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Abstract: One of theories explaining the development of long-lasting symptoms after an acute
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection include changes in the
methylation pattern of the host. The current study aimed to investigate whether DNA methylation
levels associated with the angiotensin-converting enzyme 2 (ACE2) promoter are different when
comparing individuals previously hospitalized due to COVID-19 who then developed long-lasting
post-COVID pain with those previously hospitalized due to COVID-19 who did not develop post-
COVID-19 pain symptoms. Non-stimulated saliva samples were obtained from a cohort of 279
(mean age: 56.5, SD: 13.0 years old, 51.5% male) COVID-19 survivors who needed hospitalization.
Clinical data were collected from hospital medical records. Participants were asked to disclose pain
symptoms developed during the first three months after hospital admission due to COVID-19 and
persisting at the time of the interview. Methylations of five CpG dinucleotides in the ACE2 promoter
were quantified (as percentages). Participants were evaluated up to 17.8 (SD: 5.3) months after
hospitalization. Thus, 39.1% of patients exhibited post-COVID-19 pain. Most patients (77.05%) in
the cohort developed localized post-COVID-19 pain. Headache and pain in the lower extremity
were experienced by 29.4% of the patients. Seven patients received a post-infection diagnosis of
fibromyalgia based on the presence of widespread pain characteristics (11.6%) and other associated
symptoms. No significant differences in methylation percentages at any CpG location of the ACE2
promoter were identified when comparing individuals with and without post-COVID-19 pain. The
current study did not observe differences in methylation levels of the ACE2 promoter depending on
the presence or absence of long-lasting post-COVID-19 pain symptoms in individuals who needed
hospitalization due to COVID-19 during the first wave of the pandemic.

Biomedicines 2024, 12, 1662. https://doi.org/10.3390/biomedicines12081662 https://www.mdpi.com/journal/biomedicines

https://doi.org/10.3390/biomedicines12081662
https://doi.org/10.3390/biomedicines12081662
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biomedicines
https://www.mdpi.com
https://orcid.org/0000-0003-3772-9690
https://orcid.org/0000-0003-3480-1490
https://orcid.org/0000-0002-1022-5831
https://orcid.org/0000-0002-7140-4286
https://orcid.org/0000-0001-6755-8189
https://orcid.org/0000-0002-4212-7419
https://orcid.org/0000-0003-3357-4038
https://orcid.org/0000-0002-0104-1029
https://orcid.org/0000-0003-1331-129X
https://doi.org/10.3390/biomedicines12081662
https://www.mdpi.com/journal/biomedicines
https://www.mdpi.com/article/10.3390/biomedicines12081662?type=check_update&version=1


Biomedicines 2024, 12, 1662 2 of 12

Keywords: methylation; ACE2; pain; post-COVID-19; long COVID

1. Introduction

The world has been immersed in the worst worldwide pandemic of the current century
due to the rapid spreading of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2), the agent responsible for causing coronavirus disease 2019 (COVID-19). In addition to
millions of deaths and billions of people infected with COVID-19 in the last four years,
an important healthcare problem derived from SARS-CoV-2 infection has arisen in the
potential development of long-lasting (or persisting) symptoms after an acute SARS-CoV-2
infection. The presence of symptoms once the acute COVID-19 phase has passed has
received different names, such as long COVID, post-COVID-19, post-acute COVID-19
syndrome, and chronic post-COVID-19 [1]. A consensus paper proposed that the “post-
COVID-19 condition occurs in people with a history of probable or confirmed SARS-CoV-2
infection, usually three months from the onset of infection, with symptoms that last for at
least two months and cannot be explained by an alternative medical diagnosis. Common
symptoms include, but are not limited to, fatigue, shortness of breath, and cognitive
dysfunction, and generally have an impact on everyday functioning” [2].

