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Abstract

A recent publication in the Canadian Journal of Cardiology has described a case of post-partum heart failure with concomitant hyperthyroidism due to thyroiditis.
In an accompanying Editorial a potential multisystemic nature of both entities was proposed. The hypothesis motivated us to review the relevant literature and to
compare it with our clinical and biochemical concepts of benign thyroid disease. Combining clinical experience in thyroid diseases and deductive analysis of available
biochemical literature we have been able to identify common elements in thyroiditis and post peripartum heart failure that relate them to the basic mechanisms of
heat shock response. In peripartum heart failure, as seen in northern Nigeria, the connection to heat shock is more evident since a special ritual in the post-partum
period in this region consists of exposing the women to whole body heat by means of hot baths (82°C). In thyroid disease heat exposure prior to functional alteration
can be found in single cases. Heat exposure in living systems leads to a heat shock reaction that involves several functional pathways starting with heat shock factor 1,
STAT?3, and the heat shock proteins (hsp). Among the hsp, hsp90 requires ATP to exert its action, i.e. the oxidative phosphorylation respiratory chain (OXPHOS)
must be functioning. Due to the known thermolability of Coenzyme Q10 (CoQ10), OXPHOS will be altered under heat stress conditions resulting in lower levels
of ATP and a higher production of reactive oxidative substances (ROS). The source of ROS can be localized to Complex I, where also CoQ10 is found. Additional
deficiency conditions of magnesium and selenium will contribute to an ineffective OXPHOS and to decreased protection against ROS, respectively. Finally, low levels
of ATP will affect its function as a hydrophore, i.e. involved in maintaining cellular solubility. Potential contributing factors to low magnesium and low CoQ10 levels
is stress. We propose that the link between thyroid and heart disease lies in the common biochemical deficiency condition involving CoQ10, selenium and magnesium.
Heat shock can alter the function of Complex I of OXPHOS due to the known thermolability of CoQ10 and low levels of CoQ10 can consequently result in ROS
production. Decreased ATP production will affect cell solubility and the action of some hsp components. Altered proteins will induce the unfolded protein reaction, where
also ATP supply is necessary. This hypothesis remains to be confirmed by clinical research and biochemical determinations in the field of peripartum heart failure.

potential utility of selenite administration [8]. The aim of this review
was to analyze peripartum heart failure as it was originally described
in Nigeria from the standpoint of a heat shock condition. The obvious
connection to heat shock comes from the ritual use of hot, humid baths
in the post-partum period [9]. While heat exposure is not a recognized
classical cause leading to thyroid disease, we have recently made single
observations that relate this factor to hyperthyroidism. Using power
Doppler sonography [10] distinct changes in thyroid perfusion, that
correspond to deficiency of coenzyme Q10 (CoQ10), can be found.
CoQ10 deficiency can also be encountered during pregnancy, in the

Introduction

The June 2019 issue of the Canadian Journal of Cardiology
published a single case report of post-partum heart failure
with concomitant hyperthyroidism due to thyroiditis [1]. In an
accompanying Editorial, Tremblay-Gravel and Pacheco referring
to a related entity, i.e. peripartum cardiomyopathy, proposed a yet
undefined landscape of multisystemic nature behind both entities
which deserved to be investigated [2]. They expected that potential
therapeutic points could be identified. At the present time, the only
common biochemical finding in both diseases could be low selenium
levels [3,4]. This biochemical feature was the starting point for our
clinical research on benign thyroid disease in 2005. Through a series
of subsequent observational studies, we have recognized that selenium
deficiency is not the single “silver bullet” in the pathogenesis of thyroid
disease. Our present concept considers benign thyroid disease to be the
consequence of a complex biochemical deficiency condition involving
magnesium, selenium and coenzyme Q10 (CoQ10), being indeed
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a multisystemic alteration [4-7]. The scientific interest on selenium
deficiency in relation to peripartum cardiomyopathy in Nigeria has
resulted in the launching of a registry project aiming to evaluate the
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post-partum as well as in patients with concomitant signs of cardiac
insufficiency at the time of the initial diagnosis. Since blood levels of
CoQ10 have not been subject of scientific investigation in postpartum
heart failure we will rely on a theoretical analysis of the heat shock
response in order to attempt to decipher the multisystemic nature of
this entity. We will discuss features shared by post-partum heart failure
and thyroiditis in the light of the original [11] and present descriptions
of the heat shock reaction [12]. The potential general applicability of
this hypothesis will be illustrated by looking at heat stress in the general
working population and especially in relation to competitive sport
venues.

