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Abstract: Several genetic markers have shown associations with muscle performance and physical
abilities, but the response to exercise therapy is still unknown. The aim of this study was to test the
response of patients with long COVID through an aerobic physical therapy strategy by the Nordic
walking program and how several genetic polymorphisms involved in muscle performance influence
physical capabilities. Using a nonrandomized controlled pilot study, 29 patients who previously
suffered from COVID-19 (long COVID = 13, COVID-19 = 16) performed a Nordic walking exercise
therapy program for 12 sessions. The influence of the ACE (rs4646994), ACTN3 (rs1815739), AMPD1
(rs17602729), CKM (rs8111989), and MLCK (rs2849757 and rs2700352) polymorphisms, genotyped by
using single nucleotide primer extension (SNPE) in lactic acid concentration was established with
a three-way ANOVA (group x genotype X sessions). For ACE polymorphism, the main effect was
lactic acid (p = 0.019). In ACTN3 polymorphism, there were no main effects of lactic acid, group, or
genotype. However, the posthoc analysis revealed that, in comparison with nonlong COVID, long
COVID increased lactic acid concentrations in Nordic walking sessions in CT and TT genotypes
(all p < 0.05). For AMPD1 polymorphism, there were main effects of lactic acid, group, or genotype
and lactic acid x genotype or lactic acid x group x genotype interactions (all p < 0.05). The
posthoc analysis revealed that, in comparison with nonlong COVID, long COVID increased lactic
acid concentrations in Nordic walking sessions in CC and CT genotypes (all p < 0.05). Physical
therapy strategy through Nordic walking enhanced physical capabilities during aerobic exercise
in post-COVID19 patients with different genotypes in ACTN3 ¢.1729C>T and AMPD1 ¢.34C>T
polymorphisms. These findings suggest that individuals who reported long COVID who presumably
exercised less beforehand appeared to be less able to exercise, based on lactate levels, and the effect of
aerobic physical exercise enhanced physical capabilities conditioned by several genetic markers in
long COVID patients.

Keywords: COVID-19; long COVID; genetics; physical therapy strategy; aerobic training; muscle
response
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1. Introduction

Long COVID has been defined in various ways, with the most common description
being symptoms that persist for more than three months after the initial onset of symp-
toms [1]. Among the more than 200 clinical symptoms associated with long COVID, the
most frequent are fatigue and dyspnea (shortness of breath) [2,3], affecting multiple organ
systems, including the pulmonary and cardiovascular systems [3—6]. The primary clinical
symptoms of long COVID syndrome include thrombotic events, brain fog, myocarditis,
respiratory distress, fatigue, and muscle aches and pains. Additionally, risk factors such as
age, high body mass index, female sex, previous hospitalization, and smoking have been
identified [7].

Among the neuromuscular system symptoms experienced by individuals with long
COVID include muscle weakness which can result from the direct effects of the virus on
muscle tissues or from the body’s immune response and could impact daily activities and
physical functioning [8,9]. Fatigue also is a common symptom in long COVID, and it can be
related to neuromuscular issues [10]. The mechanisms of these neuromuscular symptoms
are not fully understood, but it may be due to the ongoing immune response, disrupted
sleep patterns, or other factors affecting muscle function as genetic factors and the condition
can vary widely between subjects [11].

The role of physical exercise in the treatment of long COVID is a topic of active re-
search. Some preliminary studies suggest that gradual, supervised exercise may have
benefits for people experiencing long COVID [12-15], but it is important to emphasize
that not all long COVID patients are in the same physical condition and cardiopulmonary
system damage [4,16]. There are some key aspects to consider in relation to physical ex-
ercise in the context of long COVID: gradualness, medical supervision, types of exercise,
and psychological support [17,18]. Although research is beginning to examine this new
condition, serious questions remain about diagnostic identification, limiting the best thera-
peutic approach. However, it has been shown that aerobic physical exercise can improve
pulmonary, cardiovascular, and neuromuscular function, although due to the individual
characteristics of the patients, it is still necessary to know the characteristics of the effects
of exercise-based treatments on long COVID-19 syndrome are required to give practical
insights about what type of exercise should be preferably prescribed, with emphasis on
intensity, load management, and adherence strategies [14] of both strength and endurance
training [19].

