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ARTICLE INFO ABSTRACT

Zinc is an essential element for all forms of life, and one in every ten human proteins is a zinc protein. Zinc has
catalytic, structural and signalling functions and its correct homeostasis affects many cellular processes. Zinc
deficiency leads to detrimental consequences, especially in tissues with high demand such as skeletal muscle.
Zinc cellular homeostasis is tightly regulated by different transport and buffer protein systems. Specifically, in
skeletal muscle, zinc has been found to affect myogenesis and muscle regeneration due to its effects on muscle
cell activation, proliferation and differentiation. In relation to skeletal muscle, exercise has been shown to
modulate zinc serum and urinary levels and could directly affect cellular zinc transport. The oxidative stress
induced by exercise may provide the basis for the mild zinc deficiency observed in athletes and could have severe
consequences on health and sport performance. Proteostasis is induced during exercise and zinc plays an es-

Keywords:

Zinc regulation

Zinc homeostasis
Exercise

Skeletal muscle
Physical performance

sential role in several of the associated pathways.

1. Introduction
1.1. Zinc in human health and disease

The first indication of the importance of zinc for biological systems
dates back to 1869, when Jules Raulin demonstrated that zinc is re-
quired for the growth of Aspergillus niger [1]. Decades later, it was
shown that zinc was also essential in plants [2] and animals ([3]), in-
cluding humans [4]. Zinc is the second most abundant ‘trace’ metal in
the human body after iron, with an average 70 kg human containing
2-3 g of zinc, with only 0.1% being replenished daily through dietary
intake [5]. However, it is not homogenously distributed in the body,
with the majority contained in skeletal muscle (~60%) and bone (30%)
[6,7]. The tissue concentration of total zinc is also highly variable, as
zinc is abundant in skeletal muscle, bone, prostate and pancreas
(200 ug/g) [71, whereas heart, brain and plasma contain a lower con-
centration (1-23 pg/g). Only ~0.1% of bodily zinc is contained in
plasma, where it is predominantly bound by albumin (~80%) and a2-
macroglobulin (~20%) [8,9].

Zinc has structural and catalytic roles in proteins and cellular sig-
nalling functions [10,11]. Confirmation as a structural cofactor in
proteins came in 1938 when insulin was crystallised with zinc [12],
while the first catalytic function of zinc was described for carbonic
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anhydrase in 1939 [13]. Zinc has since been shown to be a cofactor in
all six enzyme classes [14]. Additionally, zinc has been shown to reg-
ulate the activity of different proteins, for instance in protein tyrosine
phosphatases [15]. The effects of cellular zinc signalling are an active
research area given its wide implications in cell signalling.

The identification of zinc-finger domains in Xenopus laevis tran-
scription factor TFIIIA [16,17] laid the foundation to search genomes
for zinc proteins. Indeed, bioinformatics analyses predict that zinc
proteins make up 4-5% of bacterial and archaeal proteomes [18], while
mammals express more than 3000 zinc proteins, accounting for at least
9-10% of the total proteome [19]. Considering the vast amount of
proteins that bind this cation, it is not surprising that zinc is involved in
multiple physiological processes, including nucleic acid and protein
synthesis, transcriptional regulation, glucose metabolism and hormone
production, storage and secretion [10].

Zinc deficiency has detrimental consequences for many aspects of
human health [7] and affects two billion humans worldwide [20]. Se-
vere zinc deficiency leads to generalized poor growth concomitant with
multiple disorders including loss of appetite, immune abnormalities,
dwarfism, hypogonadism, mental lethargy and rough skin [4,21]. Due
to its proliferative nature, the immune system is particularly susceptible
to zinc deficiency [20]. Zinc regulates several crucial processes in in-
nate immunity, including phagocytosis, intracellular killing and
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cytokine production, while in the adaptive immune system, zinc defi-
ciency results in reduced T cell development and function and B cell
antibody production [22]. Zinc deficiency has been also associated with
development of cardiovascular diseases [23], anemia [24,25] and da-
mages in neurogenesis during early development [26]. Zinc supple-
mentation can improve these symptoms, but it must be accompanied by
copper, otherwise the excess zinc can lead to copper deficiency [27,28].
Importantly, plasma zinc concentration cannot be used as a reliable
marker of zinc status because it does not necessarily correlate with
cellular zinc concentration [29]. Under multiple disorders associated
with zinc deficiency, clinical improvement of these disorders associated
with zinc administration could be used as indicator of zinc status and
patient recovery due to plasma zinc could not be totally reliable
[20,24,25,30].

1.2. Zinc cellular homeostasis

The human body does not have a tissue reservoir for zinc, nor does it
have a protein analogous to ferritin, which stores iron and releases it
when needed [31]. Therefore, an adequate dietary supply is required to
prevent zinc deficiency unless a genetic condition is the root of the
problem [32]. In this sense, zinc deficiency can result as symptom of
diseases which impair either intestinal control of zinc uptake, for ex-
ample in acrodermatitis enteropathica or cystic fibrosis [33], or in-
testinal release, for example in inflammatory bowel diseases such as
Crohn's disease [34]. The myriad of biological processes in which zinc is
required makes zinc homeostasis to be tightly controlled at the or-
ganism, tissue and cellular levels. Dietary zinc absorption is regulated
by the duodenum and jejunum [35], while excretion of excess zinc is
achieved through gastrointestinal secretion, sloughing of mucosal cells
and integument, and renal excretion [36]. Zinc ingestion is dependent
on the quantity and bioavailability of zinc in food [28]. Foods rich in
zinc include red meat and pulses, while cereals containing non-diges-
tible plant ligands such as phytate reduce zinc bioavailability [37,38].