Concise description of the WOMED model of benign
thyroid disease

Our clinically oriented research on benign thyroid disease since
many years has allowed us to propose a disease mechanism of acquired
mitochondrial dysfunction which we called the WOMED model
[6]. The model is based on the identification of changes of thyroid
morphology and perfusion that correspond to a basic mechanism
of thyroid inflammation, i.e. thyroiditis, which in turn shows a clear
relation to specific biochemical deficiencies affecting blood levels
of selenium [4], magnesium and CoQ10 [6,13]. The fundamental
examination of patients with suspected thyroid disease is done with
power Doppler sonography [10]. This simple imaging tool allows the
clinician to recognize the deficiency situations based on the following
perfusion patterns: 1) in magnesium deficiency there is a diffuse,
spot-like increase in perfusion; 2) in CoQ10 deficiency vascularity is
increased and the vessels show an increased diameter; 3) in selenium
deficiency fibrosis of the thyroid can be found. When these basic
biochemical deficiencies have been corrected by supplementation, the
morphological and perfusion alterations of the thyroid gland revert
to normal [7]. Cases that present a fibrosis of the thyroid will not
show improvement. We have learned that selenium supplementation
alone cannot improve the changes seen in the thyroid [14]. Through
a trial and error approach together with scientific deduction we
have designed our current supplementation protocol to include the
following elements: 1) pure magnesium citrate at a dose of 400mg
capsules 6-8 times daily (8.4 - 11.2 mmol of elemental magnesium);
2) selenomethionine 200pg/d, and 3) CoQ10 30 to 60 mg/d [7]. Iron
substitution will be added when ferritin levels are below 20 ng/ml. Most
compliant patients report an improvement in their general condition,
less tiredness, improved sleep and better physical achievement capacity
within 3 to 6 months. Supplementation must be maintained until the
thyroid vascularity changes return to normal, otherwise a rebound
of the condition can occur. Severe cases presenting concomitantly
characteristics of the burn-out syndrome [15] need a longer period
of supplementation and might also profit from the addition of an
adaptogen in the form of an herbal supplement [16,17]. One drawback
of this supplementation approach is the lack of financial refund from
the state medical insurance system.

On biochemical terms our model considers that the elements
mentioned above contribute to the maintenance of normal
mitochondrial function and in the end of energy production [18]. The
interactions can be described as follows: 1) magnesium is essential for
ATP production departing from Mg-ADP [19,20]; 2) selenoproteins
are needed for anti-oxidative protection especially via glutathione
peroxidase (GPX) as well as for thyroid hormone conversion in the
periphery [21]; 3) CoQ10 is needed for the correct function of Complex
I of OXPHOS [22,23] and has a clear influence on vascular morphology
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[24] and oxidative stress [25]; 4) iron is needed for the synthesis of
iron-sulfur clusters [26] which support many mitochondrial functions
and specifically those of Complex I [27,28]; 5) intracellular magnesium
correlates with selenium levels; and 6) conservation of CoQ10 via in-
vivo recycling is a process that needs selenium in the form thioredoxin
reductase (TrxR1) [29].