The effects of long COVID on the oxidative capacity of patients are unclear, as is the
production of the product showing this condition and the use of anabolic pathways during
exercise, such as lactic acid, which may contribute to this chronic fatigue, compromised
lung function, and cardiac dysfunction.

The individual characteristics of the patients are defined by their genetics, and through
their knowledge, these individual training strategies could be adopted for subjects with long
COVID syndrome. Genetics could play a key role in muscle and human performance [20].
There are several genetic factors that can affect muscle performance: muscle composition
and fiber type, muscular strength, response to training, metabolism and energy, recovery
and muscular repair, and predisposition to injuries, as previously shown [21-24]. Although
genetics in sport has been deeply studied, only six single nucleotide polymorphisms
(SNPs) have been implicated in these factors, such as I/D (rs4646994) in angiotensin-
converting enzyme (ACE) involved in hypertension, causing, among others, cardiovascu-
lar cerebrovascular diseases [25], chronic obstructive pulmonary disease (COPD) [26,27]
and idiopathic pulmonary fibrosis [28], alpha-actinin 3 (ACTN3) ¢.1729C>T (rs1815739),
involved in cardiometabolic fitness [29], muscle fiber composition, strength, and risk
of muscle injury [30,31]. Adenosine monophosphate deaminase 1 (AMPD1) ¢.34C>T
(rs17602729) is involved in congestive heart failure [32], muscle metabolism, injury risk,
and early fatigue during sports practice [22,23,33]. The muscle-specific creatine kinase
(CKM) ¢.*800A>G (rs8111989) polymorphism has been correlated with physical perfor-
mance and contributes to differences in the maximum oxygen uptake (VO,max) responses
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during training [34]. Finally, myosin light-chain kinase (MLCK) c¢.49C>T and ¢.37885C>A
(rs2700352 and rs28497577) polymorphisms might predispose some individuals to higher
values of muscle pain during exercise [35]. However, it has not yet been demonstrated that
these genetic markers could be related to the response to aerobic exercise in subjects with
diseases that affect the cardiovascular and neuromuscular systems.

Therefore, the aim of this study was to test the response of patients with long COVID
through a physical therapy strategy involving the Nordic walking program and how several
genetic polymorphisms involved in muscle performance influence physical capabilities. We
hypothesize that genetics may play a role in improving the physical abilities and oxidative
capacity of long COVID syndrome patients.

2. Results

The patients’ characteristics are shown in Table 1.

Table 1. Patients’ characteristics.

Long COVID (n =16) COVID-19 (n =13) p Value
Male, n (%) 1(6.2) 4(30.8)
Gender Female, n (%) 15 (93.8) 9(69.2) 0.082
Age, years (SD) 46.13 (7.91) 46.92 (6.00) 0.766
Weight, kg (SD) 65.52 (12.52) 63.14 (13.39) 0.363
Height, cm (SD) 166.23 (8.03) 167.25 (7.99) 0.743
BMI, Kg/m? 23.67 (1.25) 22.62 (1.32) 0.515
s No, n (%) 11 (68.7) 8 (61.5)
Comorbidities Yes, n (%) 5(31.3) 5 (38.5) 0.663
Pulmonary fibrosis after No, n (%) 15 (93.8) 13 (100.0) 0.894
COVID-19 Yes, n (%) 1(6.2) 0(0.0) ’
cm, centimeters; kg, kilogram; SD, standard deviation.
The polymorphisms analyzed met the Hardy—Weinberg equilibrium in all genes
selected (HWE) (all p > 0.050) (Table 2).
Table 2. Hardy—Weinberg equilibrium and minor allele frequency (MAF) for selected genes in muscle
performance.
Genomi MATF Long
Symbol Gene dbSNP enomi¢  COVID  MAF(BS)*  HWE FIS
Location .
Patients
ACE Angiotensin-converting enzyme  rs4646994 17q23.3 40.6% (I) 36.7% (I) ** p=0463 017
ACTN3 Alpha-actinin-3 rs1815739 11q13.2 50.0% (T) 43.9% (T) p=0319 —024
AMPDI Adenosine monophosphate 1700709 15132 18.79% (T) 14.0% (T)  p=0597 —0.19
deaminase 1
CKM Muscle-specific creatine kinase rs8111989 19q13.32 34.4% (G) 26.6% (G) p=018 —0.31
MLCK Myosin light chain kinase 152700352 3g21.1 31.2% (T) 20.1% (T) p=0.060 —049
Myosin light chain kinase rs28497577 3q21.1 18.7% (A) 10.3% (A) p=0314 —0.33
Overall SNPs p=0382 —028

IBS, Iberian population in Spain * [36] ** [37]; FIS, inbreeding coefficient; HWE, Hardy—Weinberg equilibrium;
MAE minor allele frequency; SNP, single nucleotide polymorphism.