Bone zinc accounts for approximately 29% of whole-body zinc, but
the largest zinc pool in the body is muscle, which contains approxi-
mately 57% [9]. However, zinc is not homogeneously distributed in all
muscles: it has been reported that red oxidative muscle can contain up
to four-fold zinc than white glycolytic muscles [39]. The zinc pool
mainly responsible for this difference is located in myofibrils and the
nucleus. Intriguingly, muscle zinc levels are maintained under condi-
tions of dietary zinc deficiency [6] except in soleus, a red muscle with
high zinc content [40]. Interestingly, although growth is severely re-
tarded in rats on a zinc-deficient diet, they do undergo an increase in
muscle mass, which therefore requires an increase in total muscle zinc
content [41]. This is possible because the organism can mobilize zinc
from tissues with lower requirements, mainly bone, to others with
higher requirements, especially muscle. This does not imply that the
bone is the body reservoir for zinc, but that the organism is able
prioritize in cases of extreme necessity [41].

Zinc complexes are second only to copper in their relative stability
as described by the Irving-Williams series of transition divalent metal
ions [42]. The high affinity of structural and catalytic protein-zinc
complexes is one of the reasons for the large disparity between cellular
total and free zinc; while the average total cellular zinc content is
hundreds of micromolar, the free cytosolic zinc concentration is ap-
proximately picomolar [43,44]. The tight control of cytosolic zinc(II)
ion concentrations in mammalian cells underpins the significance of
zinc as a signalling ion akin to calcium and magnesium [45]. At the
cellular level, the main components of zinc homeostasis regulation are
zinc-binding proteins, zinc sensors, and zinc transporters. The critical
function of this repertoire is to be able to deal with both long and short-
term zinc stimuli [11,46].
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1.3. Zinc-binding proteins and zinc sensors

Metallothioneins (MTs) are small, cysteine-rich cytosolic proteins
[47] that in mammals can bind up to seven zinc(II) ions with differing
affinity, linking the zinc occupancy of MTs with the zinc status of the
cell. Indeed, during cytosolic zinc deficiency the zinc bound to low
affinity sites in MTs will become displaced and available, whereas
during high cytosolic zinc concentrations, zinc will occupy these low
affinity sites, reducing the cytosolic free zinc. Thus, MTs can function as
temporary storage for zinc [44,48,49]. Therefore, a major cytosolic
store of zinc is bound by cysteine residues, meaning that cellular zinc
homeostasis is inextricably linked to the redox state of the cell [11],
despite zinc itself being redox neutral. In humans, MT-1 and MT-2 are
ubiquitously expressed and their expression levels respond to different
stimuli such as metal ions, cytokines, glucocorticoids and oxidative
stress. MT-3 and MT-4 are found only in the central nervous system and
epithelia respectively [47,50]. Special mention should be made to metal
response element-binding transcription factor-1 or MTF-1, to date the
only zinc sensor described in mammals [48]. When intracellular zinc
concentration is high, MTF-1 suffers a conformational change upon zinc
binding to its zinc-fingers. This allows MTF-1 binding to dedicated
regulatory elements called MREs (metal response elements) located at
the promoters of specific genes inducing their expression. MTs are
among these genes and therefore, they can respond rapidly to changes
in cellular zinc status [51,52].

1.4. Zinc transporters

Zinc transporters are proteins which enable the flux of Zn?* across
biological membranes. The two families of zinc transporters expressed
in mammals are the Zrt/Irt-like proteins (ZIPs; SLC39A) and the zinc
transporters (ZnTs; SLC30A), which function to transport zinc into and
out of the cytosol respectively [53]. In humans there are 14 ZIPs and 10
ZnTs, each with specific tissue expression and subcellular localisation
[54].

2. Zinc and skeletal muscle
2.1. Effects of zinc deficiency in skeletal muscle

As stated above, zinc levels are maintained in skeletal muscle even if
zinc intake is low. However, zinc deficiency does have a negative im-
pact on muscle function, highlighting the biological relevance of small
changes in the status of this cation. The first evidence towards this fact
was reported in the late 197 Os, when a study found that zinc deficiency
per se in post-weanling rats had little effect on the number and size of
fibers, except for the soleus muscle, which showed an overall reduction
in weight as a result of increased fiber loss [40]. The authors hy-
pothesized that soleus muscles might be more susceptible to changes in
zinc concentration because of their higher zinc content in comparison
to more glycolytic muscles [40]. This result was confirmed by a second
study, which also found that the proportion of fast to slow fiber types
was increased in rats fed on a zinc-deficient diet with respect to ad
libitum or pair-fed controls on a normal zinc diet [55]. This suggests that
this phenotype would not be merely caused by the reduced food intake
induced by inadequate zinc levels. Importantly, rat neonate soleus
muscles contain a high proportion of fast fibers that turn into the slow
type as the animal grows [55]. Thus, the authors hypothesized that zinc
deficiency could specifically cause a defect in development or differ-
entiation [55]. Similarly, the diaphragms of the zinc-deficient group
also showed altered fiber type composition compatible with a pertur-
bation in development [55]. It is important to mention that the de-
velopment of the mature muscle fiber type composition partially de-
pends on motor neuron input during pre- and post-natal development
[56,571, and zinc may impinge in this process. Indeed, motor neurons
differentiated from human induced stem cells under low zinc levels
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exhibit altered synaptic function [58]. Whether zinc also plays a role in
motor neuron development in vivo remains to be elucidated. Still, an-
imal models of zinc deficiency show apparent stiffness of the joints and
abnormal gait, specially the growing guinea pig [59] and chick ([60]),
as well as severely deficient rats [61]. These phenotypes could derive
from defects in muscle, nerve or the neuromuscular junction (NMJ)
alone or in combination. Thus, the alterations in fiber type composition
observed upon dietary zinc deficiency in rats might be partially due to
defects in motor neuron-muscle communication.

