient VPA mice are increased repetitive behaviors and anxiety levels, abnormal sensation,
delayed developmental milestones, and impaired memory [18,83,84,86-89,92,96,99]. By con-
trast, the findings of locomotion are inconsistent in that some studies have reported reduced
locomotion [18,84,86], but other studies found elevated locomotion [87-89,91,92,100]. This
inconsistency cannot be explained by species of animals or dosage of VPA. An interesting
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finding is that abnormal circadian rhythm and activity were found in rats that maternally
received VPA at E9.5. Note that a high proportion of patients with autism show sleep dis-
turbance, especially insomnia [101,102]. Regarding the causality of abnormal serotonergic
systems and behavioral abnormalities, Wang et al. (2013) have treated VPA-induced ASD
rats with 5-HT 5 receptor agonists during behavioral tests. They found that the treatment
of 5-HT; A receptor agonists could restore social impairments and improve extinction of
fear memory, suggesting that abnormal serotonergic signaling may contribute to abnormal
social behaviors and memory deficits in VPA-treated rodents [96]. In the future, more stud-
ies are required to further clarify the causal relationship between behavioral phenotypes
and serotonergic abnormalities (Table 1).

Table 1. Summary of valproic acid (VPA)-induced teratogenicity in serotonergic systems.

Monoamines-Related

Other Molecular, Cellular and

. N Behavioral .
Endoph'enotypes '(Age Physiological . Phenotypes (Age of Animals Animals/ VPA References
of Animals during Phenotypes (Age of Animals duri . Gender Exposure
. . . uring Analysis)
Analysis) during Analysis)
Serotonergic System
1 Inflammation in colonic
1 5-HT in the tissues |} Social play behavior
hippocampus J Tight junction protein Abnormal olfactory . 600 mg/kg,
1 5-HT in serum (claudinl and occluding) in the habituation/dishabituation Wistar rats/male E12.5,i.p. [83]
(>3m/o) colonic tissues (11 wks-3 m/o0)
(>3m/o)
Delayed developmental
1 Proinflammatory cytokines: milestones (P2-21)
T IL-17A, TNF-«, IL-6 J Locomotion . 600 mg/kg,
1'5-HT in serum (P28) J} GABA in serum J Social behaviors Wistar rats/male E12.5,i.p. 84]
Abnormal gut microbiota 1 Repetitive behavior
(P28)
Abnormal gut microbiota
Altered several metabolic 1 Anxiety
1 5-HT in serum (N/A) pathways caused by microbial 1} Social behaviors (:.57BL/6 500 Ing/kg, [85]
L mice/male E12.5,i.p.
dysbiosis (6 wks)
(P21, 28, 35)
o o
PP pus, SD rats/male E9, oral [14]
cerebellum, and feodin
plasma (P50) &
. J} GABA in serum, cerebellum,
+5-HT and its precursors and PFC J Novel object recognition
(L-tryptophan and - . :
X 1 Glutamate in serum, | Social behavior
5-HTP) and final .
. . cerebellum, and PFC J Locomotion . 500 mg/kg,
metabolites (5-HIAA) in - X Wistar rats/male . [86]
| Acetylcholine in serum 1 Depression E12.5,ip.
the colon, feces, serum, L .
and PFC 1 Repetitive behavior
cerebellum, and PFC . .
Abnormal gut microbiota (8 wks)
(8 wks)
(8 wks)
1} 5-HT in the PFC and
amygdala
1 5-HT turnover 1 Epithelial loss and intestinal
(5-HIAA/5-HT) in the inflammation in the ileum | Social interaction BALB/c 500 or 600
PFC and amygdala 1 Neuroinflammation in the (P28) mice/both mg/kg, [22]
1} 5-HT levels and dorsal hippocampus gender E11.5, s.c.

numbers of 5-HT positive
cells in the ileum
(P28)

(P28)
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Table 1. Cont.

Monoamines-Related

Other Molecular, Cellular and

. N Behavioral .
Endoph.enutypes .(Age Physiological . Phenotypes (Age of Animals Animals/ VPA References
of Animals during Phenotypes (Age of Animals . . Gender Exposure
. . . during Analysis)
Analysis) during Analysis)
| Gastrointestinal tract motility
1 Activity of mitochondrial
enzyme complex-1, II, V in PFC
1 BBB permeability | Social behaviors (P44, 45)
IE 1 Oxidative stress | Exploratory behaviors (P47) .
15 H;{;Sr;hfpl;g)c and 1 Nitrosative stress 1 Locomotion (P49) ra‘gl/sx:zzle Sg(l);?jgélzg’ [87-89]
(nitrate/nitrite) T Repetitive behaviors (P46) e
1 Inflammation in the brain and T Anxiety (P47, 48)
ileum
1 Calcium
(P50)
Developmental delay (P9-12)
1 Inflammation: |Glutathione Impaired nociceptive
and catalase; 1Total nitrite sensation
1 5-HT in the | Cerebellar Purkinje cells 1 Locomotion Rats/male 600 mg/kg, [92]
hippocampus (P110) 1 Neurodegenerative | Rearing and hole pokin E12.5,ip.
pPp P S g P g P
chromatolysis in the cerebellum 1 Anxiety
(P110) | Social behaviors
(P90-110)
J} Locomotion
| Motor coordination
| Social behavior
1 Oxidative stress | Spatial learning and BALB/c
1 5-HT in the | Number of Purkinje cell layer memory . 400 mg/kg, P14,
. . X mice/both [18]
hippocampus (P40) in the cerebellum T Anxiety ender 5.C.
(P40) Impaired nociceptive &
sensation
Delayed negative geotaxis
(P40)
+ 5-HTT51_nI_It;1 ?;x;;debram 1 Free amino acid in the frontal | Social behaviors Albino 800 mg/kg,
rebellum and pon cortex | Spatial memory rats/mal E12.5, oral [99]
cerebe pons (P22) (P21) s/maie feeding
(P22)
J} 5-HT in the
hippocampus .
n.s. SERT and 5-HIAA 1 Locomotion Wistar 500 mg/kg, E9,
. J Social behaviors ¢ [91]
among a variety of (P31) rats/male ip.
brain regions
(P50)
4 TPH-positive neurons 1 Amplitude of mEPSC in the ] )
. lateral amygdala | Social behaviors
in the raphe magnus | Paired pulse facilitati G I ired f 500 /k
nucleus (P28) Paired pulse facilitation ratio mpaired fear memory SD rats/male mg/kg, 196]
R in the thalamo-amygdaloid extinction E12.5,i.p.
1 SERT binding in the
amygdala (P60) synapses (P28-35)
(P35)
. - 1 Locomotion (P18) .
T Elevaﬁqn OfA 5-HT J Body weight (4 wks) Wistar 800 mg/kg, E9.5.
after feeding in the N rats/both . [100]
frontal cortex (P56-105) Abnormal circadian rhythm gender oral feeding
and activity (P28-43)
| Serotonin receptor, Altered expression in genes Wistar
Htr1b, Htrld, Htr3a encoding cholinergic and 800 mg/kg, E11,
. 0 ) N/A rats/both ! [93]
mRNA in the adrenergic receptors in the ender oral feeding
hippocampus (P35) cortex and cerebellum (P35) g
0.625 mM, from
50% epiboly to 27
neuronal diffrentiation. 12k of Mauthner neurons Tormal medium
in embryos (48 and 4 Pr?zr;;e:;iil §2er}11€ ?)scllb N/A Zebrafish/N/A 0,625 mM, from [98]
73 hpf) P 24 to 48 hpf,

incubated in
normal medium
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Table 1. Cont.

Monoamines-Related
Endophenotypes (Age
of Animals during
Analysis)

Other Molecular, Cellular and
Physiological
Phenotypes (Age of Animals
during Analysis)

Behavioral
Phenotypes (Age of Animals
during Analysis)

Animals/
Gender

VPA
Exposure

References

Abnormal migration of
5-HT in adult dorsal
raphe nucleus
n.s. in number of 5-HT
positive neurons (P50)

|} Shh mRNA level at E9 N/A

Wistar 800 mg/kg, E9,

rats/male oral feeding 1951

Abnormal migration of
5-HT-positive neurons
in the pons
Abnormal navigation
of 5-HT-positive
neurons in the
boundary of midbrain
and hindbrain
(E16)

Disorganization of cortical

SD rats/both
gender

800 mg/kg, E9 or

N/A E11, oral feeding

lamination (E16) [94]

Abnormal 5-HT
neurons distribution
(dorsal tangential
migration) in the rostral
raphe nucleus (E15.5)

J Shh mRNA expression around

Wistar
N/A rats/both
gender

800 mg/kg, E9.5,

oral feeding 197]

the isthmus (E11.5)

1 The
excitation/inhibition
ratio by enhancing
glutamatergic synaptic
transmission of the
5-HT neurons in the
dorsal raphe nucleus
1 Frequency of
mEPSCs of the 5-HT
neurons in the dorsal
raphe nucleus
(6-8 wks)

| Spike-timing-dependent
long-term potentiation in the
dorsal raphe nucleus (6-8 wks)

1 Anxiety (8 wks) Long
| Body weight (P1) Evans/male

400 mg/kg,

E12.5, s.c. 146]

All the animals in the studies listed in this table received a single administration of VPA. Abbreviations: 1, in-
creased; |, decreased; 5-HIAA, 5-hydroxyindoleacetic acid; 5-HT, 5-hydroxytryptamine (serotonin); 5-HTP,
5-hydroxytryptophan; BBB, blood-brain barrier; dpf, days post-fertilization; E, embryonic day; GABA, y-
Aminobutyric acid; hpf, hours post-fertilization; Htr, 5-hydroxytryptamine receptors; IL, interleukin; m/o,
months old; i.p., intraperitoneal injection; mEPSCs, miniature excitatory postsynaptic currents; N/A, not applica-
ble; P, postnatal day; PFC, prefrontal cortex; s.c., subcutaneous injection; SERT, serotonin transporter; Shh, sonic
hedgehog; TH, tyrosine hydroxylase; TNF, tumor necrosis factor; TPH, tryptophan hydroxylase; VPA, valproic
acid; wks, weeks old.

2.1.6. Microbiota—Gut-Brain Axis and Serotoninergic Systems in VPA-Induced
ASD Models

Peripheral 5-HT is mainly produced by enterochromaffin cells from dietary trypto-
phan in the gastrointestinal tract, and is taken up by platelets or SERT on serotoninergic
presynaptic terminals. Peripheral 5-HT regulates gastrointestinal motility and is involved
in immune function [103]. An intriguing issue is how peripheral 5-HT affects the central
nervous system, given that 5-HT in the central and peripheral nervous systems is separated
by the blood-brain barrier. 5-HT may influence enteric nerves, vagal afferent activity, or
inflammatory responses, and then modulate the central nervous system indirectly [58].
Another potential mechanism of peripheral 5-HT influence neurodevelopmental process is
mediated by the microbiota—gut-brain axis. Previous studies have demonstrated the causal
relationship of the microbiota—gut-brain axis and the pathogenesis of ASD, and ~70% of
ASD patients show comorbid gastrointestinal disturbances [58]. 5-HT has been shown
to modulate bacterial motility and gene expression profile of bacteria in vivo [58,104],
indicating complex feedback interactions between 5-HT and microbiota in the gastroin-
testinal tract. Conversely, the microbiota is known not only to synthesize 5-HT, but also
to modulate the serotonergic system in the gastrointestinal tract of the host, suggesting
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that 5-HT may be a communication molecule of gut-brain interactions. In germ-free mice,
TPH (rate-limiting enzyme of 5-HT) is upregulated, and the 5-HT level in the hippocampus
is reduced with enhanced anxiety [105,106]. Animal studies have found the abnormal
composition of microbiota in ASD-like models, including VPA-treated rodents [84-86]. The
VPA-treated rodents also showed altered 5-HT, L-tryptophan, 5-HTP, and 5-HIAA levels in
serum, colon, feces, cerebellum, and prefrontal cortex [84-86]. Given the important role of
the microbiota—gut-brain axis in ASD pathophysiology, it would be of interest to see if the
modulation of the gut-brain axis by serotonin may be involved in the etiology of ASD.

2.2. Catecholamines
2.2.1. Neural Development of Catecholaminergic Neurons

DA and norepinephrine (NE) are the primary catecholamines that are released from
groups of catecholamine neurons in different brain regions (A1-A17). An additional
three adrenaline-containing groups (C1-C3) are distributed in the telencephalon, mesen-
cephalon, and rhombencephalon [107]. Catecholamines are important neurotransmitters
that are essential to brain function. Dysfunction of catecholamines is involved in the patho-
physiology of neurodevelopmental and neurodegenerative disorders, including ASD and
Parkinson’s disease.

Although dopaminergic neurons comprise a small population of neurons in the brain,
they profoundly control brain function through the extensive innervations of their net-
work [107]. Among the different groups of dopaminergic neurons, substantia nigra pars
compacta (SNc, A9) and ventral tegmental area (VTA, A10) play important roles in the
control of motor, reward, motivation, and emotion. Progenitors of dopaminergic neurons
are originated from the ventral midline of the floor/basal plate that is located near to the
midbrain-hindbrain boundary (MHB), or isthmus. In mice, SNc dopaminergic neurons are
generated before E11 and their neurogenesis is peaked at E11-E12, whereas the peak of
neurogenesis of VTA dopaminergic neurons occurs at E12-E13 [108]. After exiting the cell
cycle progression, midbrain dopaminergic neurons migrate radially and/or tangentially
from the ventricular zone toward the pial surface, and this migratory process continues
until the first week after birth. [109,110].

On the other hand, cell bodies of norepinephrinergic neurons are clustered in the
medulla oblongata, pons, and midbrain. The locus coeruleus (LC) is known as the ma-
jor source of NE in the brain, which is located near the floor of the fourth ventricle [70].
Progenitors of LC neurons are mainly derived from rhombomere 1, and LC neurons are
born early and migrate toward the basal plate before E10.5 [111]. Neurogenesis of nore-
pinephrinergic neurons occurs predominantly between E10.5-E12.5. Norepinephrinergic
neurons are functionally active by birth [112], and they gradually mature during postnatal
periods [113].

2.2.2. Neurochemical Properties of Catecholamines

All the catecholamines are derived from L-tyrosine. The rate-limiting enzyme, tyrosine
hydroxylase (TH), converts L-tyrosine to L-DOPA, and AADC subsequently converts L-
DOPA to DA. For neurons that synthesize NE or epinephrine, dopamine-f-hydroxylase
catabolizes DA into NE, and phenylethanolamine N-methyltransferase further converts
NE into epinephrine. The degrative metabolism of catecholamines is mediated by MAO
and catechol-O-methyltransferase (COMT). DA and NE are transported into synaptic
vesicles by VMAT?2. After being released into the synaptic cleft, NE and DA are recycled
back into the presynaptic terminal, respectively, through the uptake by norepinephrine
transporter (NET) and dopamine transporter (DAT). The DA receptor family consists of
two members, D;-like and D;-like receptors. Activation of D;-like receptor increases cAMP
levels, whereas activation of D2-like receptor decreases cAMP levels in DA responsive cells.
As for the NE receptor, NE binds to three NE receptor families («x1, o2, 3) [70]. See Figure 2
for the summary of catecholaminergic neurotransmission.
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2.2.3. Clinical Evidence of Abnormalities of Catecholaminergic Systems Related to ASD

An early study documented dysregulation of catecholamines in ASD patients whose
plasma level of NE is increased, but dopamine-3-hydroxylase is decreased [114]. Clinical
study has shown reduced DA level in the mPFC of medication-free ASD patients, which
suggests an aberrant function of the dopaminergic systems in ASD [115]. Genetic link-
age studies have revealed that mutations of many dopaminergic systems regulators are
associated with ASD, including dopamine receptor DRD1 [116], DRD2 [117], DRD3 [118],
DRD4 [119], and DAT [120,121]. The dopaminergic systems are of particular interest with re-
spect to ASD pathophysiology, because it participates in the reward system that is involved
in social motivation and social interaction [122,123]. Because of the multifaceted roles of the
dopaminergic systems in reward prediction, decision making, and motivation [124-126]
that are affected in ASD patients, it is imperative to study the pathophysiological changes
in dopaminergic systems in ASD.

As for the norepinephrinergic systems, previous studies have reported abnormal-
ities of resting-state functional connectivity in LC and elevated tone of NE activity in
ASD children [127,128]. Another positron emission tomography study found a correlation
between the binding signals of DIR and NET and ASD symptoms [129]. Moreover, antipsy-
chotic drugs targeting NE receptors have been shown to have beneficial effects on ASD
symptoms [130].

2.2.4. Abnormalities of Catecholaminergic Systems in VPA-Induced ASD Models

Alterations of dopaminergic systems have been extensively reported in studies of VPA-
induced ASD animal models. Reduction in the rate-limiting enzyme of TH has been found
in the striatum of VPA-treated rats [131]. The reduced TH level presumably would result in
decreased DA level in the striatum. However, another study has reported an elevated DA
level in the striatum of VPA-treated mice [132]. In fact, the increased DA levels were found
not only in the striatum, but also in the frontal cortex, cerebellum, and pons [14,99,132]. By
contrast, decreased DA levels were found in the hippocampus, midbrain, and serum of
VPA-treated animals [86,99]. The variations in the changes in DA levels in different brain
regions may result from the differences in DA turnover and/or the expression of DA-related
signaling molecules in different brain regions, including DA receptor, acetylation of DAT,
and phosphorylation of DARPP-32 in response to social stimulus [66,93,133-135]. Along
this line, an interesting question is whether the dopaminergic systems may be affected
by the external environment. Indeed, elevated DA levels and reduced DA turnover were
found in VPA mice raised in different social environments [132].

In the norepinephrinergic systems, reduced NE levels are detected in the hippocampus,
midbrain, and serum; whereas increased NE levels are found in the frontal cortex, cerebel-
lum, and pons [84,99]. Furthermore, increased NET expression and acetylation levels have
been reported in VPA-treated rats [66]. Regarding VPA-induced changes in neuronal devel-
opment, abnormal migration of TH-positive neurons have been found in the pons, and the
boundary of the midbrain and hindbrain [94], which implicates that pathological changes
in the catecholamine systems may result from VPA-induced developmental abnormalities.

2.2.5. Neuroanatomical Phenotypes Related to Altered Catecholamine Systems in
VPA-Induced ASD Models

In addition to altered metabolic, abnormal migration, and distribution of TH-positive
DA neurons in the SNc and VTA have been found in VPA-treated rats and chickens [94,136].
Regarding dopaminergic projections, a recent study has used the tissue clearing iDISCO
method combined with a laser light-sheet confocal microscope to investigate whole-brain
dopaminergic axonal projections. Addm et. al. (2020) have found reduced ventrobasal
telencephalic projections from the VTA along with a reduced number of DA neurons in the
VTA of VPA-treated mice. By contrast, an increased number of DA neurons in the substantia
nigra was observed in VPA-treated mice. These findings suggest region- and cell-type
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specificity in VPA-induced pathophysiology and further suggest potential compensatory
mechanisms among different dopaminergic neuronal populations in the midbrain [137].

2.2.6. Behavioral Phenotypes Related to Altered Catecholamine Systems in VPA-Induced
ASD Models

At the behavioral level, consistent behavioral phenotypes have been found along
with catecholaminergic abnormalities in VPA-treated rodents, including reduced social
behaviors, increased repetitive, depressive and anxious behaviors, and impaired mem-
ory [14,66,84,86,93,99,131,133,134,138]. Impaired cognitive flexibility and temporal process-
ing have also been observed in VPA-treated rodents, implicating abnormal functions of
the prefrontal cortex [131,132]. Reduced levels of hyperlocomotion in response to metham-
phetamine further support the abnormalities of dopaminergic systems in VPA-treated
mice [135]. Risperidone and aripirazole are two atypical antipsychotics for alleviating ASD
syndromes in VPA-treated mice, including impairments in social behaviors, vocalization,
and recognition memory [64,65]. Note that risperidone inhibits D2R and 5-HT,4 receptors,
whereas aripirazole acts as an agonist of 5-HT,4 receptor and also as a partial agonist
of D2R. The causality between dopaminergic and behavioral phenotypes awaits further
investigation. On the other hand, hyperactivity, repetitive behaviors, impaired social inter-
action, and recognition memory can be alleviated by atomoxetine, a blocker of NET. The
neurochemical mechanisms by which altered catecholaminergic systems contribute to ASD
pathogenesis require further studies.

2.2.7. Altered Reciprocal Interactions of Microbiota and Catecholamine Systems in
VPA-Induced ASD Models

Decreased levels of DA and NE in serum have been found in VPA-treated rats along
with the abnormal composition of gut microbiota [84,86]. NE has been shown to regulate
various aspects of bacteria, from bacterial growth, migration to the gene expression profile
of bacteria [58]. Some bacteria are found to express monoamine transporter on their plasma
membrane [139]. Other bacteria can convert host-derived inactive forms of NE and DA
into biologically active forms [140], suggesting a role of microbiota in modulating the
activity of catecholaminergic systems. The mechanisms underlying reciprocal interactions
between peripheral catecholaminergic systems and microbiota—gut-brain axis and how
dysfunctional microbiota—gut-brain axis affect central catecholaminergic systems await
future studies.

2.3. Histamine
2.3.1. Neural Development of Histaminergic Neurons

In the postnatal stages, histaminergic neurons are mainly distributed in the tubero-
mammillary nucleus of the hypothalamus, and they extensively innervate a variety of brain
regions, including the cerebral cortex, hippocampus, preoptic area, striatum, and thala-
mus [141]. Histidine decarboxylase (HDC) is an enzyme that catalyzes the decarboxylation
of histidine to form histamine. Neurogenesis of HDC-positive neurons in the tuberomam-
millary nucleus begins from E13-18 and is peaked at E16 in the rat brain [142]. Notably,
there is a transient histaminergic system during prenatal brain development. Transient
histamine-immunoreactive neurons are located in the mesencephalon, metencephalon,
and rhombencephalon, and they are no longer detected at the end of embryonic stages
in the rat brain. The peak of neurogenesis in the brain and the highest level of histamine
coincide at ~E14, implicating a potential role of histamine in regulating neurogenesis in
the rat brain [143]. Later studies have revealed a regulatory role of histamine in promoting
neural proliferation, cell-type specific differentiation, and axogenesis [143]. It has also
been reported that histamine systems can cross-talk with other neurotransmitter systems
by forming heteroreceptors (see below) and by other unknown mechanisms. For exam-
ple, the expression levels of dopamine, D2R, and D3R are increased in HDC knockout
mice [144,145].
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2.3.2. Neurochemical Properties of Histamine

The histaminergic systems play important roles in modulating the sleep—wake cycle,
reward, neuroinflammation, emotion, and learning and memory [146]. Histamine is con-
verted from L-histidine by histidine decarboxylase (HDC), and is packaged into synaptic
vesicles by VMAT?2 before releasing. Although there are no high-affinity reuptake mecha-
nisms for uptaking histamine, histamine N-methyltransferase (HNMT) is responsible for
the clearance of histamine in the synaptic cleft [70,141]. In the brain, neuronal expression
of histamine receptor H1 (H1R), histamine receptor H2 (H2R), and histamine receptor
H3 (H3R) are engaged in the regulation of different neurological functions. For example,
HI1R and H3R signalings are important for regulating the sleep-wake cycle, whereas H2R
signaling is involved in aggression [147].

2.3.3. Clinical Evidence of Abnormalities of Histaminergic Systems Related to ASD

Clinical studies have linked abnormal histaminergic systems to ASD pathogenesis.
Human postmortem brain study has found increased HNMT levels and histamine receptors
in the dorsolateral prefrontal cortex of ASD patients [148], suggestive of altered histaminer-
gic systems in ASD pathophysiology. The histaminergic system transiently but profoundly
affects the developmental processes of other neural systems, including serotonergic and
dopaminergic systems [144,149]. Furthermore, histamine not only modulates the prolifera-
tion and differentiation of neural stem cells, but also regulates the biological functions of
astrocytes and microglia that are involved in neuroinflammation [144,149]. Taken together,
histaminergic dysfunction may contribute to autistic abnormalities either directly as a
neuromodulator or indirectly through affecting neuronal development (Table 2).

Table 2. Summary of valproic acid (VPA)-induced teratogenicity in catecholaminergic and histamin-
ergic systems.

Monoamines-Related Other Molecular, Cellular, Behavioral
Endophenotypes and Physiological Phenotypes (Age . VPA
(Age of Animals Phenotypes (Age of of Animals Animals Exposure References
during Analysis) Animals during Analysis) during Analysis)

Catecholaminergic Systems: Dopamine and Norepinephrine

} Vocalization

(P11)
L TH ﬂixi?l%? 1%39) 400 mg/k
immunoreactivity in N/A yi Wistar rats/male 8/ X8 [131]
the striatum (P30) 1 Repetitive E12.5,ip.
behavior (P29)
| Play behavior
(P30)
| TH-positive neurons J Locomotion in
(5 dpf). larvae (5 dpf) 25 M, from 10
J Dopamine Abnormal
B-Hydroxylase (5 dpf dark-flash hpfto 24 hpf,
Y Y p N/A Zebrafish/male incubated in [150]
and 6 mpf) response embrvonic
J} DOPAC (5 dpf and Abnormal social me d}i]um
6 mpf) behaviors
1 NE (5 dpf and 6 mpf) (6 mpf)
| GABA in serum, J Novel object
cerebellum and PFC recognition
1 Glutamate in serum, | Social behavior
J DA in serum cerebellum and PFC | Locomotion . 500 mg/kg,
(8 wks) | Acetylcholine in serum 1 Depression Wistar rats/male E12.5,i.p. (6]
and PFC 1 Repetitive
Abnormal gut microbiota behavior
(8 wks) (8 wks)
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Table 2. Cont.

Monoamines-Related Other Molecular, Cellular, Behavioral
Endophenotypes and Physiological Phenotypes (Age . VPA
(Age of Animals Phenotypes (Age of of Animals Animals Exposure References
during Analysis) Animals during Analysis) during Analysis)
1 DA in the frontal 800 mg/kg, E9,
cortex (P50) N/A N/A SD rats/male oral feeding [14]
1 DA level in the
dorsal striatum
| DA turnover Abnormal .
(DOPAC/DA) in the N/A temporal CrlFcen:CF1 600 mg/kg, [132]
. ! mice/both gender E12.5, s.c.
dorsal striatum processing (P60)
(1 day after
behavioral test)
J} DA in the
hippocampus and
midbrain
1 DA in the frontal
cortex, cerebellum and 1 Free amino acid in the 1 Social behaviors 800 mg/kg,
ons 8/ X8
i NP})E in the frontal cortex | Spatial memory Albino rats/male E12.5, oral [99]
hippocampus and the (P22) (P21) feeding
midbrain
1 NE in frontal cortex,
cerebellum and pons
(P22)
1 c-fos immunoreactivity in | Social behaviors
1 DA turnover the piriform cortex 1 Repetitive .
(DOPAC/DA) in the Altered pattern of brain behavior Cn:liFC?:;ClF ! 6](3)(1)2n;g/kg, [138]
iriform cortex (P60 ucose metabolism Anxie
pirif ol bol 4 ty ce/male .5, s.c.
(P60) (8 wks)
1 PPARw in the VTA
T Vglut and Vglut/Vgat .
ratio in the Dela;gtgzsgsatlve
| DARPP-32 caudate-putamen of male ; .
phosphorylation in mice . S(T)CIl{il k;iﬁ?‘jéors
response to social 1 PSD95 expression in the belfavior SD rats/both 500 mg/kg, [133]
stimulus in the caudate-putamen of male A gender E12.5,i.p.
nucleus accumbens mice T D;E lrsi:i(cjz m
(P60) 1 NR2B in the .
T Anxiety
caudate-putamen of male
paen (P48-53)
(P60)
1 D1R in the nucleus ¥ Restlng. potential Of. . -
medium spiny neurons in 1| Social behaviors
accumbens and ; .
hippocampus the striatum n.s. amphetamine- 500 mg/kg
4 DZIS 1}; the nucleus J Excitability induced Wistar rats/male E125 i ’ [134]
accumbens J Inwardly rectifying hyperlocomotion 2 1P
(P35-40 and P90-95) potassium currents density (P35-40)
(P30-35)
J} Drdla mRNA in the -
Altered expression in genes
cerebellum . . K . 800 mg/kg,
| Drd2 mRNA in the encoding cholinergic and N/A Wistar rats/both E11. oral 93]
adrenergic receptors in the gender i
cerebral cortex feeding
(P35) cortex and cerebellum
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Table 2. Cont.

Monoamines-Related Other Molecular, Cellular, Behavioral
Endophenotypes and Physiological Phenotypes (Age . VPA
(Age of Animals Phenotypes (Age of of Animals Animals Exposure References
during Analysis) Animals during Analysis) during Analysis)
Delayed
1 Proinflammatory developmental
cytokines: IL-17A, TNF-a, mlieil"c‘;iéii;m 600 me/k
J} NE in serum (P28) IL-6 . . Wistar rats/male 8/ K& [84]
. } Social behaviors E12.5,i.p.
J GABA in serum "
- . 1 Repetitive
Abnormal gut microbiota .
behavior
(P28)
T DAT expression and
acetylation of histone
H3 bound to Slc6a3 Hvperactivit
gene in the PFC Tylge aiitK/ y 400 me/k
1 NET expression and N/A epetitive SD rats/male &/%8 [66]
. . rearing E12,s.c.
acetylation of histone (4 wks)
H3 bound to Slc6a2
gene in the PFC
(4 wks)
J} DIR and D2R in the
prefrontal cortex | c-fos positive neurons in .
J} METH-induced DA the prefrontal cortex after ﬁMEﬁH lr:;h?e;l ICR mice/mal 500 mg/kg, [135]
release in the METH administration yperiocomotio 1ee ¢ E125,ip.
(8 wks)
prefrontal cortex (8 wks)
(8 wks)
Abnormal migration
of TH-positive
neurons in the pons
Abnormal navigation Disorganization of cortical SD rats/both 800 mg /kg, E9
of TH-positive o N/A or E11, oral [94]
. lamination (E16) gender ;
neurons in the feeding
boundary of midbrain
and hindbrain
(El6)
Abnormal distribution
of TH-positive
neurons in substantia Chicken (Gallus 35 pm(?les, E14,
nigra and VTA N/A N/A allus) dropping VPA [136]
| DRD1 and GRIN2A & solution into
o (N/A) !
expression in the the air sac
septum
(P2)
J Widening
TH-positive
mesotelecephalic
axonal fascicles
J TH-positive cells in
the VTA
- C57BL/6/both 400 mg/kg,
J TH-positive N/A N/A gender E135, s.c. [137]

terminals in
ventrobasal
telencephalic region
1 TH-positive cells in
the substantia nigra
(P7)
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Table 2. Cont.

Monoamines-Related
Endophenotypes
(Age of Animals
during Analysis)

Other Molecular, Cellular, Behavioral
and Physiological Phenotypes (Age . VPA
Phenotypes (Age of of Animals Animals Exposure References

Animals during Analysis) during Analysis)

Histamine

| Histamine receptor
H3
| Histidine
decarboxylase
J Histaminergic
neurons
(5 dpf and 6 mpf)

J Locomotion in

lal:‘éarfo(inda};f) 25 uM, from 10
hpf to 24 hpf,
dark-flash P b
N/A response Zebrafish /male ncubated in 1ol
Abnormal social egzg}i]sg:c
behaviors
(6 mpf)

All the animals in the studies listed in this table received a single administration of VPA. Abbreviations:
1, increased; |, decreased; DIR, dopamine D1 receptor; D2R, dopamine D2 receptor; DAT, dopamine transporter;
DOPAC, 3,4-dihydroxyphenylacetic acid; dpf, days post fertilization; E, embryonic day; GABA, y-Aminobutyric
acid; hpf, hours post-fertilization; IL, interleukin; i.p., intraperitoneal injection; METH, methamphetamine; mpf,
months post-fertilization; m/o, months old; n.s., no significant difference; N/A, not available; NR2B, N-methyl D-
aspartate receptor subtype 2B; P, postnatal day; PFC, prefrontal cortex; PPAR«, peroxisome proliferator-activated
receptor alpha; PSD95, postsynaptic density protein 95; s.c., subcutaneous injection; TH, tyrosine hydroxylase;
TNF, tumor necrosis factor; VPA, valproic acid; VTA, ventral tegmental area; wks, weeks old.

2.3.4. Abnormalities in the Histaminergic System in VPA-Induced ASD Models

Similar to what is observed in clinical studies, abnormalities in the histaminergic
system have been found in VPA-induced ASD-like animal models as well. Reduced levels
of histamine receptor H3 (H3R), HDC and histaminergic neurons have been found in VPA-
treated zebrafish [150]. Notably, H3R antagonists have therapeutic effects on VPA-treated
mice in reducing inflammation and ASD-like behaviors [151-153]. H3R antagonists also
alleviate ASD-like symptoms in other ASD animal models [154,155]. Given that Gi-coupled
HB3R can indirectly modulate other neurotransmitter systems by forming heteroreceptors,
the involvement of histaminergic systems in ASD pathophysiology may have been un-
derestimated. Until now, there is no study revealing alterations of histaminergic systems
except VPA-treated zebrafish. No information is yet available for potential changes in the
central and peripheral systems in mammals.

Histamine is not only synthesized in the central nervous system, but also in the
peripheral mast cells and gastric enterochromaffin-like cells that play important roles in the
microbiota—gut-brain axis [58]. Moreover, some microbiota in the gastrointestinal tract of
the host also synthesize histamine. Although histamine hardly penetrates the blood-brain
barrier, in addition to the microbiota—gut-brain axis, histamine may indirectly affect the
nervous system via the immune system and the vagal system [58,156]. It is worthwhile
to note that histamine is a key player in many immune responses, because maternal
immune activation is a risk factor for offspring to develop ASD [56]. It is imperative to
decipher the mechanisms by which histamine by itself and/or through regulating other
neurotransmission systems contribute to the pathophysiology of ASD.

3. Conclusions

Over the decades of studies, the VPA-induced ASD-like animal models have provided
important information about the pathophysiology of ASD. The monoaminergic systems,
key players of neuromodulation in the brain, are extensively affected in the pathophysiology
of ASD as demonstrated in the VPA-induced ASD model. In this review, we summarize and
discuss the pathological changes in monoaminergic systems related to ASD etiology. Given
the pharmacological nature of VPA that can regulate cellular signaling as well as chromatin
remodeling as an HDAC inhibitor, the information gained from VPA model studies with
respect to monoaminergic systems would not only help clarify the pathogenic trajectories of
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ASD at the cellular and epigenetic levels, but it may also help develop therapeutic reagents
for ASD [37].
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Abstract: Increasing evidence suggests that fetal programming through environmental exposure
during a critical window of early life leads to long-term detrimental outcomes, by so-called devel-
opmental origins of health and disease (DOHaD). Hypertension can originate in early life. Animal
models are essential for providing convincing evidence of a causal relationship between diverse early-
life insults and the developmental programming of hypertension in later life. These insults include
nutritional imbalances, maternal illnesses, exposure to environmental chemicals, and medication use.
In addition to reviewing the various insults that contribute to hypertension of developmental origins,
this review focuses on the benefits of animal models in addressing the underlying mechanisms by
which early-life interventions can reprogram disease processes and prevent the development of
hypertension. Our understanding of hypertension of developmental origins has been enhanced
by each of these animal models, narrowing the knowledge gap between animal models and future
clinical translation.

Keywords: animal model; developmental origins of health and disease (DOHaD); hypertension;
oxidative stress; pregnancy; renin-angiotensin system; gut microbiota; reprogramming

1. Introduction

The association between fetal development and the increased risk of adult disease has
attracted a great deal of attention to the concept of developmental programming or devel-
opmental origins of health and disease (DOHaD) [1,2]. The DOHaD hypothesis gained
momentum after the emergence of observational studies from the 1944-1945 Dutch famine
cohort, illustrating that maternal starvation is associated with an increased risk of metabolic
and cardiovascular diseases in adult offspring [3]. These findings, combined with numer-
ous subsequent epidemiologic investigations, indicate that the perinatal period, a critical
window of organogenesis, is a vulnerable time in terms of the impact of adverse environ-
mental insults [4]. Several hypotheses, such as thrifty phenotype [5], maternal capital [6],
and predictive adaptive responses [7], have been developed to explain the epidemiological
observations of an association between early life insults and diseases in adulthood. How-
ever, these hypotheses do not propose mechanistic pathways by which disease proceeds or
suggest potential interventions for the prevention of adult diseases. Accordingly, animal
models that have been developed and characterized have been instrumental in indicating
the biological plausibility of the associations observed in epidemiological research, pro-
viding proof of causality. Emerging evidence indicates that animal models are valuable
tools for understanding the pathogenesis of developmental programming and developing
therapeutic interventions for DOHaD-related diseases [8-10]. A variety of small (e.g., rats,
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mice, and guinea pigs) and large (e.g., sheep and pigs) animals have been used to test
aspects of the DOHaD hypothesis, and each offers different advantages.

Hypertension and related cardiovascular diseases are leading causes of mortality
worldwide [11]. The WHO reported that 1 in 4 men and 1 in 5 women have hyperten-
sion [12]. Due to the multifactorial nature of hypertension, the use of various animal
models, which induce hypertension by various mechanisms and produce the same end
result, is advantageous [13,14]. In the past decades, novel drug classes and interventional
strategies for the treatment of hypertension have been developed using hypertensive ani-
mal models [15]. However, the prevalence of hypertension remains high and continues
to increase globally [16]. All this raises the question of how to prevent and not just treat
hypertension based on the DOHaD concept.

A broad range of early-life insults can induce developmental programming, resulting
in hypertension. These include maternal undernutrition or overnutrition, maternal disease
states, lifestyle changes, substance abuse, environmental exposure to toxins/chemicals,
and medication use during pregnancy [10,17-20]. Hypertension, diabetes, kidney disease,
and inflammation are common maternal diseases that complicate pregnancy. On the other
hand, programming processes geared toward disease could be reversed by shifting therapy
from adulthood to the perinatal period, that is to say, by reprogramming [21]. Although
the pathogenesis behind hypertension of developmental origins is poorly understood at
present, our understanding of animal models used to study common mechanistic pathways
has advanced greatly in recent years, which helps in developing efficient strategies to
reprogram hypertension and prevent it from happening.

This review summarizes the contributions of animal models to DOHaD research with a
focus on hypertension. It is proposed that integrating evidence from diverse animal models
is essential in order to advance our understanding of hypertension of developmental
origins and develop novel reprogramming strategies to alleviate the global burden of
hypertension.

We retrieved related literature from all articles indexed in PubMed /MEDLINE. Search
terms were as follows: “blood pressure”, “developmental programming”, “DOHaD”,
“animal model”, “mother”, “maternal”, “pregnancy”, “gestation”, “offspring”, “progeny”,
“prenatal”, “perinatal”, “reprogramming”, and “hypertension”. Additional studies were
then selected and assessed based on appropriate references in eligible papers. The last
search was conducted on 20 April 2021.

