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The human body as an energetic hybrid?
New perspectives for chronic disease treatment?
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Abstract

Inflammatory response is accompanied by changes in cellular energy metabolism. Proinflammatory
mediators like plasma C-reactive protein, IL-6, plasminogen activator inhibitor-1, TNF-a. or monocyte
chemoattractant protein-1released in the site of inflammation activates immune cells and increase
energy consumption. Increased demand for energy creates local hypoxia and lead in consequence
to mitochondrial dysfunction. Metabolism of cells is switched to anaerobic glycolysis. Mitochon-
dria continuously generate free radicals that what result in imbalance that causes oxidative stress,
which results in oxidative damage. Chronic energy imbalance promotes oxidative stress, aging, and
neurodegeneration and is associated with numerous disorders like Alzheimer’s disease, multiple
sclerosis, Parkinson’s disease or Huntington’s disease. It is also believed that oxidative stress and
the formation of free radicals play an important role in the pathogenesis of rheumatoid diseases
including especially rheumatoid arthritis. Pharmacological control of energy metabolism disturbanc-
es may be valuable therapeutic strategy of treatment of this disorders. In recent review we sum up
knowledge related to energy disturbances and discuss phenomena such as zombies or hibernation

which may indicate the potential targets for regulation of energy metabolism.
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The redistribution of energy by chemicals
in the vascular-neuro-endocrine-lymphatic
network

Redistribution of energy in acute
inflammation

The inflammatory response is a huge phenomenon.
Activation of the immune system is related to a 30%
increase in demand for energy [1]. Each inflammatory
response includes three stages that may be character-
ized by changes in cellular energy metabolism [2, 3]. The
first stage of the response is characterized by the mo-
bilization of immune cells and their infiltration into the
site of inflammation. Inflammatory mediators damage
the endothelium causing increased fluid filtration and

the formation of edema. The occurring edema leads to
hypoxia. The hypoxic state forces cell metabolism adap-
tation. In hypoxic tissue, oxidative metabolism is only
partially delayed. Processes such as the decomposition
of adenosine triphosphate [ATP] to adenosine and the
conversion of xanthine dehydrogenase into oxidase
cause that the oxygen reaching the cell is not entirely
reduced and reactive oxygen intermediates (ROI) are
produced, i.e. oxygen atoms with additional unpaired
electrons. That phenomenon is called the “oxygen par-
adox” [3]. The next stage is related to the revasculariza-
tion process. Re-perfused tissue attracts a high number
of neutrophils, which are the first-line defense of the
immune system. The metabolism of these cells is based
on anaerobic glycolysis, while the primary mechanism of
their toxic effects is the ability to convert oxygen into
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ROI. These two parallel processes — the “oxygen para-
dox” and production of ROl by neutrophils — result in
the impairment of energy metabolism in the area of the
ongoing inflammatory process. These first two stages
of inflammation can be called stages of constant dis-
turbance of oxygen metabolism [3, 4]. The third stage
is related to the resolution of inflammation. The metab-
olism switch of neutrophils is an essential element of
the course of inflammatory response and can be reg-
ulated by several pharmacological treatments. In our
experiments, we showed that during chemical-induced
hypoxia, when the cellular level of ATP has decreased,
the responsiveness of myocytes to muscarinic cholin-
ergic (part of parasympathetic nervous system [PSNS])
stimulation increases significantly [5]. This increase in
physiological response to muscarinic receptor stimu-
lation was associated with an increase of muscarinic
receptor expression (630%) [5, 6]. Different subtypes
of muscarinic receptors are expressed on neutrophils
present in control and inflamed tissue. In our research,
we demonstrated the presence of M3, M4, M5 musca-
rinic receptor subtypes in human blood neutrophils and
the lack of mRNA for M4 muscarinic receptor subtype
in human neutrophils isolated from the inflamed tissue
of patients with rheumatoid arthritis (RA). The differen-
tial expression of muscarinic receptors from healthy and
RA patients may contribute to an opposite response to
cholinergic stimuli observed in neutrophils isolated from
peripheral blood and inflamed tissue [7]. It's commonly
accepted that adrenaline and other B-adrenergic recep-
tor agonists of the sympathetic nervous system (SNS)
decrease neutrophil activation are [8]. Contrary to that,
the cholinergic agonist, increases the activity of neu-
trophils isolated from blood but decreases the activity
of neutrophils isolated from the inflamed environment
[8]. The opposite effects of B-adrenergic and muscarin-
ic receptor agonists on the activity of neutrophils may
reflect their opposing influences on inflammation, and
may support the idea of both a “pro-inflammatory” and
an “anti-inflammatory” effect of the PSNS [8].