Zinc deficiency reduces the activity of some, but not all, me-
talloenzymes [10]. Further, the same metalloenzyme could be affected
in some tissues but not in others. For example, lactic dehydrogenase
activity was found to be significantly reduced in heart, kidney and
gastrocnemius muscle of zinc deficient rats, whereas no changes were
observed in pancreas or lung [62]. In the same experiment, the activity
of mitochondrial glutamic dehydrogenase was not altered in any of the
tissues analysed [62]. Thus, zinc deficiency does not affect all zinc-
proteins equally. The decrease in the activity of zinc metalloenzymes
could be due to the absence of appropriate amounts of zinc to use as a
cofactor, or simply because the concentration of these proteins is re-
duced, either due to a reduction in their gene expression or to an in-
crease in their degradation rate [63]. Therefore, even if zinc levels are
mostly maintained in muscle in conditions of dietary zinc deficiency,
muscle function is impaired to some extent due to the decline in the
activity of specific zinc proteins.

Indeed, after the realization that zinc is necessary for the correct
functioning of thousands of proteins in the organism, most experiments
in the postgenomics era rely on the removal or downregulation of
specific genes to unravel their function. Only in this manner, specific
molecular mechanisms can be deciphered. This is in contrast with the
majority of the experiments described above in the 70s and 80s, which
characterize the general effects dietary zinc deficiency exerts on muscle
biology and function as a whole. In accordance, these type of experi-
ments are only applied nowadays when the experimenter is interested
in the final outcome of performance of the organism, as in the case of
the effect of zinc diet on exercise (see below).

2.2. Zinc functions in relation to skeletal muscle

Ex vivo muscle testing has been extensively used over decades to
assess muscle properties, such as contractility, more accurately than
with experiments in vivo. With this technique, it was found that zinc
reversibly blocks synaptic transmission at the NMJ [64], and prolongs
the active state of the frog's sartorius muscle but has no effect on its
maximal intensity [65]. Additionally, it increases the absolute re-
fractory period of the most excitable fibers: it takes them four times
longer to initiate a second contraction than in the absence of zinc in the
medium [65]. Considering the shape of the action potentials, the au-
thors hypothesized that zinc probably delays the exit of K™ ions during
repolarization [65], which was later confirmed in the same experi-
mental setting [66]. We now know that zinc regulates the activity of
several ion channels, including acetylcholine signalling [67], causing
the activation or inhibition of the corresponding ion currents, de-
pending on zinc concentration and binding location [68,69].

Zinc has been shown to play a major role in myogenesis in vitro. For
example, in the C2C12 mouse skeletal muscle cell line it was shown that
addition of zinc in the growth medium promoted the proliferation and
activation of myoblasts [70,71], as well as the differentiation and ma-
turation of myofibers later in the process [70]. This raises the inter-
esting possibility that the release of zinc from muscle upon damage in
vivo could contribute to the activation and proliferation of muscle sa-
tellite cells to repair the damage [71]. Mechanistically, zinc would exert
these functions through a cascade of events that initiates with the entry
into the cell through dedicated ZIP transporters. Once in the cytosol, it
would induce the phosphorylation and subsequent activation of Zip7, a
zinc transporter localized to the endoplasmic reticulum. Activated ZIP7
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releases Zn>* from the ER, promoting Akt phosphorylation and myo-
genic differentiation [70].