Different meta-analyses have found that post-COVID-19 symptomatology can be
present in up to 25–30% of subjects after recovery from an acute SARS-CoV-2 infection at
one [3,4] and even two [5,6] years afterward. Additionally, the presence of post-COVID-
19 symptomatology seems to be similar in comparisons between hospitalized and non-
hospitalized COVID-19 survivors [3–6]. Although fatigue, dyspnea, or cognitive problems
are usually reported as the most prevalent post-COVID-19 symptoms [3–6], pain is also a
bothersome post-COVID-19 symptom, one that is experienced by 15–20% of post-COVID-
19 survivors in the first six months after the acute infection [7]. A recent meta-analysis
found that the prevalence of post-COVID-19 pain ranges between 8% to 17% during the
first twelve months after COVID-19, although this prevalence rate depends on the study
design, the definition of post-COVID-19 pain, and the outcomes used for collecting data [8].
Of particular relevance is that most published studies included in the two meta-analyses
were not specifically focused on post-COVID-19 pain, and the reported prevalence rates
are based on an examination of overall post-COVID-19 symptomatology [7,8]. In fact, the
prevalence of post-COVID-19 pain has been found to be much higher, reaching up to 60%,
when this symptom is specifically investigated [9–12].

Epigenetics has been proposed as one of the potential underlying mechanisms ex-
plaining post-COVID-19 pain [13]. Epigenetics include molecular processes that regulate
gene expression without inducing changes in the DNA sequence [14]. Several epigenetic
processes are described in the literature, methylation being one of the most investigated
in COVID-19 research [15]. The potential effect of SARS-CoV-2 on epigenetics has been
of interest from the beginning of the COVID-19 pandemic [16]. In fact, studies investigat-
ing epigenetics changes induced by SARS-CoV-2 infection are still being conducted [17].
Some studies have previously identified a heterogeneous response in methylation levels
in COVID-19 patients at the acute phase of the infection; for instance, some genes such
as interferon-related genes exhibited a hypermethylation (higher percentages) pattern,
whereas other genes, such as those associated with the inflammatory response, exhib-
ited a hypomethylation (lower percentages) pattern [18,19]. Thus, epigenetic changes in
inflammatory-associated genes could explain the development of post-COVID-19 pain
symptomatology. Balnis et al. [20] observed that those changes in methylation levels identi-
fied at the acute COVID-19 phase persisted at least one year after the infection in a small
sample of 15 COVID-19 survivors. These results would suggest the possibility that epige-
netics can potentially play a role in the development of post-COVID-19 symptomatology,
particularly as to chronic pain. In fact, research work has focused on variations in the
dynamics of DNA methylation in chronic pain conditions [21], but no study has specifically
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investigated DNA methylation changes and the presence of long-lasting post-COVID-19
pain symptomatology.

We have recently investigated the role of the DNA methylation levels of the angiotensin-
converting enzyme 2 (ACE2) in the development of post-COVID-19 symptoms in individu-
als who needed hospitalization due to COVID-19 during the first wave of the outbreak [22].
The current paper presents a study, using the same cohort of patients [22], investigating
whether DNA methylation levels of the ACE2 promoter are associated with the develop-
ment of long-lasting post-COVID-19 pain in individuals who had been hospitalized due to
SARS-CoV-2 infection.

2. Methods of the Investigation
2.1. Participants

As described in the earlier paper [22], this study recruited subjects who were pre-
viously hospitalized at four urban hospitals in Madrid (Spain) due to COVID-19 during
the first wave of the outbreak (March to May 2020). All included participants presented
a confirmed positive diagnosis of SARS-CoV-2 infection as well as clinical/radiological
findings at hospital admission. The study was approved by the Institutional Ethics Com-
mittees of all institutions (URJC0907202015920) and hospitals (HUFA 20/126; HUIL/092-20;
HSO25112020; and HCSC20/495E) involved. Participants were informed of the study
procedure, read the written informed consent, and signed it if they decided to participate
in the study.