2. Choice of Animal Models

A broad range of animal models have been established to validate that the associations
found in human observational studies can be replicated under experimental conditions.
Animal models can be categorized in many different ways. First, models for DOHaD
research can be categorized by types of environmental insult. For example, global caloric
restriction and protein restriction in animals can mimic the starvation associated with
famine in human cohorts [8,9]. Second, animal models can be classified according to molec-
ular mechanisms. Since different environmental insults during pregnancy and lactation
produce similar outcomes with respect to hypertension in adult offspring, there might
be common mechanisms behind the developmental programming of hypertension. To
date, hypertension of developmental origins has been attributed to mechanisms [10,17-21]
including reduced nephron number, oxidative stress, an aberrant renin-angiotensin system
(RAS), gut microbiota dysbiosis, and sex differences, among others. Animal models have
been developed to test such proposed mechanisms. Finally, various small- and large-animal
models have been established for DOHaD research, each with its own natural advantages
and disadvantages [8]. Although non-human primates have long been regarded as the gold
standard because of their high genetic and biological similarity to humans, the most com-
monly used species in the DOHaD field are rodents [22]. Rat and mouse models provide
a low-cost option with a short life cycle that is easy to handle. Mice also provide ample
access that allows for genetic modification. Depending on the experimental approach, other
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species such as rabbits, sheep, and pigs have also been used to evaluate developmental
programming related to offspring outcomes [22]. Rabbits are useful for studies as their lipid
metabolism and placental structure are similar to those in humans [23]. Pigs are considered
to be a suitable model for evaluating the early stages of fertilization and development.
Sheep have a long gestation period, and their fetal size and developmental rate are close to
those in humans [24]. Cows are large, monotocous animals with a long gestation period, as
in humans [24]. Thus, many aspects of animal models have to be taken into consideration
when choosing one species over another, such as genetic background, anatomy, physiology,
length of gestation, litter size, life cycle, and application to the clinical context. A summary
of the selection of animal models for the study of hypertension of developmental origins is

depicted in Figure 1.
Early-life Environmental Insults

Nutritional Maternal Chemical Medication
imbalance illnesses exposure use
* Large size '+ Large size  Low-cost e Non-human
+ Monotocous * Long « Short life cycle primate, rabbit,
gestational « Easy-to-handle pig, etc
7Y - A

Cow "y, [shece LS

Common mechanisms underlying fetal programming

Reduced Gut
At&e}&rgnt nephron microbiota
number dysbiosis

Hypertension at adulthood

Figure 1. Schematic illustration of the selection of animal models for studying hypertension of developmental origins in

adulthood according to early-life environmental insults, animal species, and common mechanisms. Lines with arrows
(top section) indicate types of early-life insults produced in particular species of animals to induce hypertension in adult
offspring. The study of other animals in DOHaD research (non-human primates, rabbits, pigs, etc.) is limited.

3. Hypertension of Developmental Origins: Early-Life Insults

Several suboptimal environmental conditions during fetal development are relevant
to hypertension in adult offspring, including maternal nutritional imbalance, maternal
illnesses and conditions, exposure to environmental chemicals, and medication use during
pregnancy and lactation [10,17-20]. Each category is discussed in turn.
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3.1. Maternal Nutritional Imbalance

Within the context of DOHaD research, studies of nutritional programming using
small animal models have been ongoing since the early 1990s [8]. Nutritional interventions
during critical developmental phases can have long-lasting effects on blood pressure (BP)
in adult offspring [17]. Excessive or insufficient consumption of a specific nutrient has
been used to induce hypertension of developmental origins in animal models, as shown in
Figure 2 [25].

High protein-to- Caloric

carbohydrate restriction
ratio

diet ]

-Qonutrient i
inciency

deficient diet

Figure 2. Overview of nutritional interventions used to modulate nutritional status during pregnancy and/or lactation
to study hypertension of developmental origins in animal models. Fe = iron; Zn = zinc; Vit D = vitamin D; Na = sodium;

Ca = calcium.

Caloric restriction refers to an overall reduction of energy and nutrient intake without
incurring malnutrition. Caloric restriction in a range of 30-70% in pregnant rats has been re-
ported to induce elevated BP in their adult offspring [26-28]. Hypertension programmed by
maternal caloric restriction has also been observed in other species, including sheep [29,30]
and cows [31]. In general, more severe caloric restriction resulted in earlier development of
hypertension in adult offspring [25]. The protein restriction model has also been widely
used to explore the mechanisms of nutritional programming [32]. As in the caloric restric-
tion model, when pregnant rats were exposed to a greater degree of protein restriction,
their adult offspring were likely to have high BP earlier [33-35]. Moreover, deficiencies in
micronutrients, including iron [36], zinc [37], vitamin D [38], methyl donor nutrients (folic
acid; choline; methionine; and vitamins B2, B6, and B12) [39], sodium [40], and calcium [41]
in pregnant rats were associated with hypertension in their offspring. In a Brazilian study,
when dams were fed with a multi-deficient diet developed from a basic regional diet, this
was also shown to induce hypertension in adult rat offspring [42,43]. On the other hand,
the excessive intake of certain nutrients can result in programmed hypertension in male
adult offspring [25]. The Western diet is a modern dietary pattern characterized by the high
intake of high-fat products, high-sugar drinks, and excess salt. In animal models of mater-
nal diets containing key components based on the human Western diet, synergistic effects
of fat, sugar, and salt on the rise of BP in adult progeny were observed [44—46]. The most
frequently used model to induce obesity-related disorders is a high-fat diet [47]. The BP of
adult offspring exposed to a maternal high-fat diet varies according to age, sex, diverse
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fatty acid composition, and strain [48-50]. Similarly, the intake of solely a high-fructose diet
by rodent mothers results in BP elevation in the offspring [51-53]. A maternal high-fructose
diet was developed into an animal model frequently used for studying hypertension and
metabolic syndrome of developmental origins [54]. Male rat offspring exposed to a high
protein-to-carbohydrate ratio in the maternal diet were also characterized by elevated
BP [55]. In addition, high salt consumption during gestation and lactation has also been
associated with hypertension in the offspring in a rat model [40]. However, little is known
about the use of large animals to evaluate nutritional programming-induced hypertension.

Worthy of note is that nutritional programming can also be advantageous. Several
nutritional interventions have proven to be effective in preventing the development of
many adult diseases, including hypertension, with the use of animal models [56]. Since all
nutrients during pregnancy play a crucial role in fetal growth and development, studies uti-
lizing animal models of nutritional programming will lead to a better understanding of the
timing, optimal dose, and intake duration of nutritional interventions for clinical practice.

3.2. Maternal Illnesses and Conditions

Maternal illnesses and complications during pregnancy can cause fetal programming
and increase the risk of developing hypertension in offspring. Thus, animal models that
mimic chronic illnesses and pregnancy complications have been established to study hy-
pertension of developmental origins. Table 1 shows that rats are the most commonly
used animal species. Diverse animal models resembling human illnesses and pregnancy
complications have been evaluated, such as hypertensive disorders of pregnancy [57,58],
preeclampsia [59-61], chronic kidney disease [62], diabetes [63,64], polycystic ovary syn-
drome [65], maternal inflammation [66,67], maternal hypoxia [68,69], and sleep disor-
der [70,71].

Hypertensive disorders affect around 10% of pregnancies, which includes the 3-5%
of all pregnancies complicated by preeclampsia [72]. A previous cohort study showed
that there is an association between maternal hypertension and adverse cardiometabolic
outcomes in offspring at 40 years of age, including a 67% increased risk of hypertension [73].
Studies in two animal models—spontaneously hypertensive rat (SHR) and renovascular
hypertensive rat—support an association between maternal hypertension and rising BP
in the offspring during young adulthood [57,58]. Several animal models have been estab-
lished that mimic changes in maternal preeclampsia. For example, pregnant rats were
administered suramin [59] or NG-nitro-L—arginine-methyl ester (L-NAME, an inhibitor
of nitric oxide synthase) [60], or underwent a reduced uterine perfusion procedure [61],
resulting in elevated BP in their adult offspring. Pregnant women with chronic kidney
disease (CKD) are at risk of adverse outcomes for themselves and their offspring [74]. An
adenine-induced maternal CKD model was used to study uremia-related adverse outcomes
in pregnancy and offspring, including hypertension of developmental origins [59].

Epidemiological observations have established that exposure to gestational diabetes
mellitus in utero leads to a high risk of high BP in childhood [75,76]. Hypertension
in offspring induced by maternal diabetes is also demonstrable in animal models [63,64].
Although many models have been used for diabetes research [77], only streptozotocin (STZ)-
induced diabetes has been modelled for hypertension of developmental origins [63,64].
Both type 1 and type 2 diabetes can be induced by STZ when given to adult [63,64] or
neonate rats [63]. Another common pregnancy complication is iron-deficiency anemia. A
previous report demonstrated that adult offspring of both sexes in a rat model of maternal
iron deficiency had hypertension at 16 weeks of age [36].

Additionally, polycystic ovary syndrome (PCOS), inflammatory disorders, and hy-
poxia are associated with an increased risk of maternal pregnancy complications [78,79].
In the case of PCOS, the fetus is exposed to high levels of testosterone from the ma-
ternal circulation [80]. Thus, a model of maternal hyperandrogenemia by testosterone
cypionate administration in pregnant rats in late gestation was developed to study BP
in adult offspring [65]. As a result, female offspring exposed to prenatal androgen de-
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veloped hypertension at 120 days of age [65]. Prenatal exposure to two pyrogens, LPS
and zymosan, has been used to mimic maternal inflammation, and both models showed
elevated BP in adult offspring [66,67]. Likewise, hypertension can be programmed by
prenatal hypoxia in rats [68] or sheep [69]. Moreover, sleep disorders or chronodisruption
in pregnant women could have harmful consequences for their offspring, as we reviewed
elsewhere [81]. Table 1 shows that adult rat offspring exposed to maternal sleep restriction
or constant light prenatally were found to develop hypertension [70,71]. Based on evidence
gathered from the above-mentioned studies, various maternal illnesses and conditions
indeed impact the offspring’s BP and validate the epidemiological observations. However,
whether other maternal conditions such as depression are relevant to the developmental
programming of hypertension has not yet been adequately addressed.

It is noteworthy that most animal models employ rats and may evaluate short-term
but not long-term outcomes in offspring. Research on DOHaD should now be intensified
to validate the observed effects, with long-term follow-up studies using different species to
identify the underlying common mechanisms.

3.3. Chemical and Medication Exposure

In addition to maternal conditions, early-life chemical and medication exposure has
been associated with the developmental programming of hypertension. Table 2 illustrates
that prenatal exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) or bisphenol A leads
to increased BP in adult rat offspring [82-84]. These findings support the epidemiological
data indicating that exposure to environmental chemicals such as endocrine-disrupting
chemicals (EDCs) during critical developmental stages can increase the risk of cardiovascu-
lar disease later in life [85].

Substance abuse is also a major maternal insult; about 6-16% of pregnant women in the
United States are alcohol users, cigarette smokers, or illicit drug users [86]. Previous reports
on animal models demonstrated that maternal nicotine, alcohol, or caffeine exposure
caused elevated BP in rat offspring [87-89]. However, similar models using large animals
are not applied at the present time.

Additionally, medication use during pregnancy is also involved in the pathogenesis
of programmed hypertension. As shown in Table 2, cyclosporine [90], gentamicin [91],
minocycline [92], tenofovir [93], or glucocorticoid [94-98] administration in critical periods
of development has been reported to induce hypertension of developmental origins in
offspring. Unlike in humans, renal development in rodents continues up to postnatal
week 1-2. Thus, adverse events during gestation and the early lactation period can impair
nephrogenesis and reduce nephron numbers, resulting in hypertension in later life [99].
Cyclosporine, gentamicin, and glucocorticoid have been related to renal programming
and reduced nephron numbers in various animal models [99]. Particularly noteworthy is
glucocorticoid, the most extensively studied medication in animal models of programmed
hypertension. A developing fetus is prone to being exposed to excessive glucocorticoids
through excess maternal corticosteroid use (e.g., due to a stressed pregnancy) or through
exogenous administration (e.g., during preterm birth). In rats, both maternal and neonatal
administration of dexamethasone induced hypertension in adult offspring [94-96]. Like-
wise, prenatal glucocorticoid administration in a sheep model caused increased BP in
the offspring [97,98]. Moreover, the use of minocycline, a tetracycline antibiotic, during
pregnancy and lactation was shown to induce programmed hypertension in rat offspring,
coinciding with alterations of the gut microbiota and its derived metabolites [92]. Tenofovir,
an antiviral drug, can also program hypertension in a rat model [93]. To sum up, different
classes of medications contribute to developmental programming of hypertension. It is
possible that various insults can cause similar adult phenotypes that converge on common
mechanisms, culminating in the development of hypertension.
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Emerging evidence supports a “two-hit” hypothesis that explains the developmental
programming of adult diseases [8]. Hypertension can develop with two sequential hits, the
first hit being the response to a prenatal insult, followed by the second hit in response to
ongoing programming induced by the first hit. During fetal development, the first hit can
lead to morphological changes and functional adaption of vital organ systems, which alone
is not sufficient to alter the adult phenotype. Another type of insult may act as a second hit,
during which the same mechanism is targeted and could unmask or amplify the underlying
defects culminating in a disease state. Accordingly, a number of two-hit models have been
used to evaluate whether two distinct hits affect offspring outcomes synergistically or
differently when combined as compared to either hit alone. For example, models of a high-
fructose diet and TCDD exposure [82], TCDD plus dexamethasone exposure [83], combined
bisphenol A and a high-fat diet [84], and a high-fructose diet plus a post-weaning high-fat
diet [100] have been established to study hypertension of developmental origins. Together,
these animal models have provided evidence of a number of common mechanisms behind
hypertension of developmental origins, which will be discussed in turn.

4. Common Mechanisms Underlying Hypertension of Developmental Origins

In view of the fact that diverse early-life insults create very similar outcomes in
adult offspring, there might be some common mechanistic pathways contributing to the
pathogenesis of hypertension of developmental origins. So far, the proposed mechanisms
include oxidative stress, aberrant RAS, reduced nephron numbers, gut microbiota dysbiosis,
and sex differences [10,18-21].

4.1. Oxidative Stress

During fetal development, overproduction of reactive oxygen species (ROS) under
adverse conditions in utero prevails over the defensive antioxidant system, resulting
in oxidative stress damage [101]. There are several types of early-life insults linked to
oxidative stress in mediating hypertension of developmental origins, including maternal
caloric restriction [28,29], a zinc-deficient diet [37], a methyl-donor diet [39], high fat
intake [50], high-fructose consumption [51], preeclampsia [60,61], maternal CKD [62],
gestational diabetes [63], maternal hypoxia [68,69], TCDD exposure [83], bisphenol A
exposure [84], nicotine exposure [87], and glucocorticoid use [94].

Reported mechanisms behind oxidative stress-induced hypertension of developmen-
tal origins consist of increased ROS generation [61], decreased antioxidant capacity [35],
impaired nitric oxide (NO) signaling pathway [33,59,62,94], and increased oxidative dam-
age [29,82,84,94]. Markers of lipid peroxidation such as malondialdehyde (MDA) and
F2-isoprostanes were proven to be elevated in animal models of programmed hypertension
induced by a maternal low-protein diet [35], maternal L-NAME administration [60], and
reduced uterine perfusion [61]. Additionally, the expression of 8-hydroxydeoxyguanosine
(8-OHdG), an oxidative DNA damage marker, was increased in animal models of hy-
pertension programmed by a maternal methyl-donor diet [39], prenatal dexamethasone
plus TCDD exposure [82], combined high-fat diet and bisphenol A exposure [84], prenatal
dexamethasone exposure [95], and a maternal high-fructose diet [102].

Conversely, many natural and synthetic antioxidants have been used as a reprogram-
ming strategy to prevent hypertension of developmental origins in diverse of animal
models [20,103]. These observations suggest the notion that the developmental program-
ming of hypertension might be driven by oxidative stress.

4.2. Aberrant Renin-Angiotensin System

Blood pressure is tightly controlled by the renin-angiotensin system (RAS) [104]. The
blockade of the RAS provides the rationale for current antihypertensive therapies. The
kidney is a major target for all components of the RAS. During kidney development,
constituents of the RAS are highly expressed and play key roles in mediating proper renal
morphology and physiological function [105]. In humans, RAS blockers have been avoided
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for pregnant women due to fetopathy and renal maldevelopment [106]. The adult progeny
of animals that are transgenic for RAS genes or received angiotensin receptor blocker (ARB)
during the nephrogenesis stage to block the RAS have a concurrent reduction in nephron
numbers and hypertension [107,108].

An increasing number of animal models related to aberrant RAS are now being devel-
oped to evaluate hypertension of developmental programming [109]. Various nutritional
insults can program the kidney and RAS concurrently—protein restriction [34], calorie re-
striction [30], a high-fructose diet [51], and a high-fat diet [110]—resulting in hypertension
in adult offspring.

Adult rat offspring of diabetic mothers developed hypertension coinciding with in-
creased angiotensin-converting enzyme (ACE) activity [111]. Other maternal illnesses and
conditions such as hypertension [58], CKD [62], chronodisruption [78], and preeclamp-
sia [60] also interfere with aberrant RAS and programmed hypertension. Moreover, pro-
grammed hypertension coinciding with dysregulated RAS can be triggered by maternal
exposure to TCDD [83], caffeine [89], minocycline [92], or glucocorticoid [94,98].

On the other hand, reprogramming strategies targeting the RAS to prevent hyperten-
sion of developmental origins have been employed in various animal models [109]. So far,
several early-life interventions have been demonstrated, including renin inhibitor [112],
ACE inhibitor [113], ARB [114], and ACE2 activator [115]. Overall, the findings suggest
that the interplay between the RAS and other mechanisms in early life is implicated in
renal programming and consequently, hypertension in adulthood.

4.3. Reduced Nephron Numbers

A nephron is the basic unit of the kidney; however, there are large individual differ-
ences in the number of nephrons, ranging from 0.25 to 1.1 million per human kidney [116].
Epidemiologic studies have associated low birth weight and prematurity with low nephron
numbers as risk factors for hypertension in later life [117]. Reduced nephron numbers can
cause compensatory glomerular hyperfiltration and glomerular hypertension, consequently
leading to further nephron loss later in life. Therefore, reduced nephron number has been
considered as a key mechanism behind renal programming [118]. Likewise, animal studies
have indicated that there are vulnerable periods during kidney development that could
lead to a reduced nephron endowment.

In rats, adult offspring develop hypertension coinciding with reduced nephron num-
bers in response to diverse environmental insults during kidney development. These
animal models of renal programming involved maternal exposure to cyclosporine [90],
gentamicin [91], or glucocorticoid [94], or maternal diabetes [63], a low-protein diet [119],
inflammation [120], or hypoxia [121]. However, reduced nephron numbers per se would
not be essential for hypertension of developmental origins and renal programming [118].
The role of altering the nephron number in hypertension of developmental origins is still
awaiting discovery but is certainly a subject of great interest.

4.4. Gut Microbiota Dysbiosis

Recent evidence suggests that early development of the gut microbiota may impact the
programming of adult diseases, including hypertension [122,123]. During gestation, diet-
gut microbiota interactions can alter global histone acetylation and methylation, not only in
the mother but also in the fetus via contact with her metabolites [124]. Several mechanisms
that link gut microbiota dysbiosis to hypertension have been proposed, including increased
sympathetic activity, NO inhibition, aberrant RAS, and altered microbial metabolites, such
as short-chain fatty acids (SCFAs) [125].

Data from many animal models indicate that gut microbiota dysbiosis may be involved
in the developmental programming of hypertension. Various rat models of maternal insults
such as hypertension [57], CKD [62], PCOS [65], TCDD exposure [82], minocycline use [92],
a high-fructose diet [102], and a high-fat diet [126] have been examined with regard to the
impact of gut microbiota dysbiosis on hypertension of developmental origins.
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Worth noting is the consumption of probiotics or prebiotics, which has become one
dietary strategy for modulating the gut microbiota. Our prior studies reported that ma-
ternal consumption of a high-fructose or high-fat diet induced hypertension in adult
offspring, which can be prevented by modulating the gut microbiota through the in-
take of prebiotic inulin or probiotic Lactobacillus casei [127,128]. Despite recent studies
showing that microbiota-targeted therapies can be applied to various diseases [129], their
role in hypertension of developmental origins, especially their use in gestation, awaits
further exploration.

4.5. Sex Differences

There is a considerable body of literature indicating that sex-dependent differences ex-
ist in hypertension of developmental origins [130,131]. It has long been observed that male
offspring are more prone to hypertension than female offspring [25,130,131]. Additionally,
several mechanisms mentioned above, such as oxidative stress [132], the RAS [133], and gut
microbiota [134], are known to respond to environmental stimuli in a sex-specific manner.

Some early-life insults, such as maternal caloric restriction [27], low-protein diet [55],
high-fat diet [110], or high-fructose diet [112], or prenatal dexamethasone exposure [135],
have been reported to induce hypertension in male but not female offspring. This difference
has led many researchers to investigate only males instead of both sexes, as listed in Table 2.

In a prenatal dexamethasone exposure model [135], we found that glucocorticoid-
programmed hypertension developed in male but not in female adult offspring. We
also observed the absence of hypertension in female offspring coinciding with lower Agt
mRNA expression, suggesting that sex-dependent renal programming within the RAS may
underlie the pathogenesis of programmed hypertension. Additionally, we found that the
renal transcriptome is sex-specific in hypertension in offspring programmed by a maternal
high-fructose diet [112]. One possible protective mechanism of females being refractory
to high-fructose-diet-induced programmed hypertension is related to sex differences in
the renal transcriptome. However, whether the increased female sensitivity to insult is
beneficial or harmful to the developmental programming of various organs in female
fetuses remains unclear. Thus, a better understanding of the sex-dependent mechanisms
that underlie hypertension of developmental origins will aid in developing a novel sex-
specific strategy to prevent programmed hypertension across genders.

4.6. Others

Other molecular mechanisms relevant to the developmental programming of hyper-
tension are evaluated in different animal models, such as impaired sodium transport [10],
dysregulated nutrient-sensing signaling [136], increased sympathetic nerve activity [137],
and epigenetic regulation [138].

These observations suggest that there might be considerable interplay among the
common mechanisms behind the pathogenesis of hypertension of developmental origins,
even though this remains speculative. Although numerous mechanisms are outlined above,
attention will need to be focused on exploring other potential mechanisms and validating
them in different types of animal models. A better understanding of the mechanisms behind
hypertension of developmental origins is the key to developing novel reprogramming
interventions for further clinical translation.

5. Moving Forward: Promising Prospects of Early-Life Interventions

Given the advances in our understanding of the DOHaD research field, it has become
apparent that early-life interventions can reprogram molecular mechanisms behind hyper-
tension of developmental origins to prevent the development of hypertension in adulthood.
Animal models have been essential in providing ideal reprogramming strategies. As de-
scribed earlier, many antioxidants have been used as reprogramming strategies to prevent
hypertension in offspring in a number of animal models [20,103]: L-arginine [139], L-
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taurine [140], L-citrulline [60], vitamin C [69], vitamin E [28], folic acid [141], selenium [28],
melatonin [39,60,71], resveratrol [83,84,102], and N-acetylcysteine [57,59,60,95].
Additionally, several lines of evidence support the idea that early-life interventions
targeting specific signaling pathways are of benefit in the prevention of developmental
hypertension. First, reprogramming strategies targeting the NO pathway in early life have
been employed in various animal models to prevent the development of hypertension
in adult progeny. These interventions include supplementation of NO substrate [142],
agents that lower asymmetric dimethylarginine (ADMA, an inhibitor of NOS) [95], NO
donors [143], and enhancement of NOS expression [144], as reviewed elsewhere [142].
Second, several RAS-based interventions have also shown benefits in protecting against
programmed hypertension, such as renin inhibitor, ACEI, ARB, and ACE2 activator [109].
Third, the reprogramming effects of hydrogen sulfide (H;S)-based interventions have been
shown in diverse animal models [145]. Currently available reprogramming interventions
targeting the H,S pathway are L-cysteine [146], D-cysteine [146], NAC [147], sodium
hydrosulfide [148], and garlic [126]. Finally, the targeting of nutrient-sensing signals
such as cyclic adenosine monophosphate-activated protein kinase (AMPK) or peroxisome
proliferator-activated receptor (PPAR) has been noted to regulate downstream target genes,
thereby reprogramming hypertension induced by various maternal insults [149-154]. This
review provides a general overview of the various early-life interventions that show
benefits with regard to hypertension of developmental origins. Despite the tremendous
advances made from animal research, their clinical translation is still a long way off.

6. Selection of Appropriate Animal Models to Study Hypertension of
Developmental Origins

6.1. Important Issues for Consideration

Even though significant advances have been made in developing diverse animal
models to study hypertension of developmental origins, the need for meaningful clinical
translation remains a research priority. The following conditions should be taken into con-
sideration when we select animal models. First, the timing of the animal’s organogenesis is
similar to that of humans. Second, the gestation period and litter size should be comparable
to those of humans. Third, it is crucial that animal models share similar features of adverse
outcomes to those seen in human studies, which can be measured. Finally, any effective
therapeutic intervention must be evaluated and validated.

6.2. Timing of Organogenesis

Across different species, critical development periods for major organ systems are
not uniform. Blood pressure is tightly controlled by coordination among the kidney, heart,
brain, and other organ systems. As such, the translatability of studies performed in animals
should be approached with caution, as many key stages of BP-controlled organ develop-
ment that occur before birth in humans occur after birth in some species [103,136,137,155].

Many animal studies on hypertension of developmental origins focus on renal pro-
gramming [118,137]. Kidney development starts at week 3 and ceases at approximately 36
weeks of gestation in humans [156]. Unlike in humans, rat kidneys continue to develop
after birth and complete at 1 to 2 weeks postnatally [157]. Accordingly, adverse environ-
mental conditions during pregnancy as well as lactation can impair kidney development,
consequently resulting in hypertension in rodents [118]. For example, repeated dexametha-
sone administration on embryonic days 15 and 16 [94], from gestational days 16 to 22 [95],
or from postnatal days 1 to 3 [96] was associated with developmental programming of
hypertension in adult rat offspring.

Another unsolved problem is that almost no studies have taken a comprehensive
approach to simultaneously evaluating every BP-controlled organ system in response to
in utero exposure at specific developmental stages to assess their relative vulnerability in
an experiment. Due to the complex nature of the interplay between organogenesis and
environmental insults, the programming effect on various organs might be dissimilar in
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different animal species. Hence, it is apparent that the selected animal paradigm should
mirror the timing of human organ development as closely as possible so that the effects of
early-life insults can be fully assessed.

6.3. Gestation Period and Litter Size

The advantages of a shorter gestation period and higher offspring yield compared to
large animal models make rodent models the most commonly used in DOHaD research.
There is a large set of studies on hypertension of developmental origins that were carried
out in rats (Tables 1 and 2). The average gestation period for rats is within 23 days,
compared to 280 days for humans [158]. If an early-life insult is induced by surgical
manipulation or if delivery requires repeated procedures, short gestation in rodents could
become disadvantageous. In addition, the short gestation time may not allow for the
permanent resolution of developmental plasticity and the identification of critical time
periods that are vulnerable to insults.

Unlike humans, rodents generally have more than one offspring, and litter sizes of
8-12 pups are usually seen. Such a large litter size is also a disadvantage when compared
to singleton births common in humans and large animal models. Accordingly, normalizing
the size of each litter after birth should be considered to control for differences in offspring
food intake, maternal care, and pup growth [159]. Since these limitations exist, the complete
translation of findings in rodents to human medicine is seriously compromised.

On the other hand, gestational length in sheep is around 150 days, during which the
fetal size and development rate are similar to those of humans [160]. With the use of ewe
models, maternal caloric restriction [30], maternal hypoxia [69], and prenatal glucocorticoid
exposure [97,98] have been shown to cause hypertension in adult progeny. Although these
early insults have shown the same adverse effects on offspring BP in sheep and rats,
whether different gestation periods and litter sizes differentially impact hypertension of
developmental origins in rats and large animals awaits further evaluation.

6.4. Outcome Measurements

As we mentioned earlier, rats are the most commonly used species for the develop-
mental programming of hypertension. However, a critical assessment of the data show that
this phenomenon is mostly observed when BP is typically measured by the tail cuff method;
in contrast, hypertension is not detected in telemetrically instrumented animals [161]. Al-
though BP data obtained from the tail cuff method are reported to correlate well with
findings of direct arterial catheter and telemetry methods [162], part of the increased BP in
offspring found after early-life insults may be due to an increased stress response related
to sympathetic nerve activity.

In adulthood, one rat month is roughly equivalent to three human years [158]. Accord-
ingly, Table 1 lists the timing of hypertension development measured in rats from 12 weeks
to 8 months of age, which is equivalent to humans of a specific age group ranging from
childhood to early adulthood. Thus, there remain gaps in our knowledge regarding the
long-term adverse effects of maternal insults on BP in older adult offspring.

Several species have been studied for cardiovascular outcomes programmed by ma-
ternal adverse exposure, including guinea pigs [163], swine [164], and non-human pri-
mates [165]. However, none of them have been used to study hypertension of developmen-
tal origins. It is important to remember that large animals should not be neglected, as they
are generally more physiologically suitable models with regard to human conditions.

In the current review, the wide range of early-life insults certainly influenced the
outcomes, resulting in the reported heterogeneity. The results depended strongly on
the applied measurement technique and animal model. Methodological heterogeneity is
another reason for the observed heterogeneity. A huge percentage of studies employed
male-only small animal models with small sample sizes. Future animal studies should
improve the methodological quality by applying randomization, blinding, and sample size
calculation techniques in order to avoid bias and collect data of better quality.
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6.5. Effective Interventions

Currently, reprogramming strategies could be categorized as nutritional intervention,
lifestyle modification, or pharmacological therapy. It stands to reason that avoiding in utero
exposure to adverse conditions is the most effective strategy for preventing hypertension
of developmental origins. Another approach is the use of nutritional intervention during
pregnancy and lactation [56]. Although the targeting of specific nutrients as a reprogram-
ming strategy opens a new avenue for prevention [25], there remains a lack of accurate
dietary recommendations for specific nutritional requirements for pregnant women in case
of deficiencies [166,167].

Research on short-lived rodent models has provided significant results, revealing
potential pharmacological therapies for preventing hypertension of developmental origins.
However, disparities in the therapeutic doses, timing and duration, and animal models
used are among the major concerns. The standardization of animal experiments will
improve the comparability of such studies. During the preparation of the current review,
we found that almost no studies tested different doses or the use of different species.
Additionally, the follow-up period after the cessation of interventions in most cited studies
was rather short.

The efficacy of the intervention can be influenced by its duration with respect to
organ development in a dose- and species-specific manner. Thus, further translational
research into the pharmacokinetics and metabolism of pharmacological intervention is
required to validate and compare its safety and therapeutic potential between humans and
other species.

7. Conclusions and Future Perspectives

Various small (e.g., rat and mouse) and large (e.g., cow and sheep) animal models
have made important contributions to the DOHaD research field, giving rise to convincing
evidence of a causal relationship between various early-life insults and the risk of devel-
oping hypertension in later life. Our review highlights that animal models are not only
used to investigate the mechanisms behind hypertension of developmental origins, but
also have an impact on the development of early-life interventions as a reprogramming
strategy to prevent the development of hypertension in adulthood.

There are still several questions that need to be answered. In the last decades, many
insults have been identified by epidemiological and animal studies. Nevertheless, there is
a growing need to identify all factors that can adversely impact the BP of offspring. Addi-
tionally, this review did not consider the potential for the programming of hypertension
by paternal factors that clearly exist in the DOHaD field [168]. Moreover, little reliable
information currently exists with regard to optimal doses and durations of pharmacological
interventions for pregnant women and the long-term effects on their offspring. Currently,
preventive strategies should focus on avoiding exposure to theoretically harmful agents
perinatally and promoting a healthy lifestyle.

Each of the abovementioned animal models was used to study a specific hypothesis
and neither can be considered superior with regard to all aspects of research on hyper-
tension of developmental origins. Therefore, further research is needed to gain a better
understanding of the types of early-life insults, other mechanisms behind hypertension
of developmental origins, the ideal therapeutic dose and duration of early intervention,
and the appropriate animal species. It is proposed that taking a DOHaD approach with
maximum use of the animal evidence should be of benefit in reducing the global burden of
hypertension.
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Abstract: Cisplatin is one of the most widely used chemotherapeutic drugs in the treatment of a
wide range of pediatric and adult malignances. However, it has various side effects which limit its
use. Cisplatin mouse models are widely used in studies investigating cisplatin therapeutic and toxic
effects. However, despite numerous promising results, no significant improvement in treatment
outcome has been achieved in humans. There are many drawbacks in the currently used cisplatin
protocols in mice. In the paper, the most characterized cisplatin protocols are summarized together
with weaknesses that need to be improved in future studies, including hydration and supportive
care. As demonstrated, mice respond to cisplatin treatment in similar ways to humans. The paper
thus aims to illustrate the complexity of cisplatin side effects (nephrotoxicity, gastrointestinal toxicity,
neurotoxicity, ototoxicity and myelotoxicity) and the interconnectedness and interdependence of
pathomechanisms among tissues and organs in a dose- and time-dependent manner. The paper
offers knowledge that can help design future studies more efficiently and interpret study outcomes
more critically. If we want to understand molecular mechanisms and find therapeutic agents that
would have a potential benefit in clinics, we need to change our approach and start to treat animals
as patients and not as tools.

Keywords: cisplatin; toxicity; kidney; gut; nerve system; mouse; treatment; tumors; mouse model

1. Introduction

In 2018, 18.1 million new cases and 9.5 million cancer-related deaths were diagnosed
worldwide. It is estimated that by 2040 the number of new cancer cases per year will rise
t0 29.5 million and the number of cancer-related deaths to 16.4 millions [1].

Despite intensive research and progress in cancer therapy, chemotherapeutic drugs
are still the basis of systemic therapy for many cancers. Cisplatin is one of the most widely
prescribed chemotherapeutic drugs, used to treat a wide range of pediatric and adult
malignances such as ovarian, testicular, bladder, head, neck, breast and lung [2,3]. It is
prescribed in nearly 50% of all tumor chemotherapies [4]. However, it has limited use in
clinical practice due to various deleterious side effects. Currently, around 40 side effects
of cisplatin have been reported [5]. Extensive supportive medical care of cisplatin treated
cancer patients enables the use of very high-dose cisplatin regimens [3,6-8]. However,
with the use of high-dose treatment regimens acute kidney injury, persistent diarrhea,
neurological disorders and loss of hearing became major hurdles of cisplatin therapy. These
unwanted effects result in reduction or cessation of therapy or have a major impact on
patients’ quality of life, leading to higher levels of negative states such as depression and
anxiety. There is no effective therapy for the prevention of these side effects; the current
treatment strategy is symptomatic with limited effectiveness.

Based on extensive research, and after 40 years of cisplatin use, the anti-cancer ef-
fects of cisplatin are well understood, while the mechanisms of cisplatin toxicity remain
unclear [9-11]. Therefore, increasing emphasis is being placed on various strategies to
reveal the mechanisms responsible for toxicities and to overcome cisplatin side effects.
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Cisplatin mouse models are a promising strategy; however, despite intensive investigation
and numerous promising results, no significant improvement in the treatment outcomes
has been reached in clinical practice [12-14].

The aim of the present paper is firstly to illustrate the complexity of cisplatin mouse
models. The review summarizes the data to demonstrating that mice respond to cisplatin
treatment in a similar way as humans. Mice develop all the same cisplatin side effects
that humans do. However, in contrast to cisplatin treated cancer patients, in which all
cisplatin side effects are monitored and treated, in animal studies usually one cisplatin
toxicity is under investigation, while other side effects of cisplatin are mostly neglected or
ignored. For instance, in cisplatin nephrotoxicity or neurotoxicity studies gastrointestinal
injury is usually neglected. Secondly, to encourage researchers to take into consideration
all events that are taking place in a mouse and to reconsider the severity and the time
course of toxicity in accordance with other interdependent and interconnected mechanisms
and toxicities in the body. Understanding the complexity of cisplatin side effects in a
dose- and time-dependent manner as well as the interconnectedness and interplay of
pathomechanisms among tissues and organs can help design future studies more efficiently
and interpret study outcomes more critically. Thirdly, the review aims to expose limitations
and weaknesses of current cisplatin protocols together with suggestions for future studies.
It is important to recognize that not only the lack of complex knowledge and approaches
but also a lack of robust and validated cisplatin mouse models are important factors that
contributed to poor translatability. Since the literature is extremely numerous, only the
most relevant articles are included.

2. Cisplatin Mouse Models

Cisplatin mouse models have been used to investigate pharmacokinetics and tissue
distribution of cisplatin [15-17], the repair capacity of cisplatin-DNA adducts [18], the
molecular mechanisms of cisplatin toxicity [19-23] and to test a new generation of platinum-
based chemotherapy drugs or adjunctive therapies [24-35], or other potential agents or
strategies to prevent or treat cisplatin toxicities [36—41].

Table 1 shows cisplatin protocols in mice reported in publications in 2020/2021.
Nephrotoxicity [42—44] was by far the most frequently studied toxicity, followed by neu-
rotoxicity [45-47], ototoxicity [16,48,49], gonadotoxicity [50-53], gastrointestinal toxic-
ity [54-56], muscle wasting [57-59] and anemia [60].

Table 1. Examples of mouse cisplatin toxicity protocols used in studies published from April 2020 to February 2021.

Cisplatin Toxicity (100%)

Nephrotoxicity
(57.1%)
Gastrointestinal toxicity
(3.6%)

Ototoxicity
(10.7%)

Neurotoxicity
(10.7%)
Gonadotoxicity
(10.7%)
Muscle
(3.6%)
Anemia
(3.6%)

Cisplatin Protocols Endpoint
8,10, 15, 20, 25, 30, 40 mg/kg single ip d3-d4
(most frequently used 20 mg/kg single ip)
20 mg/kg single ip d3
30 mg/kg single ip (FVB; hydration 1mL 2xdaily; 50% mortality) d21
3 cycles: 3 x (3-3.5 mg/kg/daily for 4 days followed by 10 days recovery)
Cumulative dose = 36 or 42 mg/kg d42
2 cycles: 2 x (2.3 mg/kg/ dally for 5 days followed by 5 days recovery) d15, d30, d65
Cumulative dose = 23 mg/kg
3 x 5mg/kgip d4
5 x 3mg/kg ip di4
4 x 3 mg/kg/daily d4
4 x 7mg/kg/week ip 2 months

A MEDILINE/PubMed search, using keywords “cisplatin”,”mouse”,“toxicity” was
conducted in February 2021. Due to a huge number of publications (more than 10.000
results), the search was limited to studies from April 2020 to February 2021. One hundred
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full text articles were retrieved and examined. Special attention was paid to the cisplatin
treatment protocol, duration of the study, model (healthy or tumor bearing), humane
intervention and endpoints used, clinical markers of toxicity, necropsy or histology findings,
randomization (group allocation). To better evaluate cisplatin treatment protocols in
mouse studies, publications were divided in two groups. In the first group, cisplatin
treatment was used mostly as a positive control to evaluate the antitumor activity of a
novel agent or treatment strategy in tumor bearing mice. Due to huge variability in cisplatin
protocols, results are presented in Table S1. In the second group cisplatin treatment was
used to investigate cisplatin toxicity in healthy mice. Most frequently used cisplatin
protocols for specific toxicity are presented in Table 1. In toxicity studies only the toxicity
under investigation was examined, while other side effects of cisplatin were not reported.
Hydration was rarely used, supportive care never. Legend: ip—intraperitonealy, d—day.