The genotype frequencies for the six polymorphisms in the patients” cohort are shown
in Table 3.
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Table 3. Genotype distribution in target polymorphisms on study patients.
Gene Polymorphism dbSNP Genotype Long COVID (n=16) COVID-19 (n=13) p Value

DD 5(31.2) 4 (30.8)

ACE I/D rs4646994 1D 9 (56.2) 7(53.8) 0.975
I 2(12.5) 2(15.4)
CcC 4 (25.0) 1(7.7)

ACTN3 c.1729C>T rs1815739 CT 8 (50.0) 9 (69.2) 0.425
TT 4 (25.0) 3(23.1)
CcC 11 (68.8) 8 (61.5)

AMPD1 c.34C>T rs17602729 CT 4(25.0) 5(38.5) 0.525
TT 1(6.2) 0(0.0)
GG 2 (12.5) 1(7.7)

CKM c.*800A>G rs8111989 GA 7 (43.8) 9 (69.2) 0.388
AA 7 (43.8) 3(23.1)
CcC 9(56.2) 9 (69.2)

c49T>C 1rs2700352 CT 4(25.0) 4(30.8) 0.257
MLCK T 3(18.8) 90 (0.0)
CA 3(18.8) 1(7.7)

c.37885C>A rs28497577 cC 13 (81.2) 12(92.3) 0.390

SNP, single nucleotide polymorphism.

2.1. ACE

For 1/D (rs4646994) polymorphism, there was effect of lactic acid (F = 2.942, p = 0.019),
but no main effects of group (F = 0.853, p = 0.682) and genotype (F = 2.216, p = 0.092), lactic
acid x group (F = 1.634, p = 0.094), lactic acid x genotype (F =1.319, p = 0.212), and lactic
acid x group x genotype interactions (F = 1.897, p = 0.106). The posthoc analysis did not
reveal any statistically significant effect of lactic acid during any Nordic walking session
in all genotypes (all p > 0.050) (Figure 1a). For distance (Figure 1b), there were no main
effects of genotype (F = 1.451, p = 0.471), distance covered (F = 1.036, p = 0.446), groups
(F =0.742, p = 0.692), and interactions between variables. The posthoc analysis did not
reveal any statistically significant effect of distance covered during any Nordic walking
session in all genotypes (all p > 0.050) (Figure 1b).

2.2. ACTN3

Figure 2 depicts lactic acid concentrations and distance covered during all Nordic
walking sessions in ¢.1729C>T (rs1815739) polymorphism. For lactic acid concentrations
(Figure 2a), there was no main effect of lactic acid (F = 1.553, p = 0.425), group (F = 0.843,
p = 0.632), and genotype (F = 0.858, p = 0.559). However, there were statistically significant
interactions in lactic acid x group x genotype (F = 1.702, p = 0.028) with no main effect
in interactions among these variables during the Nordic walking program. The posthoc
analysis revealed that in comparison with COVID-19, the long COVID group increased
lactic acid concentrations in 1° to 6° Nordic walking sessions in the CT genotype and 1°
to 7° Nordic walking sessions for the TT genotype (all p < 0.05) (Figure 2a). For distance
(Figure 2b), there was a main effect of distance covered (F = 3.289, p = 0.022) with no main
effect of group (F = 1.255, p = 0.332) and genotype (F = 1.142, p = 0.425). There were no
statistically significant interactions between these variables on distance during the Nordic
walking program. The posthoc analysis did not reveal any statistically significant effect
of distance covered during any Nordic walking session in all genotypes (all p > 0.050)
(Figure 2b).
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Figure 1. (a) Lactic acid and (b) distance covered during Nordic walking sessions in patients with
different ACE ID genotypes.
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Figure 2. (a) Lactic acid and (b) distance covered during Nordic walking sessions in patients with
different ACTN3 ¢.1729C>T genotypes. * COVID-19 is different from long COVID for the same Nordic
walking session at p < 0.050. mmol/L, millimole/liter; Km, kilometer.
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2.3. AMPD1