2.2. Genome DNA Collection

Evidence shows that using saliva to assess DNA methylation is becoming more com-
mon in the literature [23]. In fact, Khare et al. found that salivary DNA is equivalent in
quantity and purity to blood DNA [24]. Accordingly, we used a saliva sample rather than
a blood sample, because the former is a viable, non-invasive, and stress-free assessment
method used to evaluate DNA methylation. In the experiment’s scenario, unstimulated
whole saliva samples were collected during the morning hours from each patient, using col-
lection tubes and following standardized procedures. Consistent with the manufacturer’s
instructions, we asked participants to avoid eating, drinking or chewing gum for at least
1 h before saliva sample collection. After collection, samples were centrifuged at 3000 rpm
for 15 min to obtain the cell sediment and stored at −20 ◦C until the DNA methylation
analysis.

A MagMAX™ DNA Multi-Sample Ultra 2.0 Kit (Thermo Fisher Scientific Inc., Hemel
Hempstead, UK) and King Fisher Flex purification robot (Thermo Fisher) were used for
genomic DNA extraction. Purity and concentration of the resulting DNA were assessed
using Quant-iT™ PicoGreen™ dsDNA reagent” (Thermo Fisher).

2.3. Differential Methylation Profiling

We used the same procedures employed in our previous study [22]. Briefly, methyla-
tion percentages were calculated in five non-cytosine-phosphate-guanine (CpG) sites of
interest within the ACE2 promoter (CpG1, CpG2, CpG3, CpG4, and CpG5) as previously
described [25,26]. The five CpG sites within the ACE2 promoter were identified with
a specific web-based program (http://www.urogene.org/methprimer, last accessed on
10 April 2024). Figure 1 graphs the CpG islands sequence in the promoter region of the
ACE2 receptor.

All methylation analyses procedures were carried out at Fundación Parque Científico
de Madrid (FPCM), c/Faraday 7, Madrid, Spain, and have previously been extensively
described [22]. For the main analyses, methylation percentage (%) at each position of the
ACE2 promoter (CpG1, CpG2, CpG3, CpG4, and CpG5) was used separately.

http://www.urogene.org/methprimer
susana.ovalle
Resaltado
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Figure 1. The figure graphs the forward (in green) and reverse (in blue) primers used for DNA
methylation sequencing. In addition, each of the five CpG sites analyzed (CG in bold within the
sequence) can be visualized in the overall island sequence associated with the ACE2 promoter region.

2.4. Data Collection

Age, gender, height, weight, pre-existing medical comorbidities, previous chronic pain
conditions, days in hospital, COVID-19 onset-associated symptomatology, and need of
intensive care unit (ICU) admission were collected from hospital medical records.

Included patients were scheduled for a face-to-face interview conducted by trained
healthcare researchers with 15 years of experience in pain management. Thus, participants
were asked about the presence of pain symptoms that appeared after their hospital stay due
to SARS-CoV-2 infection, over at least the subsequent three months, in absence of any event
explaining the developed of pain (e.g., trauma or surgery), and whether the pain persisted
at each time of the study (consistent with the definition of a post-COVID-19 condition [2]).
They were also asked to describe the location of their pain symptoms (e.g., head, cervical
spine, shoulder, elbow–wrist, hip, knee, thorax, lower or upper extremity, or generalized
pain). We used the definition of primary chronic musculoskeletal pain proposed by the
International Association for the Study of Pain [27].

2.5. Statistical Analysis

The STATA software, version 16.1, was used for data collection, whereas the Python
library pandas 0.25.3 was used for data processing. Quantitative data were expressed as
means (standard deviations, SD), whereas the categorical data were expressed as numbers
of cases (percentages). One-way ANOVA tests were used to determine differences in
the methylation percentages (%) between patients with and without post-COVID-19 pain
symptoms. The assumption of normality of the data was assessed with the Shapiro–Wilk
test. A priori p-values lower than 0.05 were considered statistically significant; the Holm–
Bonferroni correction for multiple comparisons was applied.

3. Results

As previously reported [22], a total of 330 individuals who needed hospitalization
due to acute SARS-CoV-2 infection during the first wave of the COVID-19 pandemic were
invited to participate. Fifty-one (15%) were excluded due to the following reasons: refusal
to attend the appointment (n = 15), comorbid diagnosis of fibromyalgia (n = 15), DNA
methylation analyses not possible due to contamination of the sample (n = 14), or pregnancy
(n = 7). Ultimately, a total of 279 patients (51.3% male, mean age: 56.4 ± 12.8 years old)
fulfilled all inclusion criteria.