3. Cisplatin Nephrotoxicity

Experimental nephrotoxicity, first reported in 1971 [61], is the most frequently studied
cisplatin side effect. Over the past decades, researchers have demonstrated that cisplatin can
cause nephrotoxicity or acute kidney injury (AKI) of varying severity in a dose-dependent
manner [62]. Depending on the dose (single or cumulative) rodents may develop acute
(early) or chronic (advanced) kidney injury. However, AKI evolves slowly and predictably
after initial and repeated exposure. Unlike other drug toxicities, clinical evidence of
cisplatin nephrotoxicity develops within a few days after administration. In clinical practice,
nephrotoxicity typically presents approximately 10 days after cisplatin treatment [3]. In
mice, clinical evidence of nephrotoxicity develops 4-6 days after a single sub-lethal dose of
cisplatin (Figure 1). To better understand development of the nephrotoxicity after a single
sub-lethal nephrotoxic dose of cisplatin, the development over time of morphological,
functional, and clinical changes is schematically presented in Figure 1.

do d1 d2 d3 d4 ds dé d7 ds d9 d10
KIDNEY cytoplasmic loss of BB, necrotic tubular necrosis,
: : g all changes
Histol vesicles, pycnotic  cells, focal areas with tubular casts, b 4
e nuclei denuded BM denuded BM QRSELYe
P3 P3, P12 P3, P1, P2Di
; nuclear segregation, ribosome dispersion, aggregates of SER
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; | poly\:ria | progressive changes in urine
Urine —— (polyuria, proteinuria, glucosuria, | Cr clearance, |GRF, tNa, K, Mg,)
: 487 progressive changes in blood markers and electrolytes
Blood | =3 (1 BUN, 1Cr, 1AST,|WBC, |Hb; | Na, K, Mg)
I s 22 leucocytopenia, trombocytopenia, anemia
i el progressive changesin clinical signs
Clinical signs | (| body weight, |food intake, dehydration, sticky/loose feces)
140%
°; WBC
Bone 100%(* F
marrow MNG = > thymus and spleen atrophy
50% / e | 4
CFU-S, CFU-C <

P56 51 D3 D3 DA DS Dé D7 D8 D6 D10 D11 113 D13 Did D15 D16 D17 D18 D19 150

Figure 1. Schematic presentation of clinical signs and kidney function in mice after a nephrotoxic dose of cisplatin. First,

two days after a single hig|
(P3) can be detected (i.e., m

h dose of cisplatin (10-13 mg/kg; ip), minimal structural changes in the proximal tubules
itochondria alterations, focal loss of the microvillus brush border, pycnotic nuclei, increased

cytoplasmic vesicles) [63,64]. More obvious changes such as loss of the brush border or necrotic cells sloughing into

the tubular lumen are usually seen 3—4 days after injection and changes are located in all parts of the proximal tubules
(P1-3) [63-65]. Depending on the dose, increased BUN/Cr are usually observed 3-7 days after cisplatin injection [66-69],
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and if nephrotoxicity is reversible, BUN/Cr return to the baseline levels within 14 days [70]. In such cases, the first signs
of structural regeneration can be observed 7 days after cisplatin injection [64,71]. A single high dose of cisplatin (B6D2F1:
8 mg/kg, 10 mg/kg, 12 mg/kg, 14 mg/kg; ip) induces dose-dependent weight loss (11-26%), reticulocytopenia with the
lowest levels of body weight and reticulocytes observed 6 days after cisplatin injection. Necrosis in kidney tubular cells can
be seen up to 10-22 days post-treatment [72]. When a lethal dose is used, death may occur within 10 days [73] and the time
course of AKI development or mortality can occur slightly faster, but still 1-2 days after cisplatin injection. Cisplatin (F1
CBAXC57BL, 12 mg/kg, ip) induces lymphocytopenia, thrombocytopenia and anemia. Cisplatin exhibits cytotoxicity to
spleen (CFU-S), granulocyte-macrophage (CFU-C) colony-forming units and mononuclear cells (MNC) in bone marrow
and white blood cells (WBC) (adapted and modified from Nowrousian et al. [74]) Legend: P1-3 denotes kidney proximal
tubules parts 1-3, DT—distal tubules; BB—brush border; BM—basal membrane; BUN- blood urea nitrogen; Cr—serum
creatinine; AST—aspartate aminotransferase; WBC—white blood cells; Hb—hemoglobin; GFR—glomerular filtration rate;
CFU—colony-forming unit; MNC—mononuclear cells; ER—endoplasmic reticulum.

In patients, cisplatin treatment is usually administered in cycles with 1- or 3-week
intervals and a cycle consisting of a single high dose of cisplatin or multiple lower daily
doses (see Table 2). In mice or rats, nephrotoxicity is mostly induced by a single cisplatin
administration. Repeated cisplatin protocols for nephrotoxicity are extremely rare [44],
which is also the main critique of AKI models [13]. Moreover, in mice, a wide variation of
cisplatin dosage is used to induce renal toxicity, i.e., from low sub-therapeutic (5 mg/kg),
sub-lethal nephrotoxic (10-12 mg/kg) to lethal dosage (14-18 mg/kg) or even higher
(>20 mg/kg) [44]. The use of a different dosage of cisplatin can be useful when the time
course and/or the severity of nephrotoxicity and its functional, morphological or molecular
abnormalities are under systematic investigation. However, for testing potential agents
or treatment strategies we need a robust and validated cisplatin mouse model. Currently,
there is no standardized, robust or validated cisplatin mouse model of AKI that is clinically
or physiologically relevant to patients [44].

Recently, Siskind and coworkers [75] established a mouse model of repeated admin-
istration of cisplatin (FVD, 7 mg/kg per week for 4 weeks) [76]. However, their aim was
to obtain a model for chronic kidney disease [76-78]. In the past, it has already been
demonstrated that cisplatin can have long term effects on kidney morphology and function
after single [64,79,80] or repeated [81-83] cisplatin administration. However, the long-term
toxic effects of cisplatin became the subject of investigation recently, when it was realized
that even a mild and reversible AKI can have long term effects in patients [84-86] or that
chronic kidney disease may develop undetected [87,88].

Table 2. Examples of cisplatin regimes used in the clinics and incidence of AKI complications.

Cisplatin Clinical Dose in Humans ! (iv) AKI Incidence, Severity ref MED??
50-75 mg/m%# 1.35-2.03 mg/kg 25-33%, mild-moderate [62] 16.7-25.0 mg/kg
15-20 mg/m? daily for 5 days# 0.41-0.54 mg/kg 50-75%, mild-moderate [62] 5.0-6.7 mg/kg

100 mg/m?# 2.7mg/kg severe to irreversible [62] 33.4mg/kg

75 mg/m? every 3 weeks up to 6 cycles * 2.03mg/kg 53%, mild-moderate [89] 25 mg/kg
47-60% of patients
2 Wi TaH *% *% P

100 mg/m= with concurrent radiation 2.7 mg/kg discontinued therapy [90] 33.4 mg/kg

80 mg/m? 1 h iv infusion 2.2 mg/kg H# [91] 27 mg/kg

! dose of cisplatin in humans measured as mg per skin area (mg/m?) was translated in mg/kg using the correction factor for human body
weight of 60 kg and the body surface area 1.62 m? (Ky, = 37) [92]. #data from 1978 when supportive care measures were not established;
* therapy cisplatin/docetaxel (lung cancer); cisplatin 2 h infusion every 3 weeks, antiemetic prophylaxis, hydration with up to 3000 mL of
normal saline; cumulative dose = 340 mg/m? [89]; ** 2-3 cycles every 3 weeks; doses of cisplatin for subsequent cycles were adjusted at
the discretion of the physician; (squamous cell cancer of the head and neck); cisplatin 2 h infusion diluted in 1 L of 0.9% saline and 1-2 h
hydration with 1 L of saline pre and post cisplatin infusion; antiemetic premedication (dexamethasone, 5-HT3 antagonist, neurokinin-1
receptor antagonist) [90]; H#—the highest dose recommended as a single administration [91]. MED—mouse equivalent dose, needs to be
treated with caution (see warning in Section 3.3). Calculation was done according to guide for dose conversion using correction factor for
20 g mouse (Ky, = 0.081) [92].
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3.1. Pathopysiological Mechanisms

The severity of kidney injury (mild, moderate, severe) and consequently functional,
morphological, molecular, and inflammatory alterations in the kidney as well as morbidity
and mortality depends on the cisplatin dosage and the time of study termination [44].
The pathophysiological mechanisms of cisplatin AKI in rodents involve cellular uptake,
damage of proteins, lipids and mitochondria, oxidative stress, disruption of the cytoskeletal
integrity of the cell polarity, alterations in membrane proteins and water channels, leading
to damage of epithelial cells of renal tubules, loss of brush border, activation of cytokines,
receptors and inflammatory cells, and finally reduced reabsorptive capacity, which re-
flects clinically as polyuria, proteinuria, glycosuria, electrolyte wasting (hyponatremia,
hypomagnesemia, hypokalemia, hypocalcemia), reduced creatinine (Cr) clearance and
glomerular filtration rate (GFR) and failure to clear nitrogenous wastes from the blood.
As a result, blood urea nitrogen (BUN) and uric acid accumulate in the blood (described
in detail in [44]). Intensive investigation of molecular mechanisms of cisplatin nephro-
toxicity resulted in a plethora of information, including contradictory ones. The latter is
the consequence of above-mentioned heterogeneity of cisplatin protocols. Namely, the
course and the signature of underlying mechanisms (i.e., severity of oxidative stress, in-
tensity of inflammation, activation of particular immune cell types, inflammatory and
molecular crosstalk and response, type of cell death, etc.) strongly depend on the severity
of AKI (mild, moderate-reversible, severe, irreversible) or cisplatin dose (subtherapeutic,
therapeutic, lethal, intoxication). An update on molecular mechanisms involved in the
pathogenesis of cisplatin nephrotoxicity can be found elsewhere [93-96].

3.2. Weaknesses and Translatability

To study AKI, researchers use a single dose of cisplatin in a dosage above LD100 and
terminate study 48-96 h after cisplatin treatment (Table 1). To avoid the inevitable death of
animals, they use shorter endpoints. Differences in AKI severity are then confirmed by the
histology report, BUN, Cr or other molecular markers. If differences in AKI severity are
significant, the testing agent or strategy is evaluated as beneficial and promising [37,44].
The problems of such studies are numerous. First, the lethal dosage of cisplatin causes
systemic toxicity and multi-organ failure, which clinically represent different pathology (i.e.,
intoxication) and treatment (i.e., detoxication). Second, evaluation of potential treatment
strategies based on the significant differences in BUN, Cr, renal histology or survival in
such protocols does not have any clinical useful value. At the end, animals die despite
significant improvements in some markers (i.e., BUN, Cr, severity of tubular necrosis,
time of mortality), which is very likely an effect of biological variability (inter-individual
variability is high in both, mice and humans). In humans, severity of AKI is graded
according to the levels of serum creatinine: grade 1: increased serum Cr levels to 1.5-1.9
times baseline, grade 2: increased Cr levels to 2.0-2.9 times baseline, grade 3: increased Cr
levels to 3.0 times baseline or >4.0 mg/dl or initiation of renal replacement therapy [12].
Third, at autopsy and when interpreting results scientists often forget or ignore other
pathologies or side effects (i.e., gastrointestinal, myelotoxicity, anemia, vasculitis, etc,)
which significantly affect the study outcomes and hamper comparison of results and
development of valid therapeutic strategies. Forth, cisplatin treated mice usually do not
receive any supportive care. Moreover, some studies even use water deprivation prior
cisplatin treatment [44]. Hydration and supportive care affect nephrotoxicity and mortality
enormously and also influence Cr and BUN levels. Dehydration, degradation due to
starvation or loss of body weight, gastric or intestinal bleeding [97-99], all of which are
usually seen in cisplatin models (see gastrointestinal toxicity section) affect the levels of
BUN/Cr resulting in misinterpretation of the actual degree of renal damage [65,97,99].

In humans, treatment with cisplatin consists of repeated cycles of as high a dose as
possible. The dose in humans is balanced between antitumor efficacy and toxicity to avoid
unacceptable toxic side effects. However, the patient is constantly monitored and provided
with extensive supportive medical care (i.e intravenous hydration, diuretics, slow infusion
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of the drug, anti-emetics) [3,12,100]. Despite all care measures, severe kidney injury is ob-
served in one third of cisplatin treated patients (inter-individual variability; Table 2) [3,12].
In addition, 16-40% of the patients treated with cisplatin develop myelotoxicities, of which
leukocytopenia and neutropenia have the highest incidence [89]. Depending on a dose
(single or cumulative) cisplatin can cause leucocytopenia, thrombocytopenia, and anemia
also in mice (toxicity on hemopoietic cells, Figure 1). Myelotoxicity can be observed already
a day after cisplatin administration and is more toxic for earlier hemopoietic progenitor
cells than for the mature cells [74].

To improve cisplatin protocols, it is thus important to understand why selection of
certain cisplatin dosage, the time-point of measurement or observation (i.e., scientific
endpoints) and the use of supportive care are the key variables that directly affect the
measured outcomes of a study and the translatability. Not only the severity of cisplatin
nephrotoxicity but also the incidence of nephro-, myelo-, neuro-, oto-toxicity are dose-
related in both, humans and animals (explained in the following sections). The dose of
cisplatin (single and/or cumulative) is thus important not only from the animal welfare
point of view but mostly from the scientific and clinical point of view. When evaluating
potential treatment agents both, sub-therapeutic and lethal dosages result in a lack of
translatability, unnecessary suffering of animals and time and money costs.

3.3. Mouse Equivalent Dose—Simplistic Pharmacological Guides

Some research papers refer to mouse cisplatin dose, which was calculated from
the human clinical dose using simplistic calculation. Table 2 includes examples of such
calculations. Based on numerous studies investigating maximum tolerated dose (MTD)
or lethal dose (LD100) of cisplatin in mice (Table 3) it is obvious that such simplistic
guides for dose conversion between animals and humans [92] (or other similar papers)
can do more harm than benefit. “This overly simplistic conversion neglects discussion of
interspecies differences in drug absorbance, metabolism, clearance, etc. These differences
in pharmacokinetics greatly affect the resulting peak plasma concentration (Cmax) values
and exposure derived from area under curve (AUC), which influence the dose response
relationship of potential therapeutics” [101]. In addition, in humans cisplatin is given as
intravenous 1-2 h infusion treatment with pre and post hydration with up to 3 L of saline,
while in mice intraperitoneal administration without any hydration is usually used. Both,
route of administration and particularly hydration have profound effects on the distribution
and elimination rates and consequently LD100 or MTD [91]. LD100 and MTD doses for
intraperitoneal administration of cisplatin in mice without hydration are summarized in
Table 3. However, it is important to emphasize that currently used MTD dose in mice does
not necessary represent a clinically relevant dose of cisplatin for therapeutic efficacy [15].
Concentration may vary between a MTD dose in mice and concentration achieved in
humans (due to above explained reasons) which means that study outcomes can have
limited value from translational perspective of a drug. Since doses of cisplatin in published
animal studies vary widely (from 1-40mg/kg, Table 1, Table S1) a publication with a
clinically relevant cisplatin doses in mice, like published for some other drugs [102], is
more than needed.

As explained above, the dose (single/cumulative) and the timepoint are two variables
that directly relate to severity and the incidence of cisplatin nephrotoxicity. However, in
the following sections, it will be shown that cisplatin induces also gastrointestinal toxicities
in the body whose severity is also dose dependent and can affect cisplatin nephrotoxicity
significantly. The kidney participates in the control of fluid osmolality, acid-base balance
and electrolyte concentrations (i.e., Mg, K, Na, Cl), and is the main organ responsible for
filtration and detoxification of the blood and is thus directly confronted with all toxins,
cytokines, detrimental waste products, or microorganisms that are flushed or penetrate
into the circulation from or though other organs.
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Table 3. Cisplatin acute toxicity and single or repeated maximum tolerated dose given intraperi-
tonealy varies among mouse strains.

Strain, Sex, Age Single Dose LD100 Endpoint Ref.
BALB/c, female, (N = 8) 14.5mg/kg; ip d7 [69,103]
C57BL/6, male, 11-15wk; (N = 5) 15 mg/kg; ip d10 [104]
CBA,; female, 24 months, (N = 3) 16 mg/kg; ip d7 [105]

Single MTD
BALB/c, female, 8-10 wk; (N = 3) 6 mg/kg; ip d10 [106]
C57BL/6], female, 8-10 wk; (N = 3) 6 mg/kg; ip d10 [106]
Repeated MTD

C57BL/6], female, 8-10 wk; (N = 3) 3 x 4mg/kg; ip d21 [106]

Repeated administration: once mice had recovered to 100% of their starting weight or a clinical score of 0, a second
MDT was given (d0, d8, d16). MTD is defined as a dose as high as possible that causes no unacceptable toxicity
such as no clinical evidence of toxicity, no reduction in mean body weight >10% to 15% and, no mortality [106].
Legend: N: number of animals; ip: intraperitonealy; iv: intravenously; LD: lethal dose; LD100: dose of cisplatin
that results in 100% mortality in animals (without hydration or supportive care); d: day, MTD: maximum
tolerated dose.

4. Cisplatin Gastrointestinal Toxicity

Cisplatin is one of the most emetogenic drugs in the clinic [107] causing profound and
long lasting gastrointestinal symptoms such as nausea, vomiting, bloating, diarrhea, con-
stipation [108,109]. Gastrointestinal side effects can occur in up to 40% patients receiving
standard dose chemotherapy or 100% patients receiving high dose chemotherapy. Gas-
trointestinal problems can persist up to 10 years after the treatment cessation (late/chronic
toxicity). Despite guidelines to navigate management of gastrointestinal side effects, diar-
rhea is responsible for about 5% of early deaths during chemotherapy [110].

Cisplatin can cause acute (within 24 h) and delayed vomiting/pica (24 h after cis-
platin) in both, humans and rodents [111-113]. In rodents, acute vomiting reflects as a
reduction in food intake, an increase in non-nutritive substance intake, and a delay in
gastric emptying (so-called pica behavior; rodents do not have vomiting reflex). Acute pica
occurs after low and high cisplatin doses, while delayed pica, including gastric stasis and
stomach distension is dose-dependent (single or cumulative) [56,112-114] and worsens
after repeated cisplatin administration [113].

Cisplatin causes damage to the gastrointestinal mucosa along the whole gastrointesti-
nal tract (the stomach, small intestine and colon), however in the colon mucosal lesions
appear later and are less severe [72]. Alterations are seen in the morphology [72], kinetics,
secretory and digestive function and nutrition uptake [108,115]. Changes are similar to
those observed in humans. Mucosal damage after single cisplatin injection can persist
up to 10 days [72]. The severity of mucosal damage along the gastrointestinal tract is
dose-dependent [72]. Mucosal damage with inflammation, digestive dysfunction, disrup-
tion of water and electrolyte balance are responsible for dehydration, malnutrition, and
changes in feces consistency [110]. However, an initial increase in gastrointestinal transit,
associated with acute intestinal inflammation, is followed by a slowing in transit. Recent
studies have shown that cisplatin can cause morphological and functional alterations in
the enteric neurons in a dose-dependent manner [116]. Partial loss of enteric neurons and
gial cells [55] was suggested to be responsible for reduced gut motility (Figure 2).

4.1. Weaknesses and Translatability

Like humans also cisplatin treated mice suffer from nausea/pica, stomach and gut
inflammation, abdominal pain, and have reduced food and water intake and altered feces
consistency (from sticky, loose to diarrhea), all of which by itself is a risk factor for kidney
impairment. Therefore, extensive hydration and treatment of gastrointestinal symptoms
are routinely applied into clinical settings to reduce intravascular depletion of fluid and
electrolytes (Mg, K, Na, Cl) and consequently the incidence and the severity of renal injury
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in cisplatin treated patients [3]. An example of an incidence and severity of gastroin-
testinal symptoms in cisplatin treated cancer patients is shown in Table 4. However, in
cancer patients, age, co-morbidities (diabetes, hypertension), and concomitant nephrotoxic
medications (antibiotics-infections, NSAID, etc) can increase the risk of cisplatin-induced
kidney injury [3]. Many cisplatin treated patients have thus AKI with mixed renal etiology,
while in cisplatin animal studies AKI is mostly result of severe dehydration, malnutrition,
electrolyte wasting, systemic toxicity, and cisplatin nephrotoxicity [117]. In addition, up
to 100 % of patients develop Mg depletion, which has been associated with increased
cisplatin transport to the kidney and enhanced cisplatin nephrotoxicity [3,12]. Thus, the
development of AKI in mice and in cancer patients differs in the etiology, underlying
mechanisms and importantly, the treatment [117].

Table 4. An example of an incidence and severity of cisplatin acute toxicities in cancer patients.

fé‘r’zgg Any (1-4)  Severe (3-4) Any (1-4)  Severe (3-4)
Nausea 90.7% 23.6% Anaemia 76.7% 2.3%
Vomiting 58.1% 14% Leukopenia 83.7% 44.2%
Diarrhea 65.1% 18.6% Neutropenia 72.1% 55.8%
Constipation 27.9% 0% Thrombocytopenia  32.6% 9.3%
Stomatitis 55.8% 9.3% Creatinine 55.8% 2.3%
Neurosensory 53.5% 2.3% Infection 41.9% 25.6%
Fatigue 81.4% 20.1% Fever 23.6% 0%
Weight loss 41.9% 2.3%

Cisplatin 75 mg/m? every 3 weeks up to 6 cycles or until cessation (cumulative = 340 mg/m?). Therapy
cisplatin/docetacel; cisplatin 2h infusion every 3 weeks, antiemetic prophylaxis, pre and post cisplatin hydration
with up to 3000 mL of normal saline [89].

4.2. Mechanisms

Investigation of the molecular mechanisms involved in gastrointestinal toxicity has
not been paid much attention; thus, the literature is very scarce. The mechanism by
which cisplatin induces damage to epithelial cells, neurons or glia cells is not known.
Inflammation and oxidative stress involving NF-«kB and TNF-« pathways have been
proposed as key players (for more information see [118]). However, although enteric
neurons have control over the intestinal movement [119], as shown in Hirschsprung
disease in humans where loss of intrinsic enteric nervous system results in reduced or
absent gut motility, other factors are also important for normal gut motility. Interestingly,
cisplatin can have long-term effects in the gastrointestinal tract also in mice (Figure 3).

4.3. Gastrointestinal Toxicity Can Impair Kidney and Brain Function and Vice Versa

Motility in the gastrointestinal tract is regulated by the autonomic nervous system
composed of extrinsic (i.e., parasympathetic, vagal nerve (the rest-and-digest), sympa-
thetic (fight-or-flight)) and intrinsic enteric nervous systems (ENS) [119-121]. The primary
regulator of gut motility is intrinsic ENS, followed by extrinsic ENS (parasympathetic,
symphatetic) and the central nerve system. However, the gut microbiota, immune sys-
tem and gut secretions also interact and modulate gut motility [122]. The gut microbiota
can affect intestinal transit by modulating the anatomy of the adult ENS (in a serotonin
(5-HT)-dependent fashion) [123] and activity of gut-extrinsic sympathetic neurons [124].

In addition, gut barrier dysfunction (i.e., leaky gut) is associated with various kidney
disorders. Recent animal studies have demonstrated a direct link between gut inflammation
and structural alterations in the kidneys [125], suggesting that persistent gastrointestinal
problems of cisplatin treated patients could be involved in the pathogenesis of long-term
kidney pathology. Interestingly, renal complications develop in up to 23% of patients with
inflammatory bowel disease [125]. On the other hand, impaired kidney function may
contribute to long-term gastrointestinal problems in cancer survivors (uremia, cytokines,
etc.) [126]. Furthermore, recent studies have demonstrated multiple complex pathways
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between the gut and the brain [119], linking chemotherapy induced gut-brain axis dys-
regulation with cognitive impairment, depression and fatigue [127]. The gut microbiota
has also been linked with various neurological disorders [128]. In fact, cisplatin causes
gut microbiota dysbiosis directly (i.e., cisplatin affects microbiota [129,130]) and indirectly
(injury of epithelial cells and inflammation; mucositis [131]), which in the long term can
contribute to chronic kidney disease and cognitive impairment [127,132], all of which are
frequent complications of cisplatin therapy in cancer survivors. To date, no work has
been undertaken to investigate the effects of cisplatin on the submucosal plexus, smooth
muscle cells of the muscle layer in the gut wall, extrinsic nerves (i.e., parasympathetic and
sympathetic), or the gut-kidney—brain axis dysfunction.
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Figure 2. Cisplatin causes acute and chronic effects in the gastrointestinal tract. A single injection of cisplatin causes pica,
a rodent-specific behavior of nausea, which reflects as a progressive reduction in food intake, increase in non-nutritive
material intake (for instance bedding) and decreased gastric motility [107]. As a result the stomach is full of bedding and
markedly enlarged/distended (white arrow) [114]. Reduction in food (68%) and water intake (45%) and an increase in
stomach content (threefold) is evident from day 2 on (C57BL/6; 6 mg/kg ip) [114]. First morphological changes in the
small intestinal mucosa (i.e., apoptosis, necrosis, decreased number of goblet cells, shortened villi and inflammatory cell
infiltration) can be seen 1 day after a single cisplatin injection (B6D2F1: 8 mg/kg, 10 mg/kg, 12 mg/kg, 14 mg/kg; ip;
d1,3,6,10,14) followed by reduced mucosal digestive function (depletion in maltase, sucrose, disaccharidase activity and
reduced absorption) [108,115]. Depression in crypt cell production is already evident 2h after cisplatin and is maximal
between 12 and 24 h post-treatment (CBA: 10 mg/kg, ip). Cisplatin causes lesions also in the colon mucosa, however, they
appear later and are less severe [72]. The severity of gastrointestinal damage and mucosal dysfunction is dose-dependent
and can persist up to 10 days after a single sub-lethal dose of cisplatin (B6D2F1: 8 mg/kg, 10 mg/kg, 12 mg/kg, 14 mg/kg;
ip; d1,3,6,10,14) [72]. Mucosal recovery is slow, first signs of recovery can be observed 7 days post-treatment [72]. Repeated
cisplatin administration (C57BL/6; 4 mg/kg/week for 4 weeks, ip; |20% BW) besides gut lesions (1IL-1f and IL-10) also
causes delayed pica, [55] and alterations in the ENS seen as loss of neurons in the myenteric ganglia of mouse gastric fundus
(total and nNOS*) [56] and colon (neurons (total, ChAT*, nNOS*) and gial cells (SOX-10*, GFAP*, S1003*) [55]. Circulation
and the nervous system are the main pathways for communication between the gut, the kidney and the brain in health or
disease (the brain—gut-kidney axis). Legend: BW—body weight; ChAT—choline acetyltransferase; ENS—enteric nerve
system; GFAP—glial fibrillary acidic protein; NET—neutrophil extracellular traps; nNOS—neuronal nitric oxide synthase;
ip—intraperitonealy.

89



Biomedicines 2021, 9, 1406

Figure 3. Cisplatin can have long-term effects in the gastrointestinal tract (A). A case of penetrating
ulcer (B, arrow and C) in a mouse that survived a single lethal dose of cisplatin (17 mg/kg). Three
months after cisplatin recovery, body weight started to decrease, and the mouse was killed and
autopsy performed. Inflammatory cells found in the kidney (D).

5. Cisplatin Neurotoxicity

Cisplatin causes dose related, cumulative toxic effects on the peripheral and central
nervous systems (i.e., peripheral neuropathy, chemo brain). Peripheral neuropathy is
characterized by sensory loss, often accompanied by pain, starting in the distal extremi-
ties [8,133,134]. Chemobrain is characterized by subtle to moderate cognitive deficits such
as a decrease in processing speed, memory, executive functioning, and attention [11]. In
humans, 49% to 100% of cisplatin treated patients develop some symptoms of neuropa-
thy [135]. The incidence and the severity increase with higher cumulative dose and longer
exposure time to cisplatin. Peripheral neuropathy generally develops after a cumulative
dose of 250 to 350 mg/m? [136], usually as mild neuropathy in a few patients. When cumu-
lative dose reaches 350-420 mg/ m?, neuropathy occurs in up to 50% of patients and after
600 mg/m?, neuropathy occurs in almost all patients, however, 30-40% of them develop
moderate neuropathy, and 10% of them severe and disabling neuropathy [7,8,135,137].

In mice, serial testing at different cumulative doses of cisplatin showed that neuropa-
thy develops progressively with higher cumulative doses [18,138]. Declines in sensory
nerve conduction velocity (SNCV) and sudomotor responses were found from cumulative
doses of 10 mg/kg, while reduction in the intensity of the nociceptive response to pinprick
painful stimuli occurred at cumulative doses of 40 mg/kg (5 or 10 mg/kg/week up to
cumulative doses of 40 mg/kg) [138]. In another study SNCV occur at cumulative dose
16 mg/kg (0.5 mg/kg twice per week up to cumulative doses of 32 mg/kg) [18]. There
are many protocols of cisplatin induced mouse neurotoxicity [139]. They differ in the
dosage, frequency of administration, cumulative dose and consequently in the severity
of neurotoxicity and measured outcomes, i.e., the mortality, intensity and the incidence.
The most characterized protocol for cisplatin neurotoxicity in mice is administration of
cisplatin in two cycles, where one cycle is composed of daily intraperitoneal injection of
cisplatin at a dose of 2.3 mg/kg for 5 days, followed by 5 days of recovery (cumulative
dose 23 mg/kg; see Figure 4). This protocol induces structural, functional and molecular
changes in the peripheral sensory neurons, dorsal root ganglia (DRG), spinal cord, and the
brain. Changes can be observed 3-5 weeks after first cisplatin injection. Mice show altered
behavioral responses to thermal and mechanical stimuli and impaired performance in the
novel object and place recognition tasks. However, although the induced neuropathy is
mild and reversible [46], no study reported how many mice develop peripheral neuropathy
(the incidence and severity of neuropathy is dose dependent). It has been recognized that
models of mild neuropathy have higher inter-individual differences, which requires a
higher number of animals per group [140]. In the literature, we can find cisplatin protocols
for peripheral neuropathy with an even lower cumulative dose of cisplatin and/or a shorter
time point of testing. Considering that neurotoxicity is dose- and time-dependent, such
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cisplatin protocols do not induce all characteristics of peripheral neuropathy and need to
be taken with caution.

Research on cisplatin toxicity of the central system started recently. Advanced neu-
roimaging techniques in cancer patients have revealed that chemotherapy causes structural
alterations in white and gray matter, alterations in the activation of the fronto-parietal atten-
tional network in cancer patients [141], and changes in structural brain networks [142,143].
Cisplatin can cross the blood-brain barrier and penetrate into the brain in low concen-
trations [15,133] and causes alteration in various parts of the brain in humans and ro-
dents [144]. Structural abnormalities in cerebral white matter [145,146], reduction in myelin
density [147], and cerebral neurogenesis [146], changes in synaptic integrity in the pre-
frontal cortex [148] and decrease in global functional neuronal connectivity in the brain
were found also in mice [147]. Cisplatin induced mitochondrial dysfunction and structural ab-
normalities in brain synaptosomes in the hippocampus [147]. Mice with higher cumulative dose
and longer exposure time to cisplatin developed even more severe impairment of mitochondrial
transport and mitochondrial dysfunction [149], showing dose dependent toxicity.

5.1. Behavioral Tests and Their Weakness

Various behavioral tests have been used to evaluate mice wellbeing, motor activity
behavioral responses to mechanical and thermal stimuli, and cognitive performance. It was
consistently reported that this cisplatin protocol (Figure 4) induces changes in mice response
to radiant heat-paw, tail immersion, adhesive removal test and the von Frey test. Alterations
were interpreted as heat hyperalgesia and mechanical allodynia [150-153]. The pattern of
onset and progression of the heat hyperalgesia was similar to the mechanical allodynia
and persisted for up to 5 weeks post treatment [150]. No difference was observed in the
open field test, motor coordination or signs of paresis (the rotarod test) [153], cold plate test,
locomotor activity, grip strength (muscle strength) [150,151]. However, activity patterns of
cisplatin treated mice did alter moderately [153], the exploratory activity and body weight
of mice were reduced and recovered after cessation of the cisplatin treatment [151]. It was
claimed that this cisplatin protocol does not cause significant deterioration in the general
health of mice. However, two independent research groups reported body weight decrease
(10% after the first cycle and 17% after the second cycle) and sudden death of a mouse
during the study [150,151,153].

Why is all this information important? In humans, peripheral neuropathy is char-
acterized by sensory loss and pain. Patients describe a range of predominantly sensory,
bilateral symptoms in both hands and feet (i.e., a stocking and glove distribution) such as
numbness, tingling, spontaneous pain, and hypersensitivity to mechanical and/or cold
stimuli [8,14,133,134]. Loss of cognitive abilities of concentration, attention, learning and
memory, and executive functions are characteristics of chemotherapy induced cognitive
impairment [154].

The pain, sensory abnormalities and cognitive abilities are difficult to evaluate without
verbal communication. In animals, therefore, various behavioral tests are used. However,
the behavioral tests have many drawbacks. A major shortcoming is that they are all evoked
responses. Mice and rats are prey species and when distressed they will mask their sponta-
neous behavior, sensations and signs of pain. There are many factors that can influence and
confound behavioral tests, for instance, aggression (males are prone to aggression) [155],
gender of the experimenter (exposure to male experimenters causes in mice stress that re-
sults in stress-induced analgesia) [156], anxiety and/or agitation (caused by over-handling
or repeated testing) [153] and health states like kidney injury and visceral pain. We have
explained that cisplatin causes pica and dose related injuries and inflammation along the
gastrointestinal tract, all of which result in visceral pain. Mice suffering from visceral pain
of lower abdomen respond to mechanical and thermal stimulation of the hind-paw or
tail in the same manner as mice with peripheral neuropathy [157]. It was demonstrated
that inflammation in the gastrointestinal tract activates satellite glial cells in DRG and
cause excitation of those DRG neurons that innervate particular parts of the gut [158,159].
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Major sensory nerves that arise from the L4-L6 DRG neurons innervate the colon [120,160].
These DRG neurons are examined in cisplatin neuropathy studies. Accordingly, visceral
pain can be mistakenly diagnosed as peripheral neuropathy. In addition, repeated cis-
platin treatment worsens gut toxicity and induces delayed pica, thus, conditioned place
preference test used to test the analgesics for cisplatin neuropathy [161] might also be
mistakenly interpreted as peripheral neuropathy treatment. None of the neurotoxicity
studies evaluated kidney or gut damage.

All the above demonstrates the need for understanding the characteristics and the
complexity of cisplatin mouse models to correctly design and interpret the study outcomes.
It also demonstrates that outcomes of behavioral tests alone are not sufficient to characterize
the model or to evaluate the role of a particular gene or therapeutic agent in the model.

To evaluate and confirm cisplatin induced neuropathy in rodents it is recommended
to use behavioral, electrophysiological and histological tests [162]. Electrophysiological
tests have limitations. The most significant drawback of the conduction velocity changes is
that nerve conduction velocities do not correlate with symptoms [162]. In addition, results
of the electrophysiologic tests can vary among studies and even within the laboratory,
due to many factors including mice’s body temperature during the recording (the tests
are done under anesthesia) [162]. The most reliable is histological assessment, light and
electron microscopy. A relevant indicator of small-diameter sensory nerve fiber status in
neurotoxicity studies is analysis of intra-epidermal nerve fibers, a method also used for
evaluation of peripheral neuropathy in patients, which has yet to become a routine end
point in nonclinical safety testing [163]. However, we also need to perform autopsies and
analyze all vital organs, particularly the gut and the kidney to evaluate the severity of the
injury and inflammation and correctly report and interpret the study outcomes.
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Figure 4. Cisplatin neurotoxicity. In mice, two cycles of cisplatin (2.3 mg/kg/daily for 5 days followed by 5 days recovery;
5d+5r/5d+5r; cumulative dose 23 mg/kg) resulted in reduced density of intraepidermal nerve fibers (IENF) (wk3, and

wkb5) [152,164] and epidermal Merkel cells [152] in the mouse plantar footpad. Merkel cells, mechanosensory cells actively

involved in touch reception (tactile sensation), [165-167] are proposed to underlie sensory dysfunction in diabetic patients
and animals [168]. In sensory nerves (sciatic, caudal, tibial) mild hypomyelination with few degenerating axons (reduced

density of myelinated fibers without alterations in axon diameter) can be observed together with a slight decrease in the
sensory nerve conduction velocity (SNCV; indication of demyelination) and the sensory nerve action potential (SNAP) [153].
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In sensory neurons (trigeminal ganglia) cisplatin activated the transient receptor potential (TRP) channels (TRPA1,
TRPV1) [151], a non-selective cation channels involved in chemical and thermal evoked pain sensation [169]. In the
spinal cord (L4-L6) cisplatin activated microglia (Ibal), induced pro-inflammatory cytokines (IL-1§3, IL-6, TNF«x, iNOS,
CD16, a marker of pro-inflammatory microglia (wk3) and increased protein levels of triggering receptor expressed on
myeloid cells 2 (TREM2) and DNAX activating protein of 12 kDa (DAP12) (wk3) [152]. TREM2/DNAX is a receptor
complex predominantly expressed on microglia in the central nervous system associated with neurodegenerative diseases
and inflammatory response of microglia [152]. Cisplatin induced structural abnormalities in cerebral white matter (loss
of neuronal dendritic spines and arborizations) [145,146] and reduced myelin density in the cingulated cortex [147]. It
also [145] decreased cerebral neurogenesis (DCX* cells) [146] but did not cause inflammation (IL13, IL6, TNFa, GFAP,
CD11b) [146] or microglia (Ibal~, GFAP™) activation [145]. However, decreased synaptic integrity (synaptophysin, vGlut2,
vGAT) in the prefrontal cortex [148] and global functional neuronal connectivity in the mouse brain was found (fMRI) [147].
Cisplatin induced mitochondrial dysfunction and structural abnormalities in brain synaptosomes [147]. Mice treated
with three cycles of cisplatin (protocol 2.3 mg/kg 5d + 5r/5d + 5r/5d + 5r; cumulative dose 34.5mg/kg) developed more
severe impairment of mitochondrial transport and mitochondrial dysfunction in the hippocampus [149] (43% decrease in
cytochrome C activity, ATP production, 96% increase in ROS, 29% decrease in mitochondrial membrane potential, impaired
mitochondrial transport, reduced a-tubulin acetylation in the hippocampus, decrease in dendritic spine and synaptic
density (vGlutl and PSD95) [149]. Legend: DAP12—DNAX activating protein of 12 kDa; DRG—dorsal root ganglia;
GFAP—glial fibrillary acidic protein; IENF—intraepidermal nerve fibers; IL—interleukine; Ibal—ionized calcium-binding
adaptor molecule 1; iINOS—inducible nitric oxide synthase; L4-L6—lumbal vertebra; mtDNA—mitochondrial DNA; NER
- nucleotide excision repair; Olig-2—oligodendrocyte lineage gene 2; ROS—reactive oxidative species; SNAP—sensory
nerve action potential; SNCV—sensory nerve conduction velocity; TNFa—tumor necrosis factor alpha; TRP—transient
receptor potential channels (TRPA1, TRPV1); TREM2—triggering receptor expressed on myeloid cells 2; vGlut2—vesicular
glutamate transporter 2; vVGAT—vesicular GABA transporter.