Implicit relation between peripartum heart failure in
nigeria and heat stress

The clinical picture of peripartum heart failure has been described
since more than a century. In 1849 Ritchie reported the case of
peripuerperal heart affections (Case 6 of the series in [30]). Porak
described a similar situation in 1880 [31]. In 1937 Gouley reviewed
the literature available at that time commenting on “an idiopathic
myocardial lesion associated with the puerperium” [32]. In 1974 a
detailed clinical description of peripartum cardiac failure in Nigeria
was provided by Davidson, Trevitt and Parry [33]. The authors
described a potential connection to heat stress by stating the following:
“Peripartum cardiac failure (PPCF) is common in Zaria, in northern
Nigeria, but has not been described elsewhere in Nigeria except in
Ibadan. The geographic origin of a series of 224 patients with PPCF
was studied in Zaria, and a survey of the syndrome as seen in hospitals
and by physicians in the northern states of Nigeria was carried out;
information was also gathered from medical and nursing students
from various tribal groups in the same area. It was found that PPCF
is only common in the areas of Hausa majority, mostly around Zaria
and Malumfashi, where the postpartum practices of taking hot baths,
lying on a hot bed, and taking large amounts of kanwa (a lake-salt rich
in sodium) are pursued with great vigour. These customs may impose
a critical load on a vulnerable myocardium, and it seems that tribe
and tradition could well explain the high incidence of PPCF around
Zaria”. At that time the critical load was not further characterized. The
following quotation is taken from another description of this custom
[34]. “There is an ancient area in Northern Nigeria inhabited mainly
by traditionally-oriented natives, mostly Hausas and Fulanis. Women
of these tribes traditionally deliver their babies at home under the care
of midwives, using hospitals only as a last resort. Since cold is thought
to carry puerperal illnesses, it is the practice among these people to
initiate hot baths for mothers immediately after delivery. 2 major
complications of the practice are peripartal cardiac failure and burns.
The case is reported of 1 woman who was taken to a hospital with
superficial burns as a result of the practice. She had continued to follow
this practice despite earlier experience of cardiac failure by doing so.
It may be easier to persuade these natives to use slightly colder water
than to give up completely this entrenched practice.” In 1977 Fillmore
and Parry described the evolution of peripartal heart failure and
concluded that: “It is our postulate that many of our patients develop
failure through a combination of the hot, humid weather aggravated by
the high sodium intake, the prolonged heating, and the repeated hot
baths” [35]. In a study by Ford et al. one can observe the construction
of a traditional hot bath (Figure 2) [36]). According to Mabogunje the
temperature in this setting can reach 82°C [37]. In addition to the hot
baths the women lie on mud beds kept heated by fireworks for 40 to 120
days post-partum [38]. Similar information was provided per email by
Dr. Ayyuba Rabiu as of August 2019 as follows: “The water usually boils
before the hot bath”. Recent epidemiological analyses in 2006 and 2007
have shown that women in Nigeria are still following these practicesin a
high percentage of cases [39,40]. In an updated account of heart failure
in Nigeria in 2018 Saitu et al. described peripartum cardiomyopathy as
the most frequent condition behind heart failure [41].

Volume 3: 2-12



Moncayo R (2020) Understanding the pathogenesis of peripartum heart failure in northern Nigeria based on interactions of external heat stress conditions with
coenzyme Q10, selenium and magnesium - shared biochemical similarities with the pathogenesis of thyroid disease

Selected basic historical observations on heat stress
contributed by Ritossa and complemented by the early
findings of szent-gyorgy on muscular work

The concept of heat shock started from observations made by
Ferruccio Ritossa in 1962 [11]. Ritossa came from the Laboratorio
Internazionale di Genetica e Biofisica, Napoli, Italy and was
participating in a course dealing with the biological action of radiations
held at the Genetics Institute in Pavia and organized by Adriano
Buzzati Traverso. His original publication had the title: “A new puffing
pattern induced by temperature shock and DNP in drosophila”. In
his experiments the temperature was set at 30°, and the exposure time
to 30 minutes. Ritossa also investigated the actions of 2 substances
known to interfere with the function of oxidative phosphorylation
(OXPHOS), namely salicylate and 2-4 dinitrophenol (DNP). Ritossa
was able to demonstrate that both substances could also produce the
heat effect. His own account 34 years later [42] included the following
description: “I cannot remember whether it was John Pulitzer or
Inge or Clara Ghini or Giordano who shifted the temperature of my
incubator, but one day I noticed a different puffing pattern! I calculated
the right conditions for the shift and observed new RNA synthesis. I
was impressed by the rapidity with which new RNA was synthesized:
just 2-3 minutes! Similar puffs were also present in malpighians and
gut polytene chromosomes, while those present before were shut off.
Then I remembered the Szent Gyorgyi book and wondered whether
heat might destroy the ice structure of water around the proteins of the
electron transport chain, which would cause uncoupling of oxidative
phosphorylation. I immediately did the experiments and observed that
uncouplers of ATPase, such as dinitrophenol and salycilate, as well as
recovery from anoxia, induced the activation of the same new genes. It
does not matter if this interpretation was true or false; it was a working
link between imagination and reality, like love”.