More molecular insight into how zinc impinges on myogenesis came
recently from Padilla-Benavides’ group, who sought to fully char-
acterize the zinc content and the expression of zinc transporters
throughout the course of differentiation of C2C12 cells [72]. They
showed that zinc content is dynamic during myoblast differentiation: it
initially decreases but starts recovering after 12 hpd (hours post-dif-
ferentiation) until it reaches a maximum in mature myotubes at 72 hpd.
This dynamism is also observed in the expression of zinc transporters.
Regarding the influx transporters, while the expression patterns of Zip5
and Zip6 exhibit a single discrete peak at 12 hpd, Zip3 and Zip8 are
upregulated throughout the whole process. Of note, it has been shown
that Zip8-mediated zinc influx promotes MTF-1 transcriptional activity,
which in turn upregulates the expression of matrix metalloproteinases
(MMPs) in chondrocytes [73]. The same mechanism could take place
during myogenesis as MMPs are required for myotube fusion [74]. In
relation to ZnT efflux proteins, it is interesting to note that the ex-
pression of ZnT4, which is localized in endosomes and secretory ve-
sicles, and of ZnT7, which is localized in the Golgi apparatus, peak at 12
hpd. Importantly, the activity of the insulin-signalling pathway is
downregulated in mouse skeletal muscle deficient for ZnT7 [75]. Fur-
thermore, ZnT8 was the sole transporter to become downregulated after
the onset of myogenesis, and its expression was only restored after
differentiation [76]. Interestingly, ZnT8 is involved in the regulation of
insulin secretion in pancreatic beta cells [76]. Hence, data on ZnT7 and
ZnT8 can provide a link between zinc and insulin signalling pathways
during myogenesis. Intriguingly, Zipll accumulates late, at 72 hpd
[76]. This is the only zinc transporter known to be localized to the
nuclear membrane (it can also be found in the Golgi apparatus) , so it
would be interesting to explore the potential influence of zinc inside the
nucleus in mature myotubes in the future.

Further evidence accumulates for zinc biology contributing to
myogenesis and the control of muscle mass. The ablation of MT-1 and
MT-2 in mice causes a hypertrophic phenotype that is more pronounced
in fast-twitch muscles and that correlates with an increase in muscle
strength [77]. Yet, total intracellular zinc content remained constant in
these mice [77] MT-1 and MT-2 are also upregulated in skeletal muscle
atrophy models [78] and in sarcopenia [77], where total intracellular
zinc content is increased as well. It is important to mention that none of
these studies measured the concentration of free intracellular zinc. A
change in zinc content could lead to the deregulation of specific sig-
nalling pathways and explain the observed phenotypes. Indeed, while
the measurement of total intracellular zinc (free zinc and that bound to
proteins) is relatively straightforward, the quantification of the free zinc
pool, which relies on fluorescent approaches, is much more challenging
[45]. Although these data suggest that MTs and zinc control muscle
mass, the exact mechanisms remain unknown due to the complex in-
terplay between zinc binding to MTs, which depends on zinc con-
centration and the redox state of the cell, the fact that zinc induces the
expression of these proteins, the potential appearance of compensatory
mechanisms for zinc buffering when the expression of MTs is compro-
mised and the difficulty in measuring free intracellular zinc content. On
the other hand, it was recently shown that the zinc transporter Zip14 is
upregulated in cancer-associated atrophic muscles (cachexia), which
leads to an excess total intracellular zinc content [79]. By employing
muscle progenitor cells in vitro, the authors demonstrated that the
Zipl4-mediated increase in zinc uptake directly promoted muscle
wasting through myosin heavy chain loss and impaired regeneration
[79]. Altogether, these findings suggest that MT-1/2 and Zip14 could be
used as targets to revert or ameliorate those conditions that involve loss
of skeletal muscle mass.

Regarding cellular metabolism, zinc acts as an insulin mimetic agent
leading to increased total glucose consumption in mouse, rat and
human skeletal muscle cells in vitro [80,81]. Mechanistically, Zip7
could contribute to this function. Indeed, its expression is induced by



J.D. Herndndez-Camacho, et al.

glucose and repressed in conditions mimicking insulin resistance in
C2C12, as well as in vivo in mice fed on a high fat diet [82]. Further,
Zip7 levels have important consequences for cellular metabolism. Its
silencing in vitro causes the downregulation of the expression of genes
involved in glucose and glycogen metabolism, as well as to a decrease
in Akt-mediated signalling [82,83]. As a result, in the absence of Zip7,
cells become insulin resistant. On the contrary, Zip7 overexpression
triggers the induction of the expression genes involved in insulin sig-
nalling and glucose metabolism, including insulin itself [82,83]. Taking
these data together, Zip7 contributes to glycemic control in skeletal
muscle cells. However, whether Zip7 expression levels really influence
zinc cytoplasmic content remains to be explored.

Cardiotoxin (CTX) is a cytolytic toxin from snake venom that is
widely used to study muscle regeneration in animal models. CTX se-
lectively kills myofibers while leaving satellite cells unaffected [84].
After CTX-induced injury, satellite cells are activated, proliferate, dif-
ferentiate and fuse to restore muscle structure and function. In mice ,
both marginal zinc deficiency or excessive zinc intake (8 or 190 mg
Zn2 + /kg diet, respectively, relative to a zinc-adequate diet of 35 mg
Zn2+ /kg diet) delay muscle recovery from CTX-induced injury [85].
The authors hypothesized that this delay was the result of the reduction
in muscle protein synthesis observed under a zinc-deficient or zinc-
supplemented diet [63]. However, given that zinc promotes the pro-
liferation and activation of C2C12 cells in vitro [70,71], it would be
worth exploring whether satellite cells are affected in this setting. Al-
together, this finding could have profound implications for the general
population but especially for athletes, who often incur muscle injuries:
it is important to take appropriate amounts of zinc to prevent the im-
pairment of muscle regeneration.