At the time of the study (mean: 17.8, SD: 5.2 months after hospital discharge), the
prevalence of long-lasting post-COVID-19 pain symptomatology was 39.1% (n = 109). Most



Biomedicines 2024, 12, 1662 5 of 12

patients (77.1%) developed localized post-COVID-19 pain symptomatology. Thus, the
location of post-COVID-19 pain symptoms is presented in Figure 2. Pain in the head and
pain in the lower extremity were the most prevalent locations (29.4%).
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No significant differences in the presence of previous medical comorbidities were iden-
tified between patients who developed post-COVID-19 pain symptomatology and those
who did not (Table 1). A significantly higher proportion of females reported post-COVID-19
pain (p = 0.005), when compared with males. Further, individuals who developed post-
COVID-19 pain exhibited a higher number of COVID-19 onset-associated symptoms at
hospitalization (p = 0.01), particularly COVID-19 onset-associated headache (p = 0.008,
Table 1). No significant association was identified between the number of COVID-19
onset-associated symptoms at hospitalization and methylation levels at CpG1 (r = 0.021,
p = 0.829), CpG2 (r = 0.026, p = 0.787), CpG3 (r = 0.061 p = 0.524), CpG4 (r = 0.017, p = 0.861),
or CpG5 (r = 0.091, p = 0.340).
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Table 1. Demographic, clinical, and methylation percentage of individuals with and without post-
COVID-19 pain.

Post-COVID-19 Pain
(n = 109)

No Post-COVID-19 Pain
(n = 170) p Value

Age, mean (SD), years 55.7 (12.2) 57.0 (13.2) 0.443

Sex, male/female (%) * 40 (46.7%)/69 (63.3%) 103 (61.6%)/67 (39.4%) 0.005 *

Weight, mean (SD), kg 80.1 (17.1) 81.6 (16.6) 0.447

Height, mean (SD), cm 167.5 (9.3) 169.0 (9.6) 0.159

Previous medical pathologies (n) 1.25 (1.0) 1.35 (1.0) 0.286

Previous medical pathologies
Hypertension 36 (33.0%) 59 (34.7%) 0.815

Diabetes 14 (12.8%) 15 (8.8%) 0.309
Cardiovascular Diseases 6 (5.5%) 14 (8.25%) 0.406

Asthma 15 (13.7%) 16 (9.4%) 0.288
Obesity 38 (34.8%) 47 (27.7%) 0.287

Chronic Obstructive Pulmonary Disease 1 (0.9%) 4 (2.35%) 0.382

Number of symptoms associated with
COVID-19 at hospital admission, mean (SD) * 3.4 (0.8) 3.1 (1.1) 0.01 *

COVID-19 symptoms at hospitalization
Fever 36 (70.6%) 125 (73.5%) 0.782

Dyspnea 44 (41.3%) 57 (33.5%) 0.295
Myalgia 42 (38.5%) 74 (43.5%) 0.105
Cough 45 (42.2%) 54 (31.8%) 0.347

Headache * 46 (42.2%) 41 (24.1%) 0.008 *
Diarrhea 19 (17.4%) 35 (20.6%) 0.558
Anosmia 21 (19.3%) 42 (24.7%) 0.351
Ageusia 22 (20.2%) 43 (25.3%) 0.388

Throat Pain 12 (11.0%) 20 (11.7%) 0.855
Vomiting 10 (9.2%) 13 (7.6%) 0.664
Dizziness 6 (5.5%) 10 (5.9%) 0.897

Intensive Care Unit (ICU) admission
Yes/No, n (%) 4 (3.7%)/105 (96.3%) 6 (3.5%)/164 (96.5%) 0.905

CpG1 methylation (%) 93.4 (4.3) 93.6 (3.4) 0.608

CpG2 methylation (%) 40.1 (7.2) 40.0 (7.5) 0.881

CpG3 methylation (%) 43.8 (8.5) 43.0 (8.8) 0.445

CpG4 methylation (%) 45.4 (8.0) 45.7 (7.9) 0.784

CpG5 methylation (%) 0.6 (0.3) 0.6 (0.7) 0.971

n: number; SD: standard deviation; * Statistically significant differences between groups (p < 0.05).

