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Uncontrolled repetitive generalized tonic-clonic seizures (GTCS) are the main risk factor
for sudden unexpected death in epilepsy (SUDEP). GTCS can be observed in models
such as Pentylenetetrazole kindling (PTZ-K) or pilocarpine-induced Status Epilepticus
(SE-P), which share similar alterations in cardiac function, with a high risk of SUDEP.
Terminal cardiac arrhythmia in SUDEP can develop as a result of a high rate of hypoxic
stress-induced by convulsions with excessive sympathetic overstimulation that triggers
a neurocardiogenic injury, recently defined as “Epileptic Heart” and characterized by
heart rhythm disturbances, such as bradycardia and lengthening of the QT interval.
Recently, an iron overload-dependent form of non-apoptotic cell death called ferroptosis
was described at the brain level in both the PTZ-K and SE-P experimental models.
However, seizure-related cardiac ferroptosis has not yet been reported. Iron overload
cardiomyopathy (IOC) results from the accumulation of iron in the myocardium, with high
production of reactive oxygen species (ROS), lipid peroxidation, and accumulation of
hemosiderin as the final biomarker related to cardiomyocyte ferroptosis. Iron overload
cardiomyopathy is the leading cause of death in patients with iron overload secondary to
chronic blood transfusion therapy; it is also described in hereditary hemochromatosis.
GTCS, through repeated hypoxic stress, can increase ROS production in the heart
and cause cardiomyocyte ferroptosis. We hypothesized that iron accumulation in the
“Epileptic Heart” could be associated with a terminal cardiac arrhythmia described in the
IOC and the development of state-potentially in the development of SUDEP. Using the
aforementioned PTZ-K and SE-P experimental models, after SUDEP-related repetitive
GTCS, we observed an increase in the cardiac expression of hypoxic inducible factor
1a, indicating hypoxic-ischemic damage, and both necrotic cells and hemorrhagic areas
were related to the possible hemosiderin production in the PTZ-K model. Furthermore,
we demonstrated for the first time an accumulation of hemosiderin in the heart in the
SE-P model. These results suggest that uncontrolled recurrent seizures, as described
in refractory epilepsy, can give rise to high hypoxic stress in the heart, thus inducing
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hemosiderin accumulation as in I0C, and can act as an underlying hidden mechanism
contributing to the development of a terminal cardiac arrhythmia in SUDEP. Because iron
accumulation in tissues can be detected by non-invasive imaging methods, cardiac iron
overload in refractory epilepsy patients could be treated with chelation therapy to reduce

the risk of SUDEP.

Keywords: SUDEP, epilepsy, heart failure, iron overload cardiomyopathy, ferroptosis

INTRODUCTION

Sudden unexpected death in epilepsy (SUDEP) is the single
leading cause of premature death in people with epilepsy,
affecting ~1 in 1,000 patients (1). One of the most important
clinical risk factors related to SUDEP is a high frequency
of uncontrolled generalized tonic-clonic seizures (GTCS) that
result in an increased risk of death in patients with refractory
epilepsy (2-4).

Although the mechanism that triggers sudden death is
unknown, several lines of evidence suggest that SUDEP could
be due to a terminal cardiac arrhythmia as a consequence of
a highly frequent seizure-triggered hypoxic-stress plus excessive
sympathetic overstimulation that triggers neurocardiogenic
injury and affects electrical properties of the myocardium
resulting in a propensity for severe bradycardia, and fatal cardiac
arrhythmia (5). In this sense, the alteration in cardiomyocytes
such as vacuolization and nucleus displacement by vacuole was
described as a reversible pathological condition.

However, diffuse interstitial fibrosis with multiple areas of
cardiomyocyte replacement by connective tissue and perivascular
fibrosis were also observed and interpreted as irreversible
pathological changes (6). Although, cardiac fibrosis was reported
to be more frequently detected in SUDEP cases, a more
recent study demonstrated that this cardiac pathology was
less severe in SUDEP cases than sudden arrhythmic death
(7). The lower level of cardiac damage observed in SUDEP
suggests that sudden death is not primarily related to anatomical
abnormalities but to functional abnormalities secondary to
chronic and persistent hypoxic stress. In this way, exceeding a
cumulative stress threshold, a further seizure could trigger a fatal
cardiac arrhythmia.