5.2. Cisplatin Mechanisms

Cisplatin exerts its antitumor activity by binding to guanine and adenine residues,
forming cisplatin~-DNA adducts that bend and unwind the DNA helix (i.e., distorting
its structure by intra- and inter-strand DNA cross-linkage), thus interfering with DNA
replication and/or transcription which results in DNA damage, induction of cell cycle
arrest, inhibition of DNA synthesis and repair, senescence or cell death (by activating
necrotic and apoptotic pathways). While these effects of cisplatin on cancer cells are desired,
the same process in normal tissue causes varying degrees of toxicity [5,129,130]. In dividing
stem or progenitor cells (myelotoxicity, gut stem cells, etc) cisplatin induces different types
of cell death, while in non-dividing cells transcription and translation are more affected
leading to senescence, degeneration or dysfunction. Similar to the effect in kidneys (tubular
cells), cisplatin was reported to cause DNA damage, activation of apoptotic pathways
like p53 activation, Bax translocation, mitochondrial cytochrome C release, activation of
caspase-3 and caspase-9 and cell death also in DRG sensory neurons [170].

DRC neurons are non-dividing cells that need a high level of active transcription
to sustain their large size, high metabolism, and long axons [171]. Repeated cisplatin
administration results in accumulation of cisplatin-DNA adducts in DRG neurons, which
is subsequently removed and repaired by nucleotide excision repair (NER) [18]. NER is one
of the major DNA repair pathways particularly relevant for cisplatin-DNA adduct repair.
Serial testing with increasing cumulative doses of cisplatin showed that mice with NER
dysfunctions accumulated higher numbers of cisplatin-DNA adducts in DRG neurons and
developed higher severity of peripheral neuropathy [18].

In 2011, Podratz and coworkers demonstrated that cisplatin binds not only nuclear
DNA but also mitochondrial DNA (mtDNA), both with the same binding affinity [170].
However, in contrast to nuclear DNA, in mitochondrial DNA isplatin-DNA adducts
inhibited mtDNA replication and transcription of mitochondrial genes which resulted
in mitochondrial vacuolization and degradation. It was proposed that mitochondrial
dysfunction is very likely the consequence of reduced repair of cisplatin adducts in mtDNA,
particularly NER [170]. Until recently it was believed that mitochondria do not possess
NER. However, extensive investigation in the last decade has shown that mitochondrial
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DNA repair is very diverse and complex. Mitochondria have an NER mechanism, but
it differs from the nuclear one. The proteins that participate in the NER mechanism are
imported into the mitochondria in response to oxidative stress [172]. Thus, it is possible,
that the NER mechanism is indeed involved in mitochondrial dysfunction (not only in
DRG neurons but also in other tissues with high amounts of mitochondria like proximal
tubular cells [19] and the brain [41]). However, the contribution of NER in mitochondrial
dysfunction remains to be determined.

Loss of mitochondrial number was found in axons of the sensory nerve (tibial) [164],
while in the DRG neurons and the brain, mostly alterations in mitochondrial morphol-
ogy [170] and gene expression were observed [146,164], which suggests that mitochondria
were injured but still able to cope and maintain basal functions. However, with higher
cumulative dose and longer exposure time to cisplatin more severe impairment of mitochon-
drial transport and function occurs [149], showing dose dependent toxicity. Interestingly,
mitochondrial damage has been investigated and linked with cisplatin toxicity in renal cells
of proximal tubules already in the 1980s [63]. Nevertheless, the main cause of cisplatin tox-
icity remains unknown. We must recall that cisplatin can affect a wide variety of molecules
and mechanisms in the cell, it binds not only to DNA but also to various proteins and
affects their numerous functions, influences the transport in the cells, etc., [173] (Figure 5).
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Figure 5. Schematic presentation of cisplatin toxicity in non-tumor cells in the body. Extent and
intensity of oxidative stress, changes in signaling, metabolism, function, intensity of inflamma-
tion, activation of certain immune cell types, inflammatory and molecular crosstalk and response,
type of cell death, etc., depend on cisplatin dose (single or cumulative) and severity of toxicity.
ER—endoplasmic reticulum; mtDNA—mitochondrial DNA; ROS—reactive oxygen species.

6. Cisplatin Ototoxicity

Cisplatin ototoxicity is a common cisplatin side effect. Cisplatin treated cancer pa-
tients experience progressive, bilateral, primarily high-frequency sensorineural hearing
loss. Ototoxicity is dose-dependent cisplatin side effect which can start at doses from
60 mg/m?/cycle and affects approximately 62% patients. However, in high dose treat-
ment schedules (150-225 mg/m? /cycle) up to 100% of patients can be affected [174]. It
is reported that 40-80% of adults [16] and 60% of children develop permanent hearing
loss [175]. A recent study reported that young children (<5 years) are more susceptible
than older children (>5 years). Since young children develop hearing loss at lower cumu-
lative dose and early during cisplatin therapy, audiological monitoring is recommended
at each cisplatin cycle [176]. The exact mechanism responsible for hearing loss is not
fully understood [174,177,178], but data suggest that cisplatin directly stimulates the pro-
duction of cytokines leading to inflammation, oxidative stress, endoplasmic reticulum

94



Biomedicines 2021, 9, 1406

stress and, finally, to various forms of cell death [179]. Currently, there is no treatment to
reduce cisplatin ototoxicity [174,177,178]. However, sodium thiosulfate, a thiol-containing
antioxidant, has shown promising results in a phase III clinical trial [180].

In the past, a wide variety of cisplatin protocols has been used to model ototoxicity.
Most frequently a single, high dose of cisplatin has been used and effects were evaluated
a few days later (due to high mortality rate, similarly to nephrotoxicity studies) [178].
Repeated administration of low dosage was also used, but frequently resulted in high
mortality or inconsistent and small changes in hearing sensitivity [48]. Protocols were
recently summarized and can be found elsewhere [178].

Mouse model of ototoxicity is included in this review mostly as an example of
an animal study that aimed to establish a clinically relevant and reproducible mouse
model [16,48]. Specifically, it is the first study that reported extensive supportive care
for mice during cisplatin treatment. The study [16,48] is summarized with hope that
supportive care becomes a part of every cisplatin protocol in animal studies.

To get clinically relevant model of cisplatin ototoxicity, Cunningham and cowork-
ers [16] used an already-established cisplatin protocol. However, to optimize the protocol,
firstly a pharmacokinetic study was done to get information on cisplatin distribution and
elimination rates from various tissues (kidney, liver, inner ear, brain and heart) before and
after each cycle (protocol composed of three cycles of a daily ip injection of cisplatin at a
dose 3.5 mg/kg for 4 days, followed by 10 days of recovery; cumulative dose 42 mg/kg) [16].
An auditory function and the three doses were evaluated after each cycle and finally the
protocol with clinically relevant and reproducible hearing loss with the lowest suffering
of the animals was established [48]. Briefly, CBA/CaJ male and female mice were used
and treated with above stated cisplatin protocol but three different doses of cisplatin (2.5,
3.0, and 3.5 mg/kg, cumulative dose 30, 36 and 42 mg/kg, respectively) were evaluated.
After the second cycle, minimal hearing loss was observed (at 3.5 mg/kg/day) but without
significant threshold shifts across frequencies [16]. Mice developed a dose-dependent loss
of cochlear outer hair cell function (distortion product otoacoustic emissions; DPOAEs)
and hearing sensitivity (auditory brainstem response; ABR). No significant difference
was found between male and female mice. A cisplatin dose of 3.0 mg/kg/day showed
better health state of mice than 3.5 mg/kg/day but similarly robust hearing loss across
all frequencies, most severe at the high frequencies [48]. This dose (3.0 mg/kg) was thus
selected for further characterization of cochleotoxicity and vestibulotoxicity. Assessment of
auditory function follows 42 days after the first cisplatin injection. It was found that after
cessation of cisplatin administration hearing loss in mice even progresses over time [16,48],
similar to cisplatin ototoxicity in humans [174].

Hydration and Supportive Care in Cisplatin Protocols

From the first day of the study, all cisplatin treated mice received intensive supportive
care (twice daily). Supportive care was composed of hydration (1 mL of 0.9%NaCl and 1ml
of Normasol injected subcutenously) and supplemental nutrition (0.3 mL high calorie liquid
supplement, DietGel Recovery cups and pellets on the floor cage). Body weight, overall
health, activity and body condition scoring [181] was used to monitor the overall condition
of each mouse on daily basis (muscular tone, body fat content, coat maintenance, overall
energy level. Using supportive care protocol, all mice in the study survived although their
body weight progressively decreased during each cycle and at the end of the experiment
reached significant loss of their initial weight (21% at dose 2.5 mg/kg and 27% at dose 3.0,
3.5mg/kg). The only drawback of this study is that the kidney function and gastrointestinal
damage in mice were not examined. Inflammation has significant effects on health and
disease. Treatment of inflammation (in the gut and kidney) could improve the mice’s health
state. Particularly because during the auditory testing mice need to be anesthetized, and
diseased animals are at higher risk of death during the anesthesia. Thus, during anesthesia
special care is needed to avoid additional hypothermia, hypoxia, acidosis, and death.
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We must recall that mice treated with cisplatin suffer from acute and delayed pica,
gastric distension (delay in gastric emptying, stomach filled with bedding), reduced food
intake, inflammation in intestine, polyuria (malnutrition, dehydration and electrolyte
waste). In addition, mice treated with cisplatin are hypothermic [182]. Mice that are ill and
suffer abdominal pain (intestine inflammation, nausea/pica/full stomach, kidney injury)
are less active and vital, do not rear/climb up after water and food, and do not care for
their nests. Well-structured nests are important for their body temperature maintenance.
Supportive care is mandatory, to prevent agonistic death from dehydration, malnutrition
and hypothermia. Vitamin C and sodium bicarbonate pretreatments has been show to
improve mice’s health and reduce cisplatin nephrotoxicity [182], while dexamethasone, a
corticosteroid used in humans and/or ondansetron, a serotonin 5-HT3 receptor antagonist,
showed confounding results [106].

It is interesting that in the 1980s the effects of hydration and cisplatin vehicle (Table 5)
on nephrotoxicity and tumor burden were tested in cisplatin treated mice and rats. Al-
though both hydration [183] and the vehicle in which cisplatin was dissolved [184,185]
markedly reduced mortality and nephrotoxicity, hydration became a routinely used method
of nephrotoxicity prevention only in clinics but not in preclinical models. Intravenous
hydration using isotonic saline solution significantly reduces cisplatin half-life, urinary cis-
platin concentrations and proximal tubule transit time [3,12], which reduces nephrotoxicity
and allows higher doses of cisplatin for the cancer treatment. Thus, hydration affects the
MTD dose and, consequently, also the therapeutic effect of cisplatin (dose dependent) in pre-
clinical studies (see Section 3.3). In addition, not only the incidence but also the severity of
cisplatin toxicity is dose dependent. Based on the cisplatin protocol mice thus can develop
(Figure 6): changes in molecular mechanisms without structural damage (process is in the
range of the physiological limits and does not affect the clinical picture, although molecular
markers can show significant increases; MTD); changes in molecular mechanisms with
structural damage (although structural damage is histologically confirmed and clinical
signs are present, damage is still in the range where regression and restitution or repair
is possible; mild, moderate); clinical signs are present and structural damage is obvious,
regression and repair is possible only if properly treated (severe-systemic inflammation)
and intoxication (irreversible).

Table 5. Effect of cisplatin vehicle on cisplatin toxicity /mortality [184,185].

Cisplatin Vehicle LD50
distilled water 10.8 = 1.0 mg/kg
0.9% NaCl 153 + 1.6 mg/kg
4.5% NaCl 24.5 + 0.7 mg/kg

LD50—dose of cisplatin that results in 50% mortality in animals.

Various factors can affect response to cisplatin treatment such as strain, substrain [44,106],
age [105,186], hydration [183], circadian rhythms [23,187-189]. However, there is high inter-
individual variability also among mice within the same inbred strain (genetically uniform)
showing that environmental and phenotypic factors like physical state play important roles in
cisplatin toxicity. Since there are many factors that can influence cisplatin effects (therapeutic
or toxic) scientists are encouraged to thoroughly report all details in their study and follow
the ARRIVE guidelines [190] or the Gold Standard Publication Checklist [191], FELASA
recommendations [192,193] and standardized genetic nomenclature of rodents (http://www.
informatics jax.org/nomen/strains.shtml) 6th October 2021.
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Figure 6. Dose-dependent toxicity of cisplatin and factors affecting maximum tolerated dose (MTD), nephrotoxic and lethal dose.

7. Cisplatin Distribution and Elimination

To better understand the complexity of cisplatin toxicity in various organs, basic
knowledge about cisplatin distribution, elimination and accumulation is briefly summa-
rized. Cisplatin reaches systemic circulation within 10 min after systemic administration
(ip, iv) [15,16,194] and within 1 h cisplatin is already distributed in almost all tissues stud-
ied (kidney, liver, lung, inner ear, heart and brain), with the highest concentration in the
kidney [16]. There is a linear correlation between cisplatin dose (3.75, 7.5 or 15 mg/kg) and
cisplatin concentration in the blood or tissues (kidney, liver, tumor, brain and testis) 1 h
after ip administration [15]. Free cisplatin eliminates from the blood predominantly by the
kidney, much less by biliary [194] or intestinal excretion [184].

It appears that the rate of cisplatin clearance in repeated treatment depends on the
dose (cumulative) and the frequency interval (daily vs weekly). Repeated administration
of low dose of cisplatin (16 mg/m? or 2.5 mg/kg) did not affect the elimination rates
of cisplatin until the fifth cycle (ip; five cycles with 3-week intervals between each cy-
cle). After the fifth cycle elimination of cisplatin significantly decreased (cumulative dose
reached 12.5 mg/kg) [195]. In contrast, repeated administration of higher doses of cisplatin
(5 mg/kg iv; three cycles with 3 weeks between each cycle) resulted in decreased renal
clearance and increased accumulation of cisplatin in the kidney by each cycle (cumulative
dose at the second cycle reached 10 mg/kg) [196], suggesting a longer elimination half-life
of cisplatin and an impaired elimination/detoxification mechanisms when reaching critical
levels of cisplatin (Table 3). A similar situation occurred in the case of cisplatin protocol
for ototoxicity (three cycles of 14 mg/kg (3.5 mg/kg/daily) with 10-day intervals between
each cycle). After each cycle the elimination of cisplatin decreased, resulting in gradual
retention of cisplatin in tissues. After the third cycle (42 days after the start) cisplatin in
all examined tissues reached levels twofold higher than after the first cycle. The highest
concentration of cisplatin was detected in the liver, followed by spleen, femur, kidney,
inner ear, lung, heart, skeletal muscle, small intestine and brain. Two months later (60 days
recovery) marked decline was observed in all tissues except femur and inner ear. However,
in all examined tissues cisplatin was still present at the detected levels [16].

While elimination of cisplatin from the blood is very rapid (mostly within 1 h), elim-
ination from the tissues is a longer process lasting weeks or even years. In tissues cis-
platin accumulates in all cell compartments, the mitochondria, nucleus, cytoplasm, mi-
crosomes [195,197]. In general, the larger decline of cisplatin concentration in tissues
occurs within the first 24 h [15,16], followed by slower elimination rates during the first 30
days [15,79,195] reaching an almost steady state 3 months after a single nephrotoxic dose
of cisplatin [195]. Recently it was found that elimination rates from the inner ear are much
lower than in other organs. Cisplatin retains in the inner ear for months in both mice and
humans (at least 18 months after patients last cycle) [16]. It was also found that the highest
levels of cisplatin in the inner ear accumulate in the stria vascularis (the region of the inner
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ear that maintains the ionic composition of endolymph), while cisplatin accumulation in
mechanosensory hair cells is more limited. Similar cisplatin distribution was also found in
humans. Long-term retention of cisplatin was associated with progressive hearing loss in
mice [16].

Cisplatin retention in the tissues can be evaluated also by detecting cisplatin-DNA
adducts, a method usually used in the nervous system (see section neurotoxicity). However,
cisplatin-DNA adducts can be found also in other tissues (kidney, liver, testis and brain).
Nevertheless, the formation of cisplatin-DNA adducts is a slower process; depending on
the tissue it can take up to 4 h or more [15,198]. After single dose of cisplatin (7.5 mg/kg) the
highest levels were observed in the kidney cortex, particularly tubules. The levels persisted
for 24 h (liver, kidney), followed by a slow decline, while in other tissues (tumor, testis)
decline was observed within first 12 h. Formation of cisplatin-DNA adducts was dose
dependent with large inter-individual variations, particularly for kidney and tumor [15].
Cisplatin-DNA adducts can be detected in various tissues in patients treated with cisplatin
for many months after therapy [198].

8. Discussion

As shown in the paper, there are many similarities between mice and humans. Mice
develop all cisplatin side effects in a dose- and time-dependent manner. Just as humans,
mice also develop cisplatin side effects of varying severity from mild to multi-organ failure,
each pathology with its own time course and pathophysiological response or molecular
signature. Despite all the similarities, there is an apparent gap between the results in animal
models and human clinical trials.

As described, there are many drawbacks in the currently used cisplatin protocols.
Besides a wide variability in protocols [44], most of cisplatin protocols have no similarities
to the treatment schedules used in cancer patients. In humans, cisplatin is given in cycles
with extensive hydration and supportive care to provide the highest possible dose of
cisplatin to improve the success of therapy, while in tumor bearing mice a wide variety
of cisplatin protocols with no hydration or supportive care are used. In mice, cisplatin
treatment ranges from a single to repeated (multiple) administration, where cumulative
doses range from sub-therapeutic to lethal doses or even higher (see Table 1 and Table S1).
To evaluate potential beneficial effects of therapy or toxicity, in mice studies, most frequently
only the size or the volume of the tumor is used as a measure of successful treatment and
the body weight is used as a marker of systemic toxicity. No examination of gut toxicity,
myelotoxicity or neurotoxicity is performed. Rarely, a few blood parameters are examined.
Body condition of the animals and mortality rate are rarely reported and necropsy and
histology of all vital organs are rarely performed (Table S1). Importantly, cisplatin protocol,
hydration and supportive care all together affect not only the MTD or lethal dose but
also the therapeutic dose of cisplatin and its side effects (dose-dependent). Higher doses
of cisplatin result in higher cisplatin tissue retention (see section cisplatin distribution
and elimination).

As demonstrated in the article, mice respond to cisplatin therapy in a similar way
to humans. Importantly, mouse response to cisplatin is highly dependent on cisplatin
protocols. Thus, we can say that we get what we design. If we want to understand
molecular mechanisms and find therapeutic agents that would have a potential benefit in
clinics, we need to use similar cisplatin treatment protocols as are used in cancer patients.

In this paper, only the most characterized cisplatin protocols were presented together
with weaknesses that need to be improved in future studies. An example of hydration
and supportive care in repeated cisplatin protocol is summarized with the hope that in
the future hydration and supportive care become a part of cisplatin protocols. The use
of the same cisplatin protocol by various research groups around the world could help
evaluate, optimize and validate particular cisplatin protocols. Investigating cisplatin effects
in all organs of a currently established model and gaining insight into complex cisplatin
toxicology would help understand the underlying mechanisms of cisplatin toxicity in a
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time-dependent manner. It would enable the use of optimal markers of a certain toxicity at
a given time period/point in the development of the toxicity. Optimized and validated
models can then be used to test potential treatment strategies for cisplatin toxicity. However,
first optimization with hydration and supportive care is needed. This may affect the dose
adjustment in cisplatin protocols. Then protocols need to be tested and optimized in
tumor-bearing animals.

Research on mice enables systematic and controlled investigation of complex mecha-
nisms involved in the development of cisplatin therapeutic or toxic effects. In addition, it
enables investigation of pathogenesis of cisplatin toxicity in a time- and dose-dependent
manner. However, it is important that we change our approach to animal studies and start
to treat animals in research as patients and not as a tool. Otherwise we must ask ourselves
“what have we chosen to ignore in this model, and at what cost?” [199].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biomedicines9101406/s1, Table S1: Publications reporting cisplatin protocols in tumor-bearing
mice published in the period from April 2020 to February 2021.
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Abbreviations

AKI acute kidney injury

AST aspartate aminotransferase

BB brush border

BM basal membrane

BUN blood urea nitrogen

BW body weight

ChAT choline acetyltransferase

Cr serum creatinine

CFU colony-forming unit

d day

DAP12 DNAX activating protein of 12 kDa
DRG dorsal root ganglia

DT distal tubules

ENS enteric nerve system

ER endoplasmic reticulum

GFAP glial fibrillary acidic protein
GFR glomerular filtration rate

Hb hemoglobin

IENF intraepidermal nerve fibers

IL interleukine

Ibal ionized calcium-binding adaptor molecule 1
iNOS inducible nitric oxide synthase
L4-L6 lumbal vertebra

LD lethal dose

LD100 MNC  dose of cisplatin that results in 100% mortality in animalsmononuclear cells
MTD maximum tolerated dose

mtDNA mitochondrial DNA
N number of animals
NET neutrophil extracellular traps
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nNOS  neuronal nitric oxide synthase

NER nucleotide excision repair

Olig-2  oligodendrocyte lineage gene 2

P1-3 proximal tubules pars 1-3

ROS reactive oxidative species

SNAP  sensory nerve action potential

SNCV  sensory nerve conduction velocity

TNFa  tumor necrosis factor alpha

TRP transient receptor potential channels (TRPA1, TRPV1)
TREM2  triggering receptor expressed on myeloid cells 2
vGlut2  vesicular glutamate transporter 2

vGAT vesicular GABA transporter

WBC white blood cells

ip intraperitonealy
iv intravenously
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Abstract: Cardioplegic solutions play a major role in cardiac surgery due to the fact that they create
a silent operating field and protect the myocardium against ischemia and reperfusion injury. For
studies on cardioplegic solutions, it is important to compare their effects and to have a valid platform
for preclinical testing of new cardioplegic solutions and their additives. Due to the strong anatomical
and physiological cardiovascular similarities between pigs and humans, porcine models are suitable
for investigating the effects of cardioplegic solutions. This review provides an overview of the results
of the application of cardioplegic solutions in adult or pediatric pig models over the past 25 years.
The advantages, disadvantages, limitations, and refinement strategies of these models are discussed.

Keywords: pig model; animal model; cardioplegia; refinement; cardiopulmonary bypass; car-
diac surgery

1. Introduction

Cardioplegic solutions are essential in cardiac surgery since they create a silent operat-
ing field and protect the myocardium against extensive ischemic damage and ischemia-
reperfusion injury (IRI). Cardioplegia is defined as controlled-induced cardiac arrest [1,2].
A cardioplegic solution induces cardioplegia leading to reversible cardiac arrest. To create
a bloodless surgical field, the heart should be excluded from circulation by aortic clamping.
This induces whole-organ ischemia of the heart, which can be tolerated for only a few
minutes without additional protection [1,2]. The application of a cardioplegic solution
increases the time of ischemic tolerance in the heart for up to several hours. Furthermore,
cardiopulmonary bypass (CPB) compensates for the pump function of the heart, provides
oxygen and nutrients to organs and tissues, and removes metabolites.

The basic principle of any cardioplegic solution is electromechanical decoupling,
which influences the extracellular and intracellular ion concentrations. With this, the en-
ergy consumption of the myocardium is significantly reduced and ischemia tolerance is
increased [2]. In recent years, several different cardioplegic solutions have been devel-
oped [3,4], which are based on either a crystalloid electrolyte solution or patients’ blood
with added electrolytes. However, there are no national or international guidelines or
recommendations for choosing cardioplegic solutions for different cardiac surgery proce-
dures [5]. Hence, the selection is largely based on the personal preferences of the surgeon.
Furthermore, this must be constantly adapted to new conditions.

Due to demographic changes, patients undergoing cardiac surgery are becoming
older and sicker, which necessitates complex cardiac procedures, such as combined heart
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valve/coronary bypass surgery [6]. Cardioplegic solutions must be adapted to this patient
population to provide sufficient myocardial protection and to minimize cardiac damage.

2. Clinical Relevance of Data Analyzing Cardioplegic Solutions in Pig Models

Due to the changing characteristics of the patient cohort and more complex surgical
interventions in cardiac patients, it is essential to investigate the effects of cardioplegic
solutions. Furthermore, it is necessary to perform structured comparisons and to identify
the advantages of different cardioplegic solutions. Especially for new compositions of
cardioplegic solutions, adequate tests for their safety and efficiency are necessary. Also,
translational research requires testing new drugs in two independent species to fulfill the
criteria of the application for ethical and regulatory approval [7].

The pathophysiological processes that are induced by cardioplegic arrest of the heart
and CPB are very complex and also affect the kidneys, brain, gut, and lungs. If the effects
of cardiac cardioplegia and CPB need to be further investigated, invasive procedures, such
as biopsy withdrawal, are necessary. For ethical reasons, it is not possible to conduct
studies, including extensive biopsy withdrawal, directly in humans. Hence, animal models
are used. Alternative methods to investigate the effects of cardioplegic solutions, such
as cell cultures or isolated organs, are not able to fully display the effects of surgical
intervention and CPB, such as surgical trauma, blood loss, blood contact with foreign
surfaces and shear stress during CPB, inflammatory response to CPB, and changes in the
coagulation system [8-10]. The animal model is therefore of particular clinical relevance.
However, the ethical consideration of the risk-benefit balance in animal experiments is
significant. The benefit of information from a study should always be greater than the
expected risks and suffering of the animals. Throughout the entire study, the focus must be
on animal welfare along with the achieved results. Therefore, good experimental planning
is necessary, and the requirements of the study must be precisely defined to achieve
satisfactory validity of the results. Owing to the reproducibility of the study, it is important
to investigate meaningful parameters in a targeted manner [11,12]. The first step is the
selection of a suitable animal model that produces transferable results for future human
clinical applications. In many cardiac surgery studies, pig models have been established
due to their special anatomical and physiological similarities to the human heart [13]. Thus,
not only heart valves and coronary care are comparable, but also the hemodynamics of
the circulatory system. Furthermore, the responses to certain events, such as the lack of
volume, are very similar in pigs and humans [14,15]. Thus, the results obtained from pig
models can be transferred to humans [14].

This review provides an overview of the in vivo application of cardioplegic solutions
in adult and pediatric pig models over the past 25 years. This review focuses on the
induction of cardioplegic arrest in CPB procedures, except for the preservation strategies
necessary for heart transplantation. Investigations in isolated pig hearts and in vitro
studies were excluded from the analysis. The advantages, disadvantages, limitations, and
refinement strategies of the pig models are discussed.

3. Comparability of the Heart Anatomy and Physiology in Pig Models and Humans

The pig model has useful biometric conditions regarding the size and anatomy of the
cardiovascular system (heart, atria, aorta, femorales and jugulars, coronary vessels, and
coronary sinus) [16]. Furthermore, several physiological and hemodynamic similarities
exist between the cardiovascular system of pigs and humans [17]. The receptor profiles,
ion channels, sympathoadrenal innervation, coronary circulation, and electrophysiology
of the pig heart are comparable to those in humans [18]. A lack of volume or loss of
blood induced a comparable response in pigs and humans [18]. In response to cardiac
arrest and CPB support, it is necessary that the left ventricle ends at the apex, which
simplifies physiological measurements such as pressure-volume loops. The pig heart
shows limited collateral blood flow, which is analogous to humans and makes it ideal for
ischemia studies [19]. However, there is higher cardiac output in pigs, which results from
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higher heart rate and stroke volume. Furthermore, both parameters resulted from lower
hematocrit and oxygen transport capacity [20]. Despite these similarities, long-term follow-
up in pig models is considered problematic [19]. If juvenile animals are utilized, changes in
animal weight result in alterations in basic cardiac physiology. For example, the heart/body
weight ratio is approximately 5 g/kg in healthy humans and 25-30 kg in juvenile farm pigs.
However, this ratio decreases up to 50% in farm pigs exceeding 100 kg [19]. Interpreting
data obtained in pigs exceeding 100 kg is difficult and not comparable to the human
setting. Thus, studies investigating the effects of cardioplegic solutions in pig models have
good conditions for a high translation into the human setting. However, handling these
animals for longer follow-up periods requires either the use of special requirements for pig
husbandry, personnel staff, and institutional facilities.

4. Investigations in Adult Pig Models

A total of 42 studies reported the application of cardioplegic solutions in inducing
cardiac arrest during cardiac surgery of adult pig models (Supplementary Table S1).

The St. Thomas-based cardioplegia was investigated in 27 studies (St. Thomas I: n = 7;
St. Thomas II: n = 20), followed by 10 on blood cardioplegia, 9 on histidine-tryptophan-
ketoglutarate (HTK)-based cardioplegia, and 8 that did not specify crystalloid cardioplegia.
Cardioplegia induced by HTK-N (1 = 2), Buckberg’s solution (1 = 3), Del Nido (1 = 1) and
Braile (n = 1) were investigated to a lesser extent.

Cardioplegia studies aimed to identify the solution with the best properties for the
human application. Therefore, direct comparisons of different cardioplegic solutions were
performed. Comparisons between St. Thomas I and II cardioplegic solutions have shown
enhanced functional recovery, better contractile efficiency, and improved energy status
with St. Thomas I cardioplegia [21-24]. The novel HTK-N solution stabilizes hemoglobin
and blood calcium levels, which can potentially increase kidney function [25]. Further-
more, HTK-N-induced cardioplegia resulted in fewer cerebral effects and inflammation
during CPB surgery than HTK and appeared to exert protective effects in the brain [26].
The comparison of HTK and St. Thomas II cardioplegic solution showed better preser-
vation of post-ischemic mechanoenergetic function and lower troponin T release with
St. Thomas Il-induced cardiopelgia [27]. Additives such as adenosine [28-30], penta-
zocine [28], lidocaine [28], procaine [29], cyclosporine A (CsA) [26,31], pyruvate [32,33],
amrinone [34], cariporide [35], eniporide [36], aprotinin [37,38], nicorandil [39], H,S [40],
zink-bis-histidinate [41], germinated brown rice extract (GBR) [42], and diazoxide [43]
have been added to improve cardioplegic solutions. The addition of diaxozide, adeno-
sine, and nicorandil to cardioplegic solutions preserved ventricular function [29,39,43,44].
Meanwhile, treatment with H,S, pyruvate, zink-bis-histidinate, or a combination of adeno-
sine/lidocaine/pentazocine improved myocardial protection [33,40-42]. Pyruvate supple-
mentation in cardioplegic solutions also decreased CPB-induced myocardial inflamma-
tion [32]. Aprotinin is able to reduce IRT and myocardial tissue edema, and preserve the
vascular endothelial barrier [37,38]. A promoting effect on the coronary microcirculation
was reported for a Mg?*-enriched crystalloid cardioplegic solution when compared with
a potassium-enriched crystalloid cardioplegic solution [45]. GBR was reported to reduce
the lactate production in CPB surgery [42]. The phosphodiesterase III inhibitor amrinone
and CsA, which inhibits the mitochondrial permeability transition pore, promote cardiac
function during cardioplegia [31,34]. While amrinone promotes rapid and sustained car-
diac functional recovery by replenishing myocardial cyclic adenosine monophosphate [34],
low-dose CsA supplementation enhanced basal mitochondrial respiration and preserved
mitochondrial function, thereby diminishing the effects of IRI [31]. Inhibition of the Na*/H*
exchanger by eniporide and cariporide failed to show an effect on ventricular function or
myocardial damage [35,36]. The majority of the investigations have been performed with
an ischemic period ranging between 60-120 min (Supplementary Table S1) which correlates
with the duration of ischemic periods in human surgery. Only four studies on St. Thomas
cardioplegic solutions defined an ischemia duration of 30 min [30,46—48]. The on-pump
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reperfusion time varied between 10-180 min. A reperfusion period with a disconnection
from CPB device, called off-pump reperfusion, ranged between 30-300 min.

5. Investigations in Pediatric Models

Cardioplegic solutions have been used in pediatric surgery. Thus, pediatric pig
models were used to investigate the effects of the cardioplegic solutions. Sixteen studies
reported the effects of different cardioplegic solutions, including St. Thomas cardiople-
gia (n = 9), HTK (n = 4), Del Nido (n = 2), and Calafiore/blood cardioplegia (n = 4)
(Supplementary Table S2).

Direct comparisons between different cardioplegic solutions revealed that the modi-
fied Calafiore cardioplegia had a superior contractility after CBP surgery when compared
to HTK [49]. For adult pig models, additives such as ebselene [50], olprinone [51], diazox-
ide [52], and sivelestat [53] have been investigated. A reduction in myocardial IRT with
the antioxidants ebselene and olprinone has been proven [50,51]. Diazoxide protected the
integrity of the mitochondrial structure when applied to a cardioplegic solution [52]. The
neutrophil elastase inhibitor sivelestat reduced neutrophilic activation in the lungs and
improved oxygenation after CPB in 7 to 14-week-old pigs [53]. The pediatric pig models
investigated short-lasting ischemic periods of 10-45 min [54,55] as well as longer ischemic
periods of 60-120 min (Supplementary Table S2). The on-pump and off-pump reperfusion
periods ranged from 10 to 120 min and 30 min to 48 h, respectively.

6. Impact of Breeds, Strains, Age, and Sex

The species Sus scrofa domestica comprises several breeds that may vary in size and
appearance, and can be classified into farm pigs and minipigs [17]. Farm pigs include
breeds such as Yorkshire, Landrace, and Duroc. Minipig strains such as Yucatan, Gottingen,
and Hanford are attractive due to low body weight at birth, early sexual maturity, and
adult age. Their tissue properties are more mature and more resistant to surgical proce-
dures [17]. The majority of investigations of cardioplegic solutions in infant and adult
pig models have been performed in farm pigs. Only the groups of Sayk et al. [56] and
Wau et al. [28] performed experimental investigations on minipigs. Farm pig breeds differ
in their susceptibility to stress, growth rate, and fat content. In particular, susceptibility
to stress during the preoperative period could influence the outcome of cardiovascular
studies. Furthermore, their core body temperature and metabolism could differ slightly,
which results in a bias on outcome parameters between different breeds. The age of the
pigs had an indirect impact wherein the body weight of farm pigs rapidly increases with
age. Consequently, the heart/body weight ratio decreased as described in the section on
“Comparability of the heart anatomy and physiology in pig models and humans” and
leads to alterations in basic cardiac physiology.

The impact of the sex of the pig on the outcome of cardioplegia-induced effects is
unknown. Several studies have used pigs of both sexes to balance possible gender differ-
ences. However, there are also studies that exclusively used either male [40,41,49,57,58] or
female pigs [21,48,59—62]. This can be influenced by additional experimental factors. For
example, the withdrawal of urine in studies investigating kidney function during cardiac
cardioplegia is easier in female pigs due to their anatomical features. Therefore, these
investigations were performed only in female pigs. Thus, careful selection is necessary to
determine the suitable breeds, strains, age, and sex for this study.

7. Refinement Strategies

Several aspects could be considered to refine preclinical investigations of cardioplegic
solutions in pig models. Due to a special susceptibility to distress, it is necessary to
avoid each conscious perceived stressful moment, such as a noise or any painful handling.
Transportation to the operating room should be kept as short as possible. Intramuscular
premedication consisting of midazolam, atropine, and ketamine is recommended.
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To avoid the perception of any procedure-related pain, premedication of the sedated
pigs (e.g., metamizole, fentanyl, or sufentanil) and anesthesia maintained by propofol and
fentanyl, respectively, sufentanil is indicated.

Excessive hemodilution can have a significant impact on the outcome. Therefore, the
total volume of the cardioplegic solution should be completely filtered. If blood donor pigs
are included in the study, experiments should be planned such that the blood of one donor
pig could be provided to several surgically-treated pigs. Furthermore, arterial and venous
cannulas should be removed at the end of the CPB period, and the remaining blood in the
tubes of the perfusion system should be re-transferred to the pig.

Intraischemic temperature could have a critical impact on the development of IRI.
Therefore, monitoring of the cardiac temperature is recommended in the septum and left
and right ventricles.

Sample withdrawal should comprise all organ systems that could be affected by IRI
or supplements added to cardioplegic solutions. This allows for further investigation of
this research field.

8. Limitations of Pig Models

Numerous limitations have been reported in studies investigating cardioplegic solu-
tions for cardiac arrest. The restrictions relate to the small number of animals included
in the studies, time limits, randomization and blinding, comparability with the clinical
setting, study endpoints, and missing data and measurements (Table 1).

The most frequently mentioned restriction was the limited number of animals. In
principle, the number of cases for an animal study should be determined according to the
statistical calculation of the power and sample size, and is dependent on the primary and
secondary endpoints of the study. Financial or human resources should not influence the
sample size of the studies. Another limiting factor is the choice of the duration of the aortic
cross-clamp, reperfusion, and recovery/observation period. A sufficiently long period of
reperfusion is required for physiological weaning from CPB. However, pig models are
known to deteriorate over time. In addition, statements about molecular changes in the
organism can only be made with an appropriate duration of the reperfusion period, since
some parameters requires hours to change. This led to the trend that parameters or markers
are used for the analysis of cardioplegic effects that respond early and in a sensitive way
to cardioplegia-induced ischemia or in the early reperfusion period (e.g., translocation
of hypoxia-inducible factor 1« for oxidative stress or troponin T release into the blood).
Additionally, a short reperfusion or observation period increased the risk that the study
endpoints were not fully reached.