3. Zinc and its importance in exercise

Skeletal muscle is a tissue whose main function is contraction, force
and movement production and involves a complex mix of compositions,
structures and functions. It is constituted of several bundles of highly
vascularized and innervated myofibers [86]. Skeletal muscle has been
defined as a malleable tissue that is modulated by exercise where re-
active oxygen and nitrogen species regulate adaptation training re-
sponses [87]. Physical exercise is considered a critical tool to prevent
and treat muscle abnormalities [88]. Additionally, exercise is con-
sidered to be a polypill for health maintenance and recovery due to its
potential to reduce risks and damage from chronic diseases, its easy
availability and lack of adverse effects [89]. Furthermore, exercise
helps to maintain muscle mass promoting healthy aging and reduced
sarcopenia and has been proven to be a perfect toolkit for prevention
and treatment of a wide variety of diseases [90].

3.1. Modulation of serum and urine zinc by exercise

Exercise has been proven to activate different metabolic pathways
modulating the levels of many metabolites and minerals including zinc
(Table 1). Acute aerobic endurance and muscular strength exercise
decrease zinc serum levels while increasing urinary zinc, especially in
case of exercise until exhaustion [91-93]. These changes in zinc levels
have been found during the recovery period, so it could be related with
the muscle repairing processes that take part during this phase. How-
ever, immediately after exercise, increased zinc serum levels can be
observed [95].

In contrast, after a chronic exercise intervention zinc serum levels
were increased in humans [101] and animal models [102]. It is obvious
that modulation of zinc levels by exercise are influenced by the dura-
tion of exercise intervention (chronic or acute). Even living an active or
sedentary lifestyle influences basal zinc serum levels [104].

Zinc levels fluctuations during exercise could be related with
changes in the antioxidant response stimulated by exercise. Zinc is in-
volved in the antioxidant response to exercise through changes in
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expression of copper zinc superoxide dismutase (CuZnSOD) [105] and
this response could be modulated by exercise and resting [105,106].
The antioxidant response promoted by exercise could vary in function
of the sport modality due to differences in erythrocyte zinc, CuZnSOD
activity and MT [107]. Zinc could be playing an essential role in anti-
oxidant response to exercise by inhibiting free radical production, in-
creasing antioxidant activity and preventing muscle exhaustion [108].
Zinc administration has been examined in pulmonary rehabilitation
[109] in combination with exercise obtaining an increase in muscle
strength and a tendency of higher type I fibre proportion. Zinc ad-
ministration in combination with exercise could improve lipid profile
decreasing total cholesterol, LDL-cholesterol and triglycerides and in-
crease HDL cholesterol [110].

It has been proposed that zinc deficiency could be leading to higher
levels of lipid peroxidation in different tissues while zinc administration
produces an increase in glutathione levels in different tissues resulting
in a higher antioxidant capacity [111]. Moreover, zinc deficiency has
been related with a lower DNA integrity, more oxidative stress and
altered DNA repair capacity [103]. Particularly in sport performance
zinc deficiency has been associated with a lower peak oxygen uptake,
carbon dioxide output and respiratory exchange ratio [112] and with a
reduction in total work capacity of skeletal muscle [113]. Zinc defi-
ciency in physically active men leads to a reduction carbonic anhydrase
activity in red blood cells, impairing metabolic responses during ex-
ercise, and contributing to a lower physical performance observed in
conditions of dietary zinc deficiency [112]. Zinc depletion in humans
leads to a decrease in total work capacity for knee and shoulder ex-
tensors and flexors and a reduction in physical performance that cor-
relates with decreased plasma zinc [113]. Zinc levels could have been
maintained in muscle due to the compensatory effects from high zinc
content tissues where zinc does not play a key role such as bone,
highlighting the capacity of the organism to prioritize and mobilize zinc
from different tissues to others [41]. The reason by which muscle
performance was not maintained under zinc depletion could be related
to lactic acid accumulation due to lactate dehydrogenase activity being
reduced under zinc depletion leading to lactic acid increase and muscle
fatigue [113]. Zinc deficiency is common in athletes in different
training periods [114].

3.2. Effectiveness of zinc supplementation on exercise

Zinc deficiency constitutes a crucial issue for professional athletes
because it could affect sport performance and health. Although zinc
deficiency is a serious issue, there is not experimental evidence that
support the possible benefits on zinc administration beyond re-
commended dietary intakes as a potential supplement for athletes, thus
extra zinc for athletes would not report more beneficial effects
[115,116] or enhance training adaptations [117]. Consequently, ath-
letes should be discouraged to ingest extra zinc supplementation be-
cause studies that determine the effect of zinc supplementation in
athletes beyond their recommended daily intakes levels in sport per-
formance are lacking. The effect of extra zinc administration in this
specific situation remains unclear further long human trials studies are
required [51]. In agreement, it has been shown that the organism is
able to make some adjustments in zinc excretion, in order to maintain a
balanced supply to all tissues according to their specific demands,
therefore extra zinc would be excreted [118]. Moreover, overdose of
zinc could trigger side effects including nausea, abdominal cramping,
vomiting, tenesmus, diarrhea, copper deficiency, even teratogenic or
lethal effect during early embryogenesis [28].

Taking all these data into account, zinc could be involved in anti-
oxidant response activated by exercise, therefore zinc deficiency in
athletes could have consequences for metabolic adaptations modulated
by exercise and it could induce negative effects to sport performance,
exercise adaptation and affecting the long-term health of the athlete.
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3.3. Modulation on cellular zinc levels by exercise

Exercise could modulate changes in serum and urine zinc levels.
However, it should also be considered that these changes in zinc serum
levels do not necessarily mean the same regulation in cellular free zinc
levels. Both finding appropriate zinc biomarkers and measuring the
approximately picomolar intracellular free zinc** concentrations are
ongoing challenges in zinc biochemistry [45]).