In this regard, autonomic cardiac neural discharges have
been characterized after pentylenetetrazol (PTZ)-induced
epileptogenic activity (8). In this sense, cardiac hypertrophy
seems to be related to the autonomic changes that arise from
seizures, suggesting that the heart could be structurally affected,
as observed in a chronic epileptic rat model (9). Structural
cardiac pathologies can provide more insight into the SUDEP
heterogeneous mechanisms (10).

Experimental data obtained from a Dravet Syndrome model
showed that cardiomyocytes exhibited increased excitability,
prolonged action potential duration, and triggered activity. In
this model, continuous radiotelemetric electrocardiographic
(ECG) recordings showed QT-interval (QT) prolongation,
ventricular ectopic foci, idioventricular rhythms, beat-to-
beat variability, ventricular fibrillation, and focal bradycardia

that were associated with spontaneous deaths in mice (11).
Accordingly, QT prolongation and heart rate alteration were
reported after a single pilocarpine-induced status epilepticus (SE)
in rats, whereas subsequent SE was associated with an increased
SUDEP frequency and a worsening of electrophysiology
(12). Furthermore, upregulation of P-glycoprotien (P-gp)
and downregulation of inward-rectifier potassium channels
(Kir) have been proposed to alter the electrical properties
and contractibility of cardiomyocytes (13, 14). It has recently
been demonstrated that the expression of ubiquitin-specific
peptidase 15 (USP15) was upregulated in a PTZ-kindled (PTZ-
K) rat model of epilepsy. USP15 upregulation was associated
with increased levels of intracellular reactive oxygen species
(ROS) and enhanced superoxide dismutase (SOD) activity
(15). SOD, which converts superoxide (O, ) into hydrogen
peroxide (H,0,) and dioxygen (O), can act through a reaction
called disproportionation as the front line of defense against
ROS-mediated injuries (16).

Oxidative stress is assumed to be a major factor in IOC.
Reduced free iron ions (Fe*") participate in the ROS formation
via Haber-Weiss and Fenton reactions. Because cardiac tissue
contains high levels of functional L-type voltage-gated Ca?"
channels, hypoxic conditions can turn cardiac tissue especially
susceptible to free iron overload (17, 18). Additionally, divalent
transporters such as the zinc transporter ZIPg and ZIP;4 provide
an active pathway for Fe?* entry that can lead to multiple
deleterious effects (19, 20). In a hypoxia-inducible factor la
(HIF-1a)-dependent manner, hypoxia will also upregulate the
expression of transferrin receptor (Tfr-R) through which more
iron will enter the cell, resulting in various structural damage and
functional alterations, such as impaired excitation contraction
coupling. Furthermore, impaired relaxation and subsequent
contractility, lipid peroxidation, mitochondrial dysfunction with
reduced ATP production, and direct DNA damage can be
observed (17, 21). In this regard, a feedback mechanism has
been described between the participation of oxidative stress with
inflammation and excitotoxicity in refractory epilepsy (22, 23).
We suspect that those could also be present in the heart as a
consequence of repetitive and/or severe seizures.

These functional changes were also described in conditions
of cardiac hypoxia, where the oxidative environment promotes
iron deposition that is associated with a slow mechanism of cell
death called ferroptosis (24). We hypothesize that in refractory
epilepsy, recurrent episodes of hypoxia and oxidative stress will
induce a progressive accumulation of iron in cardiomyocytes as
a ferroptosis hallmark of Iron Overload Cardiomyopathy (IOC)
and propensity to terminal cardiac arrhythmia associated with
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SUDEP. The aim of this study was to evaluate the presence of
hemosiderin deposits in the heart in an experimental model of
SUDEP secondary to SE.