Our results led us to an interesting finding: PSNS
neurotransmitters may, similarly to SNS neurotrans-
mitters, potently decrease inflammatory activity [9]. It
can be suggested that PSNS, in acute inflammation in
ischemic tissue, both decreasing myocyte contractility
and neutrophil activity, provided a significant reduction
in energy utilization and consequent tissue destruction.

Redistribution of energy in chronic
inflammation

The transition from acute to chronic inflammation
is a complex process that is not fully understood. One
of the hypotheses defines it as the point of total con-

sumption of available energy resources [2]. The amount
of energy resources accumulated in the body of mam-
mals is relatively constant and sufficient to meet the
body’s energy demands for about four weeks. At the end
of the 19%" century, energy resources accumulated in the
body of typical women and men held out for 28.3 and
25.3 days, respectively. The 20t century brought chang-
es in the lifestyle of humans that brought a significant
increase of energy resources accumulated in the body.
Recently, level of energy resources within the human
body is sufficient for 43 days for women and 41 days for
men [2]. In warm-blooded animals, most of the energy
produced within the body is used to control constant
body temperature. The progress of civilization has en-
abled us to control ambient temperature so actually, this
does not apply to humans. We spend most of our life in
a temperature that is close to the thermic neutral point
(23°C) at which the body does not require any energy to
keep the temperature stable. Thus, the sign of our times,
obesity results not only from energy consumed with
food but mainly from the energy of the contemporary,
much-changed environment [10]. Finally, modern hu-
mans primarily spend their energy resources on nervous
and immune system activity. Moreover, the inflammato-
ry process can be associated with the widely understood
psychophysiological stress of modern society, which is
surprisingly affected by biological, social, behavioral or
religious factors. Finally, chronic inflammation is called
“metabolic syndrome”, and modern humans are still
often called “inflammacitizens” [11]. Changes in energy
production and flow are critical homeostatic regulators
of physiological processes. Due to their functions, fac-
tors that regulate energy metabolism can be divided
into elements providing high-energy substrates to en-
ergy-storing organs (primarily PSNS) and those provid-
ing such substrates to energy-consuming organs (espe-
cially SNS). The circadian rhythm sets the energy flow
between energy consuming organs (brain, muscles, and
immune system) and energy suppliers (liver, adipose tis-
sue). During the day, energy is delivered mainly to the
brain and muscles while at night to the immune system
[12, 13]. The third stage of inflammation is called the
repair stage; but in chronic inflammation, normal oxy-
gen metabolism does not begin. The reason is that cells
cannot draw energy “locally” from the already destroyed
extracellular cellular matrix (ECM), while the “systemic”
energy sources have run empty due to continued over
activation of the SNS. Most immune cells infiltrating in-
flammation affected tissues switch their metabolism.
Survival of these cells within the inflammation site
may influence the course of inflammation excitation
or fixation [12, 13]. The basic metabolism of neutrophils
is based on anaerobic glycolysis, while non-activated

Reumatologia 2017; 55/2



96

Michat Gajewski, Przemystaw Rzodkiewicz, Stawomir Maslinski

lymphocytes produce energy primarily by oxidative
phosphorylation. Hypoxia induces an oxidative burst
of neutrophils and switch lymphocytes to anaerobic
glycolysis [14]. Also, macrophages play a twofold role in
inflammation. Non-activated macrophages derive en-
ergy from oxidative phosphorylation. On the one hand,
macrophages activated in the inflammation site convert
to “pro-inflammatory” macrophages of M1 type, which
produce energy in the anaerobic glycolysis process. On
the other hand, during the resolution of inflammation,
macrophages of M2 type, with anti-inflammatory prop-
erties and repair functions, return to oxygen-dependent
energy metabolism. It was found that in chronic inflam-
mation, the major subtype of macrophages present in
the site of inflammation is the M1 subtype [15]. Taken
together, in chronic inflammation, the balance between
energy storage and energy consumption processes is
significantly disturbed. It seems that chronic inflamma-
tion can be defined as an adaptation to continued re-
distribution of energy, from energy-storing organs (pri-
marily PSNS) to the activated immune system. In chronic
inflammation, dislocation of high-energy substrates to
energy-consuming organs (especially SNS) is notably
disturbed. Taken together it can be suggested that de-
crease of PSNS activity may be responsible for chronic
disease development.