For ¢.34C>T (rs17602729) polymorphism, there were main effects of lactic acid
(F = 8.532, p < 0.001), group (F = 4.521, p = 0.003) and genotype (F = 6.743, p < 0.001).
There were main effects of lactic acid x genotype (F = 4.479, p < 0.001) and lactic acid x
group x genotype interactions (F = 1.838, p = 0.048) (Figure 3a). The posthoc analysis
revealed that, in comparison with COVID-19, the long COVID group increased lactic acid
concentrations from 10° to 12° Nordic walking sessions in the CC genotype and 1° to 4°
Nordic walking sessions for the CT genotype (all p < 0.050) (Figure 3a). For distance, there
was a main effect of distance covered (F = 2.889, p = 0.033), and there was no main effect
of group (F = 1.674, p = 0.284) or genotype (F = 3.214, p = 0.066) and interactions between
variables. The posthoc analysis revealed that, in comparison to long COVID, the COVID-19
patients increased the distance covered in 6° and 7° Nordic walking sessions in the CT
genotype (all p < 0.050) (Figure 3b).
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Figure 3. (a) Lactic acid and (b) distance covered during Nordic walking sessions in patients with
different AMPD1 ¢.34C>T genotypes. * COVID-19 is different from long COVID for the same Nordic
walking session at p < 0.050. mmol/L, millimole/liter; Km, kilometer.

2.4. CKM

Figure 4 depicts lactic acid concentrations and distance covered during all Nordic
walking sessions in ¢.*800A>G (rs8111989) polymorphism. For lactic acid concentrations
(Figure 4a), there was a main effect of lactic acid (F = 2.852, p = 0.041) and genotype
(F = 3.024, p = 0.032) with no main effect of group (F = 1.174, p = 0.418) and interactions
between variables. The posthoc analysis revealed that, in comparison with COVID-19,
the long COVID group increased lactic acid concentrations from 3° to 5° Nordic walking
sessions in the AA genotype (all p < 0.050) (Figure 4a). For distance, there were no main
effects of distance covered (F = 1.597, p = 0.369), group (F = 1.726, p = 0.199) or genotype
(F=1.097, p = 0.451) and interactions between variables (Figure 4b).
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Figure 4. (a) Lactic acid and (b) distance covered during Nordic walking sessions in patients with
different CKM ¢.*800A>G genotypes. * COVID-19 is different from long COVID for the same Nordic
walking session at p < 0.050. mmol/L, millimole/liter; Km, kilometer.

2.5. MLCK

For ¢.49C>T (rs2700352) polymorphism, there was a main effect of lactic acid (F = 5.673,
p < 0.001) with no main effects of group (F = 1.132, p = 0.472) or genotype (F = 1.942,
p = 0.117) and interactions between variables (Figure 5a). For distance, there were no main
effects of distance covered (F =2.453, p = 0.069), group (F = 2.174, p = 0.105) or genotype
(F =0.852, p = 0.592) and interactions between variables (Figure 5b).

For MLVCK ¢.37885C>A (rs28497577) polymorphism, there was a main effect of lactic
acid (F = 6.363, p < 0.001) with no main effects of group (F = 1.378, p = 0.338) or genotype
(F =2.358, p = 0.097) and interactions between variables (Figure 6a). For distance, there
was a main effect of distance covered (F = 2.841, p = 0.035), and there was no main effect
of group (F = 0.986, p = 0.508) or genotype (F = 0.752, p = 0.689) and interactions between
variables (Figure 6b).
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3. Discussion