Overall, no significant differences in methylation percentages in any of the CpG
locations of the ACE2 promoter were identified when comparing COVID-19 survivors who
developed post-COVID-19 pain symptoms and those who did not (Table 1). The mean
intensity of post-COVID-19 pain was 5.6/10 (SD: 1.7) points. No significant association
existed between the intensity of post-COVID-19 pain and methylation levels at CpG1
(r = 0.06, p = 0.959), CpG2 (r = 0.187, p = 0.101), CpG3 (r = 0.078 p = 0.496), CpG4 (r = 0.111,
p = 0.325), or CpG5 (r = 0.175, p = 0.184). Similarly, no significant association was observed
between the length of pain symptoms and methylation levels at CpG1 (r = 0.11, p = 0.912),
CpG2 (r = 0.083, p = 0.381), CpG3 (r = 0.124 p = 0.193), CpG4 (r = 0.011, p = 0.905), or CpG5
(r = 0.115, p = 0.228).

No differences as to the presence of previous chronic pain conditions were identified
when comparing the presence or absence of post-COVID-19 pain (Table 2). Seven (6.4%) pa-
tients received a diagnosis of fibromyalgia syndrome based on the presence of widespread
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pain (11.6%) and other associated symptoms. Finally, five (4.6%) and twenty-seven (24.8%)
patients received diagnoses of migraine and tension-type headache, respectively (Table 2).

Table 2. Chronic pain condition diagnoses of individuals with and without post-COVID-19 pain.

Post-COVID-19 Pain
(n = 109)

No Post-COVID-19 Pain
(n = 170) p Value

Pre-COVID-19 Chronic Pain Conditions

Chronic Pain Symptomatology 60 (55.0%) 70 (41.2%) 0.10
Migraine 10 (9.2%) 7 (4.1%) 0.09

Tension-Type Headache 14 (12.8%) 12 (7.1%) 0.122
Rheumatoid Arthritis 3 (2.75%) 6 (3.5%) 0.724

Osteoarthritis 17 (15.6%) 16 (9.4%) 0.143

New Post-COVID-19 Chronic Pain Conditions

Localized Pain 84 (77.05%) ---- ----
Migraine 5 (4.6%) ---- ----

Tension-Type Headache 27 (24.8%) ---- ----
Fibromyalgia Syndrome 7 (6.4%) ---- ----

Osteoarthritis 4 (3.7%) ---- ----

n: number.

4. Discussion

The present study investigated the potential correlation between methylation levels
in the promoter of the ACE2 gene and the development of long-lasting post-COVID-19
pain symptoms over one-and-a-half years in patients who need hospitalization due to
COVID-19 during the first wave of the pandemic. Several studies have highlighted the
roles of the surface receptor for S1 of the ACE2 and the transmembrane protease serine-
2 (TMPRSS2) receptor in subjects during the acute COVID-19 phase [28]. It is known
that SARS-CoV-2 enters the host cells through the membrane-bound ACE2 exopeptidase,
and hypomethylation of ACE2 may potentially increase its expression, thereby elevating
the risk of infection [29] and accordingly elevating the risk of post-COVID-19 condition.
The results obtained in this cohort of COVID-19 survivors did not show a significant
correlation between this specific gene investigated and the development of post-COVID-19
pain symptomatology.

4.1. Post-COVID-19 Pain and DNA Methylation Changes

The prevalence of pain symptoms in our cohort of previously hospitalized COVID-19
survivors at a follow-up of 18 months after the infection was 40%. This prevalence rate
is higher than those found in published meta-analyses, including studies investigating
overall post-COVID-19 symptomatology (including pain) and reporting that 8% to 20%
of COVID-19 survivors exhibit post-COVID-19 pain the first year after the infection [7,8],
but it is lower in comparison with studies specifically investigating the prevalence of post-
COVID-19 pain, where prevalence rates reach to up to 60% of the patients [9–12]. Thus, it
is remarkable that most published studies included follow-up periods shorter than one
year [7–12]. Since the prevalence of post-COVID-19 pain symptomatology (and also the
overall post-COVID-19 condition) tends to decrease with time [30], prevalence data from
our sample can be considered representative of this population.