MATERIALS AND METHODS

Experimental Model

Pentylenetetrazole Kindling Model

The PTZ-K epilepsy model was induced using an established
protocol (25). The rats were injected intraperitoneally with a
subconvulsive dose of PTZ (35 mg/kg) three times a week
(Monday, Wednesday, and Friday) for 1 month until kindling
occurred. After each injection, the rats were placed alone in an
isolated transparent Plexiglas cage and their convulsive behavior
was independently monitored for 30 min. Records were blindly
analyzed to determine seizure stage, onset latency, and duration.
Seizure severity was scored using Racines classification (25)
as follows: no response (Score 0); facial movements, ear, and
whisker twitching (Score 1); myoclonic convulsions without
rearing (Score 2); myoclonic jerks, upright position with clonic
forelimb convulsions (Score 3); clonic-tonic convulsions (Score
4); generalized clonic-tonic seizures with loss of postural control
(Score 5) and finally death (Score 6).

Lithium-Pilocarpine Paradigm

SE was induced weekly for 3 weeks as previously described (12).
Briefly, 200-250 g male Wistar rats were maintained at 20-25°C,
60% humidity, 12/12 h light/dark cycle, and food ad libitum. Rats
were administered lithium chloride (33 mEq/kgi.p.) 18 h prior to
pilocarpine treatment (30 mg/kg i.p.). Convulsive behavior was
assessed using the Racine scale described above and only animals
that were kept for at least 5 min with GTCS were included in this
study. SE was limited with diazepam (20 mg/kg i.p.) at 20 min.
All rats were supplied with 1 ml of H,O i.p. every 12h. The rats
were allowed recovery periods of 48 h after SE in which vital signs
were closely monitored.

Tissue Preparation

Fixation and Cryostat Preservation

Animals exposed to the pilocarpine paradigm were routinely
fixed as previously described (12). Briefly, the rats were
anesthetized with ketamine/xylazine (k/x: 90/10 mg/kg, i.p.).
After thoracic surgery, the heart was exposed and the blood
was then flushed by perfusion from the left ventricle using a
21G butterfly needle. Reverse circulation was achieved by cutting
the right atrium and then applying 60 ml of saline plus heparin
(50 UI/ml). A first fixation step was carried out applying 60 ml
of 4% paraformaldehyde (PFA) in cold phosphate buffer saline
(PBS). The final fixation step was performed using 300 ml of
4%PFA applied by gravity. After fixation, hearts were removed
and fixed after 12 h and then washed with PBS. Finally, the hearts
were snap-frozen and stored at —20°C until cryostat processing.
Frozen hearts were serially cut into 30-micron coronal sections
and then placed into one of 20 slices each. In this way, each slice
contains a section separated by 600 microns.

Fixation and Paraffin Inclusion

Tissue samples obtained from rats exposed to the kindling model
were determined with a 10% formaldehyde solution for use in
histological examinations. After the detection process, routine
tissue follow-up steps were applied to the tissues and embedded
in paraffin to perform the paraffin blocks (10).

Cytochemistry

Perls Staining

Slices containing a 30 um thick frozen section at the coronal
incidence were used for iron deposition determination. One
out of 10 consecutive sections was stained and analyzed for
hemosiderin aggregates. Briefly, the slices were incubated with
a solution of 10 g/l potassium ferrocyanide in 0.1 mol/l HCl
for 10 min at room temperature. Then the slices were washed
well under running tap water for at least 20 min. The slices were
contrast-stained using a dilute safranin solution (1% v/v) for
1 min. To prevent false-positive Perls staining, all materials used
in this technique were washed with 1 M HCl for 24 h.

Hematoxylin-Eosin Staining

Tissue sections (5pm) were obtained from the paraffin blocks
and then placed on polylysine-coated slices for morphological
analysis. The prepared slides were left in the oven for a certain
period using standard histological methods as described in
Akyuz et al. (10). Xylene and paraffin were removed and passed
through a graded alcohol series and diluted. After being covered
with Entellan® (107,960 Sigma-Aldrich), cardiac tissues were
examined with the Olympus BX53 microscope. With the Image]
program, 25 cell lengths from each group were measured.