This nonrandomized controlled pilot study provides relevant information about the
influence of several polymorphisms on the benefits derived from physical activity on lactic
acid concentrations and physical performance during aerobic exercise programs. Overall,
the results of the present study support previous scientific evidence on therapeutic exercise
as a strategy to improve physical capacities and decrease fatigue during exercise in patients
who have suffered from COVID-19 and present with long COVID syndrome [38,39]. But
more importantly, we report, for the first time, the influence of polymorphisms previously
implicated in muscle performance on the effect of exercise therapeutics in understanding
the impairment of oxidative pathways in patients with long COVID syndrome during
aerobic exercise. Taken together, the results of the present study suggest that a Nordic
walking program in patients who suffered mild COVID-19, significantly decreases lactic
acid concentrations during submaximal aerobic exercise in individuals with genotypes CT
and TT in ACTN3 ¢.1729C>T, CC and CT in AMPD1 ¢.34C>T and AA in CKM c¢.*800A>G
polymorphisms. Further studies must be devoted to determining physiological mechanisms
explaining the interindividual variability in response to therapeutic exercise context in long
COVID patients.

Previous studies have reported the effects of physical therapy in improving the quality
of life of patients with long COVID syndrome, focusing on aerobic exercise to improve
lung and cardiovascular functions in addition to other symptoms, such as dyspnea, fatigue,
and quality of life [5,40-42]. The changes observed with an aerobic exercise program
suggest an effect of metabolic pathways in shifting the substrates for energy supply during
low-to-moderate-intensity aerobic exercise toward a greater reliance on fat rather than
carbohydrate and lactic acid production. This effect induced by the enhancement of
oxidative pathways may be considered a potential advantage for those individuals with
long COVID syndrome who present with fatigue and dyspnea and aid their treatment
for improved quality of life. Furthermore, these metabolic effects are in addition to other
benefits associated with physical therapy strategy in long COVID syndrome, such as
reduced fatigue [42] and increased muscle oxygen saturation [43]. Within physical therapy
strategies, research has presented the 6-min walking test (6 MWT) as one of the most
effective for these patients due to the physical complications they present and how it helps
them to achieve improvements in their physical abilities. Typically, the duration of the
program is approximately 12 weeks to evidence the effects [15,44,45].

Nordic walking can be a full-body or alternating aerobic/anaerobic discipline [46,47].
Several studies have shown that improvements in functional capacity, cardiorespira-
tory fitness, and fitness are achieved with a 12-week Nordic walking protocol in older
adults [48-51]. The current investigation has used Nordic walking therapy for these previ-
ously described implications and has shown metabolic-like benefits to decrease lactic acid
concentrations in subjects who have previously suffered COVID-19 during the 12 weeks,
being the first time it has been demonstrated as physical therapy for the improvement
of aerobic capacities in subjects with long COVID syndrome and subjects who have suf-
fered COVID-19, showing the genetics of muscle performance as a tool to personalize and
optimize these subjects suffering from this syndrome.

Lactic acid and anaerobic pathways are concepts related to energy production during
intense, high-intensity physical exercise. These processes are part of the way the human
body obtains energy when it cannot provide sufficient oxygen to sustain regular aerobic
metabolism [52]. In some diseases, it has been previously reported that lactic acid con-
centrations are elevated during exercise due to impaired aerobic metabolism, such as in
diseases affecting lung and cardiorespiratory function, like COVID-19 [53]. This research
shows that patients with long COVID syndrome have a very high lactic acid threshold, is
higher than subjects who have suffered from COVID-19, which could be the cause of these
affections on the aerobic pathways in sports practice and could trigger these symptoms so
characteristic in this cohort of patients, presenting the need for future research that could
corroborate the results presented for the first time in this study.
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Genetics has been presented as one of the interindividual factors in predisposing
physical abilities and susceptibility to disease [54,55]. Among these genetic markers,
several have been shown to be relevant to muscle performance and metabolism [56].

ACE 1/D (rs4646994) polymorphism became the first genetic element shown to impact
human physical performance substantially [57]. Although the involvement of the ACE
gene in performance and sports injuries has been shown to date, its influence on lactic acid
in sports practice is not known, confirming the results shown in this pilot study, which has
shown no differences in the different genotypes in the ACE gene.