The inclusion of elements from the work of Albert Szent-Gyorgyi
extended significantly the original setting of heat shock research.
Szent-Gyogyi begins Section 1 of his book defining the central problem
as follows: “...how does energy drive life? How does it move the living
machine? [43]. He described an experiment where he observed the
contractility of a muscle strip taken from the psoas muscle of the rabbit.
The muscle strip had been placed in diluted glycerol and kept in deep
freeze afterwards. The muscle contracted after bringing the muscle
strip to room temperature and adding “a little Mg and ATP”. Studies
made by Gabai and Kabakov have shown that ATP depletion induced
by rotenone, another respiratory inhibitor, is also a situation that
induces a stress reaction [44]. When rotenone and thermal treatment
were applied at the same time, cell viability decreased significantly.
Transient ATP depletion resulted in protein aggregation. These
experiments show the important interrelation of ATP with heat shock
proteins (hsp). At the same time, it has to be reminded that problems
of protein aggregation have to be dealt by the endoplasmic reticulum
in the context of the unfolded protein response [45-47], a reaction that
also requires ATP [48]. In view of these concepts, we can state that
Ritossa observed the effects of an external heat source which led to the
heat shock and the unfolded protein reactions. A modern view of heat
shock response includes more noxious elements besides heat exposure.
Trautinger provided the following description: “All organisms respond
to sudden environmental changes with the increased transcription
of genes belonging to the family of heat shock proteins (hsps). Hsp-
inducing stress factors include elevated temperatures, alcohol, heavy
metals, oxidants, and agents leading to protein denaturation. The
induction of heat shock proteins is followed by a transient state of
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increased resistance to further stress and the heat shock response is
generally thought to represent an evolutionary conserved adaptive
mechanism to cope with hostile environmental conditions” [49].
Modern knowledge of the complex processes involved in the hsp
response describes essential interactions with ATP in the case of ATP-
dependent hsp chaperones [12,50]. Alteration in protein structure will
also involve the repair mechanisms of the unfolded protein response
[51]. Details of these specific biochemical processes can be found in the
cited literature.

A hot look at the environment - some effects of heat
stress on mitochondria with special emphasis put on
complex I of OXPHOS

In our opinion, the most compelling evidence on the influence of
heat stress on mitochondrial function comes from the known thermo-
lability of Complex I and especially of CoQ10 [52]. Under experimental
conditions Pobezhimova et al. have shown that heat stress affects
the function of Complex I the main change being the inactivation
of Complex I [53]. A similar result of altered function of Complex I
through heat exposure has been reported by Ludwig et al. in a system
that used beef heart mitochondria [54]. The isolated CoQ10 substance
also shows lability in relation to heat stress at 45° to 55°C [55]. A
decrease in the levels of CoQ10 will alter and diminish the function
of Complex I of OXPHOS. Mitochondria lacking CoQ10 will then
produce more ROS. If this occurs in the heart, then heart function will
be compromised. Already in 1999 Ide et al. proposed that Complex I
could be the source of ROS in the failing heart [56]. The heart is indeed
the organ with the highest CoQ10 content in the body and low levels of
CoQ10 can consequently affect cardiac function [57]. A similar situation
can be expected in conditions such as cardiomyopathy [58]. Recently
2 publications have looked at cardiac disease and heat stress. Ranek et al.
described changes of heat shock proteins in heart failure pointing towards
the increased expression of hsp70, hsp90 and BAG-3 [59].

In 2012 Iguchi et al. looked at cardiovascular and hormonal changes
following heat stress in the form of sitting in a heat stress chamber for 30
minutes at 73°C [60]. They demonstrated that this stimulus produced
an elevation of hsp72 as well as of prolactin. The increase in prolactin
levels appears to be related to the endurance capacity in response to
exercise under heat conditions [61]. Heat exposure together with
muscular activity can also affect magnesium in blood inducing a severe
decrease to suboptimal levels [62]. Due to the economic consequences
of loss of productivity following heat stress in cattle this phenomenon
has been an important research topic in the search for counter action
strategies. It has been shown that organic selenium can diminish
oxidative changes seen in cows after heat stress [63]. Grazing cattle in
summer can present heat stress related alterations in milk production
and fertility as well as on hormone parameters [64]. An elegant
experimental procedure of heat exposure in the post-partum done with
Holstein cows has documented alterations in Complex I of OXPHOS
as well as mitochondrial function in general [65]. Christen et al. have
investigated the effect of graded heat exposure on the integrity of heart
mitochondria and found that mitochondrial function was limited.
They considered that Complex I played a pivotal role in the process
[66]. Sea species are not free from heat stress due to higher water
temperature due to climatic causes. In corals the oxidation of the CoQ
pool is considered to be an early biomarker of thermal stress [67]. In
tropical reef fishes, high levels of ubiquinol are considered to indicate a
high level of protection required against oxidative stress [68]. In short,
the take-home message from the data cited above can be stated as
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follows. Heat stress can lead to lower magnesium levels and to elevation
of prolactin. Heat stress can affect CoQ10 which will consequently alter
and diminish the function of Complex I of OXPHOS. Mitochondria
lacking CoQ10 will then produce more ROS. A frequent approach
to the administration of CoQI10 is to idealize a single anti-oxidative
function of the substance. We prefer to consider CoQ10 as a constituent
of Complex I of OXPHOS [69]. Supplementation will restore function
and prevent ROS production. In addition to this specific function in
OXPHOS, it has been demonstrated that CoQ10 can have a protective
effect in situations of burn-induced mitochondrial dysfunction in
mouse skeletal muscle [70].