Immunohistochemistry

The Avidin-Biotin-peroxidase method was used
immunohistochemically for the determination of cardiac
anti-HIF-1a ([Hlalpha67] (abl) Abcam) immunoreactivity.
The 5pm thick sections taken from paraffin blocks were kept
in an oven at 60°C overnight and then passed through xylene
and decreasing graded alcohol series. Then, after washing with
distilled water, it was treated with citrate buffer for antigen
recovery. Hydrogen peroxide was applied after washing with PBS
and the Large Volume Detection System kit (NB100-479, Novus
Biologicals, USA) was used. After that, serum block application
was performed for 5 min. After blocking the serum, HIF-1a was
applied at 4°C overnight as the primary antibody. Secondary
streptavidin-HRP (TP-125-HL; Thermo Scientific) and DAB
chromogen with Biotin were applied, contrast staining with
Gill Hematoxylin. Finally, it was passed through the gradually
increasing alcohol-xylene series and closed with Entellan. Images
obtained with the DP71 digital camera under the Olympus BX53
brand light microscope were analyzed for image differences
using Image J 1.48v software.

Data and Statistical Analysis

The free software of the National Institute of Health Image-J
was used to measure the immunoreactivity of 25 areas of the
images taken from the 5 preparations of each group. In the same
way, the length of 25 cardiomyocytes per group was analyzed.
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The positive Perls reactions of 15-30 non-consecutive coronal
sections were analyzed for each heart in the control and three SE
groups. The Graphpad Prism 8.0 program was used for statistical
analysis. Results are shown as the mean standard deviation. The
independent sample T-test was used for intergroup comparison.
A statistical value of p < 0.05 was considered significant.

RESULTS

Pentylenetetrazol Kindling Model

After the 13th PTZ injection, all rats developed chronic epilepsy-
like behavior with spontaneous generalized tonic-clonic seizures
(stage 5). The mean degree of phase of all injections was 5.31 +
0.58 and the duration of the seizures was 308 £ 95s. Moreover,
we did not observe a significant difference in body weight
between the corresponding experimental group. Cardiomyocytes
showed a clear difference in HIF-1a immunoreactivity between
the control group and the kindled group. The HIF-la
immunoreactivity increased in the cardiomyocytes from 81.58
+ 10.12 um? -control- to 117.39 % 5.69 pm? -kindling- (p =
0.0001) (Figure 1). This result is in the same way as our previous
report on HIF-la immunoreactivity in cardiomyocytes under
SE (12).

Furthermore, we found morphological differences between
the cardiomyocytes of the controls and the kindled rats
(Figure 2). PTZ treatment increased cardiomyocyte length by
~20% (26.60 £ 5.02 um -control- vs. 32.29 4 6.35 pum - kindled
- p = 0.003). Additionally, in the rat heart of the PTZ-K model,
large hemorrhagic areas (Figure 2 black arrows) and necrotic
cells (Figure 2 yellow arrows) were observed. Interestingly, both
morphological alterations are related to iron deposits such as
hemosiderin accumulation (26).

Status Epilepticus Induced by the

Pilocarpine Paradigm

Taking into account that the kindling model induces hypoxic
cardiac stress similar to that we previously reported under SE
(12), we analyzed the iron deposition in the heart after severe
convulsive stress produced by three consecutive weekly-induced
SE. We used Perls staining to visualize the iron deposit as a
blue precipitate (Figure 3) and found 2.5 folds that increased a
positive blue mark (18.33% +9.28 -control- vs. 48.39% £6.73—3
SE- p = 0.0427).