c.1729C>T (rs1815739) polymorphism in ACTN3 gene is another target widely studied
in sports performance [31,58,59]. In this case, the C allele is related to the proportion of
fast muscle fibers (type I) and the T allele to slow muscle fibers (type II) [30]. This muscle
fiber composition may have an implication in the patients’ response to the Nordic walking
program, with the T allele carriers showing statistical differences between the two groups
in the first aerobic exercise strategy (Figure 2). These data suggest that patients who did
not have long COVID syndrome responded better to the physical exercise strategy in
the early phases with lower lactic acid concentration than subjects with long COVID. All
subjects decreased lactic acid concentrations with Nordic walking sessions, which will
need to be confirmed in future studies. The different genotypes in ACTN3 did not differ
in patient performance in terms of distances covered during the entire Nordic walking
program between subjects with long COVID syndrome and those with nonlong COVID.
However, the different genotypes in ACTN3 did not differ in patient performance in terms
of distances covered during the entire Nordic walking program between subjects with long
COVID syndrome and those without long COVID.

AMPD1 ¢.34C>T (rs17602729) polymorphism has previously been linked to athlete
status due to its relationship with muscle metabolism [20]. The T allele has been shown to
cause early fatigue, cramps and muscle injuries in sports [60]. In the current study;, it has
been found that the T allele is associated with a higher lactic acid concentration in patients
with long COVID syndrome with physical therapy strategy in the first sessions, an aspect
that could be related to the fatigue of patients in this group, which can be overcome with
the passage of aerobic exercise sessions, an aspect with clinical relevance, while participants
with CC genotype have higher lactate concentration in Long COVID syndrome at the end
of the program compared to patients who only suffered COVID-19. The program decreases
lactic acid concentrations in all study subjects, being higher in those with long COVID,
which may be related to lower effectiveness in muscle metabolism, which may be affected
in all genotypes.

Muscle damage is an important aspect in COVID-19 patients due to the muscle
weakness and severe fatigue caused by the disease and related to different catabolites, such
as creatine kinase. In this respect, the c*800A>G (rs8111989) polymorphism of the CKM,
some patients may experience persistent fatigue, shortness of breath or other symptoms
that limit their ability to exercise and may be uniquely associated with the the AA genotype
regarding lactic acid in long COVID syndrome subjects.

Aside from the strengths presented, this study has several limitations that should be
discussed to enhance the applicability of this study to real therapeutic exercise strategy
contexts: (i) Small sample size; the study only included 29 patients. This small number
makes it hard to generalize the results to a larger population. (ii) No randomization; pa-
tients were not randomly assigned to groups. This can introduce bias, meaning the groups
may not be comparable. (iii) Short duration; the study only lasted 12 weeks. This short
period may not be enough to see long-term effects. (iv) Single location; all participants were
from the same area. This limits the study’s ability to apply its findings to different regions
or populations. (v) Selection bias; participants volunteered to join the study, which might
mean they are different from the general population (e.g., more motivated or healthier).
(vi) Confounding variables; potential confounding variables, such as differences in base-
line fitness levels or other lifestyle factors between participants, were not controlled for.
(vii) Cardiovascular assessment; future studies should include comprehensive cardiovas-
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cular evaluations and subjective exertion scale to understand better the impact of aerobic
exercise on heart health in long COVID patients. (viii) Power analysis; this pilot study
did not present power of analysis, and future research should include power analysis to
ensure that the sample size is adequate to detect significant effects. (ix) Monitored diet; the
diet of participants was not specifically monitored or controlled during the study. Future
studies should consider dietary assessments or controls to account for nutritional influences
on lactate levels and exercise performance. (x) Cardiopulmonary exercise testing (CPET);
no patient underwent a CPET to determine their VO,max before and after the Nordic
walking program. (xi) Limited genetic analysis; the study only looked at a few genetic
markers. There might be other important genetic factors not considered, like Insulin-like
growth factor I (IGF-1), interleukins 6 and 15 (IL6, IL16), nitric oxide synthase 3 (NOS3),
peroxisome proliferator-activated receptor alpha (PPARA) and vitamin D receptor (VDR)
implied in inflammation, muscle disorders, and peripheral vasodilatation during physical
activity [21]. These limitations suggest that future research with a larger, more diverse
sample, randomization, and longer follow-up is needed.