Implementation problems may arise when conducting the study in a blinded manner.
For example, while experimental observers may be blinded to the study groups, it may
be difficult to blind the surgeons or perfusionists when comparing crystalloid and blood
cardioplegic solutions. However, blinding of the experimenters is strongly recommended
to avoid biased results. Furthermore, simple or adaptive randomization is sufficient along
with the learning curves of the surgical team (veterinarians, surgeons, and perfusionists).

Another key limitation is the use of young and healthy animals that do not have
relevant clinical pathologies. Patients who undergo CPB surgery are usually older and
have several comorbidities. Multimorbid patients may be more sensitive to CPB surgery.
However, some of these effects can be reproduced in healthy animal models.
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Table 1. Limitations in pig models for cardioplegic arrest.

Limitation

References

Animal number

limited number of animals

[21,27-29,31,35,36,49,57-64]

Time limits

short cross clamping time
short reperfusion/recovery time

[23,24,49,58]

[23,25,27,28,31-33,38,60-62,64-66]

short observation period /no long-term follow up [26,32,59,63,65]
Randomization & blinding
no randomization [60,63]
surgeon/observer not blinded [37,60,63]

Comparability with clinical settings

use of young, healthy animals without clinically relevant pathology
results not fully comparable with humans
the use of neonatal piglets not allowed (animal protection requirements)
standardization of interventions/no individual treatment

[21,23-25,29,31-33,44,57,61,64]
[26,29,44,49,58,67,68]

[49,58]

[21,23-26,31,32,46,49,64]

model restricted to mild ischemia [35,48,66]
reperfusion phase departed from clinical normality [66]
Study endpoints
effect on study endpoint not fully reached [36,69]
endpoint not suited [56,62]
lack of measurement of end-point related parameters [26,50,68]
use of surrogate markers for endpoint measurement [26]
Missing data and measurements
missing control [32,50]
the number of tested factors in one study limited [24,57,65]
missing measurement/correlation with cardiac function [56,61,69]
myocardial temperature not monitored [55]
missing dose-response relationship for tested supplement [50]
missing pressure-volume measurements [21]
missing histological examination [62]
wrong time point of blood/biopsy withdrawal [44,60]

A further limitation results from the reduced oxygen transport capacity and hematocrit
of pigs, leading to increased blood flow. This may result in a significantly stronger left
ventricular wall, since it occurs in patients with pathological heart disease. The potassium
serum concentration in healthy pigs ranges between 4.6 and 5.8 mmol/L [70]. According to
Seutter et al., breed has no influence on potassium content in serum [71]. Despite the great
similarity between pigs and humans, the results of these studies cannot be fully adapted to

human medicine.

Particularly for pediatric applications, difficulties arise due to conflicts between new-
born animal models and animal welfare [49,58]. Hence, this study aimed to investigate
the following: (I) the choice of the appropriate animal model and duration of ischemia
and reperfusion, (II) a detailed study planning including the consideration of all relevant
factors and a statistical calculation of the sample size, and (III) a standardized operational

process to ensure good reproducibility.

9. Conclusions

Porcine models for testing cardioplegic solutions in cardiac surgery have been used
for the last 25 years, which generated information on cellular effects that could not be
obtained from human trials. These investigations comprised results for cardioplegia in
CPB procedures using adult and in infant porcine models in vivo. Different cardioplegic
solutions have been compared or supplemented with drugs or additives that promote cell
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stability and protection to diminish the effects of IRI. Furthermore, the major limitations of
pig models for investigating cardioplegic solutions are known. However, experimenters
and preclinical investigator teams are encouraged to reduce these limitations within an
experimental setting to achieve the best possible translation into the clinic.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/biomedicines9091279/s1, Table S1: Overview about investigations of cardioplegic solutions
in adult pig models, Table S2: Overview about investigations of cardioplegic solutions in pediatric
pig models.
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Abstract: Interstitial cystitis/bladder pain syndrome (IC/BPS) is a multifactorial, chronic bladder
disorder with limited therapeutic options currently available. The present review provides an exten-
sive overview of therapeutic approaches used in in vitro, ex vivo, and in vivo experimental models
of IC/BPS. Publications were identified by electronic search of three online databases. Data were ex-
tracted for study design, type of treatment, main findings, and outcome, as well as for methodological
quality and the reporting of measures to avoid bias. A total of 100 full-text articles were included. The
majority of identified articles evaluated therapeutic agents currently recommended to treat IC/BPS
by the American Urological Association guidelines (21%) and therapeutic agents currently approved
to treat other diseases (11%). More recently published articles assessed therapeutic approaches using
stem cells (11%) and plant-derived agents (10%), while novel potential drug targets identified were
proteinase-activated (6%) and purinergic (4%) receptors, transient receptor potential channels (3%),
microRNAs (2%), and activation of the cannabinoid system (7%). Our results show that the reported
methodological quality of animal studies could be substantially improved, and measures to avoid
bias should be more consistently reported in order to increase the value of preclinical research in
IC/BPS for potential translation to a clinical setting.

Keywords: interstitial cystitis; bladder pain syndrome; therapeutic approaches; experimental models;

in vitro; ex vivo; in vivo

1. Introduction

Interstitial cystitis/bladder pain syndrome (IC/BPS) is a multifactorial, chronic blad-
der disorder of unknown etiology, generally characterized by discomfort or pain in the
bladder and the surrounding pelvic region, associated with increased urinary frequency,
urgency, and nocturia [1]. IC/BPS is more frequent in women compared to men with
an estimated prevalence of 45-300 per 100,000 women and 8-30 per 100,000 men [2—4].
However, the occurrence of IC/BPS is likely to be underreported due to the complexity
of the disease, a variety of different and nonspecific clinical symptoms and signs, and
a lack of standardized diagnostic criteria [5,6]. To date, there is no effective therapeutic
option available for patients with IC/BPS, and the disease represents an enormous financial
burden for the individuals and the economy as a whole [7].

In general, IC/BPS can be categorized into two major subtypes, mainly based on
the bladder histological findings [8]. The first type or “classical” IC/BPS with Hunner’s
lesions (i.e., mucosal lesions accompanied by abnormal capillary structures) is characterized
by more severe bladder-centric symptoms, reduced bladder capacity, histological signs
of epithelial denudation, inflammatory infiltrates, and edema, while IC/BPS without
Hunner’s lesions has no obvious bladder etiology, features minimal histological changes,
and is frequently accompanied by common systemic comorbidities (“bladder-beyond”
pain) [9,10].
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Regardless of the IC/BPS subtype, the overall etiology and pathophysiology remain
elusive with many different hypotheses proposed over the years, including injury of the
bladder epithelium and increased barrier permeability, neurogenic inflammation with mast
cell infiltration, and possible autoimmune involvement [11,12]. One of the most common
characteristics found in bladder biopsies from IC/PBS patients is denudation or thinning
of the bladder urothelium, a specialized type of epithelial tissue that lines the wall in the
majority of the urinary tract and plays an important role as a permeability barrier against
toxic substances from the urine [13]. In IC/BPS patients, the barrier function is compro-
mised due to various reasons, including the reduction of the glycocalyx layer, consisting of
glycoproteins and proteoglycans [14], the disassembly of tight junctions with deregulated
expression of certain tight junction proteins (zonula occludens-1 (ZO-1), occludin, and
claudins 1, 4, and 8), and reduced expression of specific transmembrane proteins uro-
plakins [15-17]. The compromised urothelial barrier results in the leakage of urine solutes,
such as potassium and urea into the lamina propria, leading to the activation of inflamma-
tory response with increased urothelial release of signaling molecules (e.g., acetylcholine
(ACh), adenosine triphosphate (ATP), nitric oxide (NO)) and proinflammatory mediators,
such as interleukins (IL)1, IL6, and IL8, tumor necrosis factor alpha (TNF«), and nerve
growth factor (NGF), as well as increased nerve fiber density and inflammatory (mast cell)
infiltrates, which ultimately contribute to urgency and pain [15,18,19]. Proinflammatory
mediators sensitize afferent nerve terminals by activating transient receptor potential (TRP)
channels resulting in the release of neuropeptides (e.g., calcitonin gene-related peptide
(CGRP) and substance P) that induce mast cell degranulation and further stimulate the
release of proinflammatory mediators, leading to a perpetual cycle of inflammation and
pain [20-23].

Although various therapeutic options exist for patients with IC/BPS, all of them aim
to relieve the symptoms and there is no treatment nor combination of treatments currently
available that would be consistently successful in alleviating clinical symptoms and en-
suring long-term efficacy. The American Urological Association (AUA) guidelines [24]
recommend a stepwise therapeutic approach, in which the first-line therapy includes pa-
tient education with daily behavior modification and lifestyle changes. Physical therapy,
oral administration of pentosan polysulfate (PPS) or antihistamines, and intravesical appli-
cation of heparin, lidocaine, or dimethyl sulfoxide (DMSO) constitute second-line therapy.
Third-line therapy requires cystoscopy and hydrodistension, while neuromodulation and
intravesical injection of botulinum toxin A (BTX-A) are considered as a fourth-line ther-
apy. If a patient does not respond to any of the therapeutic agents, surgical intervention
(cystectomy) is needed [24].

The currently available and recommended therapy options for IC/BPS patients are
based mostly on empirical studies and suffer from low efficacy. Hence, research on IC/BPS
is focusing on the development and evaluation of novel therapeutic options. Since the
pathophysiology of IC/BPS is not yet well understood, the development of definitive
therapeutic modalities is significantly compromised, and, despite promising preclinical
results of various therapeutic agents, only a low percentage reached clinical trials. This
might be related to the lack of suitable and validated experimental models that would be
able to replicate all aspects of IC/BPS complexity, as well as the inadequate methodological
quality of experimental in vivo models and incomplete reporting of relevant information
according to published guidelines of animal research [25].

The review aims to give insight into the commonly used experimental in vitro, ex
vivo, and in vivo models for IC/BPS, as well as to summarize and discuss the therapeutic
approaches used in these models, explain their mechanism of action, and estimate their
translational potential. We also aimed to report on the methodological quality of included
studies and evaluate whether sufficient measures to avoid the risk of bias were undertaken.
The therapeutic approaches identified were categorized into five groups: (i) therapeutic
agents currently recommended by AUA guidelines to treat IC/BPS, (ii) therapeutic agents
currently approved to treat other diseases, (iii) other intravesical therapy and improved
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drug delivery systems, (iv) novel emerging therapeutic options and targets, which include
stem cell and extracorporeal shock wave therapy (ECSWT), plant-derived agents, or novel
potential targets, such as protease-activated receptors (PAR), purinergic receptors, TRP
channels, microRNAs, and activation of the cannabinoid system, and (v) other therapeutic
agents and targets (Figure 1).
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Figure 1. Schematic illustration of IC/BPS pathology and therapeutic approaches evaluated in experimental in vitro, ex vivo,
and in vivo models of IC/BPS. Legend: ACh, acetylcholine; ATP, adenosine triphosphate; AUA, the American Urological
Association; BTX-A, botulinum toxin A; CGRP, calcitonin gene-related peptide; DMSO, dimethyl sulfoxide; ECSWT,
extracorporeal shock wave therapy; GAG, glycosaminoglycan; IC/BPS, interstitial cystitis/bladder pain syndrome; PAR,
protease-activated receptors; SP, substance P; TRP, transient receptor potential channels; solid lines indicate the therapeutic
approaches for treatment of IC/BPS; dashed arrows indicate proposed sequence of events in IC/BPS pathophysiology. The

Figure 1 was created using Biorender.com.
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2. Methods
2.1. Search Strategy

A comprehensive literature review was conducted using PubMed, Scopus, and Web
of Science databases to identify articles exploring therapeutic options in in vitro, ex vivo,
and in vivo experimental models of IC/BPS. We used the following search terms: ((“inter-
stitial cystitis” OR “bladder pain syndrome” OR “IC/BPS”) AND (“in vitro” OR “ex vivo”
OR “in vivo” OR “animal” OR “models”) AND (“therapy” OR “treatment”)) in different
combinations. Only full-text articles in English published from 1 January 2000 until 31 May
2021 were included. As the relationship between IC/PBS and other dysfunctional bladder
syndromes in human patients (including the overactive bladder) is less well confirmed,
this review is limited to those studies based only on experimental models of IC/BPS.

2.2. Inclusion and Exclusion Criteria and Data Extraction

Articles were reviewed in a two-stage process. The first stage included screening the
titles and abstracts of all identified articles. Reviews, editorials, case reports, conference
proceedings, notes, and articles not written in English were excluded. Additional exclusion
criteria were irrelevant articles describing other diseases and not IC/BPS, articles not
including therapeutic agents, and articles not describing an experimental model of IC/BPS.
During the second stage, full texts of the remaining studies were evaluated. The reference
list of the most relevant studies was also screened to identify any other potentially eligible
studies. Two reviewers (T.K. and D.P.) independently assessed the full-text papers to
determine if they met the inclusion criteria and selected the final articles to be included
in this study. For in vitro and ex vivo studies, we extracted information regarding the
experimental design of the study (type of cells used, type, concentration, and time of
stimulation and therapy, major findings, and outcome). For in vivo studies, information
was extracted for aspects of methodological quality (see below) and experimental design
(animal number, species and strain, type, concentration, time and route of administration
of IC induction and treatment agent, main findings, and outcome).

2.3. Methodological Quality and Risk of Bias

To determine the methodological quality of published in vivo studies, we defined a
12-point checklist based on published ARRIVE guidelines describing the minimum infor-
mation that all scientific publications reporting research using animals should include [26].
We specifically focused on the study design (number of animals and experimental groups),
experimental animals (species and strain, sex, age, and weight), detailed description of
housing and husbandry, and detailed description of the experimental procedure, as well as
reporting on measures to avoid the risk of bias (e.g., randomization, sample size calcula-
tions, blinding of investigator/caretaker, and blinding of outcome assessment).

3. Results and Discussion

The electronic database (PubMed = 627; Scopus = 230; Web of Science = 481) and
reference list search (n = 11) resulted in 1349 articles, of which 159 remained after the
removal of duplicates and title/abstract screening. Finally, after assessing the full-text
articles for eligibility, a total of 100 full-text articles were included in the present review.
A flow diagram of the search and selection process is shown in Figure 2. Seven of the
100 included studies (7%) reported on in vitro models, five (5%) studies used ex vivo
models, and 77 (77%) studies included in vivo models. Eleven (11%) studies included
in vivo models in combination with in vitro (n = 10) or ex vivo (n = 1) models.

3.1. Experimental Models of IC/BPS
3.1.1. In Vitro and Ex Vivo Models

Since the most consistently described findings in the bladders of IC/PBS patients
include abnormalities in the urothelium [27], the majority of identified in vitro models
(15/18; 83%) studied either primary urothelial cells, isolated /explanted from human or
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Screening Identification

Eligibility

‘ Included

animal bladders or different urothelial cell lines (i.e., HTB2, HTB4). Most commonly, pro-
tamine sulfate (PS), TNFe, lipopolysaccharide (LPS), or H,O, was used in in vitro models
to induce urothelial dysfunction and mimic the proinflammatory environment observed in
the bladders of IC/BPS patients. Ex vivo models included whole-bladder preparations (5/6;
83%) or bladder detrusor muscle strips (1/6; 17%), isolated from experimental animals.
Whole bladders or muscle strips, mounted in organ baths, were stimulated chemically with
carbachol, ACh, ATP, capsaicin ( TRPV1 receptor agonist) or KCl, or electrically, similar to
triggering bladder contractions in vivo. These models were used to evaluate changes in
bladder contraction activity induced by pathologic conditions (e.g., acute injury with HCI,
H,O;, or acrolein), and to explore the nature of neurotransmission and sensitization of
afferent pathways [28]. A summary table with the characteristics of each article describing
in vitro and ex vivo models is provided (Table S1, Supplementary Materials).

Records identified through database searching: 1338 Additional records identified through other sources: 11

PUBMED: 627
Scopus: 230
Web of Science: 481

Records screened (title and abstract reading): 832

Full text articles assessed for eligibility: 159

Studies included: 100

Records after duplicates removed: 832

Records excluded: 673

Reviews: 250

Letters/Editorials/Abstract meetings/Case reports: 15
Not in English: 23

Irrelevant (other diseases/conditions): 171

No therapy/treatment described: 216

Records excluded: 59
No therapy/treatment described: 15
No experimental model: 44

Figure 2. Flow diagram of study search and selection.

3.1.2. In Vivo (Animal) Models

In the present review, all of the in vivo studies (1 = 88) were conducted on either
mice or rats. According to Birder and Andersson, animal models of IC can be categorized
into three subtypes, i.e., bladder-centric models, models with complex mechanisms, and
stress-induced /natural models [29]. Most of the identified in vivo studies used bladder-
centric models (76/88; 86%) with cyclophosphamide (CYP) being the predominant toxic
substance for IC induction (29/88; 33%), followed by HCl (9/88; 10%), PS (6/88; 7%), LPS
(5/88; 6%), or a combination of different toxins (11/88; 12%). Only a small number of
reviewed studies incorporated more complex IC models, such as autoimmune models
using immunization of wild-type or transgenic animals for IC induction (7/88; 8%), and
stress-induced IC models (5/88; 6%). The majority of in vivo experiments included acute IC
(55/88; 63%), while models of chronic IC, characterized by the treatment with bladder-toxic
substances for more than 3 days or with more complex mechanisms of induction were
described in 34% (30/88) of the reviewed studies (Table S2, Supplementary Materials).
Three studies (3%) included both acute and chronic IC models. The most commonly
evaluated outcomes of IC induction were nociceptive behavior and mechanical allodynia of
the animals (e.g., with the application of von Frey monofilaments), urodynamic parameters
with cystometry or void spot assay, and the extent of inflammation in bladder tissues
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(e.g., histology, immunohistochemistry, qPCR) or urine (levels of secreted proinflammatory
mediators). Most of the studies exploited female rodents (77/88; 87%), while male animals
were included in 9% of the studies (8/88).

3.2. Types of Treatment Evaluated in Experimental Models

The majority of identified articles included in the present review reported on experi-
mental models, evaluating therapeutic agents currently recommended to treat IC/BPS by
AUA guidelines (21/100; 21%), followed by therapeutic agents currently approved to treat
other, most commonly chronic inflammatory diseases (11/100; 11%) and improved systems
for intravesical drug delivery (6/100; 6%). More recently published articles evaluated
therapeutic approaches using stem cells (11/100; 11%), plant-derived agents (10/100; 10%),
and ECSWT (3/100, 3%). Novel potential drug targets for IC/BPS identified were PAR
(6/100; 6%), purinergic receptors (4/100; 4%), TRP channels (3/100; 3%), microRNAs
(2/100; 2%), and activation of the cannabinoid system (7/100; 7%), while other agents and
targets (15/100; 15%) included hydroxyfasudil, vitamin D3, growth factors, and adhesion
molecules (Figure 3).

Types of treatment evaluated in experimental models of IC/BPS
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Figure 3. A summary of included experimental models evaluating different types of treatment for IC/BPS. Legend: AUA,

the American Urological Association; ECSWT, extracorporeal shock wave therapy; IC/BPS, interstitial cystitis /bladder pain
syndrome; PAR, protease-activated receptors; TRP, transient receptor potential.

3.2.1. Therapeutic Agents Recommended by AUA Guidelines for Treatment of IC/BPS
Glycosaminoglycan Replenishment Therapy

According to the hypothesis that damage to the glycosaminoglycan (GAG) layer is
among the main causes of IC/BPS symptoms, infusions of exogenous GAG biopolymers
(e.g., hyaluronic acid (HA), chondroitin sulfate (CS), and heparin), and PPS intravesically
into the bladder have been used in clinical practice for over two decades [30]. Several
in vitro mechanistic studies that evaluated GAG replenishment treatment have been pub-
lished recently, showing the ability of GAGs to decrease urothelial permeability and restore
the barrier function; however, confounding results exist regarding their anti-inflammatory
effects (Table S1, Supplementary Materials). To evaluate the effect of CS on the barrier
function after induction of urothelial damage, Rozzenberg et al. used terminally differ-
entiated porcine urothelial cells, which are morphologically and functionally comparable
with the same types of cells in a normal human urothelium. Treatment with CS signifi-
cantly accelerated the recovery of the barrier function 7 h after acute damage with PS [31].
Rooney et al. showed that high-molecular-weight HA significantly decreased TNFx- and
PS-induced IL8 and IL6 production, increased sulfated GAG production, and decreased
trans-epithelial permeability without altering tight junction protein expression in the HTB4
urothelial cell line [32]. This was later confirmed by Stellavato et al., showing that HA
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and CS, alone or in combination, were able to decrease IL6 and IL8 expression, as well
as re-establish the expression of ZO-1 in TNF«-treated urothelial cell lines [33]. In con-
trast, the follow-up study in 2020 revealed that none of the commercially available GAG
formulations containing HA or HA with CS were able to attenuate the TNFa-induced
production of IL8 and IL6, the expression of GAG synthesis enzymes, or markers of tissue
remodeling and pain [34]. Later on, Rooney et al. also reported on a newly developed
biphasic system combining cross-linked and native HA in a 1:1 ratio that was able to reduce
permeability, while at the same time did not alter the production of proinflammatory
cytokines in HTB2 cells [35]. The significant recovery in various cystometric parameters
following HA treatment was shown in vivo in HyO»-induced IC in female Wistar rats. HA
recovered inter-contraction interval, maximal voiding pressure, and the number of pelvic
afferent and efferent nerve activities to near-normal levels by directly scavenging H,O,
or OH™ activity and decreasing bladder ATP and ACh levels [36]. The immediate effect
of intravesical CS on the restoration of bladder permeability and reduced recruitment of
inflammatory cells to the suburothelial space was shown in HCl-induced IC in BALB/c
mice and Sprague-Dawley (SD) rats [37,38]. Additionally, male SD rats, given a premix
of PPS and low-molecular-weight toxic factor, derived from the urine of healthy individ-
uals, showed significantly lower numbers of non-voiding contractions compared to the
untreated group [39]. Since the linear GAGs, commonly used in IC/BP therapy, are not
able to mimic the normal urothelial hydrophilic surface consisting of a thick glycocalyx
layer with large numbers of bound water molecules [40], novel GAG-replenishment strate-
gies are being developed. Greenwood-Van Meerveld et al. reported on restored bladder
function and reduced bladder permeability by intravesical instillation of recombinant
human proteoglycan 4 (lubricin, rhPRG4), a highly hydrophilic glycoprotein with anti-
inflammatory properties in PS-induced IC in female SD rats [41]. The same research group
also tested a novel high-molecular-weight GAG biopolymer (“SuperGAG”) that was more
effective in restoring bladder function and relieving pain compared to CS [42]. Another
emerging class of therapeutic GAGs involves semi-synthetic GAG-ethers (SAGE) offering
both mucosal restoration and potent analgesic and anti-inflammatory effects. For example,
SAGE GM-0111 was tested by several groups demonstrating attenuation of inflamma-
tion [43—45]. These novel GAGs offer improved protection of the damaged urothelium,
but still encounter many limitations, such as poor urothelial binding and consequent fast
clearance with micturition. The synthetic polymer drug delivery systems offer a better
accumulation of GAGs, but can potentially weaken normal bladder function by reducing
bladder capacity or causing bladder outflow obstruction (BOO) [43].

Dimethyl Sulfoxide (DMSO)

In addition to PPS, a 50% w/w aqueous solution of DMSO (both recommended as a
second-line therapy) is the only drug approved by the FDA for treating IC/BPS [24]. The
mechanism of action of DMSO in IC/BPS is not entirely known; however, it is thought
to be a combination of anti-inflammatory effects, nerve blockade, and smooth muscle
relaxation [46]. Melchior et al. reported that DMSO at concentrations greater than 35%
completely inhibits ex vivo bladder contractions, stimulated by the electrical field, ACh, or
membrane depolarization [47]. The anti-inflammatory effect of 50% DMSO was shown in
URO-OVA mice with activated OT-1 splenocyte-induced acute autoimmune inflammation
and URO-OVA/OT-1 transgenic mice with spontaneously developed chronic IC. Three
consecutive intravesical DMSO treatments reversed edema and hyperemia, as well as
decreased the number of infiltrating CD8" T cells. A significant downregulation in mRNA
levels of proinflammatory mediators (MCP1, IL6, IFNy, NGF, and TNF«) in acute IC
was also observed [48]. Moreover, intravesical instillation of 50% DMSO in adult female
Wistar rats with PS-induced acute IC significantly reduced edema, vascular congestion, and
polymorphonuclear (PMN) count that persisted for 7 days after treatment. However, mild
inflammation with PMN infiltrate and transient edema was provoked in DMSO-instilled
normal bladders [49]. These findings might aid in the explanation of the occurrence of
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urethral irritation/pain, which is the most frequently reported side-effect (48% of patients)
of DMSO instillation [50].

Botulinum Toxin A

Botulinum toxin A (BTX-A) is a potent neurotoxin produced by the bacterium Clostrid-
ium botulinum [51], currently approved by the FDA for the treatment of neurogenic detrusor
muscle overactivity and refractory overactive bladder [52,53]. Due to the ability of BTX-A
to inhibit ACh release from nerve fibers, resulting in muscle contractions, as well as pre-
vent sensory nerves sensitization and inflammation, its use has been extended in urology
also to treat IC/BPS, and it is currently recommended as a fourth-line therapy by AUA
guidelines [24,54]. BTX-A application significantly decreased ATP- and capsaicin-induced
neuronal activity in an ex vivo model of isolated rat bladders, as determined by decreased
release of the sensory neuropeptide calcitonin gene-related peptide (CGRP) [55]. The ability
of BTX-A to inhibit the neuropeptide release (CGRPH and substance P) was subsequently
confirmed in bladders from normal adult male rats with acute or chronic IC [56]. BTX-A
pretreatment of male rats with CYP-induced IC also reduced ATP release from the urothe-
lial side of bladder preparations, as well as suppressed bladder hyperactivity, non-voiding
contraction frequency, and COX-2 and EP4 expression [57,58]. Concurrently, these shreds
of evidence suggest that the effects of BTX-A on bladder sensory actions might result from
a combined inhibition of sensory neurotransmitter release and through modulation of
purinergic pathways [57].

3.2.2. Therapeutic Agents Currently Approved to Treat Other Diseases

Several therapeutics approved to treat different chronic pain, inflammatory, and
allergic diseases have been evaluated in experimental models of IC/BPS. For example,
antihistamines cetirizine and ranitidine significantly reduced chronic pelvic pain allodynia
in experimental models of autoimmune IC in BALB/c] mice [59]. Recently, Grundy et al.
discovered that histamine induces mechanical hypersensitivity ex vivo by interacting with
histamine H1 receptor and TRPV1, which was blocked in the presence of pyrilamine [60].
Montelukast, a leukotriene D4 receptor antagonist, used to prevent and treat asthma, re-
established uroplakin distribution and tight junction protein expression and decreased
inflammatory cell infiltration in PS-induced IC in Wistar albino rats [61]. In a mouse
model of IC induced by CYP, administration of carbenoxolone, clinically prescribed to treat
digestive ulcers and inflammation, prevented bladder inflammatory changes and urothe-
lial injury, decreased micturition frequency, and increased micturition volume. Further
in vitro analysis showed that carbenoxolone reduced CYP metabolite acrolein-induced
injury of urothelial cells, isolated from normal mice bladders by decreasing the expression
of TRPV4 channels and reducing TRPV4-mediated oxidative stress [62]. Another drug
used to treat gastritis, rebamipide, decreased inflammatory cell infiltration, reduced levels
of TNFe, IL1f, and IL6, recovered protein expression of uroplakin 3A, accelerated the
repair of the damaged urothelium, and suppressed bladder overactivity and nociception in
HCl-induced IC in SD rats [63]. Anti-inflammatory hydroxychloroquine (a TLR7/9 antago-
nist) decreased voiding frequency and volume in a mice model of loxoribine (a selective
TLR-7 agonist)-induced IC, suggesting that TLR7 might represent a promising therapeutic
target for IC/BPS [64]. Pretreatment with intravesically applied nanocrystalline silver,
which is available as an impregnated wound dressing for treatment of burns, significantly
decreased infiltration of mast cells, urine levels of histamine, and bladder explant TNF«
release in PS/LPS-induced SD rat model of IC [65]. The use of pregabalin and gabapentin,
neuromodulators that selectively bind to the alpha-2-delta («26) subunits of voltage-gated
Ca2* channels, showed promising preclinical results in experimental models of IC/BPS.
Pregabalin treatment decreased hyperalgesia and reduced inflammation by reducing proin-
flammatory cytokine production and inhibiting NF-«B activation [66], while systemic
administration of gabapentin reduced cystitis-related pain and frequency of voiding [67].
Ceftriaxone, a 3-lactam antibiotic, diminished visceral hypersensitivity in stress-induced IC
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rats [68], while neurokinin-1 receptor antagonist aprepitant, used to treat nausea, relieved
pelvic pain, urinary symptoms, and bladder inflammation in mice with experimental
autoimmune cystitis [69]. Given the substantial costs and time of new drug discovery
and development, drug repurposing could represent an attractive option to treat IC/BPS
patients, according to the promising results of preclinical research.

3.2.3. Other Intravesical Therapies and Improved Drug Delivery Systems

Intravesically delivered therapeutic agents reduce systemic side-effects and improve
treatment effects by maintaining local drug concentration [12]. Due to the significant
disadvantages of intravesical drug delivery, such as low permeability of the urothelium
and periodical voiding, which results in fast clearance of active substances with urine
and subsequent need for repetitive catheterization, novel approaches, such as liposomes
and hydrogels, are being developed [12]. For example, intravesical liposome instillation
resulted in partially reversed shortening in inter-contraction interval in rat IC model [70].
Presumably, liposomes were able to form a protective film over damaged urothelium and
prevent urinary irritants from acting on the afferent branch of the micturition reflex [70].
The superior effects of liposomes on reducing bladder hyperactivity in comparison to PPS
and DMSO were later demonstrated by Tyagi et al. [71,72]. Lin et al. demonstrated that
intravesical administration of heparin-loaded floating hydrogel extends the residence time
of heparin and increases drug efficiency compared to direct intravesical administration of
the drug in a rabbit model [73]. Additionally, a pilot study by Rappaport et al. later reported
on the safety and efficacy of intravesical instillation of TC-3 hydrogel in combination with
BTX-A.IC/BPS patients included in the study reported mild and temporary adverse effects
with improvement in pain and bladder function persisting for 12 weeks [74]. Interestingly,
Lee etal. developed an intravesical device for sustained drug delivery that can be implanted
into and retrieved from the bladder non-surgically through a cystoscope. The device,
combining a Nitinol wireframe and drug-loaded silicone tube, provided a sustained and
localized lidocaine delivery while moving freely inside the bladder and preventing local
irritation [75]. The method was recently upgraded by Xu et al. who used stereolithography
(SLA) 3D printing for the fabrication of an intravesical drug delivery device. The SLA
method enables the production of solid objects by polymerization of liquid resins under
light irradiation, while the drugs can be incorporated into resin before printing. For the
in vitro drug release study, lidocaine hydrochloride was added to elastic resin before
printing, which provided a linear release of the drug from the solidified device across a 14-
day period [76]. Another emerging drug delivery system includes mucoadhesive polymers,
which enable greater bioavailability and solubility of poorly soluble drugs. Chitosan is a
promising excipient for the development of such systems due to its positive charge and
high mucoadhesive properties in acidic urine. Its favorable adhesion and prolonged drug
residence time are being extensively researched, especially for the improvement of bladder
cancer treatment options [77-80].

3.2.4. Novel Emerging Therapeutic Options and Targets
Stem-Cell Therapy

Stem cells (SCs), including adult stem cells and pluripotent stem cells, such as em-
bryonic stem cells and induced pluripotent stem cells, possess the abilities of self-renewal,
proliferation, and differentiation into various cell types. The therapeutic effects of SCs
have been extensively researched and preclinically trialed in many diseases, including
IC/BPS [81]. To date, SCs of different origins have been tested in animal models of IC/BPS,
including human umbilical cord blood, dental pulp, and adipose tissue. SCs injected
intravesically or directly into bladder wall ameliorated bladder voiding dysfunction and
inflammation, reduced nociceptive behavior, and decreased urothelial damage in rat IC
models [82-84]. In addition, combination therapy of adipose tissue-derived SCs and oral
PPS showed synergistic effects in normalizing bladder function and reducing inflamma-
tory reaction [85]. Interestingly, urine-derived SCs (USCs) also possess the capacity for
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multipotent differentiation and can form multilayered tissue-like structures consisting
of urothelium and smooth muscles in vivo [86]. Li et al. showed that USC treatment
significantly ameliorated urodynamic, inflammatory, oxidative, and apoptotic changes
in PS/LPS-induced IC in female SD rats, compared to untreated controls [87]. Recently,
Chung et al. compared the therapeutic potency of mesenchymal SCs derived from differ-
ent sources—urine, bone marrow, adipose tissue, and amniotic fluid, which showed no
significant differences in the regeneration of urothelium and smooth muscle. However,
urine-derived stem cells showed superior anti-inflammatory properties, compared to SCs
derived from other sources [88].

Due to various limitations of using pluripotent embryonic SCs (ESCs) as a treat-
ment option, such as ethical considerations, teratoma development, long-term possibility
of carcinogenesis, and potential immunological rejection of transplanted SC [89], novel
strategies of ESCs use are being intensively explored. In 2017, Kim et al. reported on the
potential use of human ESC (hESC)-derived multipotent mesenchymal SCs (M-MSC) in
IC/BPS, with evidence for long-term safety (6 months after transplantation). M-MSCs
therapy significantly ameliorated defects in bladder voiding function, reduced visceral
hypersensitivity, and expressed superior therapeutic potency compared to adult bone
marrow-derived mesenchymal SCs given in the same doses [90]. The results were later
confirmed by Lee et al. in the ketamine-induced chronic IC rat model [91]. Intravital imag-
ing of transplanted hESC-derived M-MSCs in PS/LPS-induced rat IC model demonstrated
migration of GFP-transfected M-MSCs from the injection site (serosa and muscle layer) to
the damaged urothelium and lamina propria, followed by differentiation into various cell
types, which correlated with improvement of IC/BPS symptoms [92].

More recently, Inoue et al. successfully generated differentiated urothelial cells (dUCs)
from adult human dermal fibroblasts (aHDFs) using direct conversion technology, which
enables conversion of differentiated somatic cell line without passing through a pluripotent
state. This was achieved by transduction of a set of genes encoding transcriptional factors
(e.g., FOXA1, TP63, MYCL, and KLF4) with crucial roles in the development of target
cell lineage [93]. Following transduction, dUCs formed epithelial colonies and expressed
urothelial specific proteins UP1b, UP2, CDH1, and Krt8/18 with an in vitro conversion
rate of 25%. Moreover, transduced aHDFs, transplanted into a murine IC model, were
able to convert into dUCs in vivo in the injured bladder urothelium and participate in
tissue regeneration, after integrating into the inner bladder surface [94]. The preclinical
studies mark SCs as favorable in IC/BPS treatment; however, no ongoing clinical trials on
SC therapy of IC/BPS or overactive bladder are currently registered. Due to the several
limitations of SC application, the results of animal studies should be carefully interpreted
and critically evaluated before designing clinical trials.

Plant-Based Therapy

Plant-derived agents have recently gained a significant amount of interest in treat-
ing different inflammatory and chronic diseases due to their low level of toxicity, cost-
effectiveness, and easy availability. In IC/BPS, the use of several medicinal plants has been
evaluated in experimental models. For example, Aster tataricus extract and its main active
component Shionone were shown to reduce bladder inflammation in IC rats and decrease
pyroptosis in the SV-HUCI1 urothelial cell line, by inhibiting the NLRP3-GSDMD path-
way [95,96], while intravesical treatment with Bletilla striata extract solution was shown to
attenuate visceral hypersensitivity and bladder overactivity in zymosan-induced-IC in SD
rats [97]. Treatment with Olea europaea or Juniperus procera leaf extracts in SD rats with stress
(water deprivation)-induced IC reduced bladder mast cell infiltration and levels of stress
hormones [98], and Houttuynia cordata extract inhibited mast cell proliferation and activa-
tion, decreased the levels of proinflammatory cytokines IL6, IL8, and TNF«, and reduced
inter-contraction intervals in SD rats with CYP-induced IC [99]. Epigallocatechin-3-gallate
(EGCG), a major catechin found in green tea, showed an anti-inflammatory effect in stress-
induced IC rats [100], as well as urothelial cells, isolated from bladders of IC/BPS patients
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via inhibition of phosphorylated NF-kB. EGCG also decreased the expression of purinergic
receptors and showed antioxidative properties [101]. Adelmidrol, a diethanolamide deriva-
tive of natural azelaic acid, ameliorated CYP-induced bladder inflammation and pain
by inhibiting the NF-«kB pathway and inflammatory mediator levels, as well as reducing
mechanical allodynia and NGF levels [102]. Administration of chlorogenic acid, a phenolic
compound widely found in fruits and vegetables, significantly attenuated inflammation,
by inhibiting the MAPK/NF-«kB pathway and decreasing proinflammatory mediators IL6,
IL1B, and TNF« in SD rats with CYP-induced IC [103]. More recently, Shih et al. dis-
covered that curcumin administration mitigated bladder injury and reduced the levels of
proinflammatory mediators in the combined PS/LPS mice IC model by downregulating
the NLRP3 inflammasome/IL-1p3-related TGF-f3 /Smad pathway [104].

Extracorporeal Shock Wave Therapy

Shock waves are sonic pulses that carry energy from an area of positive pressure to
the area of negative pressure through a fluid medium (water or gel). Shock waves can be
generated using different sources (electrohydraulic, piezoelectric, or electromagnetic type
of generators), and they are characterized by the rapid rise (<10 ns) and high peak pressure
(up to 100 MPa) of short duration (<10 us) and a broad range of frequency spectrum (16 to
20 MHz) [105]. Shock wave therapy was originally used for the disintegration of nephroliths
and uroliths, and it later provided immense value in the therapy of musculoskeletal
disorders by promoting angiogenesis and tissue regeneration [106]. Chen et al. were
the first to describe the beneficial effects of extracorporeal shock wave therapy (ECSWT)
in a rat IC model. ECSWT, applied to the skin surface above the bladder or directly
to exposed bladder dome, successfully attenuated bladder inflammation and oxidative
stress, as well as contributed to the preservation of urothelial integrity in CYP-treated
rats [107,108] and UPK3A-immunized mice [109]. The combination of ECSW and BTX-A
has also produced advantageous results in overactive bladder and IC/BPS animal models.
Transient urothelial permeability, following ECSWT, enables more efficient penetration
of BTX-A from urine into the submucosa, without the need for an additional injection
of the drug into the bladder wall [110,111]. ECSWT has already provided encouraging
results in several randomized clinical trials for the treatment of chronic prostatitis-related
pain in men [112,113] and also holds promise for translation to clinical use in IC/BPS
patients [114].