Particularly in cardiac cells [119], exercise induces RNA levels of
metallothioneins (MT1 and MT2), while mice lacking MT1/2 exhibit
cardiac dysfunction during exercise. Exercise could also stimulate MT
levels in aortic tissues [120], even an increase has been reported spe-
cifically in muscle due to exercise [121].

Moreover, the effect of exercise on zinc homeostasis extend beyond
muscle, stimulation of MT1 and MT2 by exercise has been shown using
an in vitro model applying electric pulse stimulation in hepatocytes
[122]. Additionally, exercise improved the spatial learning abilities of
rats [123]. Interestingly, an upregulation of different ZnTs (ZnT2, ZnT4,
ZnT5, ZnT6 and ZnT7) in hippocampus was reported indicating a po-
tential effect of exercise on zinc cellular homeostasis [123]. Exercise
could enhance the transport of cytosolic zinc to cellular organelles.
Moreover, they also reported an increase in zinc intracellular trans-
porters, specifically ZIP transporters (ZIP6 and ZIP7) was found, while
MT1 and MT3 levels were also increased in hippocampus [123]. Ad-
ditionally, exercise has been shown to promote activation of MTs,
especially MT1, MT2 and MT3 in mouse spinal cord [124]. After two
weeks of running 30 min per day, an increase in mRNA and proteins
levels of MTs in spinal cord were found compared with sedentary
controls [124]. Another study reported an increase in MTs levels in
response to exercise in rat renal tubes suggesting a protective role
against oxidative stress and apoptosis in proximal tubular cells [125].

Exercise is associated with oxidative stress production in muscle
producing lipids and proteins oxidation [126]. As it has been discussed
above, exercise could lead to a cytosolic zinc levels increase that could
also promote zinc accumulation in mitochondria [127]. An abnormal
mitochondrial zinc accumulation associated with over-exercise could be
associated with higher oxidative stress production resulting in mi-
tochondrial dysfunction in vascular smooth muscle cells [127,128].
Zinc accumulation could be regulating mitochondrial function affecting
ZnTs, ZIPs and MTs homeostasis [127]. Consequently, zinc levels
changes related to exercise could be involved in oxidative stress pro-
duction.

On balance, exercise could stimulate zinc cellular pathways pro-
moting zinc uptake into the cell and zinc storage in different proteins
and cellular organelles (through ZnTs and MTs regulation) as it is
shown in Fig. 1 thus this process is altered in athletes that present zinc
deficiency leading to alterations that could affect health and sport
performance.

An overview of Zinc cellular homeostasis modulated by exercise.
Exercise induces Zn2+ celular input through ZIP transporters, upre-
gulating Zn2+ input to nucleus and different organelles. High celular
Zn2+ levels incite MTs Zn accumulation.

4. Zinc and protein degradation
4.1. Proteostasis

Proteostasis is the collective term for the mechanisms mediating the
correct synthesis, folding, trafficking and degradation of proteins. These
networks are comprised of various protein chaperones, degradation
complexes and stress-response pathways. The balance between protein
synthesis and protein degradation determines whether muscle increases
or decreases in mass. A key component of muscle metabolism is the
correct recognition and repair or degradation of misfolded or otherwise
damaged proteins, allowing muscle remodelling, training adaptation
and increased muscle mass and as Fig. 2 illustrates exercise could
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influence protein turnover. Proteolysis provides amino acid precursors
for maintenance of proteostasis and is mediated through the autophagy-
lysosome, calpain, caspase, and ubiquitin-proteasome system (UPS).
These systems are interlinked and act together to regulate muscle
proteolysis in response to nutrition and mechanical force during ex-
ercise [129]. Moderate exercise training improves muscle atrophy in-
duced by impaired skeletal muscle autophagy and proteostasis [130].
Additionally, exercise enhanced protein turnover even when mechan-
isms to maintain proteostasis and protein degradation are impaired
[131].

4.2. Autophagy

Autophagy is a system of protein degradation that is the primary
mechanism through which larger proteins, protein aggregates and or-
ganelles are degraded by the cathepsin protease family in the lumen of
lysosomes. These proteases can degrade specific muscle proteins (e.g.
troponin T, myosin heavy chain and tropomyosin) [132]. While animal
models suggest that the majority of muscle protein degradation occurs
via the UPS [129], autophagy is purported to be responsible for de-
grading membrane-bound receptor proteins which are critical for
muscle remodelling [133]. Exercise has shown to increase markers of
autophagy and autophagy capacity in skeletal muscle during the re-
covery period, therefore exercise could modulate autophagy [133].
During autophagy, translocation of substrates into the lysosome lumen
is mediated through macroautophagy, microautophagy or chaperone-
mediated autophagy.

Zinc is critical for basal and induced autophagy. In vitro studies have
shown that supplementing culture medium with zinc enhances basal
[134,135] and induced autophagy in cultured cells, particularly in-
duced by various exogenous stressors including hydrogen peroxide in
astrocytes [136], ethanol in human hepatoma cells [135], and tamox-
ifen in MCF7 breast cancer cells [137]. These studies also showed a
decrease in basal and induced autophagy when cells were incubated
with the zinc chelator TPEN or Chelex-100.