No previous study has investigated DNA methylation changes in individuals with
post-COVID-19 pain. It seems that post-COVID-19 pain is associated with the inflammatory
response related to COVID-19 [31]. Thus, the fact that individuals who report myalgia as
an associated symptom at the acute COVID-19 phase are at a higher risk of developing
post-COVID-19 pain [32] supports the finding that muscle pain is specifically sensitive
to the cytokine SARS-CoV-2-associated burst. Nevertheless, it has also been reported
that long-term post-COVID-19 myalgia is associated with lower levels of inflammatory
biomarkers (e.g., interleukins-6) at the acute COVID-19 phase [33].
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Interestingly, DNA methylation changes at CpG sites of specific pain genes such as
OPRM1 (opioid receptor Mu 1) and TRPA1 (Transient Receptor Potential Cation Channel
Subfamily A Member 1) have been associated with sensitivity to pain [34]. Therefore, this
association could be post-COVID-19-symptom-specific. For instance, Takenaka et al. [35]
have observed an association between methylation levels of the TRPA1 gene promoter
region and the presence of neuropathic-like symptoms [35]. Hence, it is possible that the
presence of post-COVID-19 pain symptomatology can be associated with DNA methylation
changes in genes associated with inflammation, (e.g., OPRM1 or TRPA1) rather than in
those genes associated with COVID-19 susceptibility (e.g., ACE2 promoter) such as those
described in our study.

Finally, it is also important to understand that no timeframe can be determined for
DNA methylation change identification. In fact, no longitudinal study has investigated
those variations of DNA methylation at different timeframes. Thus, it can be hypothesized
that COVID-19 could induce different DNA methylation changes at the acute phase of
the infection, while these changes reverse afterward. Future studies investigating the
longitudinal evolution of DNA methylation changes from the acute COVI-19 phase to the
development of post-COVID-19 pain in the context of long-term follow-ups are needed.

4.2. DNA Methylation and Widespread Pain

Among those patients developing post-COVID-19 pain, of particular interest are
those developing widespread pain symptomatology, like fibromyalgia syndrome [36,37].
Individuals with widespread pain exhibit nociplastic pain features, which means that
these patients need particular medical attention due to the complexity of their clinical
presentation [38]. Previous studies have explored DNA methylation changes in patients
with chronic widespread pain [39] or fibromyalgia syndrome [40], providing evidence that
DNA methylation alterations can be relevant in widespread pain conditions. In the current
study, thirteen (11.6%) individuals reported widespread pain symptoms. Among these
patients, seven (6.4%) had received a diagnosis of fibromyalgia syndrome one year after
the infection. In fact, it has been suggested that SARS-CoV-2 could act as a trigger factor
of fibromyalgia syndrome, or as an exacerbator factor, since both conditions share similar
mechanisms [41]. Thus, we conducted a secondary analysis looking to see whether COVID-
19 survivors with widespread post-COVID-19 pain symptomatology (n = 13) exhibited
different DNA methylation percentages than those reporting localized post-COVID-19 pain
(n = 96). No significant differences in methylation percentages in any of the CpG sites were
seen (Table 3).

Table 3. Methylation percentages in individuals with and without post-COVID-19 widespread pain.