The neurodegeneration phenomena as
a chronic inflammation process depend
on energy disturbances

Chronic neuroinflammation has been associated
with many neurodegenerative disorders of the central
nervous system, such as Alzheimer’s disease (AD), mul-
tiple sclerosis, Parkinson’s disease (PD), or Huntington’s
disease [16]. The key pathogenic role of oxidative stress
has been suggested both in AD as well as PD. Langston
et al. [17] described the occurrence of severe symptoms
similar to PD in narcotic drug addicts to MMP+ (1-methyl-
4-phenylpyridinium), a neurotoxin that can enter the
neurons. It was shown that MPP+ induces neurotoxicity
primarily by blocking mitochondrial complex | activity,
leading to ATP depletion and increased oxidative stress
[16, 17]. This observation links oxidative stress with the
development of neuronal death and neural dysfunction
[16, 17]. Notably, energy disturbances, and in conse-
quence mitochondrial dysfunction, is also a prominent
feature in these diseases. Free radicals are made con-
tinuously by mitochondria and must be balanced by
antioxidant defense to maintain redox homeostasis.
The imbalance between harmful ROl and antioxidant
defenses causes oxidative stress, which results in oxi-
dative damage [18, 19]. Consequently, dysfunction of the
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mitochondria seems to promote oxidative stress, aging,
and neurodegeneration. In fact, mitochondrial dysfunc-
tion and oxidative stress, in general terms defined as an
energy imbalance, constitute the most prominent fea-
tures found in neurodegenerative phenomena such as
Alzheimer’s (AD) or Parkinson’s disease (PD) [16-19].

Extremal decrease of energy availability:
a “zombie” phenomenon

A substance called ‘zombie powder’ that contains te-
trodotoxin, hyoscyamine or atropine, administered in an
adequate dosage, due to anticholinergic activity, would
reduce a victim’s metabolism to the point that could be
mistaken with death. However, the victim would remain
alive and could be revived with the administration of an
antidote [20, 21]. It was reported that patients with par-
ticularly severe and life-threatening tetrodotoxin (TTX)
poisoning can be successfully treated with a cholines-
terase inhibitor to a complete and uneventful recovery
[20, 21]. TTX toxicity is caused by the competitive and
reversible block at the motor endplate as well as motor
axon and muscle membrane. Increasing the release of
acetylcholine (ACh — naturally occurring PSNS agonist)
at the neuromuscular junction by anticholinesterase
drugs can reverse this block. Thus, neostigmine, which
reversibly binds and inactivates acetylcholinesterase,
can increase ACh availability [20].

Dysautonomia is frequently observed in tetradotox-
ication. Although the precise mechanism is not entirely
understood, it was demonstrated that dysautonomia
associated with TTX depends on a counterbalance be-
tween PSNS and SNS changes in both the central and
peripheral compartments. Nevertheless, the PSNS crisis
is usually predominant in tetradotoxication [21-23]. The
blockade of neural ACh receptor with TTX or atropine,
respectively, reduced the stimulatory effect on contrac-
tility. Moreover, it was shown that H,S, an important sig-
naling molecule, has enhance ACh release from central
preganglionic terminals [24, 25]. Interestingly, H,S may
exert effects that are related to neurodegenerative dis-
orders such as Alzheimer’s (AD) and Parkinson’s disease
(PD). A new hope in chronic inflammation as neurode-
generation treatment is to discover the role of H,S in the
energy-disturbed phenomenon [26].

The possible molecular mechanism
of transfer of energy metabolism in living
organisms: the gasotransmitters

Carbon monoxide (CO), nitric monoxide (NO), and
hydrogen sulfide (H,S), are gases that are generated
endogenously [27, 28]. Stimulation of ACh receptors on
endothelial cells activates Ca?*-calmodulin (CaM), which
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in turn stimulates endothelial NO synthase (eNOS), cys-
tathionine y-lyase (CSE), and H,0 to produce NO, H.S,
and CO, respectively. NO and CO can diffuse into the sur-
rounding smooth muscle cells, where they activate solu-
ble guanylyl cyclase (sGC) to produce cyclic GMP (cGMP)
and affect the actin-myosin cross-bridge. H,S can also
diffuse into smooth muscles, where it activates K+ chan-
nels. The actions of all three gases lead to vasorelaxation
[27]. At physiological levels, each of these gases inhibits
inflammation and has cytoprotective properties [27, 28].
H,S, NO, and CO are classic inhibitors of cytochrome C
oxidase, the terminal and crucial enzyme of the electron
transport chain in mitochondria [30]. CO, NO, and H.,S
may suppress oxidative phosphorylation and decrease
the intensity of energy production. It may be assumed
that PSNS acts on energy metabolism indirectly via
gasotransmitters [27, 28]. Formerly, when there was
no free oxygen (O,) in the Earth’s atmosphere and no
ozone sphere (03), ultraviolet light arrived on Earth with-
out obstacles and its intensity was 30 times greater than
presently. The first source of oxygen in the atmosphere
was not, as is commonly believed, the classical process
of photosynthesis but its chemical equivalent in which
H,S was a reducer of CO,. Sulfide split water molecules
into hydrogen, oxygen, and their derivatives (superoxide
anions, hydrogen peroxide, hydroxy!l radicals), with the
release of energy [29]. H,S, the functional part of PSNS,
is an old evolutionary remnant of the original nutrition
and now is used for controlled intensity of aerobic res-
piration.