DISCUSSION

Sudden unexpected death in epilepsy is the most important
cause of death in people with epilepsy. Although different
conditions that predispose to SUDEP have been described,
clinical and experimental studies show that high frequency of
GTCS is the most important risk factor, which explains why
refractory epilepsies have a higher risk of SUDEP. Despite the
fact that SUDEP is assumed to be a neurocardiorespiratory
injury, the intrinsic mechanism that triggers sudden death
is still unknown. Additionally, obstructive apnea has also
been proposed as a key factor because of ictal involvement
of brainstem structures producing laryngospasm (27, 28). In

this sense, it has recently been reported that an oxygen-rich
atmosphere, as well as selective serotonergic reuptake inhibitors,
could prevent seizure-associated death and lead to a recovery of
respiratory function after the seizure in mice (29). In association
with these experimental data, a clinical study called MORTEMUS
(Mortality Monitoring Unit Study in Epilepsy) suggests that
the potential SUDEP mechanism could be centrally mediated
and, therefore, alter respiratory and cardiac functions as a
consequence of GTCS (30). Furthermore, some controversial
concepts between SUDEP and sudden cardiac death during
epilepsy have yet to be resolved.

In a previous report we described for the first time, a
direct relationship between repetitive seizures with progressive
P-gp overexpression in the heart and brain parenchyma, which
is associated with SUDEP (14). Later we also described that
repetitive convulsive stress acts as a general hypoxic condition
that promotes P-gp overexpression associated with HIF-la
nuclear translocation in both the heart and brain parenchyma
(12, 31). In the same way, in an independent experiment, we
also showed that epileptic/hypoxic stress reduces the expression
of the inward rectifier potassium channel 3.1 (kir3.1) (32),
and we speculated that the inverse relationship between the
expression of P-gp and Kir3.1 could be in part responsible for
the depolarization of the cardiomyocyte membrane, and the
aforementioned arrhythmia (13). Recent studies have shown
that the mTOR pathway can also play an important role in
SUDEP-associated cardiac disturbance in a HIF-la-dependent
manner (33).

In the present research, we show evidence that subconvulsive
PTZ doses applied in a kindling model promoted cardiac
hypoxic stress by increasing the HIF-1a stabilization in a similar
way to that previously observed in SE (12). In addition, large
hemorrhagic areas were observed. Some experimental and
clinical studies have shown that intramyocardial hemorrhage
often occurs in acute myocardial ischemia-reperfusion or
infarction, resulting in iron accumulation and hemosiderin
deposits that can be detected by magnetic resonance imaging
with a long-lasting persistence (34-37). Likewise, we reported
cardiomyocyte hypertrophy that could indicate overstimulation
of the sympathetic system, as is also observed in chronic
arterial hypertension, acute myocardial infarction, genetic
cardiomyopathy, myocarditis, heart valve disease, thyroid
disorders, obesity, diabetes, aging, among others (38).
Interestingly, cardiomyocyte hypertrophy along with decreased
gap junction and mitochondrial dysfunction was described
as the most common cause of cardiac-related sudden death
(39). Furthermore, the imbalance of iron metabolism and
oxidative stress are also major factors for the evolution of
cardiac hypertrophy, cardiac arrhythmia, and aging-associated
pathological changes in the heart (40).

Additionally, convulsive/hypoxic stress will promote a tissue
oxidative environment with ROS formation associated with free
Fe™2, the Haber-Weiss and Fenton reactions, and iron overload
as the main mechanism of cell death, called ferroptosis, that
leads to tissue injury (24). This altered iron homeostasis allows
uncontrolled entry and deposition of iron into different organs,
including the heart, and leads to progressive damage with severe
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FIGURE 1 | Hif 1-a immunoreactivity staining images and graphics. Immunoreactive areas are shown with a black arrow. Compared with the control, 2p < 0.05 was
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FIGURE 2 | Plots of Hematoxylin-eosin staining image and cardiomyocyte length. Necrotic cells are shown with a yellow arrow and hemorrhagic areas with a black
arrow. Compared with the control 2p < 0.05 was considered significant.
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FIGURE 3 | Iron deposition in cardiomyocytes. (A) Micrograph at x400 showing cardiomyocites (red) and iron deposition (blue). (B) Quantitation of positive iron
deposition in myocardial coronal sections of four rats after the third SE *p < 0.05.
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Cardiac Ferroptosis

failure of affected organs (41, 42). Moreover, heme metabolism
after tissue hemorrhage will produce hemosiderin accumulations
for prolonged periods (43). Based on the different mechanisms
described for cell death, ferroptosis is characterized by iron
accumulation with deleterious effects on the functions of cells
or organs.