Widespread Pain (n = 13) Localized Pain (n = 96) p Value

CpG1 methylation (%) 93.8 (2.8) 93.4 (3.8) 0.703

CpG2 methylation (%) 39.7 (7.0) 40.0 (7.4) 0.860

CpG3 methylation (%) 42.8 (7.5) 43.3 (8.7) 0.841

CpG4 methylation (%) 44.2 (8.4) 45.6 (7.8) 0.527

CpG5 methylation (%) 0.65 (0.3) 0.6 (0.35) 0.739

It is possible that the small sample size of the subgroup of patients with widespread
pain symptoms (n = 13) did not permit the detection of significant differences, although this
is unlikely. Additionally, it is also possible that DNA methylation changes are gene-specific,
since patients with chronic fatigue syndrome and fibromyalgia syndrome are mainly
characterized by altered DNA methylation in those genes regulating cellular signaling and
immune functioning [42]. Nevertheless, we should recognize that we did not phenotype
the type of pain symptomatology and were not able to determine if the symptoms had a
nociceptive, neuropathic, or nociplastic pain phenotype.
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4.3. Previous Pain Conditions

It has been previously seen that a suffering from musculoskeletal pain before an acute
SARS-CoV-2 infection increases the risk (OR1.55, 95%CI 1.27 to 1.89) of post-COVID-19
pain [43]. This finding was confirmed in a large retrospective study determining that the
presence of chronic pain conditions before SARS-CoV-2 infection increases the risk of post-
COVID-19 pain symptomatology [44]. Although the prevalence of previous chronic pain
conditions was higher in COVID-19 survivors who developed post-COVID-19 pain than
among those who did not develop pain, the differences were not statistically significant in
our study.

4.4. Female Sex

Female sex has been found to be a risk factor associated with overall post-COVID-19
condition [45,46] and also specifically with reference to post-COVID-19 pain [43]. In our
cohort, we also saw that the proportion of females reporting post-COVID-19 pain was
significantly higher than that of the males. This result could be expected since muscu-
loskeletal pain is more prevalent in females than in males [47,48]. Several biological and
sociocultural factors, as well as gender-constructed behaviors, have been proposed as bases
for explaining sex differences in COVID-19 and post-COVID-19 responses [49]. An impor-
tant biological factor associated with the current study is that the expression of the ACE2
receptor is more pronounced in males than in females, since estrogens can down-regulate
its expression [50]. This factor could provide a plausible biological explanation for the
reduced severity of COVID-19 in females, but it would not explain the higher prevalence
of post-COVID pain in females.

4.5. Limitations

Although this is the first study investigating DNA methylation changes at the ACE2
promoter and the development of long-lasting post-COVID pain symptomatology, some
limitations must also be recognized. First, we included a cohort of patients who need
hospitalization when they were infected with a historical SARS-CoV-2 strain; therefore, ex-
trapolation of the current results to other populations should not be attempted. In addition,
the sample size could be considered relatively small. Second, the cross-sectional design of
our study does not permit the determination of the fluctuating nature of DNA methylation
changes. Third, we only analyzed DNA methylation changes at the ACE2 promoter; hence,
we cannot exclude the presence of DNA methylation alterations in pain-associated genes.
Finally, we did not collect pain features associated with our sample, so proper characteriza-
tion of post-COVID pain was not conducted. Therefore, studies including large samples
of individuals, hospitalized due to COVID-19 and non-hospitalized, and including whole
DNA methylation analyses, might be able to identify epigenetic changes associated with
the development of long-lasting post-COVID pain symptomatology.

5. Conclusions

The results from the current study did not find an association between the methylation
levels at different CpG sites of ACE2 promoter and the development of post-COVID pain
symptomatology in the one-and-a-half years after suffering from COVID-19 in a cohort of
individuals who needed hospitalization due to the infection. Future studies investigating
multiple sites where, after infection by SARS-CoV-2, methylation of CpG might more
specifically regulate the pain pathways are needed.

Author Contributions: C.F.-d.-l.-P.: conceptualization, visualization, methodology, validation, data
curation, writing—original draft, writing—review and editing. G.D.-G.: methodology, validation,
data curation, writing—original draft, writing—review and editing. A.G.-C.: methodology, validation,
data curation, writing—original draft, writing—review and editing. S.M.G.-S.: validation, data
curation, writing—original draft, writing—review and editing. S.A.-Q.: validation, writing—original
draft, writing—review and editing. J.T.-M.: validation, writing—original draft writing—review,
and editing. P.R.-M.: validation, writing—original draft, writing—review, and editing. A.F.-M.:



Biomedicines 2024, 12, 1662 10 of 12

validation, writing—original draft, writing—review and editing. O.J.P.-V.: validation, data curation,
writing—original draft, writing—review and editing. L.A.-N.: methodology, validation, data curation,
writing—original draft, writing—review and editing. R.G.: methodology, validation, supervision,
writing—original draft writing—review, and editing. All authors have read and agreed to the
published version of the manuscript.

