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Abstract

An interaction between mitochondrial dynamics, physical activity levels, and
COVID-19 severity has been previously hypothesized. However, this has not
been tested. We aimed to compare mitochondrial morphology and cristae den-
sity of PBMCs between subjects with non-severe COVID-19, subjects with se-
vere COVID-19, and healthy controls. Additionally, we compared the level of
moderate-vigorous physical activity (MVPA) and sitting time between groups.
Blood samples were taken to obtain PBMCs. Mitochondrial dynamics were as-
sessed by electron microscopy images and western blot of protein that regulate
mitochondrial dynamics. The International Physical Activity Questionnaire
(IPAQ; short version) was used to estimate the level of MVPA and the sitting time
The patients who develop severe COVID-19 (COVID-19++) not present altera-
tions of mitochondrial size neither mitochondrial density in comparison to non-
severe patients COVID-19 (COVID-19) and control subjects (CTRL). However,
compared to CTRL, COVID-19 and COVID-19++ groups have lower mitochon-
drial cristae length, a higher proportion of abnormal mitochondrial cristae. The
COVID-19++ group has lower number (trend) and length of mitochondrial cris-
tae in comparison to COVID-19 group. COVID-19, but not COVID-19++ group
had lower Opa 1, Mfn 2 and SDHB (Complex II) proteins than CTRL group.
Besides, COVID-19++ group has a higher time sitting. Our results show that low
mitochondrial cristae density, potentially due to physical inactivity, is associated
with COVID-19 severity.
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1 | INTRODUCTION

The coronavirus disease 2019 (COVID-19), caused by
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), has triggered one of the worst recent pandemics.
To fight SARS-CoV-2 infection, the immune system of
the host releases several cytokines. For example, patients
with COVID-19 have been shown to have ~8-fold higher
plasma concentration of interleukin-6 than healthy vol-
unteers (Ajaz et al., 2021). Unfortunately, this protective
response may result in multiorgan failure in cases of
severe COVID-19 (Mangalmurti & Hunter, 2020). The
search of risk factors of severe COVID-19 has thus become
essential to protect vulnerable subjects. Early data identi-
fied age, obesity, and underlying comorbidities as major
risk factors of severe COVID-19 (Wang et al., 2020; Zhu
et al., 2020). A low cardiorespiratory fitness —partially ex-
plained by physical inactivity- was initially suggested to
also play a role (Castro-Sepulveda et al., 2021; Zbinden-
Foncea et al., 2020), and this was subsequently confirmed
(Brawner et al., 2021). The underlying mechanisms that
link these factors with severe COVID-19 are, however,
unknown.

Peripheral Blood Mononuclear Cells (PBMC) are crit-
ical blood cells that help the immune system function
properly. Circulating monocytes enter tissues, and then
become macrophages able to phagocytize viruses. Notably,
the phagocytic capacity of macrophages is proposed to
be largely dependent on mitochondria (Tur et al., 2017).
Mitochondrial function may therefore be essential to face
SARS-CoV-2 infection, and thus determine COVID-19
severity (Burtscher, Millet, & Burtscher, 2021; Burtscher,
Burtscher, & Millet, 2021; Castro-Septlveda et al., 2021).
In agreement, COVID-19 patients show signs of mitochon-
drial dysfunction in PBMCs (Ajaz et al., 2021). Specifically,
their PBMCs had lower ATP-linked respiration, maxi-
mal respiration, and reserve capacity than PMBCs from
healthy volunteers (Ajaz et al., 2021). Perturbations in mi-
tochondrial dynamics, including mitochondrial size (mi-
tochondrial fusion) and density, as well as mitochondrial
cristae density, could also be involved. Indeed, perturbed
mitochondrial dynamics (fusion/fission) are a feature of
populations at high risk of severe COVID-19, including
the elderly (Sebastian et al., 2016), subjects with type 2
diabetes (Kelley et al., 2002), and subjects with low cardio-
respiratory fitness (Castro-Sepulveda et al., 2020; Castro-
Sepulveda et al., 2021; Nielsen et al., 2017).

We thus hypothesized that elevated COVID-19 sever-
ity associates with perturbations in the mitochondrial dy-
namics of PBMCs and lower physical activity. We aimed
to compare mitochondrial morphology, size and cristae
density of PBMCs, and between subjects with non-severe
COVID-19, subjects with severe COVID-19, and healthy

controls. Besides, we compared the level of moderate-
vigorous physical activity (MVPA) and sitting time be-
tween groups.