Targeting Protease-Activated Receptors

One of the mechanisms, involved in inflammation and pain development in IC/BPS
is an activation of protease-activated receptors (PAR), present in urothelial cells, nerve
fibers, and bladder detrusor muscles. Many serine proteases, which can contribute to
PAR activation, can be found in increased concentrations in the urine of IC/BPS patients,
including tryptase and thrombin. In in vivo models, activation of PAR1 and PAR4 with
specific agonists resulted in prominent bladder edema and PMN cell infiltration [115],
while PAR1 receptor blockade improved urodynamic parameters in CYP-induced IC
in rats [116]. Moreover, intravesical stimulation of PAR1 with thrombin can cause the
urothelial release of macrophage migration inhibitory factor (MIF), a cytokine that acts as a
pivotal mediator of acute and chronic inflammation [117]. Kouzoukas et al. discovered that
increased abdominal mechanical hypersensitivity to von Frey stimulation, secondary to
intravesical instillation of PAR1- and PAR4-activating peptides, was completely abrogated
by MIF-antagonist ISO-1 pretreatment. However, PAR activation did not elicit any bladder
inflammation, implying MIF involvement predominantly in the development of pain [118].
The pivotal role of MIF in CYP-induced bladder pain was later confirmed by Ma et al.,
using MIF knockout mice, in which the mechanical hypersensitivity could not be induced,
in contrast to wild-type mice [119]. Along with MIF, activation of PAR4 also promotes high-
mobility group box 1 protein (HMGB1) release in vitro and in vivo. HMGB1, when released
from necrotic, damaged, or immune cells, such as macrophages, acts as one of the damage-
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associated molecular patterns (DAMPs) that can activate several receptors (i.e., receptor for
advanced glycation end-products (RAGE) and Toll-like receptor 4 (TLR4)) and contribute to
inflammatory and neuropathic pain [120]. The detrimental effects of HMGB1 in animal IC
models were prevented by pretreatment with anti-HMGB1 neutralizing antibody [121,122]
or HMGBI1 antagonist glycyrrhizin [123], indicating that it could serve as a potential
therapeutic target in IC/BPS.

Targeting Purinergic Receptors

Aggravated purinergic signaling has been shown to be one of the main factors in the
development of IC/BPS-related bladder hypersensitivity; therefore, it is not surprising that
purinergic P1 (activated by adenosine) and P2 (activated by ATP) receptors are rapidly
emerging as potential drug targets. In a study by Hiramoto et al., the authors hypothesized
that rapid urothelial ATP release, a common observation in IC/BPS patients, can be induced
with CYP treatment in mice, followed by the activation of P2X4 and P2X7 receptors
and subsequent HMBGI release, resulting in bladder pain [124]. Administration of a
specific P2X7 antagonist A-438079 was shown to markedly reduce CYP-induced nociceptive
behavior and inflammation in a mouse model of hemorrhagic cystitis [125]. On the other
hand, a study by Aronsson et al. later failed to reproduce the anti-inflammatory effects
of P2 receptor blockade using suramin, a nonselective P2 antagonist in CYP-treated SD
rats, supposedly due to species differences [126]. The activation of purinergic receptors can
also be prevented by lowering the levels of ATP, released through pannexin channels. This
was elegantly shown by Beckel et al. in LPS-treated SD rats. Concurrent administration
of BB-FCF, a pannexin 1 channel inhibitor, decreased urothelial ATP release in basal and
stretched conditions and completely reversed the LPS-induced decrease in inter-contraction
interval [127].

In addition to P2 receptors, the blockade of adenosine receptor P1A1 with its antago-
nist DPCPX was shown to decrease mast cell infiltration in the detrusor of CYP-treated
animals [126]. However, confounding results exist regarding the influence of activation or
suppression of P1 receptors, specifically adenosine receptor A2a, on inflammatory response
and bladder overactivity. Yang et al. reported that inhibition of adenosine A2a receptors
with ZM241385, a selective A2a receptor antagonist, significantly alleviated bladder over-
activity and hyperalgesia in CYP-treated animals by reducing the sensitivity of TRPV1 in
DRG neurons [128], while Ko et al. showed that activation of adenosine A2a receptor with
polydeoxyribonucleotide (PDRN), an A2a receptor agonist, improved voiding dysfunction
and reduced inflammation and apoptosis [129]. Interestingly, anti-inflammatory effects of
PDRN have previously been demonstrated in animal models of various diseases, such as
ischemic colitis, gastric ulcers, and Achilles tendon injury [130-132].

Targeting Transient Receptor Potential Channels

Transient receptor potential (TRP) channels are nonselective ion channels, capable of
responding to a variety of stimuli, such as mechanical pressure, changes in pH, heat, and
different chemical compounds. Since a variety of chemical and physical stimuli can regulate
their activation, TRP channels participate in numerous sensory or homeostatic processes,
making them promising pharmacological targets. Their role in the development of lower
urinary tract dysfunctions has been extensively investigated [133,134], and some of them
have also been trialed as potential drug targets in animal IC models. The transcriptional and
translational plasticity of TRPA1, TRPV1, and TRPV4 channels in CYP-induced acute and
chronic IC models has been demonstrated by Merrill et al. [135], while selective blockade of
TRPV4 channels resulted in improved bladder function [136,137]. Moreover, treatment with
artemin-neutralizing antibody reversed CYP-induced hyperalgesia in female C57BL/6 mice
by regulation of TRPA1 expression. Artemin, a neurotrophic factor released in inflammatory
conditions, can sensitize afferent nerve endings in part through upregulation of expression
or augmented function of TRPA1 and TRPV1 channels, contributing to bladder pain [138].
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Targeting microRNA

MicroRNAs are short, approximately 22 nucleotide long noncoding RNA molecules
that can post-transcriptionally regulate gene expression. Various microRNAs can serve as
biomarkers of different lower urinary tract diseases, such as bladder cancer [139], bladder
outlet obstruction [140], overactive bladder [141], and IC/BPS [142,143], and they have
also been recognized as emerging therapeutic targets. In the present review, we identified
two studies trialing microRNAs as potential drug targets in animal models of IC/BPS.
Song et al. showed that inhibition of miR-132 reduced bladder inflammation and detrusor
fibrosis, as well as improved urodynamic parameters in a PS/LPS-induced rat model
of IC via regulation of JAK/STAT signaling pathway [144]. Similarly, the application of
miR-495-mimic in a rat model of acute IC resulted in JAK3 downregulation and subsequent
inhibition of inflammatory response and bladder fibrosis [145].

Activation of the Cannabinoid System

Synthetic and semisynthetic cannabinoids that lack psychotropic effects have gained
much interest recently regarding the treatment of chronic inflammatory disorders and
pain, including IC/BPS, due to their antiproliferative, anti-inflammatory, and analgesic
effects [146]. The effects of cannabinoids are mediated primarily through cannabinoid
receptors CB1 and CB2 that have been found to be present in human and rodent bladder
urothelium and detrusor smooth muscle cells [147]. In line with this, Hayn et al. observed
that ajulemic acid, a mixed CB1/CB2 receptor agonist, inhibited CGRP release ex vivo
in capsaicin- and ATP-stimulated whole rat bladders [148]. Tambaro et al. later showed
that administration of JWHO15, a selective CB2 agonist, significantly reduced leukocyte
infiltration and proinflammatory cytokines in bladder interstitium of CD1 mice [149].
Treatment with another selective CB2 agonist GP1a also decreased severity of edema in
acrolein-induced cystitis, inhibited mechanical sensitivity, and decreased bladder urinary
frequency that may be mediated by inhibition of ERK1/2 pathway [150,151]. Recently,
Liu et al. showed that JWH-133, a selective CB2 agonist completely inhibited mechani-
cal hyperalgesia in CYP-induced mice IC, as well as ameliorated bladder inflammation
and oxidative stress. The protective effects of CB2 activation against CYP-induced IC
could be mediated by autophagy activation since CB2-induced AMPK activation inhibited
mTOR signaling, which subsequently activated autophagy [152]. Berger et al. administered
beta-caryophyllene (BCP), which is present in cannabis and activates CB2, to mice with LPS-
induced IC. BCP reduced bladder inflammation and improved bladder capillary perfusion
with comparable effects to the selective CB2 agonist, HU308 [153]. Palmitoylethanolamide,
an endogenous lipid chemically related to the endocannabinoid anandamide, which, in
addition to PAR«, activates CB1 and CB, was found to be able to attenuate pain behavior,
voids, and bladder gross damage in a CYP-induced IC mice model [154]. Pharmacolog-
ical evidence suggests that, in addition to targeting the canonical cannabinoid receptors
(e.g., CB1 and CB2), the cannabinoids can also modulate some TRP channels (TRPV1-4,
TRPA1, and TRPMS) [155], thus providing a promising multitarget approach for the treat-
ment of IC/BPS. Despite their great potential, however, there are currently no ongoing
clinical trials testing their use in patients with IC/BPS.

3.3. Methodological Quality and Risk of Bias

To evaluate the methodological quality of studies included in the present review, we
defined a 12-point checklist based on published ARRIVE guidelines describing minimal
information required in scientific publications including animal models [26]. The median
number of quality items scored was six out of a possible 12 (q25-q75: 2-7) (Table S3, Supple-
mentary Materials). All publications using in vivo experimental models (1 = 88) reported
the species and strain of the animals included in their study, as well as detailed description
of experimental procedures, such as drug formulation, dose, site, and route of administra-
tion. Surprisingly, 86/88 (99%) and only 41/87 (47%), 53/87 (61%), and 8/87 (9%) studies
included information regarding the sex, exact age, weight, and detailed description of
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housing and husbandry of the animals, respectively. The total number of animals used was
indicated in 70 (80%), while the exact number of experimental (treated and control) groups
was reported in 63 (74%) studies. Measures to avoid bias were infrequently reported, with
18 (21%) publications reporting on random allocation of the animals to treatment groups,
and none of the studies describing the method of randomization. Blinded assessment
of outcome was included in 18 studies (21%), blinding of the investigator/caretaker was
reported in four (5%) of the included studies, and one study (1%) described the method
used to calculate the sample size (e.g., number of animals per group), a determination
required to avoid false outcomes. Our review suggests that the prevalence of measures
introduced to reduce the risk of bias and detailed experimental reporting should be sub-
stantially increased to improve the reproducibility and interpretability of the studies, as
well as to avoid potential false-positive results and overestimates of treatment effects.

4. Conclusions

Currently, the number of in vitro studies on IC/BPS is very limited, and most of them
use urothelial cell lines that are transformed and do not form tight monolayers similar
to normal urothelium. Although the in vitro experimental design does not reflect the
complexity of the in vivo condition, these studies can lead to a better understanding of the
pathology of IC/BPS at the cellular and molecular level. Unraveling the exact relationship
between altered urothelial, neuronal, smooth muscle, and/or immune signaling, and the
clinical symptoms/signs in IC/PBS will be of outmost importance for understanding the
disease process and may help to identify promising targets for future treatment.

Preclinical studies involving animal models remain imperative in studies of etiology
and pathophysiology of IC/BPS, as well as novel drug target discovery, and they can
help to inform the design of clinical trials. However, adequate experimental design and
study quality are important factors for successful implementation into a clinical setting.
Our results show that the methodological quality of animal studies could be considerably
improved and measures to avoid bias should be implemented and adequately reported.
Future studies should incorporate a more standardized and rigorous approach for animal
modeling in order to increase the value of preclinical research and the translational potential
of experimentally evaluated therapies and therapeutic targets for IC/BPS. Despite several
limitations of preclinical experimental models, novel conclusions are drawn almost daily,
increasing the insight into the complex mechanisms of IC/BPS development, and several
novel treatment options are emerging.

Currently, there is no definite therapeutic modality available and recommended that
would be consistently successful in all IC/BPS patients. Most patients are treated on the
basis of a “trial and error” approach and need to undergo a series of different combinations
of therapies, facing potential severe adverse events. Intravesical application of GAG
replenishment therapy, DMSO, and BTX-A ensures maximum delivery of active drug
ingredients into the bladder; however, repeated catheterizations are required, causing
frequent urinary tract infections. A combination of intravesically delivered therapeutic
agents with recently improved drug delivery systems, such as liposomes, hydrogels, and
biodegradable polymers and/or a simplified approach of 3D printing to manufacture novel
indwelling bladder devices will likely contribute to sustained therapeutic effect without
the need for repeated instillation. This will diminish systemic side-effects and enable drug
delivery over an extended period of time, ensuring a long-lasting therapeutic effect.

As IC/BPS is a multifactorial disease with several proposed mechanisms of pathobiol-
ogy, it is anticipated that a multitarget therapeutic approach will be required to achieve
long-term efficacy. Stem cells, ECSWT, and activation of the cannabinoid system, which
modulate several aspects of the diseases, including the inflammatory processes, central
sensitization, pain, and tissue repair, have been proven to be effective in several preclinical
studies and have a great translational potential. However, current clinical studies are
limited to case reports, and large, multicenter, long-term, randomized clinical trials are
warranted to elucidate their efficiency and safety in patients with IC/BPS.
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Furthermore, phenotyping and stratifying patients into subgroups as a function of
clinical signs and bladder histological findings will be particularly important for selection of
patients most suitable for a specific therapeutic option. Due to the extremely complex and
heterogeneous pathological backgrounds of IC/BPS patients, the currently used “one-size-
fits-all” medicine should be replaced with a more personalized approach, also takinginto
account the variability in genes, environment, and lifestyle of a particular patient.
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A2 adenosine receptor
Ab antibody
ACh acetylcholine
ACTH adrenocorticotropic hormone
AJA ajulemic acid
APF antiproliferative factor
ASC apoptosis-associated speck-like protein
A7R5 smooth muscle cell line
AYPGKF-NH2 PAR4 agonist
BCP beta-caryophyllene
BTX-A botulinum toxin A
CAT catalase
CB cannabinoid receptor
CBX carbenexolone
CD cluster of differentiation
CGRP calcitonin gene-related peptide
CRH corticotropin-releasing hormone
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CS chondroitin sulfate

CcYp cyclophosphamide

DMSO dimethyl sulfoxide

DRG dorsal root ganglia

ECSWT extracorporeal shock wave therapy
EGCG epigallocatechin gallate

eNOS endothelial nitric oxide synthase

EP prostaglandin E2 receptor subtype
ERK extracellular signal-regulated kinase
FeeRIoe high-affinity IgE receptor

FTLK transcriptional factors FOXA1, TP63, MYCL, and KLF4
GAG glycosaminoglycan

GM-0111 modified GAG

GSDMD gasdermin D

GSH glutathione

HA hyaluronic acid

H-BLAK primary human bladder cell line
h-ESC human embryonic stem cells
HMGB1 high mobility group box 1

HO-1 heme oxygenase-1

H,O, hydrogen peroxide

HTB4, HRB2 human urothelial cells

ICAM intercellular adhesion molecule
IC/BPS interstitial cystitis/bladder pain syndrome
(@] intercontraction interval

IFN-y interferon gamma

IkBo inhibitor of NF-«B

1L interleukin

iNOS inducible nitric oxide synthase

JAK janus kinase

KC keratinocytes-derived chemokine
LDH lactate dehydrogenase

LL37 antimicrobial peptide

LPS lipopolysaccharide

MAPK mitogen-activated protein kinase
MCP-1 monocyte chemoattractant protein-1
MDA malondialdehyde

MIF macrophage migration inhibitory factor
miR microRNA

MMP9 matrix metalloproteinase 9

M-MSC multipotent mesenchymal stem cells
MPO myeloperoxidase

MSC mesenchymal stem cells

NF-«B nuclear factor kappa B

NGF nerve growth factor

NK1R neurokinin 1 receptor

NLRP3 NLR family pyrin domain-containing 3
NMDAR N-methyl-D-aspartate receptor
NOX NAPDH oxidase

NQO-1 NADPH quinine oxidoreductase
NRK-52E renal tubular epithelial cell line
NVC non-voiding contraction

OvX ovariectomized

P1, P2 purinoceptors

P2X purinergic receptors

p38 mitogen-activated protein kinase
p65 NF-«B subunit
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p-AKT protein kinase B, phosphorylated
PAR proteinase-activated receptor
PGE2 prostaglandin 2
PMN polymorphonuclear cells
p-mTOR mechanistic target of rapamycin, phosphorylated
POMC pro-opiomelanocortin
PPAR peroxisome proliferator-activated receptor
PPS pentosan polysulfate sodium
PS protamine sulfate
PTX3 pentraxin 3
RANTES chemokine ligand 5
RhoA Ras homolog gene family, member A
rhsTM recombinant human soluble thrombomodulin
ROCK Rho-associated protein kinase; R
Os reactive oxygen species;
RT112 3D human bladder epithelium preparation
SAGE semi-synthetic glycosaminoglycan ethers
SC stem cells
SD rats Sprague-Dawley rats
sGC soluble guanylyl cyclase
MAPK mitogen-activated protein kinase
MCP-1 monocyte chemoattractant protein-1
MDA malondialdehyde
proteins for signal transduction of the transforming growth factor beta
SMAD .
superfamily
TRPV transient receptor potential channel, vanilloid subgroup
UPK uroplakin
VEGF vascular endothelial growth factor
Z0-1 tight junction protein 1
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Abstract: As the average human lifespan lengthens, the impact of neurodegenerative disease in-
creases, both on the individual suffering neurodegeneration and on the community that supports
those individuals. Studies aimed at understanding the mechanisms of neurodegeneration have relied
heavily on observational studies of humans and experimental studies in animals, such as mice, in
which aspects of brain structure and function can be manipulated to target mechanistic steps. An
animal model whose brain is structurally closer to the human brain, that lives much longer than
rodents, and whose husbandry is practical may be valuable for mechanistic studies that cannot
readily be conducted in rodents. To demonstrate that the long-lived Seba’s short-tailed fruit bat,
Carollia perspicillata, may fit this role, we used immunohistochemical labeling for NeuN and three
calcium-binding proteins, calretinin, parvalbumin, and calbindin, to define hippocampal formation
anatomy. Our findings demonstrate patterns of principal neuron organization that resemble primate
and human hippocampal formation and patterns of calcium-binding protein distribution that help to
define subregional boundaries. Importantly, we present evidence for a clear prosubiculum in the
bat brain that resembles primate prosubiculum. Based on the similarities between bat and human
hippocampal formation anatomy, we suggest that Carollia has unique advantages for the study of
brain aging and neurodegeneration. A captive colony of Carollia allows age tracking, diet and envi-
ronment control, pharmacological manipulation, and access to behavioral, physiological, anatomical,
and molecular evaluation.

Keywords: prosubiculum; calbindin; calretinin; parvalbumin; fruit bat

1. Introduction

As the world’s population ages, the public health impact of neurodegenerative disease
increases. Understanding the reasons for age-related neurodegeneration and discovering
mechanisms by which neurons are protected are important in addressing this growing crisis.
Past studies of brain aging can be broadly grouped into two categories: (1) observational
studies of anatomy, physiology, molecular biology, and behavior at different ages or stages
of disease in a large variety of species, and (2) experimental studies, predominantly in
mice, that evaluate the same variables but with direct manipulation of genes, proteins or
pharmacology to simulate, accelerate or reverse neurodegeneration. Whereas this work
has led to considerable progress [1,2], the numerous differences between mouse brain and
human brain have limited the translation of experimental findings in mice for diagnostic
or therapeutic tools for humans [3,4].

The hippocampal formation in humans and some rodent models is severely impacted
by neurodegenerative disease (e.g., [5-12]). Age-related neuronal loss has been shown to
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impact inhibitory neuronal in multiple brain regions [13-17]. The calcium-binding proteins,
parvalbumin, calbindin, and calretinin, which label inhibitory neurons in many brain
structures [18-20], are valuable markers for age-related changes in inhibitory circuits.

There have been studies of aspects of hippocampal formation anatomy and physiology
in bats, including animals from Myotis, Rousettus, and Epomophorus (e.g., [21-23]), but the
hippocampal formation of Carollia has not been described in detail [24,25]. Here we present
anatomical details of Carollia hippocampal formation using immunohistochemistry for
NeuN, calretinin, parvalbumin, and calbindin, including evidence of a clear prosubiculum,
a subregion that is otherwise best seen in the primate brain [26-29].

We propose the bat as a novel model for studies of the neurobiology of aging and
neurodegenerative disease. Bats demonstrate extreme longevity [30-34], making them an
excellent animal model of aging. The short-tailed fruit bat, Carollia perspicillata, lives up to
13 years in captivity [35-37], remains reproductively active throughout life (females) [38,39],
and its neuroanatomy resembles that of primates more closely than the neuroanatomy
of rodents does (e.g., [24,25,28,40-43]). Importantly, Carollia are small in body size and
their husbandry has been refined sufficiently that they are practical to maintain in captiv-
ity [35-37].

2. Methods

ANIMALS AND HUSBANDRY: As described previously [24,40,44], our use of animals
conformed to the standards set forth in the NIH Guide for the Care and Use of Laboratory
Animals [45] and was approved by the SUNY Downstate Institutional Animal Care and
Use Committee.

Our colony, which has been in existence >30 years, consists of approximately 150 members
with active breeding that can be controlled and timed. Our basic husbandry of Carollia consists
of a caging system with open feeding and closed roosting sections of 20 ft> and 16.7 ft3,
respectively [35-37]. We keep animals in three configurations: male animals only, female
animals only, and mixed gender. Ten to twenty animals are housed in each cage with
continuous access to water. The room is kept on a 12:12 light:dark cycle. Animals receive
a blended fruit mix that contains apricot nectar, peaches, monkey chow, supplemental
vitamins and minerals, and emulsified corn oil [46]. The diet is periodically enriched with
pieces of whole fruits. The daily per diem housing cost for bats at our institution is identical
to the cost for mice. The food costs are somewhat higher because of the cost differential
between our blended fruit mix ingredients and standard rodent chow, but the costs of our
food resemble the cost of specialized rodent diets (approximately $50-60/animal/year).

EXPERIMENTAL DESIGN: We collected 4 sagittal and 2 coronal series of brain sections
using NeuN as a general neuronal marker from 6 adult bats (4 female and 2 male). Animals
ranged in age from 4-12 months of age and had a body mass range of 15-25 g. On serially
adjacent or near-adjacent (within 75 pm) sections in 2 brains, NeuN labeling was paired
with labeling for 1 of 3 calcium-binding proteins—calretinin, parvalbumin, or calbindin.

IMMUNOHISTOCHEMISTRY: Each animal was anesthetized with urethane (0.02-0.04 mL
20% wt/vol solution in water per animal given subcutaneously) and perfused with cold phosphate-
buffered saline (PBS, 0.1 M, pH 7.4: NaCl 1.37 x 10! M, KCI 2.68 x 10~3 M, Na,HPO,
1.014 x 1072 M, KH,PO4 1.76 x 1073 M), followed by cold 4% wt/vol paraformaldehyde
in PBS. After a variable post-fixation period depending upon the planned staining, brains
were washed multiple times and cryoprotected with 30% sucrose. Sagittal or coronal
sections were cut at 35 um thickness with a freezing microtome (Thermo Fisher Scientific
Microm HM 430, Waltham, MA, USA). Sections were collected into wells containing PBS
(pH 7.2, NaCl 1.54 x 10—1 M, Na2HPO4 7.68 x 10—3 M, NaH2PO4 9.08 x 10—3 M), and
stored at 4 °C until processed. Sections were incubated with primary antibodies overnight
(16-20 h) at 4 °C. The primary antibodies included mono- and polyclonal antibodies against
NeuN, parvalbumin, calbindin, and calretinin (see Table 1 of antibodies for sources and
RRID numbers of primary and secondary antibodies). After washing with PBS, secondary
antibodies, diluted in blocking buffer, were added and incubated in the dark for 2 h.
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After washing, sections were counterstained with 4/,6-diamidino-2-phenylindole (DAPI)
(Invitrogen, D357) for 20 min and mounted with ProLong Diamond Antifade Mountant
(Invitrogen, P36961).

Table 1. Table of Antibodies.

Working

Target Species Immunogen Clonality Isotype Dilution Source (Cat. #) RRID
PRIMARY ANTIBODIES
Calbindin  Rabbit recombinant rat calbindin Poly (antiserum)  1/3000 Swant (CB 38) AB_10000340

D-28k

recombinant human

Calretinin Rabbit calretinin containing a 6-his Poly (antiserum) 1/3000 Swant (CR7697) AB_2619710
tag at the N-terminal
NeuN Mouse purified cell nuclei from Mono el 1/2000 Millipore (MAB377) ~ AB_2298772
mouse brain
Parvalbumin  Rabbit recombinant rat parvalbumin Poly (antiserum) 1/3000 Swant (PV 27) AB_2631173
SECONDARY ANTIBODIES
Mouse IgG Goat Poly IgG 1/500 Jackson (115-545-003) AB_2338840
Rabbit IgG Goat Poly IgG 1/500 Jackson (111-295-003) AB_2338022

There was no labeling in the absence of primary antibody. Our controls for primary
specificity include (a) matches between the sequenced bat genomes [47] and the sequences
of antigens used for antibody production (published by supplier), (b) detection of the
correct molecular weight band on Western blots of brain tissue, and (c) similar labeling
patterns in bats as have been published in other species.

IMAGING: Samples were imaged with an Axio Observer 7/LSM 800 inverted com-
pound microscope and Zen Blue version 2.3 software (Carl Zeiss Microscopy, Thornwood,
NY, USA). Sections were imaged with 5x /0.16 and 10x /0.45 plan-apochromatic objectives
in widefield mode. Details were imaged with a 63 x /1.4 plan-apochromatic objective in
confocal mode. Tiled 63 x overview images were taken with tile sizes at 512 x 512, pixel
dwell at 1 us, 2 times line averaging, and the pinhole set to 1 Airy unit. Laser intensity and
master gain were adjusted for optimal contrast per antibody.

3. Results

The brain of Carollia resembles the mouse brain in its overall size. A large cerebellum
is located behind the forebrain [25], and the rostro-caudal extent of the adult forebrain is
about 10 mm and its largest dimension from side to side is about 9 mm.

Previously, we published serial images of Carollia brains that were sectioned in coro-
nal [25] and sagittal [24] planes, and gave basic identification of hippocampal formation
regions in each instance. An important feature that can be extracted from these series is
that the main axis of the dorsal hippocampal formation in Carollia forms an angle that is ap-
proximately 30 degrees off the coronal plane (running from rostro-medial to caudo-lateral)
and approximately 60 degrees off the sagittal plane. Neither plane of section, therefore,
cuts an ideal transverse section, but the sagittal plane is closer to a transverse plane of
section for dorsal hippocampal formation in Carollia brain.

Two other advantages of the sagittal plane of section warrant comment. The first is
that the greater roundness of the Carollia brain [24,25] compared with rodent brain [41,42]
can make replicating coronal, horizontal, or other oblique (e.g., perfectly transverse for the
main axis of the dorsal hippocampal formation) planes of section challenging, whereas
there is never a question about reproducing the sagittal plane of section. Second, as
described below, the modest tilt of the sagittal plane of section off what would be an ideal
transverse plane results in a favorable elongation of the hippocampal cross-section that
facilitates subregional definition.

Figure 1 illustrates NeuN labeling of sections of dorsal hippocampal formation. In
each, NeuN was paired with one of three calcium binding proteins—calretinin, parvalbu-
min, or calbindin. The basic hippocampal subregional identifications can be made and
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are illustrated using the changes in density of NeuN labeled neurons, layer thickness,
and the change in appearance from 3-layered (dentate gyrus, CA3, CAl, subiculum) to
6-layered cortex (presubiculum, entorhinal cortex, neocortex). The labeling patterns for the
three calcium binding proteins demonstrate the different distributions of labeled cells and
processes in each subregion, but also reinforce subregional boundary identification.

NeuN CBP Merged

Figure 1. Hippocampal formation in the brain of Carollia perspicillata labeled with NeuN, calretinin, parvalbumin, and
calbindin. Widefield images of sagittal sections of Carollia brain showing three pairs of labeling (by row) with NeuN and
a calcium binding protein (CBP). Top row (A): NeuN with calretinin. Subregional labels are indicated on the NeuN only
section (top left). Calretinin labeling alone is shown in the top center (CBP/CR) and the merged image is shown at the top
right. Middle row (B): NeuN and parvalbumin (PV) labeling from the adjacent section. Bottom row (C): NeuN and calbindin
(CB) labeling from a near-adjacent section from the same brain. Dotted-line separator indicates that the bottom row is not
adjacent to the middle row. The distributions of the calcium binding proteins help to delineate regions and to highlight
differences in the distributions of inhibitory neurons and processes. Additional abbreviations: DG—dentate gyrus, CA3—
part of regio inferior of cornu Ammonis, CAl—regio superior of cornu Ammonis, Sub—subiculum, PrS—presubiculum,
Ent—entorhinal cortex.

Calretinin and closely related calbindin clearly label dentate gyrus, hilus, and help
to differentiate the upper and lower blades of dentate (especially calbindin). Calretinin
and calbindin also strongly label the presubiculum and entorhinal cortex. Both markers
label cortical layer I, and calbindin labeling is more pronounced in the deeper layers, which
helps to distinguish parasubiculum in between presubiculum and entorhinal cortex.
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Parvalbumin is arguably the most valuable label in defining dorsal hippocampal
formation subregional boundaries in Carollia brain (Figure 2). The density of parvalbumin-
immunoreactive fibers is evidently heavier in CA3 compared with CA1 with pyramidal
cells (appearing as “holes” in the parvalbumin image) enwrapped by labeled processes.
CA2 can be distinguished from its neighbor, CA3, on the basis of increased spread of
parvalbumin-labeled processes into the apical dendritic zone, and the change in packing of
NeuN-labeled cells. CA2 can be distinguished from CA1 on the basis of the much lower
density of parvalbumin-labeled processes and the distinctly looser packing of CA1 neurons.

Figure 2. Hippocampal formation in the brain of Carollia perspicillata labeled with NeuN and par-
valbumin. Tiled confocal 63 sagittal composite section of Carollia brain labeled with NeuN (top
panel—green channel) and parvalbumin (middle panel—red channel) to show subregional bound-
aries in greater detail. A merged image is shown in the bottom panel. The subregional boundaries are
described in the Results and are drawn on the figure as white lines. The sagittal plane of this section
was determined to be 2.45 mm from the lateral edge and 2.07 mm from the midline. Additional ab-
breviations: DG—dentate gyrus, HL—dentate hilus, CA3—part of regio inferior of cornu Ammonis,
CA2—part of regio inferior of cornu Ammonis, CAl—regio superior of cornu Ammonis, ProS—
prosubiculum, Sub—subiculum, PrS—presubiculum, PaS—parasubiculum, Ent—entorhinal cortex.
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Coming from the entorhinal cortex in toward Ammon’s horn, parvalbumin label-
ing identifies the parasubiculum as a wedge of cortex in between entorhinal cortex and
presubiculum with relatively lower level of parvalbumin labeling that distinguishes para-
subiculum. The heavily labeled presubiculum abruptly transitions into the broad 3-layer
cortex of subiculum (Figure 2).

Parvalbumin also reveals a prosubiculum in Carollia brain. The prosubiculum has
a cell-layer breadth and packing density that resembles the subiculum (adjacent to the
presubiculum) but contrasts with CA1. The differentiation of prosubiculum from subiculum
can be made by parvalbumin labeling: the subiculum is much more heavily labeled than
prosubiculum, and the separation of presubiculum from subiculum is obvious in the figure.

4. Discussion

The brain of Carollia perspicillata is remarkable for many reasons. Here, we illustrate
the basic anatomy of the dorsal hippocampal formation. Key features are (1) the compact
cell layer (along the alvear—pial axis) in area CA3 in contrast to the broader cell layer of area
CA1 and (2) the presence of a clear prosubiculum, both of which are prominent features
of primate brains, but not rodent brains. These features strongly support the argument
that Carollia brain is closer in neuroanatomical features and organization to human brain
than rodent brain is to human brain (see also [43,48]). The relative size, the dorso-ventral
extent, and the location of the hippocampal formation in relation to the dorsal surface of the
brain give Carollia hippocampal formation the experimental access advantages of rodent
hippocampus. The long natural life span of Carollia (approximately 13 years in captivity)
and the ability to maintain these animals in controlled conditions lead us to conclude that
Carollia is a unique model for studies of many neurological issues including brain aging
and neurodegeneration.

4.1. Prosubiculum in Bat Brain

Prosubiculum is not labeled in the majority of reports on rodent hippocampal for-
mation structure, including our own (e.g., [41,42,49-54]). As such, specific functional
attributes of prosubicular cells and the network connectivity of prosubiculum are not well
understood. Prosubiculum has, however, been distinguished from subiculum in rodent
brain using transcriptomics [55] and in situ hybridization data [56], and mouse and human
may be more similar than they first appear [28,56].

Our data show a very clear separation of prosubiculum from both CA1 and subiculum
and that prosubiculum in sagittal sections of Carollia brain is of sufficient size for studies
of cell function and connectivity. Our boundaries compare to those reported with a host
of other markers in rodent and primate brain [28]. Clear subregional identification is in-
valuable because subiculum is among the earliest structures to be impacted in Alzheimer’s
disease [7] and prosubiculum has been identified as a specific target for amyloid plaque
deposition [29].

Due to the dorso-ventral orientation of the hippocampus in the bat, as opposed to
the more rostro-caudal orientation of the hippocampus in the rodent, there is no plane of
section in rat or mouse that can be used as a simple comparison to the bat. However, there
are numerous examples in atlases, publications, and websites with sections from mouse
and rat brain if one was interested in attempting such comparisons for overall structure or
more specific comparisons of specific labels.

4.2. Carollia as a New Animal Model of Brain Aging and Neurodegeneration

The neuroanatomical features of Carollia hippocampal formation and its natural long
life makes Carollia an important alternative model for studies of the neurobiology of aging,
neurodegenerative disease, and normal hippocampal function.

It is critically important to answer the question: are bats subject to neurodegenerative
diseases? Given that bats naturally live much longer (>10 years) than rats and mice that are
commonly used as research models (typically up to 3 years old), there is much more time
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for cumulative evidence of neurodegenerative disease. This might make bats a valuable
model for neuropathology. If, on the other hand, evidence of neurodegenerative disease
in such aged animals is absent, bats’ resistance to neurodegenerative changes will add to
their appeal as a model for longevity.

A critical feature of Carollia in favor of its utility as an animal model is that these
animals can be easily kept in captivity, which offers a controlled environment with the
ability to control stress levels, diet and other community variables that can influence normal
aging and the development of neurodegenerative disease. Whether bats represent a better
animal model of neurodegenerative disease or the resistance to neurodegenerative disease
is a focus of our work, and the answer will help to define the utility of the bat.
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Abstract: Advanced endometrial cancer (EC) lacks therapy, thus, there is a need for novel treatment
targets. CXCR4 overexpression is associated with a poor prognosis in several cancers, whereas
its inhibition prevents metastases. We assessed CXCR4 expression in EC in women by using THC.
Orthotopic models were generated with transendometrial implantation of CXCR4-transduced EC
cells. After in vitro evaluation of the CXCR4-targeted T22-GFP-H6 nanocarrier, subcutaneous EC
models were used to study its uptake in tumor and normal organs. Of the women, 91% overexpressed
CXCR4, making them candidates for CXCR4-targeted therapies. Thus, we developed CXCR4" EC
mouse models to improve metastagenesis compared to current models and to use them to develop
novel CXCR4-targeted therapies for unresponsive EC. It showed enhanced dissemination, especially
in the lungs and liver, and displayed 100% metastasis penetrance at all clinically relevant sites with
anti-hVimentin IHC, improving detection sensitivity. Regarding the CXCR4-targeted nanocarrier,
60% accumulated in the SC tumor; therefore, selectively targeting CXCR4* cancer cells, without
toxicity in non-tumor organs. Our CXCR4* EC models will allow testing of novel CXCR4-targeted
drugs and development of nanomedicines derived from T22-GFP-H6 to deliver drugs to CXCR4*
cells in advanced EC. This novel approach provides a therapeutic option for women with metastatic,
high risk or recurrent EC that have a dismal prognosis and lack effective therapies.

Keywords: advanced endometrial cancer; orthotopic model; metastasis; CXCR4-targeted nanoparticles;
animal model

1. Introduction

Endometrial cancer (EC) is the most common cancer of the female genital tract, and
the sixth most diagnosed cancer in women [1,2]. Approximately 3-14% of EC patients
are younger than 40 and want to spare their fertility [3]. The standard treatment for low
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grade EC is surgery, with prior fertility-sparing treatments when required [4,5]. Still,
advanced stages or high-risk EC patients currently lack effective therapies. Even though
EC has a five-year survival rate of 80% [6], it decreases dramatically to a 56% or 20%
rate when locoregional or distal metastasis occurs [7,8]. This dismal prognosis is due
to the inability of cisplatin/paclitaxel chemotherapy or radiotherapy to effectively block
metastatic dissemination [9].

In this regard, there is a need to develop animal models that mimic the metastatic
progression and pathological features found in EC in humans, which could improve the
knowledge of the molecular drivers of EC metastases in different organs and allow the
adequate testing of drugs that may block dissemination during their preclinical develop-
ment [10]. Nevertheless, among the available orthotopic preclinical models only a few
replicate the advanced stages of EC, and when they do, they still show important limitations
for testing novel drugs. Thus, some models do not reach a 100% engraftment to ensure the
generation of primary tumor in all implanted mice and/or display high interindividual
variability in metastatic foci development at clinically relevant sites [11-15]. However, most
reported metastatic EC models are heterothopic since the location of EC cells implantation
is other than the endometrium. Therefore, they are unable to mimic the primary tumor
microenvironment and are scarcely relevant in the investigation of the possible molecular
or cellular pathways that drive EC metastases in humans [16-22].

An additional and highly relevant issue among the published disseminated EC models,
is the low sensitivity of most of the techniques used to detect metastatic foci at the different
sites. Most researchers detect metastases identifying foci by using optical microscopy in
tissue sections after hematoxylin-eosin (H&E) staining, whereas others generate cell-line-
derived bioluminescent models that allow in vivo and ex vivo EC tracking. Nevertheless,
neither method can reliably detect single cells or small cell clusters that infiltrate the organs
where metastases are expected. This low sensitivity leads to the loss of relevant information
on tumor cell arrival and colonization of distal organs. Therefore, there is a need to improve
the metastatic cell detection threshold to unequivocally spot tumor cells that infiltrate
distant organs at the single cell level.