Funding: The project was supported by a grant from the Novo Nordisk Foundation (NNF21OC0067235)
(Denmark) and by a grant associated with the Fondo Europeo De Desarrollo Regional—Recursos
REACT-UE del Programa Operativo de Madrid 2014–2020, en la línea de actuación de proyectos de
I+D+i en materia de respuesta a COVID 19 (LONG-COVID-EXP-CM).

Institutional Review Board Statement: The study design was approved by the Institutional Ethics
Committees of all institutions and hospitals involved (URJC0907202015920; H12OCT23/418; HSO
25112020; HUIL/092-20; HCSC20/495E).

Informed Consent Statement: Written informed consent was obtained from all the participants
before collecting any data.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Akbarialiabad, H.; Taghrir, M.H.; Abdollahi, A.; Ghahramani, N.; Kumar, M.; Paydar, S.; Razani, B.; Mwangi, J.; Asadi-Pooya,

A.A.; Malekmakan, L.; et al. Long COVID, a comprehensive systematic scoping review. Infection 2021, 49, 1163–1186. [CrossRef]
[PubMed]

2. Soriano, J.B.; Murthy, S.; Marshall, J.C.; Relan, P.; Diaz, J.V.; WHO Clinical Case Definition Working Group on Post-COVID-19
Condition. A clinical case definition of post-COVID-19 condition by a Delphi consensus. Lancet Infect Dis. 2022, 22, e102–e107.
[CrossRef]

3. Chen, C.; Haupert, S.R.; Zimmermann, L.; Shi, X.; Fritsche, L.G.; Mukherjee, B. Global prevalence of post COVID-19 condition or
long COVID: A meta-analysis and systematic review. J. Infect. Dis. 2022, 226, 1593–1607. [CrossRef] [PubMed]

4. Han, Q.; Zheng, B.; Daines, L.; Sheikh, A. Long-term sequelae of COVID-19: A systematic review and meta-analysis of one-year
follow-up studies on post-COVID symptoms. Pathogens 2022, 11, 269. [CrossRef] [PubMed]

5. Fernández-de-las-Peñas, C.; Notarte, K.I.; Macasaet, R.; Velasco, J.V.; Catahay, J.A.; Therese Ver, A.; Chung, W.; Valera-Calero, J.A.;
Navarro-Santana, M. Persistence of post-COVID symptoms in the general population two years after SARS-CoV-2 infection: A
systematic review and meta-analysis. J. Infect. 2024, 88, 77–88. [CrossRef]

6. Rahmati, M.; Udeh, R.; Yon, D.K.; Lee, S.W.; Dolja-Gore, X.; McEVoy, M.; Kenna, T.; Jacob, L.; López Sánchez, G.F.; Koyanagi, A.;
et al. A systematic review and meta-analysis of long-term sequelae of COVID-19 2-year after SARS-CoV-2 infection: A call to
action for neurological, physical, and psychological sciences. J. Med. Virol. 2023, 95, e28852. [CrossRef] [PubMed]

7. Fernández-de-las-Peñas, C.; Navarro-Santana, M.; Plaza-Manzano, G.; Palacios-Ceña, D.; Arendt-Nielsen, L. Time course
prevalence of post-COVID pain symptoms of musculoskeletal origin in patients who had survived to SARS-CoV-2 infection: A
systematic review and meta-analysis. Pain 2022, 163, 1220–1231. [CrossRef] [PubMed]

8. Kerzhner, O.; Berla, E.; Har-Even, M.; Ratmansky, M.; Goor-Aryeh, I. Consistency of inconsistency in long-COVID-19 pain
symptoms persistency: A systematic review and meta-analysis. Pain Pract. 2024, 24, 120–159. [CrossRef] [PubMed]
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