Zinc is involved in regulating both the initiation of autophagy (early
autophagy) and the protein degradation in the lumen of the autolyso-
some (late autophagy). The mechanisms through which zinc may reg-
ulate early autophagy are not fully elucidated.

However, zinc regulation of phosphorylation of extracellular-signal-
regulated kinases (ERK1/2) is required for its effects on autophagy
[135,137], zinc supplementation in cells induced ERK activation, au-
tophagy and cell death while chelation of zinc2 + blocks the increase in
ERK phosphorylation reducing cell death and autophagic vacuoles
formation [137]. Particularly, zinc administration that promotes ERK
activity could modulate Beclin expression inducing autophagy [138].
ERK1/2 has been shown to promote the dissociation of the mTORC1
from the ULK1/2 complex through the Beclinl-PI3K complex [139],
where PI3K is specifically induced by zinc in a dose dependent manner
[140]. Exercise has shown to increase phosphorylation of AMPKThr172
and ULK®*™'7 in skeletal muscle along with different markers of au-
tophagy while phosphorylation of mTORSer***® and ULK**”>7 was
unaffected in skeletal muscle [133]. Particularly, zinc administration in
macrophages has shown to decrease mTOR phosphorylation levels and
activate apoptosis markers [141]. Moreover, an increase or a decrease
in a zinc finger protein in breast cancer cells actives or inhibits au-
tophagy associated to cell death through activation or inhibition of
mTOR pathway [142]. Exercise stimulates zinc incorporation into the
cell as it has been discussed above promoting ERK activation and au-
tophagy induction through ULK1/2 complex and mTORC1 dissociation.

Both Beclin1-PI3K and ULK1/2 are involved in the formation of the
phagophore in mammalian cells [143,144]. Beclinl protein levels were
increased in skeletal muscle following moderate intensity exercise
[133,145].

Peroxisome proliferator-activated receptor alpha (PPARa) is a nu-
clear receptor that works as a transcription factor that is activated in



J.D. Herndndez-Camacho, et al. Redox Biology 35 (2020) 101529

ZnTs MIs
MTs

MTs

( EXERCISE ) <W\ MTs

st

MREs [ |

MTS

Nucleus

Mitochondria

Golgi Apparatus

" -

Fig. 1. Cellular Zinc homeostasis modulated by exercise.

Endosomes and Lysosomes

Endoplasmic Reticulum

energy deficiency conditions. Exercise can upregulate autophagy mar- stimulate PPARa under autophagy activation conditions inducing li-
kers such as Beclinl and LC311 and induce upregulation of PPARa polysis by autophagy-mediated lipophagy through the MTF-1 DNA
triggering autophagy [146]. In addition, zinc administration can binding at PPARa promoter region [144].
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There are also predicted to be several MTF1 binding sites in the
promoter regions of ATG7 and DFCP1 [147]. Regulation by MTF1 im-
plicates the redox-sensitive zinc binding protein metallothionein as
linking oxidative stress with autophagy induction [147]. Autophagy
related gene 7 (ATG7) is involved in cell degradation and recycling, the
knocked-out mice for this autophagy gene develop muscular atrophy
and show that autophagy is necessary during exercise to eliminate
damaged mitochondria and affected muscle fibers [148] and ATG7
autophagy function could be modulated by zinc [149]. DFCP1 is in-
volved in membrane trafficking and cell signalling during autophagy,
particularly in phagophore formation from omegasome compartments
[150].

In late autophagy, there is evidence that zinc is necessary for lyso-
somal protein degradation. Zinc-deficient rats accumulated lipofuscin
in the retina, a marker of incomplete lysosomal degradation of photo-
receptor proteins [151]. Lipofuscin accumulation was also noted in
astrocytes extracted from MT3 knockout mice [136]. These cells also
had reduced activity of acid phosphatase and neuraminidase and re-
duced expression of cathepsin D and L [136]. Additionally, zinc de-
pletion induced by TPEN treatment of hepatoma cells impaired de-
gradation of lysosomal cargo [135]. Even, high zinc doses improved
autophagy in mice exposed to ethanol while zinc deficiency impaired
autophagy proposing the idea that zinc is necessary for a proper au-
tophagy [149]. Conversely, in yeast, non-specific autophagy was found
to be induced under conditions of zinc depletion [49]). The authors
found that the autophagic response was a protective mechanism to
recycle Zn?* ions for use in the cell, suggesting that the relationship
between cellular zinc homeostasis and autophagy is a two-way street
[49,152].