In clinical practice, health professionals could prescribe exercise to patients with long
COVID syndrome. However, patients often experience increased fatigue and worsening
symptoms after exercising. Some studies have shown a link between exercise intolerance
and dysfunction in the oxygen extraction system in long COVID patients [61]. It is crucial
to determine the molecular basis of this fatigue, including lactate levels generated by
activity, to prescribe and monitor exercise properly. This will benefit both patients, who
can take an active role in self-dosage, and professionals, who can be more confident in
their prescriptions based on individual lactate generation and genetic polymorphisms. The
better we understand the mechanisms underlying fatigue in these patients, the better we
can tailor exercise sessions, including the type, duration, and progression of exercise.

Identifying potential polymorphisms could be valuable when scheduling and prescrib-
ing therapeutic exercise to improve physical capacity in long COVID patients. Therefore,
the intensity and duration of future Nordic walking programs for this population should
take the findings of current research into account, aiming to individualize interventions by
considering genetic factors and physical exertion capacity.

4. Materials and Methods
4.1. Study Design

A two-arm, nonrandomized, controlled pilot study was conducted to determine
physiological and genetic responses to aerobic physical exercise strategy through a Nordic
walking program by measuring lactate concentration in long COVID syndrome and
COVID-19 groups.

4.2. Patients

Patients in the long COVID group were recruited by mass mailing to their AMACOP
(Asociacion Madrilefia de Pacientes con Covid Persistente, Madrid, Spain) e-mail accounts.
Finally, the sample was divided into a nonrandomized intervention group (long COVID)
(n =16) and a healthy control (COVID-19) group (n = 13), as previously shown [62]. The
healthy control group was recruited through advertisements and flyers in the Madrid
region. The cases of comorbidities presented in the long COVID group were three subjects
with hypertension and two with diabetes mellitus (Table 1).

Inclusion criteria were (i) people between 18 and 65 years old. Long COVID has also
been reported in children [63], but this pilot study was focused on the adult population,
which ranges from 18 to 65 years old. The participants were close to the age corresponding
to the mean age defined by the long COVID patient type [64], (ii) with a complete COVID-
19 vaccination schedule, (iii) in the case of the experimental group, they had to provide
a documented diagnosis and have persistent long COVID symptoms for at least one
year and diagnosed by long COVID syndrome patients of similar age and anthropometric
characteristics, who presented symptomatology at the beginning of the study, and voluntary
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healthy controls were recruited and, (iv) all long COVID patients presented common
symptoms as fatigue, dyspnea, cough, and chest pain [65] at the time of recruitment.
Exclusion criteria were (i) the presence of comorbidities of musculoskeletal nature that
contraindicated the practice of the proposed exercises, (ii) the presence of uncontrolled
cardiovascular or respiratory diseases, (iii) the presence of disabling neurological diseases
that significantly interfere with the practice of the proposed exercise, (iv) severe anemia or
other comorbidities that significantly interfere with the proposed exercise, (e) diagnosis or
symptoms of dysautonomia, (v) the presence of high levels of fatigue, (vi) desaturations
during the practice test that imply a need for exercise oxygen supply, and (vii) >3% effort
desaturation during exercise.

Patients signed an informed written consent form to participate in the investigation.
The study was registered at the Registry of Clinical Trials (NCT05453188 on 14 July 2022),
and ethical approval was obtained by the Ethics Committee of Hospital Universitario Fun-
dacion Alcorcon (Ethical Approval Code 21/175). The study was conducted in accordance
with the Declaration of Helsinki of 1964 (last update 2013).

4.3. Desoxyribonucleic Acid (DNA) Sample Collecting and Genotyping

The samples were collected with SARSTED swabs by buccal smear and refrigerated
until genotyping.

DNA extraction from the swabs was carried out in the VIVOLabs laboratory (Madrid,
Spain) by automatic extraction in QIACube equipment (QIAGEN, Venlo, Holland), yielding
a DNA concentration of 25-40 ng/mL, which was kept in a solution in a volume of 100 pL
at —20 °C until genotyping.

ACE1/D (rs4646994), ACTN3 ¢.1729C>T (rs1815739), AMPD1 ¢.34C>T (rs17602729),
CKM c.*800A>G (rs8111989) and MLCK c.49C>T (rs2700352) and ¢.37885C>A (rs28497577)
polymorphisms were genotyped by using Single Nucleotide Primer Extension (SNPE) with
the SNaPshot Multiplex Kit (Thermo Fisher Scientific, Waltham, MA, USA), with analysis
of the reaction result by capillary electrophoresis fragments, in an ABI3500 unit (Applied
Biosystems, Foster City, CA, USA) with bioinformatic analysis performed by GeneMapper
5.0 software (Applied Biosystems, CA, USA).