In this scenario, the hemosiderin deposits could be interpreted
as an iron-scar indicating the site where a cell has died, after
severe ischemia-reperfusion and oxidative stress processes. This
complex mechanism could develop in the heart after repetitive
convulsive/hypoxic stress. The finding of hemosiderin in the
cardiomyocytes of our experimental SUDEP model suggests that
ferroptosis has been present as a potential intrinsic mechanism
that led to fatal cardiac arrhythmia (Figure 4) (44).

The accumulation of iron in the myocardium can result in
a heart dysfunction known as “Iron Overload Cardiomyopathy”
(I0C), which mainly described in certain inherited diseases
related to alterations of iron/hemoglobin metabolism
(hemochromatosis and thalassemia major, respectively), as
well as secondary to a high rate of red blood cell transfusions
(45). Furthermore, an adult patient with hereditary spherocytosis

died after atrial tachycardia and cardiogenic shock, and the
endomyocardial biopsy of the right ventricle revealed multiple
myocardial hemosiderin deposits (46). Currently, IOC is
assumed to be the most common cause of mortality in patients
with secondary iron overload and is a major comorbidity in
patients with genetic hemochromatosis (47, 48). IOC has been
characterized by remodeling of the left ventricle (LV) with
chamber dilation and reduced LV ejection fraction (LVEF) (49).
Recently, the concept of “Epileptic Heart” was defined as a
heart and coronary vasculature damaged by chronic epilepsy
as a result of repeated catecholamine surges and hypoxemia
leading to electrical and mechanical dysfunction (50). In the
“Epileptic Heart” syndrome several cardiological anomalies like
ventricular hypertrophy, dilated cardiomyopathy, myocardial
fibrosis, cardiomegaly, structural changes or dysfunction, higher
levels of left ventricular stiffness, left ventricular filling pressures
(by echocardiography), greater left atrial volume determined
(by echocardiography), increased left ventricular filling pressure,
end-systolic diameter, end-systolic volume, atrial fibrillation, and
abnormal cardiac conduction have been reported. Interestingly,
some of these same features were also described in the IOC.
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Based on these data, we wonder if a potential “Epileptic
Heart” might also exhibit iron overload in cardiomyocytes as
described in the IOC syndromes. To our knowledge, this is
the first experimental evidence showing increased iron overload
in rat heart after induced SE, suggesting that repetitive severe
seizures could lead to a fatal IOC-like syndrome.

POTENTIAL CLINICAL APPLICATIONS
RELATED TO THIS RESEARCH

In IOC, iron can be stored in myocytes in the form of ferritin,
hemosiderin, and labile cell iron (free iron), the latter being the
most active, but hemosiderin can be detected by imaging studies
such as the cardiovascular magnetic resonance T2* (CMR-
derived T2*). The increase in heart iron burden is inversely
related to the relaxation time T2*. Thus, T2* values <20 ms,
indicative of myocardial siderosis, have an inverse correlation
with the LVEE while T2* values <10ms, indicative of severe
iron overload, are associated with an increased annual risk
of developing arrhythmias (51, 52). This non-invasive imaging
method has revolutionized the clinical management of patients
with hemoglobinopathies and other iron overload conditions.
CMR-derived T2* enables accurate diagnosis and
quantification of myocardial and hepatic iron deposition,
and hence the tailoring and monitoring of iron chelation
therapy, thereby improving survival as in cases of thalassemia
major (45, 53). Similarly, the topical application of the biological
chelator lactoferrin to ulcerated legs of patients with ulcerative
hemosiderinic dyschromia of chronic venous insufficiency,
significantly reduced hemosiderin deposits, thus favoring
the clearance of the iron deposition in the ulcerated legs
as well as a complete ulcer scarring (54). Consistent with
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