Clinical demonstration of heat and pregnancy influ-
ence on thyroid disease

The following descriptions include single clinical situations of
thyroid disease seen recently by us. The common denominator of these
cases is the finding of hyper-perfusion of the gland with the pattern that
corresponds to CoQ10 deficiency. These sonographic changes have no
relation to thyroid antibodies.

Sequential appearance of hyperthyroidism, cerebral and
myocardial ischemia and post-partum thyroiditis - our index
case for CoQ10 deficiency: The first case of a complex clinical
situation involved a young woman who has been examined between
2008 and 2019. This Index Case presented consequently a series of
medical conditions including hyperthyroidism, cerebral ischemia,
and myocardial infarction. The biochemical determinations detected

=]
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low levels of magnesium and CoQ10. The first thyroid sonography
was done in May 2008 and revealed a hypo-echogeneic gland with
massive hyper-perfusion. Supplementation with magnesium and
CoQ10 normalized thyroid morphology and function. In 2018 a post-
partum thyroiditis with hyperthyroidism and marked magnesium
deficiency was diagnosed. On ultrasound the thyroid showed a
pronounced diminution of echogenicity together with hyper-perfusion
suggestive of CoQ10 deficiency. Since the patient was breast-feeding
a combined supplementation was started again using a higher daily
dose of magnesium, i.e. 11.2 mmol of elemental magnesium (~3.2 g
of magnesium citrate). CoQ10 was given at a dose of 30 mg/d. Within
3 months thyroid function, thyroid morphology and perfusion had
returned to normal.

(Figure 1) demonstrates the morphology and perfusion of the
thyroid as seen in 2008 and 2019. The thyroid shows now a slightly
heterogeneous morphology while perfusion is normal.

Thyroid perfusion changes during pregnancy: One pregnant
woman seen between April and August 2019 showed marked changes
of perfusion which corresponded to 2 different biochemical settings:
magnesium and CoQ10 deficiency (Figure 2).

Hyperthyroidism developing after combined heat and exertional
stress: In the past 2 years we have observed a small number of
hyperthyroid patients who have initially presented signs and symptoms
suggestive of cardiac disease. Laboratory examination showed an
elevation of NT-pro-BNP and creatine kinase. Echocardiography did
not reveal cardiomyopathy. In one case of a male patient, heat stress

Figure 1. Thyroid sonography with 2 different systems: SIEMENS Antares in 2008 and GE LOGIQ E9 in 2019. The initial alterations showed diminished echogenicity and hyper-perfusion.
These changes have disappeared after combined supplementation was started. Currently the patient does not require thyroid medication
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together with intense physical activity (active sports vacation) was
the precipitating event (Figure 3). The patient complained of reduced
physical capacity almost to the level of physical exhaustion while the
time of physical recovery was prolonged. This situation corresponds to
the picture seen in heatstroke when vigorous muscle exertion has been
made [71]. Heart function was normal.

Postpartum thyroiditis and hyperthyroidism: The sibling of
the previous patient (Figure 4) presented a condition of postpartum
thyroiditis with hyperthyroidism showing less pronounced changes in
thyroid morphology. Signs of CoQ10-associated hyper-perfusion were
present. She responded well to supplementation within 3 months.

Chronic relapsing thyroiditis: 3D power Doppler and *F-FDG
PET investigation: The first case of thyroiditis which were able to
investigate some 15 years ago has shown a course of chronic relapses
of the thyroid affection. Every time a relapse occurred, hyper-perfusion
of the thyroid with the pattern of CoQ10 deficiency reappeared. In July
2019 a whole body 'F-FDG PET examination was requested by her
general practitioner. The study revealed that the metabolism of the
thyroid and the heart had switched to glycolysis. The patient had no
signs of heart disease (Figure 5).