5. Calpain/caspase

In addition, the calpain and caspase families both also contribute to
muscle proteolysis [153,154]. Both families cleave larger myofibrillar
proteins into smaller actomyosin fragments, which are then able to be
degraded by the UPS [154,155]. These families have muscle-specific
specialisation with calpain-3 (aka p94, CAPN3) highly expressed in
skeletal muscle [156] and caspase-3 activity increased in skeletal
muscle following a modest, short-term energy deficit [157]. In muscle,
protein and gene expression levels of calpain/caspase proteolytic
system components such as calpain 1 and cathepsin D have been found
to be increased after exercise [158]. Additionally, calpain 3 has been
identified as a required element for muscle growth after exercise [159].
In mouse muscle caspase-3 cleaves the Rpt2 and Rpt6 subunits of the
19S proteasome, increasing proteasomal activity [160]. Interestingly,
caspases-3, -6, and -8 are inhibited by physiologically relevant con-
centrations of Zn?* (i.e. low nanomolar) and bind inhibitory Zn?* with
differing stoichiometries and at different sites [161], suggesting that
Zn2" may be liberated from caspase-3 following an energy deficit. In
retinal pigment epithelial cells, zinc deficiency produces a decrease in
cells viability with an activation of calpain-1, caspase-9 and caspase 3
[162] while zinc administration generates a normalization in elevated
calpain and caspase 3 activities [163]. Additionally, zinc chelator used
in retinal pigment epithelium human cells to induce zinc deficiency
lead to calpain activation [164]. Besides, zinc administration could
promote caspase activation [165]. On balance, muscle proteolysis from
calpain and caspase are related with zinc.

The UPS, another system of protein turnover, is responsible for
degradation of more than 80% of intracellular proteins [166], and it is
the primary mechanism through which actomyosin fragments are de-
graded in healthy muscle. Specific motifs in protein substrates are
covalently tagged with activated ubiquitin by a ubiquitin (E3) ligase,
further ubiquitin molecules are conjugated to the first and the protein is
transferred to the 26S proteasome for degradation [166,167]. The
proteasome then utilises multiple enzymatic and non-enzymatic tools to
unfold, deubiquitinate and lyse the target protein. Hundreds of different
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E3 ligases provide specificity through motif recognition. The muscle-
specific E3 ligases are MAFbx and muscle RING finger-1 (MuRF-1),
which are upregulated in response to stressors including oxidative
stress and malnutrition [167].

Most of the proteins are degraded by a large multi-subunit 26S
proteasome that is constituted of two supercomplexes; a regulatory
supercomplex (19S) and a core supercomplex (20S). The regulatory
particle (RP) modifies and directs the proteins to the core particle (CP)
where the substrates are degraded [168]. Zinc influences on the turn-
over of proteins that present susceptibility to proteasome-dependent
proteolysis [168,169]. Several proteins in the 26S proteasome require
zinc for their structure and function [170]. The 19S RP recognises
polyubiquitinated proteins and the deubiquitinating enzymes Rpnll
and Ubp6 remove the polyubiquitin chain [170]. Rpnl1 is a zinc me-
talloproteinase and mutation of the zinc-coordinating residues in the
active site render the enzyme inactive [171]. Additionally, a member of
the ubiquitous ZFAND protein family, ZFAND5/ZNF216 contains two
zinc finger domains, is induced during muscle atrophy, and stimulates
overall UPS protein degradation [172].

6. Zinc and oxidative stress

Oxidative stress and inflammation are associated with proteostasis
induction and exercise and they are hallmarks of metabolic disorders
including obesity, metabolic syndrome, diabetes mellitus type II and
cardiovascular diseases. Zinc is a metal ion that binds to numerous
proteins in the cell contributing to their stability and to enzymes reg-
ulating their catalytic activities. This connection with proteins makes
zinc an important factor involved in multiple metabolic and tran-
scriptomic pathways mostly related to prevent oxidative stress and in-
flammation [173].

The antioxidant function of zinc is related to multiple activities
[174]. At an initial step, zinc upregulates the antioxidant system
through the activation of the nuclear factor erythroid 2-related factor 2
(Nrf2) transcription factor [175] and prevents the production of re-
active oxygen and nitrogen species [176,177]. Although Zn** ions do
not have a direct action on redox reactions, Zn®* is a cofactor of cy-
tosolic Cu, Zn-superoxide dismutase (SOD1) and can also activate glu-
tathione peroxidase (GPx) providing enzyme mechanisms of anti-
oxidant protection against toxic molecules [178,179]. Furthermore,
regular exercised individuals have shown higher serum levels of SOD-3
and endothelial nitric oxide synthase (eNOS) than aged-matched se-
dentary individuals, suggesting a protective role of exercise in anti-
oxidant defence [180]. Additionally, zinc inhibits the activation of NF-
kB through the activation of (PPARs-a) and zinc-finger protein A20
[181]. These regulatory functions of transcription factors by zinc are
determinant in its anti-inflammatory properties causing a decrease of
pro-inflammatory cytokine production [182]. Interestingly, low levels
of zinc have been associated with increased inflammatory markers in
either obese humans with metabolic syndrome or patients with type II
diabetes, and inflammatory markers were decreased with zinc supple-
mentation [100,183,184].

7. Conclusion

In conclusion, zinc deficiency could have serious consequences on
health, particularly in athletes affecting sport performance. While the
evidence presented here argues the benefits of meeting daily zinc re-
quirements, there is no evidence to support that excess zinc ingestion
would be beneficial beyond daily recommended intakes. In relation to
skeletal muscle, zinc could be involved in skeletal muscle synthesis and
regeneration that take part after exercise. More significantly, zinc seems
to be involved in the different proteostatic systems modulated after
exercise, but further studies would be necessary to support it. Zinc-
proteins and their relation to exercise and physical performance is an
understudied area of research and further investigation into the



J.D. Herndndez-Camacho, et al.

requirement of zinc for the benefits of exercise is warranted.
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