4.4. Nordic Walking Program

The long COVID and COVID-19 groups conducted the Nordic walking sessions for
90 min (warm-up and teaching the technique, exercise, and cool-down) conducted once a
week for 12 weeks.

At the beginning of each Nordic walking session, atmospheric humidity and tempera-
ture data were recorded. All patients performed a protocol of 45 min of Nordic walking
each session for aerobic response, as previously reported [66]. After the session, the dis-
tance covered by each patient was recorded, and lactate levels were measured during the
first minute immediately after the end of the session. Patients were asked to start Nordic
walking in a staggered manner to facilitate immediate lactate measurement. They started
walking, leaving one minute between the start of each participant.

Nordic walking sessions were conducted at a moderate-to-vigorous intensity, as
previously described [48], completed outdoors weekly from February to May 2023 in Casa
de Campo, Madrid, Spain. The instructor started by designing a route without a slope,
which was the same during the three months of the intervention.

Instructions were given to all participants during the development of the Nordic
walking sessions (i.e., to complete the time of each session, to walk on flat ground for
45 min but they could regulate the pace and the distance, which did not have to be the same
from one session to the next. They also had to communicate to the health professionals
present in every session if they felt dyspnea, perceived as “they were gasping for breath
when they tried to speak”. In addition, all participants were accompanied in all sessions
by a nurse specialized in cardiovascular care and two physiotherapists with experience
in therapeutic exercise. Patients should not be desaturated during exercise (no more than
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3%), and their heart rate values during exercise were taken. Finally, all participants were
required to tell the researchers if they felt long-exertional fatigue immediately after the
session or during the following 48 h.

4.5. Sample Collection

Lactate samples were collected after multiple 45-min Nordic walking sessions once
per week for 12 weeks. A nurse took a blood sample (0.3 microliters) from the participants
by capillary puncturing the index finger of the hand in order to conduct blood lactate
concentration data immediately after physical activity (within the first minute) using the
Arkrag lactate Pro2 meter.

4.6. Outcome Measures

The distance covered by the participants in all Nordic walking sessions was measured
by POLAR Ignite 2 device (Polar Electro, Kempele, Finland).

4.7. Statistical Analysis

Analysis was performed using the Statistical Package for the Social Sciences (SPSS),
v.21.0 for Windows (IBM Corp. Released 2012. IBM SPSS Statistics for Windows, Version
21.0. Armonk, NY: IBM Corp., Armonk, NY, USA).

Demographical data are presented using chi-square for qualitative variables and
paired t-test for quantitative variables. Data are presented as mean + standard deviation
(SD) for each genotype. All data were checked for normality and sphericity by using the
Shapiro-Wilk test. As all variables presented a normal distribution, parametric statistics
were employed to determine differences in response to lactate and distance depending
on polymorphisms. Disequilibria of SNPs were estimated using the Hardy—Weinberg
Equilibrium (HWE) followed by the approach by Weir and Cockerham [67]. A three-
way analysis of variance (ANOVA; 2 x 3 x 12, corresponding to group X genotype X
Nordic walking sessions) was used to compare lactate levels and distance covered. When
a significant F value was obtained for any main effect or interaction, a least significant
difference (LSD) posthoc analysis was performed to determine pairwise differences for the
values obtained in the long COVID group vs. the COVID-19 group within each genotype.

The significance level was set at p < 0.050.

5. Conclusions

The present study is the first to investigate the influence of genetic polymorphisms
on performance in subjects with long COVID syndrome. The main findings support that
individuals who reported long COVID who presumably were less exercised beforehand
appeared to be less able to exercise, based on lactate levels and aerobic physical ther-
apy strategy through a Nordic walking program enhanced physical capabilities during
aerobic exercise in long COVID patients with different genotypes in ACTN3 ¢.1729C>T
and AMPD1 ¢.34C>T polymorphisms. Hence, a moderate-intensity aerobic physical ther-
apy strategy improves physical capacity in individuals with COVID-19 and long COVID
syndrome supported by genetic information to optimize these strategies for recovery of
COVID-19 patients.
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