The preceding clinical cases demonstrate the relation between heat
exposure, exertion, pregnancy, post-partum and chronic thyroiditis to
decreased levels of CoQ10. The association between thyroiditis relapse
and "®F-FDG uptake in the heart has not been described before in the
literature. A publication from 1992 has shown that low levels of CoQ10
are indeed connected to glycolysis and high lactate levels and that this
condition can be corrected by supplementation [72]. In 1997 Sobreira
et al. described low activities of Complexes I+II and I+III when CoQ10
levels were below 25% of normal. Supplementation with CoQ10
resulted in subjective improvement [73]. A single case report on
isolated muscular CoQ10 deficiency has also described lower activity
of Complex I [74].

The roles of iron, magnesium, selenium and Coenzyme
Q10 in heart failure

Current scientific literature describes specific roles for CoQ10,
iron, selenium and magnesium in relation to cardiac function. The
following lines will extract some relevant aspects of this relation.

Iron: Iron sulfur clusters (Fe/S) are essential cellular elements in
the cell. These molecules have been investigated since some 70 years
[75]. On a theoretical basis, Fe/S could be altered in PPCF since iron

Figure 2. Changes in thyroid perfusion during pregnancy in the same patient. The left panel shows the characteristic spot-like hyper-perfusion due to magnesium deficiency on the 25th week
of pregnancy. The right panel shows the situation 10 weeks later with the typical vessel form seen in CoQ10 deficiency. Thyroid function was normal at both examinations
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Figure 3. Hyperthyroidism after exertional stress under elevated ambient temperature. A: initial examination showing diffusely increased vascularization. B. In the follow-up examination
after 9 months, hyper-perfusion is less pronounced while the thyroid still shows decreased echogenicity
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Figure 4. Post-partum thyroiditis with hyperthyroidism. The thyroid is hypo-echogenic. The perfusion pattern corresponds to a combined deficiency of magnesium (small spots) and CoQ10
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Figure 5. Chronic relapsing thyroiditis showing increased uptake of ¥F-FDG in the thyroid and heart in a PET examination (left panel). This tracer uptake patterns indicates glycolytic
metabolism of the organs. On 3D power Doppler sonography (right panel) one can recognize the marked changes in perfusion with the typical wide vessels that correspond to low CoQ10

deficiency is a frequent condition in pregnant women [76] and iron
deficiency is a contributing factor for heart failure [77]. Correction
of iron deficiency has been shown to improve heart function [78,79].
The contractility of human cardiocytes can be compromised by iron
deficiency [80]. The metabolic spectrum and importance of iron in
the heart has been extensively reviewed by Paterek, Mackiewicz and
Maczewski in 2019 [81]. Mistry et al. have called iron deficiency the
underdiagnosed condition in heart failure [82]. To the best of our
knowledge, these concepts and therapeutical approaches have not been
looked at in PPCF.

Selenium and CoQ10: A series of landmark studies conducted by
Cénac and collaborators showed a condition of selenium deficiency
in patients with peripartum heart disease [3,83,84]. Pregnant women
can also present low selenium levels [85] and Afro Americans with
heart disease appear to have lower levels of selenium [86]. Studies
on peripartum cardiomyopathy have also shown a similar situation
[87,88]. These results have recently led Karaye to design a new research
project aiming at the administration of an inorganic form of selenium
[8]. While we have not found any publications dealing with CoQ10
in peripartum heart disease it is important to mention the fact that
administering a combined supplementation with selenium and CoQ10
has resulted in improvement in patients with cardiovascular disease
[89,90]. These publications demonstrate a positive effect of CoQ10
supplementation on heart function showing reduced mortality and
reduced proBNP levels [89]: ProBNP levels dropped from 547 to 290 ng/
ml. We have to point out the difference of supplementation dose used.

J Cardio Case Rep , 2020 doi: 10.15761/JCCR.1000133

Alehagen et al. administered a much higher dose of CoQ10 as we have,
i.e. 200mg/d. The dose of yeast selenium was 200pg/d., i.e. the same as
our dose recommendation. Alehagen et al. did not include magnesium
in the therapy. Under experimental conditions it has been shown that
low selenium levels will affect the levels of CoQ10 in the liver resulting
in CoQ10 deficiency [91,92]. Selenium deficiency has been shown to
alter the levels of STAT3 [93,94] which in turn affects the myocardium.
Coenzyme Q10 is able to prevent damage to chicken hearts by inducing
HSF1 binding activity and Hsp70 expression [95]. The same action can
be seen in-vitro [96]. In turn HSF-1 leads to transcriptional regulation
of Selenoprotein F when selenium is supplemented [97].