Suspended hibernation: H,S
as a gasotransmitter and energy
relocation example

Hibernation is a state of the body in which metabolic
processes are inhibited but do not result in termination.
It was shown that the effect of “suspended animation”
is likely related to the inhibition of mitochondrial electron
transport mainly by a high local concentration of H,S [30,
31]. Exposing mice to a sub-toxic concentration of H,S
(20-80 ppm) dose-dependently reduced metabolism.
Exposition to H,S reduced O, consumption by mice by
60-70% within 5-10 min. A slow decline of metabolism
to around 5% of basal levels was detected. This more
gradual decline parallels the reduction in body tem-
perature that follows exposure. Core body temperature
steadily declines to around 2°C above ambient tempera-
ture over the course of several hours. After cessation of
H,S exposure, metabolism recovers to basal levels with
no apparent toxic effects [32]. It was shown that hiber-
nation of Scandinavian bears, similarly to mice, is asso-
ciated with highly significant changes in plasma H,S me-
tabolites and enhanced intracellular reduced glutathione

(GSH) levels. [33]. Overall, total sulfide did not change
significantly in either plasma or red blood cells (RBC)
upon hibernation. These observations indicate that the
generation and consumption of H,S is balanced and the
role of H,S in hibernation is rather related to a shift in
the way it is produced and consumed [33]. Low arteri-
al O, tension and high hemoglobin O, affinity in hiber-
nating bears provides conditions of low O,, under which
H,S can diffuse into surrounding cells and contribute to
suppressing mitochondrial respiration. Similar O,-linked
processes could also take place in cells and tissues other
than blood. Suppression of O, consumption in hiberna-
tion necessarily originates from the mitochondria, where
90% of whole-animal O, consumption takes place. Other
molecules with similar properties may also be involved
in the metabolic suppression of hibernators [33]. It was
observed that hibernating bears have a high tolerance
of oxidative stress and increased regenerative capacity.
The ubiquitous GSH is a fundamental element in the
thiol-dependent cellular defense against ROS and redox
imbalance. It was found that hibernation in free-ranging
brown bears is associated with highly significant chang-
es in plasma H,S metabolites and enhanced intracellular
GSH levels. Interestingly, mitochondrial respiration in the
cardiac muscle and brain was not depressed in hibernat-
ing ground squirrels, suggesting that during winter hi-
bernation energy is preferentially allocated to these two
vital organs [34, 35].

In addition to inhibiting mitochondrial respiration,
H.,S also has marked effects on circulation, by acting as
a hypoxic vasoconstrictor or vasodilator in pulmonary
and systemic circulation. In systemic circulation, an in-
crease in peripheral resistance would maintain adequate
blood pressure and prolong energy stores in the body
by redistributing blood flow to the most demanding
organs [36, 37]. Conversely, in lung circulation, H,S may
contribute to hypoxic vasoconstriction thereby helping
to maintain high oxygen saturation in arterial blood [36,
37]. Revsbech et al. [33] suggested these complementary
abilities of H,S and NO to induce controlled and revers-
ible hypometabolic states. On the other hand, not only
PSNS but also SNS may be involved in modulating of
energy metabolism by gasotransmitters. As was shown
[38] environmental signals may trigger the release of the
hormone noradrenaline stimulating SNS receptors which
activate eNOS, and subsequently lead to production of
NO, and finally to modification of energy metabolism.

Summary

Controlling energy and control of metabolism dis-
turbances may be valuable therapeutic strategy of
treatment of disorders in which developing chronic
inflammation, dislocation of high-energy substrates
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