The CXCR4 chemokine receptor is overexpressed at mRNA and protein levels in EC,
compared to hyperplasia and a normal endometrium, being proposed to play a role in
tumor progression in EC [23]. In fact, the CXCR4/CXCL12 pathway has been associated
with EC progression [24,25]. This is consistent with reports demonstrating that overexpres-
sion of this receptor is associated with poor prognosis and/or enhanced metastases in at
least 20 cancers, both solid and hematological [26,27]. In EC, there are inconclusive works
regarding CXCR4 expression as a possible prognostic factor [28,29], similar to findings in
breast cancer, in which CXCR4 expression shows a different prognosis depending on the
tumor subtype [30,31]. Therefore, the role of CXCR4 in EC is still controversial regarding
its possible effect on tumor growth or metastatic dissemination [27,32,33]. Interestingly,
in subcutaneous EC models, CXCR4 expression increases EC cell engraftment and tumor
growth rate [24,34-36]. However, to date, the study of the effect of CXCR4 overexpression
on metastatic dissemination in EC mouse models has not been addressed yet, whereas
in a majority of evaluated cancers, CXCR4 overexpression is associated with a worse
prognosis [26].

Here, we generated a new CXCR4-overexpressing (CXCR4*) orthotopic EC mouse
model, using a novel surgical procedure, and set up a highly sensitive immunohistochem-
ical tumor cell marker to detect small metastatic foci and single cancer cells in clinically
relevant organs. Using this methodology, we have demonstrated that CXCR4 overexpres-
sion enhances metastatic dissemination in EC. Next, we developed a CXCR4" subcutaneous
EC model to be used to demonstrate a highly specific accumulation of the CXCR4-targeted
nanocarrier T22-GFP-H6 in EC. We had previously produced this nanocarrier [37] and also
reported high tumor uptake in cancer models other than EC [38-40]. Thus, these novel EC
models could be a new resource for developing CXCR4-targeted therapies that provide a
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non-surgical therapeutic option for women who lack effective therapies, such as those in
advanced stages or high-risk EC patients.

2. Materials and Methods
2.1. Endometrial Cancer Patient Samples

Patient samples were collected under the Hospital de la Santa Creu i de Sant Pau Ethics
Committee, with informed consent. It included a retrospective collection of 102 archived
paraffined tissue samples, including normal and tumor tissue, from 79 women with en-
dometrial cancer. Cylindrical tissue cores of 3 mm diameter were extracted from different
paraffin blocks and re-embedded into single recipients (microarrays), to perform CXCR4
immunohistochemistry.

2.2. Cell Culture
2.2.1. Cell Line Constructs and Stable Cell Line Generation

ANB3CA cell line (ATCC, Manassas, VA, USA) was cultured in DMEM and F12 medium
1:1; HEC1A cell line (ATCC, USA) and ARK-2 (kindly provided by Dr. Matias-Guiu)
were cultured in high glucose DMEM medium. All of them were maintained in medium
supplemented with 10% fetal bovine serum and penicillin/streptomycin, at 37 °C and 5%
CO5. Cells were tested for Mycoplasma sp. contamination using LookOut Mycoplasma PCR
Detection Kit (Sigma-Aldrich, Taufkirchen, Germany) once every three months.

2.2.2. Lentiviral Transduction

For CXCR4 and/or luciferase expression, AN3CA was transduced with either pLentiIII-
UbC-CXCR4-Luciferase or pLentillI-UbC-Luciferase plasmids using lentivirus. After 48 h,
cells were selected with puromycin (1 pug/mL for AN3CA, 3 ug/mL for HEC1A and
5 ug/mL for ARK-2).

2.2.3. Flow Cytometry
Membrane CXCR4 Assessment

CXCR4 membrane expression was determined using anti-CXCR4 antibody (PE-Cy5
mouse anti-human CD184, BD Biosciences, Franklin Lakes, NJ, USA) and its control (PE-
Cy5 mouse IgG2a, K isotype control, BD), by flow cytometry in FACScalibur
(BD Biosciences).

To obtain homogeneous cell populations, with high intensity of CXCR4 in the mem-
brane in a large percent of the population, cells were sorted using FACSAria
(BD Biosciences).

Internalization Assay

1 mL of a suspension of 500,000 CXCR4* Luciferase® AN3CA cells/mL was seeded in
6 well plates for 24 h. Then, they were exposed to T22-GFP-H6, a protein-based nanocarrier
that targets CXCR4, at different concentrations (1, 10, 50, 100. 400 nM) for 1, 6 or 24 h.
The competition assay for CXCR4-dependent internalization was performed by preincu-
bating the cells with 1 uM of the CXCR4 antagonist AMD3100 for 1 h before exposure
to T22-GFP-He.

Quantification of nanocarrier internalization in cells (GFP* cells) was performed using
flow cytometry. After cell detachment with trypsin, cells were washed with PBS, and
treated with trypsin-EDTA (1 mg/mL, Life Technologies, Carlsbad, CA, USA) to remove
nonspecific binding of T22-GFP-H6 binding to cell membrane.

Results were analyzed with software CellQuest Pro and expressed as percentage of
fluorescent cells or mean fluorescence intensity.

2.2.4. Cell Viability Assay

100 pL 250,000 CXCR4* AN3CA cells/mL per well were seeded in 96 well plates.
Then, 24 h later, they were incubated with T22-GF-H6 in concentrations ranging from 10 nM
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to 400 nM. The competition assay was performed by preincubating the cells with 1 uM
CXCR4 antagonist AMD3100 for 1 h. Cell viability was assessed using Cell Proliferation Kit
II (XTT, Roche, Basel, Switzerland). Absorbance at 490 nm was read 48 h later (FLUOstar
OPTIMA, BMG Labtech, Ortenberg, Germany). Data were shown as percentage of viable
cells as compared to the viability of buffer-exposed cells.

2.2.5. Cell Blocks

Cells were seeded in 150 cm? cell culture flasks. Once they reached a 70-80% con-
fluence, cells were washed, trypsinized, collected and washed in PBS. After 5 min cen-
trifugation at 400 g, cell blocks were obtained mixing gently 2 drops of human plasma
and 2 drops of human thrombin. Cell pellets were fixed in paraformaldehyde 4% and
embedded in paraffin to further CXCR4 analysis by immunocytochemistry.

2.3. In Vivo Experiments

Five-week-old female Swiss nude (Crl:NU(Ico)-Foxn1™) or NSG (NOD.Cg-PrkchCid
112rg™ Wil /S2]) mice (Charles River, France) were used to develop in vivo subcutaneous and
orthotopic models, respectively. After an acclimatization period of 7 days, they were housed
in groups of five, in individually ventilated cage units (15.40 x 7.83 x 6.30 inch, Sealsafe
Plus GM500, Techniplast, West Chester, PA, USA), with individual poplar chips bedding
and its cellulose bag as environmental enrichment (Sodispan). Mice were maintained
under specific pathogen-free conditions and a light/dark cycle of 12 h. They were fed
with irradiated food (14% protein, 4% fat, Teklad Global diet, ENVIGO, Indianapolis, IN,
USA) and reverse osmosis autoclaved water ad libitum. During surgery, eye hydration was
maintained with a saline drip, and hypothermia was avoided using a heating blanket under
a drape to keep body temperature at 37 °C. All the animal procedures were performed
using sterile material in a type II biosafety cabinet (BIO-II-A /P, Telstar, Barcelona, Spain).

Randomizations of animals in experimental groups were performed using dice. The
investigator was not blinded to group allocation during in vivo manipulation of animals;
nevertheless, they were blinded for the histological analysis.

All mice were euthanized by cervical dislocation once they arrived at the experimental
endpoint or reached endpoint criteria (10-20% body weight loss, signs of pain or distress
such as abnormal postures, ulcers, alopecia, ruffled fur, abnormal breathing, abnormal
activity, coma, ataxia, tremors). All the in vivo procedures were approved by the Hospital
de la Santa Creu i de Sant Pau Animal Ethics Committee and Generalitat de Catalunya (FUE-
2018-00819447, 24 April 2019), and performed according to European Council directives
(CEA-OH/9721/2).

2.3.1. Orthotopic EC Models

NSG mice were anesthetized with 100 mg/kg ketamine (Ketolar, Pfizer, New york, NY,
USA) and 10 mg/kg xylazine (Rompun, Bayer, Leverkusen, Germany). The lower abdomen
was shaved and swabbed with povidone. A medial laparotomy was performed to expose
the right uterine horn. Its irrigation system was separated, and a ligature was performed in
the proximal section of the horn using 7/0 Optilene (BBraun, Melsungen, Germany).

After randomization (1 = 4/group), either 10° CXCR4* AN3CA or CXCR4™ AN3CA
cells resuspended in 25 ul of culture medium were inoculated through the myometrium
into the endometrial cavity using a 29G Hamilton syringe (Microliter Serie 800, Hamilton,
Reno, NV, USA).

Overall animal health conditions were monitored three times a week. All mice were
left to survival, and they were sacrificed as soon as they reached human endpoint criteria
(55 + 17 days; mean + SD). In addition to the previously stated endpoint criteria, for
this experiment, high primary tumor or peritoneal carcinomatosis growth (determined by
palpation or a maximum whole body bioluminiscence of 2 x 101 p/s/cm?/sr) as well as
abdominal distension, were observed.
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2.3.2. Subcutaneous CXCR4* EC Models

Swiss nude mice were anesthetized with 2% isoflurane, and their backs were swabbed
with povidone-iodine. In both flanks, 107 CXCR4* AN3CA cells were inoculated subcu-
taneously (SC). Overall animal health and tumor growth were monitored twice a week,
using a caliper and applying the formula V = width? x length/2. For the setup experiment
(n = 4), endpoint was set at 600 mm?, which was reached 15-30 days after inoculation.

2.3.3. In Vivo T22-GFP-H6 Biodistribution

Nanocarrier biodistribution was assessed in the SC EC mouse model following the
experimental design shown in Figure S1. A total of 19 animals with subcutaneous tumor
development were randomized in control (1 = 3) or treated groups (n = 4) for different
time points (2, 5, 24 and 48 h) once tumors reached 150-200 mm?. All of them received
intravenously 200 pL of buffer or 200 pg T22-GFP-HS6, respectively. Fluorescence intensity
emitted by the GFP domain of T22-GFP-H6 was measured ex vivo, after euthanasia at2, 5 or
24 h in SC tumors and non-tumor organs (liver, kidney, lung, spleen). Emitted fluorescence
intensity was expressed as the average radiant efficiency [(p/s/ cm?/ str)/(mW/ cmz)] since
this reflects the accumulation of T22-GFP-H6 in each tissue, once the autofluorescence of
control mouse tissues is subtracted.

2.3.4. Necropsy and Histological Examination

After necropsy and ex vivo assessment of biodistribution or bioluminescence emission,
tumor and non-tumor organs were collected and fixed in 4% formaldehyde for histopatho-
logical or immunohistochemical evaluation, during which the investigator was blinded for
the animal group.

All organs were stained with hematoxylin-eosin (H&E) to evaluate tumor histologic
architecture (stromal, vascular development or possible necrosis) and possible toxicity or
nanocarrier accumulation.

2.4. Bioluminescence Intensity Assessment

Luciferase expression in vitro was assessed by seeding 500,000 cells per well on 6 well
plates. Bioluminescence emission was expressed as radiance photons (p/s/ cm?/ sr) and
registered using IVIS Spectrum 200 equipment, adding 200 pL D-luciferin firefly potassium
salt 1.0 g (15 mg/mL, Perkin Elmer, Waltham, MA, USA). Images were analyzed using
Living Image v.4.7.3. software.

To assess the correct implantation of cells in vivo, mice were injected intraperitoneally
with firefly D-luciferin (2.25 mg/mouse, Perkin Elmer), which is a substrate for luciferase
which is expressed in CXCR4" EC cells. Mice were anesthetized with 3% isoflurane in
oxygen to capture bioluminescence intensity 5 min after injection. Images were analyzed
using Living Image v.4.7.3. software.

2.5. Immunocytochemistry and Immunohistochemistry

Immunocytochemical (ICC) and immunohistochemical (IHC) staining were performed
in a DAKO Autostainer Link48 (Agilent, Santa Clara, CA, USA) following the manufac-
turer’s instructions, using 4 um paraffin sections of cell blocks or organs.

The human CXCR4 staining pattern in cells was assessed using anti-CXCR4 (1:200;
Abcam, ab124824) in all cell blocks, patient tissue samples and tumor and non-tumor or-
gans. After assessing human vimentin (V9, Dako, IGA63061-2) expression in subcutaneous
tumors, it was used to determine the presence or absence of tumor cells in non-tumor
tissues. Ki67 (Dako GA62661-2) was used to determine the proliferation profile of subcuta-
neous tumors.

All slides were examined by a blind observer under an optic microscope and represen-
tative pictures were taken using an Olympus DP73 camera. Liver sections were processed
with cellSens software (Olympus, RRID:SCR_014551, Tokyo, Japan), while lung sections
were analyzed with QuPath [41], both at 200 x magnification.
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2.6. Statistical Analysis

In vitro experiments (internalization, XTT) were performed in biological triplicates.
Differences between groups were analyzed using the Mann-Whitney test, prior determi-
nation of normality by the Shapiro-Wilk test using SPSS software v.23. Differences were
considered statistically significant at p < 0.05. In vivo experiments (mice models setup,
nanocarrier biodistribution) were performed in quadruplicates, defined by previous experi-
ments regarding the interindividual variability among mice in terms of tumor growth and
metastatic load. No animal exclusion was done. Randomization was performed using dice;
odd numbers were assigned to group 1, while even numbers were assigned to group 2.
Cohen’s delta was performed to assess the size of differences in lung and liver metastatic
load between animal groups, using R software v.3.4.4. The effect size was considered
large when d > 0.8 and medium when d > 0.5 [42,43]. All results were expressed as the
mean + standard error (s.e.m.).

3. Results
3.1. Immunohistochemical Evaluation of CXCR4 Expression in EC Patient Samples

To assess CXCR4 expression levels and the localization pattern in EC tumors, we
performed an IHC staining of this protein using tissue samples from 79 patients diagnosed
with EC at Hospital de la Santa Creu i Sant Pau. CXCR4 was highly overexpressed in 91.6%
of tumor tissue, as compared to the level displayed by healthy cells in endometrial tissue.
Moreover, a majority of EC patients (64.4%) overexpressed CXCR4 in their membrane
(Figure 1). Patients with membrane CXCR4 overexpression become candidates for tar-
geting of CXCR4* EC cells, including selective drug delivery, through receptor-mediated
internalization, as a therapeutic strategy.
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Figure 1. CXCR4 expression in tissue microarrays obtained from endometrial cancer patients.
(A) CXCR4 is overexpressed in tumor tissue (1 = 79), as compared to adjacent healthy endometrial
tissue (n = 27), that shows almost undetectable CXCR4 expression levels by immunohistochemistry
(IHC) (Mann-Whitney test, *** p = 0.000; mean + s.e.m). (B) CXCR4 protein expression after IHC
is negligible in healthy endometrial tissue, whereas it is highly overexpressed and mostly located
in the cell membrane of tumor endometrial tissue. Bar: 20 um. NT: non-tumor, healthy tissue;
T: tumor tissue.

3.2. Generation of CXCR4* Luciferase™ Human EC Cell Lines

We evaluated CXCR4 expression levels in two endometrioid EC human cell lines,
ANB3CA and HEC1A, and one serous EC human cell line, ARK2. All three showed negligible
levels of CXCR4 as measured both by flow cytometry and immunocytochemistry (ICC)
(Figure S2). Therefore, they were transduced with CXCR4-Luciferase lentiviral vectors.

All transduced EC cell lines, including AN3CA, ARK2 and HEC1, became CXCR4*
Luciferase® and therefore displayed high bioluminescent emission (Figure S3A). However,
the highest expression of membrane CXCR4 was achieved by the bioluminescent AN3CA
cell line (Figure S2B). In this sense, while the transduced, luminescent AN3CA cell line
maintained high CXCR4 expression in the membrane, as seen by flow cytometry and ICC,
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transduced HECI1A cells showed a high CXCR4 expression. However, according to CXCR4
ICC, its expression pattern was mostly cytoplasmatic. Similarly, ARK-2 showed an increase
in CXCR4 levels when transduced, but these levels did not remain intense or steady over
passages. Thus, the CXCR4* Luciferase® AN3CA cell line was the only one that maintained
membrane CXCR4 overexpression over time, therefore being selected for further in vitro
and in vivo work.

3.3. Development of a Subcutaneous Tumor Model Bearing Human EC Cells in Swiss Nude and
Follow-Up Markers of Cancer Cell Growth

We developed a CXCR4* subcutaneous model, implanting 10”7 CXCR4" Luciferase*
ANBCA cells in the flank of Swiss nude mice to validate tumor cells engraftment and growth
(Figure S3B). We obtained a 100% engraftment rate, and luciferase emission was assessed
over time. The bioluminescence emitted by the SC tumor correlated with tumor size, even
though there was a certain variability in tumor growth rate among mice (Figure S4A).

After necropsy, tumor histology was evaluated by H&E, showing mostly EC epithelial
cells jointly with stromal and vascular tissue areas with no signs of necrosis neither macro-
scopically nor microscopically (Figure S4B). Tumors also showed high Ki67 expression that
indicated high proliferative activity and also a high membrane CXCR4 levels in cancer
epithelial cells as we had already observed in vitro. Moreover, the human mesodermal
marker vimentin was expressed, showing a highly intense staining in in EC epithelial cells,
and a lack of staining in all mouse cells, including stroma and endothelium (Figure S4B).

3.4. Bioluminescent Follow-Up of Primary Tumor and Metastatic Dissemination in a Novel
Orthotopic Model of Advanced EC in NSG Mice

We developed a unique procedure to generate a novel orthotopic mouse model of
endometrial cancer by ligation of the horn and transmyometrial injection of CXCR4*
Luciferase* or CXCR4~ AN3CA cells (Figure 2). The ligature avoided vaginal leakage of the
injected cell suspension (Figure 2A). Bioluminiscence allowed us to know whether local
or distant tissues were colonized by EC cells. Nevertheless, a histological analysis or an
IHC evaluation yielded a more precise identification and quantitation of the disseminated
EC cells, as reported in Figure 2. Thus, bioluminescence proved to be useful in identifying
the presence of EC cells in distant organs (Figure 2B), despite being only a qualitative
marker, showing that our model replicates the sites of metastases observed in advanced EC
patients. This fact entails an improvement over previously reported models, because of
its take rate of 100% of the inoculated mice in all clinically relevant organs, including the
uterus (primary tumor) and ovaries, the peritoneal cavity, lymph nodes, and the liver and
lungs (Figure 2C).

3.5. Marker-Guided Comparison of Metastatic Yield in the EC Intrauterine Orthotopic Models
Generated from CXCR4™ or CXCR4" EC Cells in NSG Mice

Anti-human CXCR4 or anti-human vimentin antibodies were shown to be specific
and highly sensitive markers in tumor cells in our CXCR4* model. Nevertheless, the
mesodermal marker for human vimentin allowed the most sensitive and precise staining
for the detection of microscopic metastases, when compared with CXCR4 IHC staining or
H&E staining (Figure 3). Anti-human vimentin provides an easier and highly reliable quan-
tification of foci number and their area in paraffined tissue slides, that can be standardized
using image analysis software such as Image-J, cellSens or QuPath.
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Figure 2. Procedure to orthotopically inoculate human cell lines in NSG mice to obtain an aggressive
endometrial cancer model that metastasizes in all clinically relevant organs. (A) Representative
photographs of the taken procedure, starting by showing uterus exposure (1), followed by right horn
ligature without clamping the arterial irrigation system (2 and 3) and intraluminal transmyometrial
injection of 10°® CXCR4* Luciferase* AN3CA or CXCR4™ Luciferase* AN3CA cells suspended on
culture medium using a Hamilton syringe. (B) Representative image of Luciferase bioluminiscence
emission in a mouse imlpanted with Luciferase® AN3CA cells, indicating the correct engraftment of
tumor cells inside the uterus. (C) Representative images of relevant organs bearing metastases after
necropsy and their ex vivo emission of bioluminiscence, registered by IVIS Spectrum.
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Figure 3. Dissemination pattern of the xenograft orthotopic model of advanced endometrial cancer
generated in NSG mice and comparison of dissemination between models derived from CXCR4*
and CXCR4~ANB3CA cells. Histology of liver, lungs and lymph nodes with possible metastatic
colonization after hematoxilin-eosin (H&E) staining of tissue sections or using immunohistochemical
staining for anti-human CXCR4 or anti-human vimentin. Note the dramatically higher sensitivity of
the anti-human vimentin IHC staining, to spot single or clustered cancer cells in the mouse tissues as
compared to anti-CXCR4 IHC or H&E-stained tissues. Bar: 100 um.

The high sensitivity of human vimentin staining allows the comparison of the metastatic
dissemination pattern and the metastatic load, as single cell foci invading the tissue or
cell clusters, generated in the orthotopic model derived from CXCR4* AN3CA cells with
those generated by the orthotopic model derived from CXCR4" AN3CA cells (Figure 3).
In fact, when comparing the metastases in clinically relevant sites such as the liver, lungs
and lymph nodes, after IHC staining with anti-human vimentin, we observed that the
total liver foci number was higher (d = 0.92) in the CXCR4" AN3CA model than in the
CXCR4 AN3CA model, particularly in clustered cells foci (d = 2.3). Similarly, the total
area occupied by the metastatic foci in the lung was higher in the CXCR4* AN3CA model
than in the CXCR4™ AN3CA model (d = 1.26) (Table 1). Therefore, CXCR4 overexpression
was substantively associated with a more metastatic and aggressive phenotype in the ORT
model than the one achieved with CXCR4™ AN3CA cells.

Table 1. Comparison of metastatic dissemination in advanced endometrial cancer orthotopic models
derived from CXCR4" or CXCR4" AN3CA cells.
Liver Mets Lung Mets
12251“ I{ai:f: Total Foci Single Cell Foci Clustered Cells Foci Invaded Tissue
Area (um?) Number Number Area (um?) Area (%)
CXCR4 . b . B
AN3CA 102+ 6.7 615.5 £+ 429.5 94 +63 09 +05 4486.4 £ 2728.0 115+ 42
CXCR4* . b . B
AN3CA 242 +83 2536.8 = 1746.8 15.6 6.5 9.7 £27 5305.0 4 3517.9 26.1+7.0

The xenograft orthotopic models of advanced endometrial cancer were generated in NSG mice by implantation
of CXCR4" or CXCR4 AN3CA cells (n = 4/group). Results are reported as mean =+ s.e.m. of number or area of
metastatic foci per mouse counting medium power microscope fields (200, 10 fields) in liver or lung sections,
after IHC staining using anti-human vimentin. Assessment of the effect size between groups was performed
using Cohen’s delta (d) test. * d = 0.92; d = 0.75;°d = 2.3;9 d = 1.26.
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3.6. In Vitro Uptake of the Fluorescent T22-GFP-H6 Nanocarrier and Its Cytotoxicity in Human
EC Cell Lines

Once we determined that CXCR4-overexpression increases the metastatic load in
the ORT EC model derived from the AN3CA EC cell line, we wanted to know if the
T22-GFP-H6 protein-based nanocarrier could selectively internalize in CXCR4" EC cells.
This nanocarrier was previously developed in our group [37], and it targets the CXCR4
receptor, and therefore the CXCR4-overexpressing cancer cells (Figure S5). We observed
that the T22-GFP-H6 showed a time and concentration-dependent internalization in the
transduced EC cell line CXCR4" Luciferaset* AN3CA (Figure 4A). It achieved a high
internalization efficiency, as 80% of cells were GFP* after 6 h of exposure to 10 nM T22-
GFP-H6. It also showed CXCR4-dependent internalization, as parental CXCR4™ cells
showed no nanocarrier internalization. Similarly, when CXCR4™ cells were preincubated
with the CXCR4 antagonist AMD3100 1 h prior to nanocarrier exposure (100 nM T22-
GFP-H6), internalization was significantly reduced, while completely blocked at lower
concentrations (10 nM T22-GFP-H6) (Figure 4B). Internalization of the nanocarrier in
the CXCR4* Luciferase® AN3CA cell line measured as mean fluorescent intensity (MFI)
(Figure S6) showed similar levels of T22-GFP-H6 uptake and also demonstrated competition
with AMD3100 as described above.
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Figure 4. In vitro CXCR4-dependent internalization and lack of cytotoxicity of T22-GFP-H6 nanocar-
rier in human endometrial cancer cell line AN3CA. (A) T22-GFP-H6 internalization in CXCR4*
ANBCA cells at 1, 6 and 24 h and different concentrations, expressed as percentage of GFP* cells.
(B) Blockage of T22-GFP-H6 internalization at 6 h, measured by flow cytometry, in CXCR4~ AN3CA
cells, CXCR4* AN3CA cells and CXCR4* AN3CA cells after 1h pretreatment with 1 pM of the CXCR4
antagonist AMD3100 (Mann-Whitney test; * p < 0.05, ** p <0.01; n = 3; mean =+ s.e.m). (C) T22-GFP-H6
cytotoxicity on CXCR4"™ AN3CA cells as measured by XTT viability test at 48 h. (1 = 3; mean =+ s.e.m).
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Furthermore, T22-GFP-H6 showed no cytotoxic effect on the CXCR4" AN3CA cell
line, as measured by the XTT viability test (Figure 4C). Thus, AN3CA is a good candidate
to develop CXCR4* mice models to test the in vivo effect of CXCR4-targeted nanoparticles.

3.7. Biodistribution of CXCR4-Targeted Nanocarrier T22-GFP-H6 in a CXCR4* Subcutaneous
EC Model

We evaluated the biodistribution of the T22-GFP-H6 nanocarrier in the CXCR4*
ANBCA subcutaneous model, measuring its uptake in tumor tissue and in non-tumor
organs. For this purpose, we measured the GFP fluorescence emitted along time in the
different organs after a single bolus of 200 ug T22-GFP-H6, administered intravenously
and compared to the control, as previously described [39].

The nanocarrier was uptaken by the subcutaneous tumor starting 2 h after injection,
showing a fluorescence peak at 5 h, which decreased by 24 h (Figure 5A). The total amount
of T22-GFP-H6 accumulated in tumor tissue, as measured by the area under the curve of
fluorescence intensity over time, was over 60% of the administered dose (Figure 5B). In
contrast, H&E staining showed no signs of cell death or histological alteration in tumor
tissue at neither of those time points (2, 5 and 24 h) nor at 48 h (Figure 5C).
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Figure 5. In vivo biodistribution and toxicity assessment of nanocarrier T22-GFP-H6 in a subcuta-
neous mouse model derived from CXCR4+ AN3CA cells. (A) Representative images of fluorescence
emitted by the nanocarrier after 2, 5 and 24 h after intravenous injection of 200 pg of T22-GFP-Hé6.
(B) Area under the curve representation of fluorescence emitted over time by tumor and non-tumor
tissues, and their respective percentage of nanocarrier uptake out of the total fluorescence emitted by
T22-GFP-H6 in all tissues (1 = 4/group; mean =+ s.e.m). (C) Hematoxylin-eosin staining of tumor and
non-tumor organs 48 h after administration of the nanocarrier. Bar: 100 um.

Non-target organs such as the kidneys, liver, lungs and spleen, also showed normal tis-
sue architecture (Figure 5C) and low (9-16% range) nanocarrier accumulation, as measured
by fluorescence emission (Figure 5A,B).

Thus, our nanoparticle has been proven to selectively biodistribute selectively to
tumors, in absence of toxicity in tumor or in normal organs.
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4. Discussion

Aiming to offer a therapeutic option for the treatment of endometrial cancer (EC) pa-
tients currently lacking an effective therapy [9], we demonstrated that 64.4% of EC patients
overexpress high membrane CXCR4 expression, therefore making them candidates for
CXCR4-targeted therapies. Thus, we generated a highly metastatic model to demonstrate
that CXCR4 enhances EC metastases, becoming a useful resource for developing CXCR4-
targeted therapies against high risk or advanced CXCR4* EC. This novel orthotopic (ORT)
CXCR4* EC model, derived from the CXCR4* Luciferase” EC AN3CA cell line, was set up
using a new surgical procedure that yields full metastatic penetrance. In addition, we have
used an anti-human vimentin antibody to detect metastatic foci, proving this method to be
highly sensitive, enabling us to detect even single metastatic cells. Using this model, we
have demonstrated that CXCR4-overexpression enhances EC metastatic dissemination to
the lungs and liver. Moreover, we have also developed a CXCR4* subcutaneous (SC) model
which we next used to demonstrate that the protein-based T22-GFP-H6 nanocarrier that
targets CXCR4* cells, displays a high selectivity in its accumulation in CXCR4* EC tumor
tissues. The generated EC ORT and SC models can be used for the preclinical testing of
novel drug delivery approaches that target CXCR4* EC cells for the treatment of high risk or
advanced CXCR4" EC, as well as to study the mechanisms of tumor growth and metastatic
dissemination that are dependent on CXCR4 overexpression signaling. Following, we are
describing the improvement introduced by our findings, compared to previously published
EC models.

4.1. CXCR4 Expression Pattern in EC Patients

First, the IHC evaluation of a series of 79 EC patients showed a high CXCR4 receptor
expression in 91.6% of primary tumors, as compared to the low level detected in non-tumor
endometrium. Remarkably, predominant membrane expression of CXCR4 was detected in
64.4% of patients. Nevertheless, no metastatic orthotopic endometrial cancer model has
been described to overexpress it yet, to our knowledge. This reveals a gap in treatment
research for EC patients, since a large proportion of them could be candidates for treatments
targeted to CXCR4, given its high membrane expression. We have taken advantage of this
relevant clinical feature to develop novel CXCR4* EC models, validating its usefulness
using a targeted drug delivery approach based in nanoparticles.

4.2. Development of an Aggressive CXCR4" Advanced EC Metastatic Model

The reason for the selection of the AN3CA cell line to generate the advanced metastatic
EC model was mainly its high membrane CXCR4 overexpression when transduced, which
more closely replicates its expression pattern in patients, as compared to HEC1A or ARK-
2 cell lines. Membrane expression of this receptor drives CXCR4-dependent metastatic
progression in other tumor types [26], while its role was still unknown in EC. All tested cell
lines also expressed luciferase to allow in vivo and ex vivo assessment of primary tumor
engraftment and metastatic dissemination follow-up.

The generation for this ORT EC model in immunosuppressed NSG mice applies a
novel and easy procedure that consists of the ligation of the horn of the uterus before
the transmyometrial injection of the human EC cells. We have produced this model that
mimics the highly aggressive behavior observed in advanced EC in humans. Moreover,
when CXCR4* AN3CA cells were inoculated, all primary tumor and metastasis maintained
the high CXCR4 membrane expression observed in culture. This can be related to the
fact that the AN3CA cell line derives from a lymph node EC metastasis, displays high mi-
crosatellite instability, TP53 mutations and PTEN deletions and shows resistance to cisplatin
and paclitaxel [36,44], all features that are associated with EC aggressiveness [45,46] and
relapse [10]. Consistently, the assessment of primary tumors histology showed high grade
undifferentiated tumors, with loss of uterine tissue architecture, that clearly resembles
cancer progression in patients.
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In addition, this novel CXCR4* ORT EC model develops metastases in all clinically
relevant sites with 100% penetrance, involving ovaries, abdominal lymph nodes, the
peritoneum, liver and lungs, as identified by luminescence emission. Our results clearly
improve the models previously described as advanced or metastatic, because they did
not accurately replicate the dissemination pattern observed in humans since they were
generated through EC cell implantation at heterotopic sites (non-ORT implantation). This
kind of cell implantation does not mimic the EC tumor microenvironment [10], yielding,
therefore, low rates of tumor engraftment or metastases development, which in turn, limits
or precludes the study of the mechanisms of EC metastatic dissemination.

4.3. CXCR4 Overexpression Is Associated with Enhanced Metastatic Dissemination in EC

We have also shown that a high level of CXCR4 overexpression in the EC cell mem-
brane (CXCR4") is substantively associated with an increase in metastasis development
in the lungs and liver, by comparing the metastatic load between the AN3CA derived
CXCR4* and CXCR4 ORT models. This is the first demonstration of the capacity of the
overexpression of this receptor to enhance the spread of metastases in EC, which is con-
sistent with previous reports describing the role of CXCR4 on migration in vitro [24,35]
and with CXCR4 receptor being overexpressed at mRNA and protein levels in EC, com-
pared to hyperplasia and normal endometrium (Buchynska et al., 2021; Liu et al., 2016;
Sun et al., 2017). It is also consistent with the proposed role of CXCR4 in EC progression
(Buchynska et al., 2021; Liu et al., 2016) [23,25,36].

4.4. Use of Highly Sensitive Human-Vimentin as EC Tumor Cells Marker to Detect Metastatic Foci

Recording the luminescence emitted by cancer cells can spot metastatic foci at the
different sites, only when they are large enough and close to the surface of the measured
tissue section. Thus, this method is rather qualitative as a tracker of EC foci because of the
low penetration of light in tissues.

In contrast, using the immunohistochemical (IHC) detection of human vimentin in
tissue sections allowed the easy, reliable and highly sensitive quantification of EC cells
in all clinically relevant metastatic organs. Vimentin detection has been previously used
as a marker to identify epithelial cancer cells in primary EC tumors [12,15,22], but, to
our knowledge, this is the first time that human vimentin is used to detect and quantify
the number and area of EC metastatic foci. In this regard, it represents a huge increase
in sensitivity as compared to IHC detection of metastases using anti-human CXCR4 or
H&E staining. Thus, human vimentin reliably identifies all human tumor cells in the
studied section of affected organs, including single EC cells infiltrating the tissue (which
anti-CXCR4 or H&E cannot) and small or large size metastatic foci.

The large advantage for human vimentin in scoring metastatic foci could be related to
the high affinity of the antibody used for its reaction with the human vimentin epitope. This
avoids background staining since it shows no cross reaction with mouse vimentin in tumor
stroma or blood vessels, and also because vimentin is expressed on all transformed EC
epithelial cells since the endometrium derives from the mesoderm layer in the embryo [47].
This approach dramatically improves the methods used to identify metastatic foci in
previously reported metastatic EC models because of the low sensitivity of the used marker
or staining (H&E) [12,13,15,17,18,20,22].

This novel application of human vimentin IHC staining could be used, jointly with
the detection of molecular drivers of EC dissemination, to investigate the effect of drugs
on metastatic colonization, regarding single or cluster cell arrival to the tissue, organ
colonization or foci growth at different metastatic sites. Image software for quantitating
single or multiple foci in a region of interest or in the whole tissue section will make it even
easier to reach this goal.
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4.5. Development of a CXCR4 Subcutaneous Tumor Model and Its Use to Evaluate Targeting of
Protein-Based Nanocarriers to CXCR4* EC Cells

With the final aim of developing an effective antitumor and antimetastatic drug against
this cancer, we started to explore the selectivity of the biodistribution to the tumor tissue and
the possible toxicity of the protein-based nanocarrier T22-GFP-H6, which was previously
developed by our group and targets CXCR4 [37]. To that purpose, it was first necessary to
demonstrate in vitro that T22-GFP-H6 internalization in CXCR4* EC cells was exclusively
dependent on CXCR4. Secondly, we developed a CXCR4" SC EC model to evaluate the
percent of the administered dose that reaches the tumor tissue, since the subcutaneous
tumor model is more suited than the orthotopic model for this specific purpose.

Thus, we performed in vitro experiments that showed that T22-GFP-H6 reached a
highly selective, concentration-dependent and CXCR4-mediated internalization in CXCR4™*
cells. Consistently, this nanocarrier does not internalize in CXCR4" cells; moreover, pre-
treating CXCR4" cells with the CXCR4 antagonist AMD3100 showed an effective blockage
of T22-GFP-H6 internalization. In addition, the nanocarrier displayed neither antitumor
activity in EC nor cytotoxicity in normal cells in vitro.

To validate these results in vivo, we used the CXCR4" bioluminescent AN3CA EC
cell line to develop a SC EC model with high CXCR4 membrane expression. It produced
a 100% rate of tumor engraftment and induced aggressive tumor growth since most of
the transformed EC epithelial cells were cycling as demonstrated by Ki67 expression in
most cells. It also showed high membrane CXCR4 expression, which has been reported to
increase proliferation in SC EC models derived from other cell lines [24,34-36]. Moreover,
we found a strong correlation between tumor luminescent emission and tumor growth rate.

We used this model to demonstrate that a single intravenous bolus of T22-GFP-H6
leads to its selective accumulation in CXCR4* EC tumors. Thus, 60% of the total emitted
fluorescence, out of the total administered dose, is registered in tumor tissue, indicating its
CXCR4-dependent internalization. In contrast, its fluorescence level registered in normal
organs/tissues was much lower despite showing detectable fluorescence above background
(liver, kidney, lung or spleen), while no histological alterations were detected in these or
other normal organs.

On this basis, we believe that T22-GFP-H6 nanocarrier is suitable for the development
of nanomedicine-based targeted drug delivery approaches for EC therapy since it is not
cytotoxic and is highly selective towards CXCR4* EC cells, both in vitro and in vivo. We
are now planning to load the nanocarrier with one or a combination of drugs, expecting to
achieve a highly selective and sustained delivery of the drug/drugs specifically to tumor
tissue with low or negligible drug delivery in normal tissues. This is supported by the
high uptake of the nanocarrier by tumor tissue, which starts at 2 h; it lasts until 24 h, and
has a peak at 5 h, reaching its accumulation in tumors at much higher levels than those
achieved in non-tumor organs. Additional support for its development as a nanomedicine
for CXCR4* EC comes from our previous work reporting a similar biodistribution of
T22-GFP-H6 in other solid tumors or hematological cancers [38—40,48].

4.6. Future Contribution of the Novel Models for the Development of Targeted Therapies in
Advanced EC

The developed CXCR4* SC EC tumor model could be used to evaluate the antitu-
mor activity of novel CXCR4-targeted drugs, since SC tumor models are widely used
in preclinical drug development for EC therapy [10]. However, they do not mimic the
microenvironment where EC develops, nor can they be used to assess the effect of drugs
on metastatic dissemination. In contrast, the novel ORT CXCR4* EC model developed here
ensures a correct implantation of cancer cells in the endometrium, avoiding their leakage,
while maintaining the tumor microenvironment where EC develops. It also overexpresses
the CXCR4 receptor in their membrane, being able to help in the preclinical development
of antimetastatic drugs that target the CXCR4 receptor. Although CXCR4 inhibitors are in
clinical trials for other diseases, they have not been tested in EC yet [49]. Our model, being
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able to assess the antimetastatic effect as well as to possibly predict drug responses to drugs
that target this receptor, could have a clinical translation for the treatment of advanced
CXCR4* EC in patients. It could also permit us to study the impact of the tested drug on
the different processes activated by CXCR4 overexpression during metastasis development
(e.g., myometrial or lymphovascular invasion, or colonization of different organs), as well
as the evaluation of their underlying mechanisms, measuring their effect on the signaling
pathways driving them, since they may closely mimic the clinicopathological features, and
the molecular and cellular mechanisms observed in humans with CXCR4-overexpressing
advanced EC.