Magnesium: Adamopoulos et al. [98] using a propensity-matched
study approach have demonstrated that increased cardiovascular
mortality was associated with low serum magnesium. On the
other hand, protective effects of sufficient magnesium have been
demonstrated in experimental heat shock [99]. In our own studies
we have observed a direct correlation between levels of magnesium
in whole blood and selenium levels in blood, which are suggestive of
a regulatory relationship [13]. The interaction of lactation intensity
and potential magnesium depletion has to be mentioned here [100].
The results of the investigations mentioned above point towards an
integrated biochemical situation that is needed for maintenance of
functionality. Based on the same philosophy we have also applied a
systems approach to thyroid disease previously [18]. Currently our
investigation of suspected thyroid disease includes the parameters
mentioned in this section. Iodine alone is not the answer.
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A “hot” look at the environment - some effects of heat
stress on mitochondria

Bouchama from Saudia Arabia has published a series of studies
dealing with heatstroke in humans. In 1995 a historical review on
heatstroke included a discussion on the potential role of endotoxins in
the disease [101]. Recently the effects of an acute, supra-physiological
temperature stress have been looked at the transcriptome level.
The test subjects were exposed to a mean temperature of 75°C in a
sauna. The analysis of blood mononuclear gene expression revealed
several patterns of change (Figure 2) [102]. One key finding refers to
altered mitochondrial function involving several complexes of the
OXPHOS chain including Complex I. Both electron transfer as well
as ATP production were repressed. Bouchama et al. also identified an
alteration of cytochrome C oxidase which corresponds to Complex IV
[103]. Both Complex I and Complex IV depend on iron sulfur clusters
for their function. Situations of physical exertion in hot environments
with temperatures up to 41.5°C can be found in sport activities [104].
Elevated temperature as a source of stress is not only limited to sports.
It can also affect everyday activities [105]. Furthermore, these changes
are like those seen in heart failure where the function of the OXPHOS
chain is altered due to changes in Complex I and V [106]. As a whole
ATP production can be disturbed [107]. It has to be kept in mind, that
the heat stress response requires sufficient ATP since some hsp are
ATP-dependent [12]. Experimental repeated exposure to heat stress
can have negative effects on the heat shock response of the heart [108].
The increase of hsp70 levels after heat stress appears to decline with
time, thus the susceptibility to heart damage increases with time [109].
This propensity to myocardial damage can be corrected by CoQ10
which has resulted in higher hsp70 levels [96]. In a similar study, the
use of the selenium analog ebselen resulted in improved expression of
hsp70 which in turn was associated with a reduced size of myocardial
infarct [110]. In a recent epidemiological analysis Wang et al. described
an association between previous heat stress situations and CVD [111].
Mechanisms leading to these changes were not discussed, however
they imply that an altered biochemical system might have remained.
The administration of CoQ10 has been shown to be beneficial for
patients with heart disease. Folkers et al. demonstrated this rationale
in 1985 [112]. “These data reveal a myocardial deficiency of CoQ10,
which is higher with increasing severity of disease and is reduced by
therapy. This biochemistry correlates with the effective treatment of
cardiomyopathy with CoQ10”.

The setting of sports and heat stress in daily life

A personal experience of one of the authors (RM) at a triathlon
competition resulted in a series of empirical observations relating
heat stress and competitive sports. The temperature on the day of the
venue was 34°C and raising. The local organizers included a long-
time interval of 90 minutes between bike check-in and the start of the
competition. Waiting under a hot ambient condition led to a situation
of malaise and tiredness prior to any exertion. Physical achievement
was reduced during the competition. After the event, a laboratory test
revealed low CoQ10 levels. This empirical, subjective finding triggered
our interest on CoQ10. Looking back at this situation one can say that
the organizers did not follow the recommendation of the International
Triathlon Union

Several press reports have added similar observations to this
situation. The 2019 NYC Triathlon was cancelled due to heat. The
running distance at the trial triathlon competition in Tokyo in August
2019 was shortened to only 5K (instead of 10K) due to heat. The
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addition of heat and physical exertion still produced complications
in some competitors. Local authorities and scientists in Japan have
already looked at the problem of heat stress and exertion that can
be expected to occur when the Olympic Games 2020 in Tokyo are
underway [113,114]. Similar to the NYC triathlon day time variations
and mechanical measures have been discussed for Tokyo 2020 [115].
While these are temperatures that exceed clearly ambient temperature,
the addition of physical activity in the sense of exertional stress is also
potentially related to damage. The world has witnessed the deleterious
effect on female marathon runners in Doha, Qatar (September 2019).
We can only speculate that CoQ10 and magnesium were consumed by
both factors: humid heat and exertion. This would result in functional
damage in ATP production as well as in Complex I function increasing
ROS. We propose that these concepts should be considered by world
athletic governing bodies in order to prevent physical damage. The 2020
marathon competition in Tokyo has now been scheduled to take place
at a cooler setting in Sapporo, where the mean temperature is 5° to 6°
lower than in Tokyo. Long distance 10K swimming in open waters can
have deleterious effects even at moderate temperature of 26°C [116].
While the main element is apparently the temperature, the component
of physical exertion has to be considered. While the notion of CoQ10
and physical work is not new, previous studies have been based on
concepts of oxidative stress damage [117]. Interactions between
exercise and CoQ10 and other biomarkers have been described in the
literature by Orlando et al. [118]. They observed an increase of CK and
myoglobin while at the same time CoQ10 levels decreased following
a 40 minute run at a level of 85% of maximal heart rate. Ubiquinol,
the reduced form of CoQ10, produced a reduction of cytosolic ROS.
The effect of CoQ10 on inflammatory changes and lactate in runners
has been looked at by Armanfar [119]. Several biochemical parameters
were unaffected (CRP, CK, blood lactate, IL-6, and TNF-alpha). The
effect of combining body cooling and CoQ10 administration has also
been investigated in the setting of elite swimmers. While pre-cooling
showed no effects, there were beneficial effects of CoQ10 administration
on cardiac damage markers, i.e. preventing a rise of CK-MB, cardiac
Troponin I and myoglobin [120].

Discussion

When two diseases appear at the same time, it can be a casual or a
causal condition. We consider that the case description presented by
Kouzo [1], which led us to this analysis, should be taken as a condition
that indeed describes related events. Based on our deductive analysis
of the literature we propose that a heat shock reaction is the common
pathophysiological event behind both entities. Our conceptual model
of disease considers a disturbed function of Complex I of the OXPHOS
respiratory chain to be the key event. Due to thermolability of CoQ10,
the function of Complex I of the OXPHOS chain will be compromised
resulting in ROS production and diminished ATP output. ATP is now
considered to play a role in maintaining the solubility of proteins in
the form of being a hydrotrope [121-123]. Following this concept,
Sridharan et al. [124] have recently looked closely at the influence of
ATP in maintaining protein structure showing important proteome
wide interactions. On this basis it can be said that following protein
denaturation due to heat, or other causes, low ATP levels will
compromise the repair mechanisms of the chaperones of the heat shock
response that require ATP. Altered solubility will involve the unfolded
protein response. In a recent publication dealing with the closely
related disease called peripartum cardiomyopathy, Karaye, Habib and
Sliwa [125] declared that the early findings of Davidson [33], which
that suggested a relation of heat to the heart failure situation “may not
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be wholly responsible for the syndrome”. Consequently, researchers
engaged in the research of peripartum cardiomyopathy have neither
looked at effects of heat exposure nor at cardiac proteostasis. The
situation appears to be different for other cardiac affections. In
the course of writing the final version of this manuscript we came
across publications from the Department of Physiology, Amsterdam
Cardiovascular Sciences related to cardiac proteostasis and the balance
between endoplasmic reticulum and mitochondria, albeit from a
different biochemical point of view [126,127]. On clinical grounds we
consider that — the rather simple elements — magnesium, selenium and
coenzyme Q10 are essential for proteostasis, Brundell et al. are focused
on experiments related to the discovery of HSP-inducing compounds
[128]. Despite these differences in the experimental design, the main
concepts of proteostasis, heat shock response and endoplasmic
reticulum function are being highlighted and discussed in cardiac
research.

To conclude this review we will refer to the Editorial comment by
Tremblay-Gravel and Pacheco who expressed their hope that research
will help to identify therapeutic targets in PPCM and thyroiditis [2].
We can now hypothesize that the cardiac and thyroid disease described
by Kouzu [1] have indeed a causal relation due to acquired functional
changes of the mitochondria as we have previously described for thyroid
affections [6,18]. We propose that the key target therapy candidates are
magnesium, selenium and CoQ10 and iron. The pathogenesis chain
starts with low magnesium which then leads to low selenium and
low CoQ10 levels. These changes will impair the heat shock response
resulting in decreased protection against heat stress. These biochemical
elements should not be considered isolated from one another but rather
as joint elements of the proteostasis process supporting mitochondrial
function and consequently both the heat shock and the unfolded
protein response (Figure 6). The model can be expanded to a condition
of shared resources where supply to individual organs depends on their
individual level of metabolic activity (Figure 7).
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