In addition to its orthotopic implantation, the metastatic model above improves
previous metastatic models reported by other authors since it achieves 100% metastasis
penetrance in all relevant organs. Moreover, to our knowledge, we report for the first time
the quantification of the number and area of metastatic foci, or the total area occupied by
these foci in different organs using a highly sensitive cancer cell marker in an ORT EC
model, as compared to the mere description of the presence or absence of metastases. Thus,
our approach allows the application of statistical tests, with enough power, to determine
if there are, or are not, significant differences in metastatic load among the compared
groups. Therefore, we believe that both a high metastatic penetrance and a thorough
characterization of the number and size of the developed metastatic foci are essential to
perform antimetastatic drug evaluation, an aspect seldomly found in published metastatic
EC models. A penetrance lower than 100% cannot reliably ensure that the antimetastatic
effect achieved is due to the effect of the tested drug or to the lack of EC engraftment in
primary tumor or metastatic sites. In addition, a lack of description regarding the number
and size of metastases reduces the ability to identify the possible antimetastatic effect of
the tested drug.

Importantly, the development of the SC CXCR4* EC model allowed us to prove that
our previously developed protein nanocarrier shows high accumulation in CXCR4" EC
tumors because of its capacity to selectively target the CXCR4 receptor. Based on these
results, further development of a nanomedicine loading T22-GFP-H6 with drugs of choice
for EC would be fully feasible. Then, our next goal will be to generate antimetastatic
nanomedicines that achieve targeted drug delivery, to test them in the novel CXCR4* SC
and advanced ORT EC models. We expect these nanomedicines to selectively deliver to EC
tissues a payload drug of choice (e. g., genotoxic, microtubule inhibitor, toxin . .. ) with high
cytotoxic activity in EC in vitro, expecting first to inhibit tumor growth in the CXCR4* SC
EC model, and then, to achieve the control of metastatic dissemination in the CXCR4" ORT
EC model. A successful preclinical development will, then, initiate an effort to reach clinical
translation for patients in most need of new therapies—medically inoperable patients or
those who bear highly metastatic, high risk or recurrent EC—selecting only as candidates
for treatment, patients bearing CXCR4* EC, since they are more likely to respond.

5. Conclusions

In conclusion, we have developed a CXCR4-overexpresing (CXCR4*) advanced EC
model that improves previously reported models, regarding its CXCR4 overexpression
resembling human tumors, and its metastatic penetrance, which was 100% in all clinically
relevant sites. Using highly sensitive IHC to detect human vimentin, we reliably identified
single EC cells and EC metastatic clusters invading tissues, improving the precision of
the metastatic foci detection in EC, in terms of both foci number and size. In addition,
we have used this model and this IHC method to demonstrate for the first time that
CXCR4-overexpression enhances metastatic dissemination in EC. This model can be used
as a resource for the development of therapeutic approaches that target CXCR4, which is
overexpressed in EC, especially aimed at patients who currently lack an effective therapy.
This way, CXCR4* EC patients will benefit from CXCR4-targeted therapies, including
CXCR4 inhibitors or CXCR4-targeted drug delivery approaches.
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Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/biomedicines10071680/s1: Figure S1. Experimental design of the in vivo
evaluation of T22-GFP-H6 biodistribution; Figure S2. Comparison of the percentage of CXCR4+
cells with membrane expression after transduction with CXCR4-Luciferase constructs in human
endometrial cancer cell lines; Figure S3. Luciferase activity in transduced human endometrial cancer
cell lines AN3CA, ARK2 and HEC1A; Figure S4. Tumor growth and phenotypic characterization
of the human CXCR4+ AN3CA cell line-derived subcutaneous cancer mouse model; Figure S5.
Schematic design and functional versatility of CXCR4-targeted nanocarrier T22-GFP-H6; Figure Sé.
In vitro CXCR4-dependent internalization of T22-GFP-H6 in CXCR4+ EC AN3CA cells.

Author Contributions: Conceptualization, EM.-G., M.V.C., A.V,, E.V,, 1.C. and R.M.; Data curation,
R.M.; Formal analysis, EM.-G., M.A.P,L.A.-P. and RM.; Funding acquisition, U.U., A.V,, E.V. and
R.M,; Investigation, EM.-G., A.G. and E.R.-B.; Methodology, EM.-G., M.V.C,, E.R.-B. and L.E; Project
administration, U.U., A.V,, E.V,, L.C. and R.M.; Resources, U.U., A.V,, E.V. and R.M.; Supervision,
L.A.-C, I.C. and R.M.; Validation, EM.-G., A.G., ER.-B,, L.A.-C. and U.U.; Visualization, E.M.-G.,
M.A.P, I.C. and RM.; Writing—original draft, EM.-G. and R.M.; Writing—review and editing,
M.V.C., M.AP, U.U., A.V, EV. and RM. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by Instituto de Salud Carlos III (ISCIII, Spain; Co-funding
from FEDER, European Union) (P121/00159, PIPI18/00650 and EU COST Action CA 17140 to Ra-
mon Mangues and P120/00400 to Ugutz Unzueta); Agencia Estatal de Investigacion (AEI, Spain)
and Fondo Europeo de Desarrollo Regional (FEDER, European Union) (grant BIO2016-76063-R,
AEI/FEDER, UE to Antonio Villaverde and grant PID2019-105416RBI00/AEI/10.13039/501100011033
to Esther Vazquez); CIBER-BBN (Spain) (CB06/01/1031 and 4NanoMets to Ramon Mangues,
VENOM4CANCER to Antonio Villaverde, NANOREMOTE to Esther Vazquez, and NANOSCAPE
to Ugutz Unzueta]; AGAUR (Spain) 2017-SGR-865 to Ramon Mangues, and 2017SGR-229 to Antonio
Villaverde; Josep Carreras Leukemia Research Institute (Spain) (P/AG to Ramon Mangues). Elisa
Rioja-Blanco was supported by a predoctoral fellowship from AGAUR (Spain) (2020FI_B2 00168
and 2018FI_B2_00051) co-funded by European Social Fund (ESF investing in your future, European
Union). Lorena Alba-Castellon was supported by a postdoctoral fellowship from AECC (Spanish
Association of Cancer Research, Spain). Antonio Villaverde received an Icrea Academia Award
(Spain). Ugutz Unzueta and M? Virtudes Céspedes were also supported by Miguel Servet fellowships
(CP19/00028 and CPII20/00007, respectively) from Instituto de Salud Carlos III (Spain) co-funded by
European Social Fund (ESF investing in your future, European Union). The bioluminescent follow-up
of cancer cells and toxicity studies have been performed in the ICTS-141007 Nanbiosis Platform, using
its CIBER-BBN Nanotoxicology Unit (http://www.nanbiosis.es /portfolio/ul8-nanotoxicology-unit/,
accessed on 15 May 2021). Protein production has been partially performed with the ICTS “NAN-
BIOSIS”, more specifically with the Protein Production Platform of CIBER-BBN/IBB (http://www.
nanbiosis.es/unit/ul-protein-production-platform-ppp/, accessed on 15 May 2021).

Institutional Review Board Statement: All the animal experiments were approved by the Institu-
tional Animal Ethics Committee of Hospital de Sant Pau and approved by the local government
(Generalitat de Catalunya) (protocol number 10234; date of approval: 24 February 2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets generated during and/or analyzed during the current
study, as well as additional information and data, are available from the corresponding author upon
reasonable request.

Conflicts of Interest: Antonio Villaverde, Esther Vazquez, Ugutz Unzueta, Ramon Mangues, and
Isolda Casanova are cited as inventors in PCT/EP2012/050513 covering Targeted Delivery of Thera-
peutic Molecules to CXCR4 Cells, and in PCT/EP2018/061732, covering Therapeutic Nanostructured
Proteins. All other authors report no conflict of interest in this work.

166



Biomedicines 2022, 10, 1680

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

World Cancer Research Fund. Endometrial Cancer Statistics 2018. Available online: https://www.wcrf.org/dietandcancer/
cancer-trends/endometrial-cancer-statistics (accessed on 4 April 2020).

Sung, H.; Ferlay, ].; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A_; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer |. Clin. 2021, 71, 209-249. [CrossRef]
Yu, M.; Wang, Y.; Yuan, Z.; Zong, X.; Huo, X.; Cao, D.-Y,; Yang, J.-X; Shen, K. Fertility-Sparing Treatment in Young Patients with
Grade 2 Presumed Stage IA Endometrioid Endometrial Adenocarcinoma. Front. Oncol. 2020, 10, 1437. [CrossRef]

Cavaliere, A.E; Perelli, E.,; Zaami, S.; D'Indinosante, M.; Turrini, I.; Giusti, M.; Gullo, G.; Vizzielli, G.; Mattei, A.; Scambia, G.; et al.
Fertility Sparing Treatments in Endometrial Cancer Patients: The Potential Role of the New Molecular Classification. Int. J. Mol.
Sci. 2021, 22, 12248. [CrossRef] [PubMed]

Gullo, G.; Etrusco, A.; Cucinella, G.; Perino, A.; Chiantera, V.; Lagana, A.S.; Tomaiuolo, R.; Vitagliano, A.; Giampaolino, P;
Noventa, M.; et al. Fertility-Sparing Approach in Women Affected by Stage I and Low-Grade Endometrial Carcinoma: An
Updated Overview. Int. ]. Mol. Sci. 2021, 22, 11825. [CrossRef] [PubMed]

Jemal, A.; Bray, F; Center, M.M.; Ferlay, J.; Ward, E.; Forman, D. Global cancer statistics. CA Cancer |. Clin. 2011, 61, 69-90.
[CrossRef] [PubMed]

Braun, M.M.; Overbeek-Wager, E.A.; Grumbo, R.J. Diagnosis and Management of Endometrial Cancer. Am. Fam. Physician 2016,
93, 468-474. [PubMed]

Santaballa, A.; Matias-Guiu, X.; Redondo, A.; Carballo, N.; Gil, M.; Goémez, C.; Gorostidi, M.; Gutierrez, M.; Gonzalez-Martin, A.
SEOM clinical guidelines for endometrial cancer (2017). Clin. Transl. Oncol. 2018, 20, 29-37. [CrossRef] [PubMed]

Campos, S.M.; Cohn, D.E. Treatment of Metastatic Endometrial Cancer. UpToDate 2021, 26, 15-23. Available online: https:
/ /www.uptodate.com/contents/treatment-of-metastatic-endometrial-cancer (accessed on 20 December 2021).

Van Nyen, T.; Moiola, C.P; Colas, E.; Annibali, D.; Amant, FE. Modeling Endometrial Cancer: Past, Present, and Future. Int. J.
Mol. Sci. 2018, 19, 2348. [CrossRef]

Cabrera, S.; Llaurad6, M.; Castellvi, J.; Fernandez, Y.; Alameda, F,; Colds, E.; Ruiz, A.; Doll, A.; Schwartz, S., Jr.; Carreras, R.; et al.
Generation and characterization of orthotopic murine models for endometrial cancer. Clin. Exp. Metastasis 2012, 29, 217-227.
[CrossRef]

Fedorko, A.M.; Kim, T.H.; Broaddus, R.; Schmandt, R.; Chandramouli, G.V.; Kim, H.L; Jeong, ].-W.; Risinger, ].I. An immune
competent orthotopic model of endometrial cancer with metastasis. Heliyon 2020, 6, €04075. [CrossRef]

Konings, G.E,; Saarinen, N.; Delvoux, B.; Kooreman, L.; Koskimies, P.; Krakstad, C.; Fasmer, K.E.; Haldorsen, L.S.; Zaffagnini,
A.; Hakkinen, M.R ; et al. Development of an Image-Guided Orthotopic Xenograft Mouse Model of Endometrial Cancer with
Controllable Estrogen Exposure. Int. ]. Mol. Sci. 2018, 19, 2547. [CrossRef]

Pillozzi, S.; Fortunato, A.; De Lorenzo, E.; Borrani, E.; Giachi, M.; Scarselli, G.; Arcangeli, A.; Noci, I. Over-Expression of the LH
Receptor Increases Distant Metastases in an Endometrial Cancer Mouse Model. Front. Oncol. 2013, 3, 285. [CrossRef]

Winship, A.L.; Van Sinderen, M.; Donoghue, J.; Rainczuk, K.; Dimitriadis, E. Targeting Interleukin-11 Receptor-« Impairs Human
Endometrial Cancer Cell Proliferation and Invasion In Vitro and Reduces Tumor Growth and Metastasis In Vivo. Mol. Cancer
Ther. 2016, 15, 720-730. [CrossRef]

Chen, H.-Y,; Chiang, Y.-F; Huang, J.-S.; Huang, T.-C.; Shih, Y.-H.; Wang, K.-L.; Ali, M.; Hong, Y.-H.; Shieh, T.-M.; Hsia, S.-M.
Isoliquiritigenin Reverses Epithelial-Mesenchymal Transition Through Modulation of the TGF- /Smad Signaling Pathway in
Endometrial Cancer. Cancers 2021, 13, 1236. [CrossRef]

Doll, A.; Gonzalez, M.; Abal, M.; Llaurado, M.; Rigau, M.; Colas, E.; Monge, M.; Xercavins, J.; Capella, G.; Diaz, B.; et al. An
orthotopic endometrial cancer mouse model demonstrates a role for RUNX1 in distant metastasis. Int. J. Cancer 2009, 125, 257-263.
[CrossRef]

Haldorsen, L.S.; Popa, M.; Fonnes, T.; Brekke, N.; Kopperud, R.; Visser, N.C.; Rygh, C.B.; Pavlin, T.; Salvesen, H.B.; Mc Cormack,
E.; et al. Multimodal Imaging of Orthotopic Mouse Model of Endometrial Carcinoma. PLoS ONE 2015, 10, €0135220. [CrossRef]
Hanekamp, E.E.; Gielen, S.C.; van Oosterhoud, S.A.; Burger, C.W.; Grootegoed, J.; Huikeshoven, EJ.; Blok, L.J. Progesterone
receptors in endometrial cancer invasion and metastasis: Development of a mouse model. Steroids 2003, 68, 795-800. [CrossRef]
Kato, M.; Onoyama, L; Yoshida, S.; Cui, L.; Kawamura, K.; Kodama, K.; Hori, E.; Matsumura, Y.; Yagi, H.; Asanoma, K; et al.
Dual-specificity phosphatase 6 plays a critical role in the maintenance of a cancer stem-like cell phenotype in human endometrial
cancer. Int. J. Cancer 2020, 147, 1987-1999. [CrossRef]

Popli, P; Richters, M.M.; Chadchan, S.B.; Kim, T.H.; Tycksen, E.; Griffith, O.; Thaker, PH.; Griffith, M.; Kommagani, R. Splicing
factor SF3B1 promotes endometrial cancer progression via regulating KSR2 RNA maturation. Cell Death Dis. 2020, 11, 842.
[CrossRef]

Unno, K.; Ono, M.; Winder, A.D.; Maniar, K.P,; Paintal, A.S.; Yu, Y.; Wei, J.-].; Lurain, J.R.; Kim, J.J. Establishment of Human
Patient-Derived Endometrial Cancer Xenografts in NOD scid Gamma Mice for the Study of Invasion and Metastasis. PLoS ONE
2014, 9, e116064. [CrossRef]

Liu, P; Long, P.; Huang, Y.; Sun, E; Wang, Z. CXCL12/CXCR4 axis induces proliferation and invasion in human endometrial
cancer. Am. J. Transl. Res. 2016, 11, 1719.

Teng, F; Tian, W.-Y.; Wang, Y.-M.; Zhang, Y.-F.; Guo, F.; Zhao, J.; Gao, C.; Xue, F.-X. Cancer-associated fibroblasts promote the
progression of endometrial cancer via the SDF-1/CXCR4 axis. ]. Hematol. Oncol. 2016, 9, 8. [CrossRef]

167



Biomedicines 2022, 10, 1680

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Buchynska, L.G.; Movchan, O.M.; Iurchenko, N.P. Expression of chemokine receptor CXCR4 in tumor cells and content of
CXCL12+-fibroblasts in endometrioid carcinoma of endometrium. Exp. Oncol. 2021, 43, 135-141. [PubMed]

Kircher, M.; Herhaus, P; Schottelius, M.; Buck, A.K.; Werner, R.A.; Wester, H.-].; Keller, U.; Lapa, C. CXCR4-directed theranostics
in oncology and inflammation. Ann. Nucl. Med. 2018, 32, 503-511. [CrossRef] [PubMed]

Felix, A.S.; Edwards, R.; Bowser, R.; Linkov, F. Chemokines and Cancer Progression: A Qualitative Review on the Role of Stromal
Cell-derived Factor 1-alpha and CXCR4 in Endometrial Cancer. Cancer Microenviron. 2010, 3, 49-56. [CrossRef] [PubMed]
Mizokami, Y.; Kajiyama, H.; Shibata, K.; Ino, K.; Kikkawa, F.; Mizutani, S. Stromal cell-derived factor-1?-induced cell proliferation
and its possible regulation by CD26/dipeptidyl peptidase IV in endometrial adenocarcinoma. Int. J. Cancer 2004, 110, 652-659.
[CrossRef] [PubMed]

Gelmini, S.; Mangoni, M.; Castiglione, F.; Beltrami, C.; Pieralli, A.; Andersson, K.L.; Fambrini, M.; Taddei, G.L.; Serio, M.; Orlando,
C. The CXCR4/CXCL12 axis in endometrial cancer. Clin. Exp. Metastasis 2009, 26, 261-268. [CrossRef]

Lefort, S.; Thuleau, A ; Kieffer, Y.; Sirven, P; Bieche, I.; Marangoni, E.; Vincent-Salomon, A.; Mechta-Grigoriou, F. CXCR4 inhibitors
could benefit to HER2 but not to triple-negative breast cancer patients. Oncogene 2016, 36, 1211-1222. [CrossRef] [PubMed]
Lyu, L.; Zheng, Y.; Hong, Y.; Wang, M.; Deng, Y.; Wu, Y; Xu, P,; Yang, S.; Wang, S.; Yao, J.; et al. Comprehensive analysis of the
prognostic value and immune function of chemokine-CXC receptor family members in breast cancer. Int. Immunopharmacol. 2020,
87,106797. [CrossRef] [PubMed]

Krikun, G. The CXL12/CXCR4/CXCR? axis in female reproductive tract disease: Review. Am. ]. Reprod. Immunol. 2018, 80, 13028.
[CrossRef]

Walentowicz-Sadlecka, M.; Sadlecki, P.; Bodnar, M.; Marszalek, A.; Walentowicz, P.; Sokup, A.; Wiliniska-Jankowska, A.; Grabiec,
M. Stromal Derived Factor-1 (SDE-1) and Its Receptors CXCR4 and CXCR? in Endometrial Cancer Patients. PLoS ONE 2014,
9, €84629. [CrossRef]

Huang, Y.; Ye, Y.; Long, P.; Zhao, S.; Zhang, L. Silencing of CXCR4 and CXCR?7 expression by RNA interference suppresses human
endometrial carcinoma growth in vivo. Am. J. Transl. Res. 2017, 9, 1896-1904.

Sirohi, V.K.; Popli, P,; Sankhwar, P.; Kaushal, ].B.; Gupta, K.; Manohar, M.; Dwivedi, A. Curcumin exhibits anti-tumor effect and
attenuates cellular migration via Slit-2 mediated down-regulation of SDF-1 and CXCR4 in endometrial adenocarcinoma cells.
J. Nutr. Biochem. 2017, 44, 60-70. [CrossRef]

Sun, Y.; Yoshida, T.; Okabe, M.; Zhou, K.; Wang, F.; Soko, C.; Saito, S.; Nikaido, T. Isolation of Stem-Like Cancer Cells in Primary
Endometrial Cancer Using Cell Surface Markers CD133 and CXCR4. Transl. Oncol. 2017, 10, 976-987. [CrossRef]

Villaverde, A.; Unzueta, U.; Céspedes, M.V.; Ferrer-Miralles, N.; Casanova, I.; Cedano, ]J.; Corchero, J.L.; Domingo-Espin, J.;
Mangues, R.; Vazquez, E. Intracellular CXCR4+ cell targeting with T22-empowered protein-only nanoparticles. Int. . Nanomed.
2012, 7, 4533-4544. [CrossRef]

Céspedes, M.V.; Unzueta, U.; Alamo, P; Gallardo, A.; Sala, R.; Casanova, L; Pavon, MLA; Mangues, M.A; Trias, M.; Pousa,
A.L,; et al. Cancer-specific uptake of a liganded protein nanocarrier targeting aggressive CXCR4 + colorectal cancer models.
Nanomed. Nanotechnol. Biol. Med. 2016, 12, 1987-1996. [CrossRef]

Falgas, A.; Pallares, V.; Unzueta, U.; Céspedes, M.V.; Arroyo-Solera, I.; Moreno, M.].; Sierra, J.; Gallardo, A.; Mangues, M.A ;
Vézquez, E.; et al. A CXCR4-targeted nanocarrier achieves highly selective tumor uptake in diffuse large B-cell lymphoma mouse
models. Haematologica 2019, 105, 741-753. [CrossRef]

Rioja-Blanco, E.; Arroyo-Solera, I.; Alamo, P; Casanova, L; Gallardo, A.; Unzueta, U.; Serna, N.; Sanchez-Garcia, L.; Quer, M.;
Villaverde, A.; et al. Self-assembling protein nanocarrier for selective delivery of cytotoxic polypeptides to CXCR4+ head and
neck squamous cell carcinoma tumors. Acta Pharm. Sin. B 2021, 12, 2578-2591. [CrossRef]

Bankhead, P.; Loughrey, M.B.; Fernandez, ].A.; Dombrowski, Y.; McArt, D.G.; Dunne, P.D.; McQuaid, S.; Gray, R.T.; Murray, L.J.;
Coleman, H.G; et al. QuPath: Open source software for digital pathology image analysis. Sci. Rep. 2017, 7, 16878. [CrossRef]
Cobhen, J. Statistical Power Analysis for the Behavioral Sciences, 2nd ed.; L. Erlbaum Associates: Hillsdale, NJ, USA, 1988.

Talongo, C. Understanding the effect size and its measures. Biochem. Med. 2016, 26, 150-163. [CrossRef]

Friel, A.; Sergent, P.; Patnaude, C.; Szotek, P.P; Oliva, E.; Scadden, D.T.; Seiden, M.V.; Foster, R.; Rueda, B.R. Functional analyses
of the cancer stem cell-like properties of human endometrial tumor initiating cells. Cell Cycle 2008, 7, 242-249. [CrossRef]

The Cancer Genome Atlas Research Network; Kandoth, C.; Schultz, N.; Cherniack, A.D.; Akbani, R.; Liu, Y.; Shen, H.; Robertson,
A.-G.; Pashtan, L; Shen, R.; et al. Integrated genomic characterization of endometrial carcinoma. Nature 2013, 497, 67-73.
[CrossRef]

Piulats, ].M.; Guerra, E.; Gil-Martin, M.; Roman-Canal, B.; Gatius, S.; Sanz-Pamplona, R.; Velasco, A.; Vidal, A.; Matias-Guiu, X.
Molecular approaches for classifying endometrial carcinoma. Gynecol. Oncol. 2016, 145, 200-207. [CrossRef]

Tomiyama, L.; Kamino, H.; Fukamachi, H.; Urano, T. Precise epitope determination of the anti-vimentin monoclonal antibody V9.
Mol. Med. Rep. 2017, 16, 3917-3921. [CrossRef]

Pallares, V.; Unzueta, U.; Falgas, A.; Sanchez-Garcia, L.; Serna, N.; Gallardo, A.; Morris, G.A.; Alba-Castellon, L.; Alamo, P;
Sierra, J.; et al. An Auristatin nanoconjugate targeting CXCR4+ leukemic cells blocks acute myeloid leukemia dissemination.
J. Hematol. Oncol. 2020, 13, 36. [CrossRef]

Walenkamp, A.M.E.; Lapa, C.; Herrmann, K.; Wester, H.-]. CXCR4 Ligands: The Next Big Hit? J. Nucl. Med. 2017, 58, 775-82S.
[CrossRef]

168



. biomedicines

Article

A Novel Murine Multi-Hit Model of Perinatal Acute Diffuse
White Matter Injury Recapitulates Major Features of

Human Disease

Patricia Renz 12, Andreina Schoeberlein 12, Valérie Haesler 12, Theoni Maragkou 3, Daniel Surbek -2

and Amanda Brosius Lutz

Citation: Renz, P.; Schoeberlein, A.;
Haesler, V.; Maragkou, T.; Surbek, D.;
Brosius Lutz, A. A Novel Murine
Multi-Hit Model of Perinatal Acute
Diffuse White Matter Injury
Recapitulates Major Features of
Human Disease. Biomedicines 2022,
10, 2810. https://doi.org/10.3390/
biomedicines10112810

Academic Editor: Juan Sahuquillo

Received: 15 September 2022
Accepted: 27 October 2022
Published: 4 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
1.0/).

1,2,%

Department for BioMedical Research, University of Bern and Switzerland, 3010 Bern, Switzerland
Department of Obstetrics and Gynecology, Division of Feto-Maternal Medicine University Hospital,
University of Bern, 3010 Bern, Switzerland

Institute of Pathology, University of Bern, 3010 Bern, Switzerland

Correspondence: amanda.brosiuslutz@insel.ch

Abstract: The selection of an appropriate animal model is key to the production of results with
optimal relevance to human disease. Particularly in the case of perinatal brain injury, a dearth of
affected human neonatal tissue available for research purposes increases the reliance on animal
models for insight into disease mechanisms. Improvements in obstetric and neonatal care in the
past 20 years have caused the pathologic hallmarks of perinatal white matter injury (WMI) to evolve
away from cystic necrotic lesions and toward diffuse regions of reactive gliosis and persistent myelin
disruption. Therefore, updated animal models are needed that recapitulate the key features of
contemporary disease. Here, we report a murine model of acute diffuse perinatal WMI induced
through a two-hit inflammatory-hypoxic injury paradigm. Consistent with diffuse human perinatal
white matter injury (dWMI), our model did not show the formation of cystic lesions. Corresponding
to cellular outcomes of dWMI, our injury protocol produced reactive microgliosis and astrogliosis,
disrupted oligodendrocyte maturation, and disrupted myelination.. Functionally, we observed
sensorimotor and cognitive deficits in affected mice. In conclusion, we report a novel murine model
of dWMI that induces a pattern of brain injury mirroring multiple key aspects of the contemporary
human clinical disease scenario.

Keywords: perinatal brain injury; diffuse injury; white matter injury; mouse model; gliosis;
myelination failure; two-hit model

1. Introduction

The WHO estimates that one in ten live births occurs preterm (prior to 37 weeks gesta-
tion) worldwide, with major regional differences [1]. While ongoing progress in neonatal
care has improved the survival of preterm infants, increased survival in this population
is accompanied by a climbing disease burden due to the chronic disabilities associated
with prematurity [1]. Approximately 10% of preterm survivors suffer permanent motor
impairment, while up to 25-50% of preterm infants exhibit other neurodevelopmental
deficits, including cognitive, learning, and social-behavioral disabilities [1]. White matter
injury is the predominant form of brain injury in survivors of preterm birth, resulting
from preterm-birth-associated perinatal inflammatory and hypoxic-ischemic insults due to
clinical scenarios, such as chorioamnionitis, neonatal sepsis, pulmonary immaturity, and
perinatal hemodynamic instability [2]. Preclinical and clinical studies emphasize the impor-
tance of numerous perinatal hits in the etiology of WMI, with initial insults sensitizing the
developing brain to subsequent injury [2,3].

Whereas large foci of necrosis were commonly identified in preterm white matter
injury tissue prior to 2000, thanks to advancements in obstetric and neonatal care, diffuse
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non-necrotic lesions have become the predominant disease pathology in recent decades [4].
These diffuse lesions are best characterized histopathologically by the presence of reactive
astrocytes and microglia, disrupted maturation of pre-oligodendrocytes, and consequent
myelination failure [1]. While subsequent dysmaturational events lead to long-term abnor-
malities in brain development, including gray matter abnormalities, in the acute phase,
cortical gray matter, as well as axons, are generally spared [1].

The key to understanding the pathophysiology underlying these diffuse white matter
lesions is the maturation-dependent vulnerability of the oligodendrocyte lineage [5,6]. Sus-
ceptibility to preterm white matter injury peaks between 23 and 32 weeks postconception, a
period during which the pre-oligodendrocyte (pre-OL), a pre-myelinating oligodendrocyte
progenitor, predominates in human cerebral white matter. Compared with earlier and later
developmental stages of the oligodendrocyte lineage, the pre-OL is highly vulnerable to
oxidative stress [2,6]. The temporal appearance and spatial distribution of this cell type cor-
relate with the magnitude and location of WMI in humans and in experimental studies [5].
Taken together, the evidence thus far generates a working hypothesis of disease pathogene-
sis in which multiple perinatal insults during the vulnerable phase of oligodendrocyte cell
lineage development generate reactive glia and impair oligodendrocyte lineage maturation.
The result is long-term myelination failure and dysmaturational events, culminating in a
spectrum of motor, cognitive, and behavioral disabilities [1].

Despite years of study, the molecular underpinnings of white matter injury remain
incompletely understood, therapeutic windows are poorly defined, and therapeutic options
are extremely limited [1,3,7]. Given the evident paucity of human pathologic specimens
from affected infant brains available for research, reliance on experimental models that
reproduce key features of human disease is even greater than in other areas of study.
Numerous mammalian models (mouse, rat, sheep, and non-human primate) have been
developed to study white matter injury disease mechanisms and potential therapeutic
interventions [8-14]. Many of these models have been developed to model the focal cystic
necrosis produced by earlier WMI. Murine models that reproduce the two-hit etiology of
WMI and produce lesions mimicking diffuse white matter injury are needed to ensure rele-
vance to contemporary disease patterns and to allow the incorporation of molecular genetic
tools established in mice. Here, we present a mouse model of acute diffuse perinatal white
matter injury based on a two-hit hypoxic-inflammatory insult during the period of pre-OL
predominance in murine white matter corresponding to 23-32 weeks postconception in
humans [15]. Our model generates reactive changes in astrocytes and microglia, pre-OL
maturation failure, defects in myelination, and behavioral deficits in the absence of cystic
white matter lesions or extensive primary gray matter injury, thus recapitulating multiple
key features of human acute diffuse WMI.

2. Materials and Methods
2.1. Animals

All animal procedures were approved by the Veterinary Department of the Canton of
Bern, Switzerland (Protocol reference number: BE19/85), and the animals were maintained
under standard housing conditions.

2.2. Animal Model

C57BL/6 mouse pups on postnatal day (P) 2 weighing 1.5-1.8 g were randomly
divided into injured and control group. Lipopolysaccharide (LPS; Escherichia coli strain
O55:B5, Sigma Aldrich, St. Louis, MO, USA) was diluted in sterile saline to a working
concentration of 0.2 mg/mL, and injected at a dose of 2 mg/kg subcutaneously (s.c.)
between the scapulae. Healthy control pups received an equivalent weight-adjusted saline
injection. Following injection, pups were returned to their home cages. Hypoxia (8%
0,/92% Ny, 3 L/min) was performed 6 h after LPS injection in a temperature-controlled
isolette (34 °C) for 25 min under continuous O, monitoring. Healthy control pups were
removed from dams and exposed to room air during this time (Figure 1). LPS dose and
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hypoxia duration were titrated to optimize for significant myelination defects and minimal
animal mortality.
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Figure 1. Murine 2-hit inflammatory-hypoxic model for acute diffuse perinatal white matter injury.
WMI was induced in postnatal day 2 (P2) mice pups by s.c. injection of LPS, followed by exposure
to hypoxia for 25 min 6 h later. PCW, postconception week; ED, embryonic day; P, postnatal day.
Created with BioRender.com with data from [8].

2.3. Tissue Preparation

Mice pups at P3 (1 day post injury, 1 dpi) and P4 (2 days post injury, 2 dpi) were
euthanized using rapid decapitation. Brains were removed and directly fixed in 4%
paraformaldehyde (PFA) for 20 h at 4 °C. Mice pups at P11 (9 days post injury, 9 dpi)
were euthanized with a terminal dose of sodium pentobarbital (150 mg/kg body weight,
i.p.; Esconarkon, Streuli Tiergesundheit AG, Switzerland) and transcardially perfused with
phosphate-buffered saline (PBS). Brains were fixed in 4% PFA for 22 h at 4 °C. Following
fixation, brains were transferred to PBS. Following removal of the cerebelli and olfactory
bulbs, brains were dehydrated through sequential emersion in ethanol and xylene and
embedded in paraffin. Brains were sectioned into 6 uM slices using an HM 340E rotary
microtome (Thermo Fisher Scientific, Waltham, MA, USA). Brains were sectioned in the
coronal plane at the level of the hippocampus corresponding with provided illustrations.
This plane was chosen because it allows analysis of the corpus callosum, as well as the inter-
nal capsule, regions typically affected in human WMI. Sections outside of this plane or that
exhibited lost tissue integrity were excluded from our analysis (Supplementary Table S1).

2.4. Hematoxylin and Eosin (H and E) Staining

Paraffin-embedded tissue sections were deparaffinized and rehydrated. Tissue sections
were then immersed in Mayer’s hematoxylin (Sigma Aldrich) for 12 min, washed with tap
water for 2 min, immersed in eosin (Sigma Aldrich) for 1 min, and washed quickly in 95%
ethanol. Tissue sections were then dehydrated by immersion in serial baths of increasing
ethanol concentrations, followed by clearing in xylene twice and mounting using Eukitt.

2.5. Histologic Analysis

Paraffin-embedded H-and-E-stained control and injured brains were evaluated by a
blinded neuropathologist for the presence of macro- and microscopic cystic lesions (micro-
cysts, previously defined as focal lesions with a diameter of approximately 1 mm) [16,17].
At least 2 brain sections per animal were examined.
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2.6. Immunohistochemistry

Paraffin-embedded tissue sections were deparaffinized and rehydrated. Sections were
then heated in a pressure cooker in 0.1 M sodium citrate buffer for 12 min for antigen
retrieval. Sections were washed with Tris-buffered saline (TBS) Tween® 20 (Sigma Aldrich)
and blocked with 10% goat serum and 1% bovine serum albumin (BSA) (Sigma Aldrich) in
TBS for 1 h at room temperature. Subsequently, sections were incubated overnight at 4 °C
with primary antibodies against the following proteins: Olig2 (1:200, ab109186, Abcam,
Cambridge, UK), Ki67 (1:100, 550609, BD, Pharmingen, BD Biosciences, Franklin Lakes,
NJ, USA), CNPase (1:200, c5922, Sigma Aldrich), NG2 (ab5320, 1:100, Milipore, Merck
KGaA, Darmstadt, Germany), MBP (1:200, ab40390, Abcam), Ibal (1:2000, ab178846, Ab-
cam), GFAP (1:500, mab360, Millipore), and NF200 (1:1000, smi31r100, Novus Biologicals,
Centennial, CO, USA). After washing, the sections were incubated with the appropriate
secondary antibody, either Alexa fluor® 488-conjugated or Alexa fluor® 594-conjugated
(Thermo Fisher Scientific), for 1 h at room temperature in the dark. The tissue was counter-
stained with 4/,6-diamidino-2-phenylindole (DAPI) (Sigma Aldrich). NF200 stains were
incubated with peroxidase-labeled secondary antibody (1:100; DAKO, Glostrup, Denmark),
followed by diaminobenzamidine and EnVision+ System HRP (DAKO) for visualization.
The tissue was counterstained with hematoxylin. Cell death was quantified using a ter-
minal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) in situ cell death
detection kit (TMR rot, Sigma Aldrich). Blocked sections were stained according to the
manufacturer’s protocol (Chapter 3.3.4, Version 17, Sigma-Aldrich). After TUNEL staining,
sections were stained with primary antibodies against the oligodendrocyte marker Olig2
(diluted in 10% goat serum and 1% BSA in PBS; incubated overnight at 4 °C). Sections
were then incubated with Alexa fluor® 488-conjugated secondary antibody (Thermo Fisher
Scientific) for 1 h at room temperature and then counterstained with DAPIL

2.7. Image Analysis

All quantifications were carried out blinded to the experimental group. Images were
either acquired with a DM6000 B microscope (Leica Microsystems, Wetzlar, Germany) or
scanned using a Panoramic 250 Flash II slide scanner (3DHISTECH, Budapest, Hungary).
The regions of the corpus callosum, globus pallidus and internal capsule, and cerebral
cortex were outlined. For quantification of Ki67, TUNEL, CNPase, and NG2, cells were
counted manually within the region of the corpus callosum. For MBP and GFAP, staining
was quantified using Image] Software v1.47 (Rasband, W.S., National Institutes of Health,
Bethesda, MD, USA, http://imagej.nih.gov/ij (accessed on 4 February 2022). Briefly, using
a custom macro, the signal area within the brain region of interest and above a defined
signal threshold was quantified as the percentage of the defined area. For Ibal staining,
cells were counted manually in each region of interest. The reactivity index was quantified
in a multistep process according to [18]. Briefly, using a custom Image J macro, we first
determined a signal area at a signal threshold of 40 (approximation for the whole cell area).
Subsequently, a second signal area (approximation for the cell body area) was determined
at a signal threshold of 90, a minimum size of 150 pixels, and a circularity index of 0.1-1.
Cell body fraction was defined as the cell body area divided by the whole cell area. For IHC
experiments, two brain sections were quantified and the results averaged to generate each
datapoint. In rare cases, we were only able to quantify IHC results for one brain section
because of insufficient tissue preservation.

2.8. Hindlimb Foot Angle

Foot angle was measured in video recordings of walking pups (13 days post injury,
13 dpi) by drawing a line from the center of the heel through the middle (longest) toe. The
measurement was only performed when a pup took a full step in a straight line, and both
hindfeet were flat on the ground. Three to five foot angles were measured, and the average
angle was calculated for each pup [19].
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2.9. Rotarod

Motor coordination and balance were determined in a rotarod test for injured and
healthy control mice (28 days post injury, 28 dpi). Mice were trained on one day to remain
on a rotating rod (five rotations per minute (rpm)) over a five-minute period. The following
day, the rotational speed was increased continuously from 15 to 33 rpm, alternating between
forward and reverse rotation modes. Trials were terminated when the mice fell off the
rotarod, clung to the bar for two full rotations, or remained on the bar for five minutes.
The procedure was repeated for a total of three trials, each separated by 15 min. The mean
latency to fall was analyzed.

2.10. Novel Object Recognition

A novel object recognition task was used to assess recognition memory at 28 dpi [20].
Mice were placed in an open field where two identical objects were placed. Four hours later,
one object was replaced by a new one at the same position, and the mice explored the open
arena in the presence of both the new and a familiar object. The total time spent exploring
the objects was limited to 20 s, with a maximum time of 10 min. Object types were placed
on a randomly assigned side (left or right) of the o