2 | METHODS

2.1 | Design and participants

This was an observational cross-sectional study. We re-
cruited men with diagnosed COVID-19 (by RT-PCR) and
healthy subjects (pathological control; CTRL) who met the
following criteria: [a] 45 to 65years old; [b] excess body
weight ([excess body weight patients are more likely to
severe COVID-19] body mass index between 25 and
35kg/m?); and [c] without diagnostic of diabetes or
hypertension. At their arrival to the clinic (from January
to May 2021), blood samples (~10 ml) were drawn from all
subjects to isolate PBMCs. Among patients, those with non-
severe COVID-19 were sent home to spend a quarantine
(COVID-19 group), whereas those with severe COVID-19
were admitted to the intensive care unit for ventilatory
support (COVID-19++ group). Hospitalization criteria
were: [a] need for ventilatory support or oxygen therapy to
maintain oxygen saturation; or [b] partial or complete res-
piratory failure. COVID-19 patients personally answered
the International Physical Activity Questionnaire (IPAQ).
COVID-19++ subjects did so, after emergency procedures,
once clinically stabilized; and COVID-19 subjects on the day
of blood collection. Written informed consent was obtained
from participants, and all the procedures were approved by
the Research Ethics Committee of Santa Maria Clinic.

2.2 | PBMCs isolation

PBMCs were separated from blood under sterile conditions
on a Ficoll-Histopaque 1077 (Sigma, Milan, Italy), as pre-
viously described (Castro-Sepulveda et al., 2021). Part of
PBMCs was frozen in liquid nitrogen and stored at —80°C
for western blotting; while the remaining was fixed in 2.5%
glutaraldehyde for transmission electron microscopy.

2.3 | Western blotting

PBMCs protein extracts were denaturalized at 95 °C
for 5min in Laemmli buffer. Proteins were separated
by SDS-PAGE, and transferred to PVDF membranes,
as previously described (Castro-Sepulveda et al., 2021).
The following antibodies and dilutions were used: Mfn 2
(Mfn 2, ab56889, Abcam; 1:1000), Optic atrophy 1 (Opa
1, 612,606, BD Biosciences; 1:1000) and total Oxidative
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phosphorylation cocktail (OXPHOS, ab110413, Abcam;
1:1000). Complex IV was used as loading control of mi-
tochondrial mass (Castro-Sepulveda et al., 2021). Under
proteins denaturation conditions (95°C for 5min) not all
complex-subunits of the OXPHOS antibody are detected.

2.4 | Transmission electron microscopy

PBMCs were prepared as previously described (Castro-
Septlveda et al., 2021). Sections of 80-nm were cut,
mounted on electron microscopy grids, and examined
using a transmission electron microscope (Philips,
Tecnai 12 at 80kV). Mitochondrial density was evaluated
as previously described (Castro-Sepulveda et al., 2021;
Castro-Sepulveda et al., 2021; Echeverria et al., 2021).
Mitochondrial density (%) and size (pm?) were assessed
in 4-6 cells per subject, and 3-10 mitochondria per cells.
Mitochondrial cristae density (cristae number and cris-
tae length) was assessed as previously described (Castro-
Sepulveda et al., 2021; Echeverria et al., 2021). The mean
of mitochondrial size and density, and cristae density was
calculated for each subject and used in statistical analyses.

2.5 | IPAQ

The IPAQ (short version) was used to estimate the level
of moderate-vigorous physical activity (MVPA) and the
sitting time (World Health Organization, n.d.; Craig
et al., 2003). Patients responded the IPAQ considering
the week before the beginning of the pandemic. For cal-
culations, vigorous activities are assumed to require 8
metabolic equivalents (MET), moderate activities 4 MET,
and walking 3.3 MET. Note that 3.3 MET classify as a
moderate-intensity activity according to current cutoffs
(Bull et al., 2020). The level of MVPA was expressed in
METxmin/wk, as previously done (Ferndndez-Verdejo
& Sudrez-Reyes, 2021). Subjects were classified as active
if achieving 2600 METxmin/wk, or inactive if not (Bull
et al., 2020; Fernandez-Verdejo & Suarez-Reyes, 2021).
The IPAQ also collects information about the daily sitting
time, which was expressed in min/d.

2.6 | Statistics

Data are presented as median and interquartile range.
Kruskal-Wallis with the Dunn's post-hoc was used to
compare continuous variables between groups (CTRL,
COVID-19 and COVID-19++). Mann-Whitney U
was used to compare MVPA and sitting time between
COVID-19 and COVID-19++. Fisher's exact test was used
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to compare the proportion of symptoms, signs, the num-
ber of physically active subjects between the COVID-19
and COVID-19++ group. Association between mitochon-
drial cristae density markers and sitting time was testing
by Spearman test. P<0.05 was considered as statistically
significant and P<0.09 was considered trend. Prism 7
(GraphPad Software, La Jolla, CA, USA) was used for
analyses.

3 | RESULTS
3.1 | General characteristics of the
subjects

Groups had no difference in age (CTRL, 50.0 [46.8-55];
COVID-19, 48.0 [41.0-55.5]; COVID-19++, 49.5 [46.8-
54.3]; P = 0.80), height (CTRL, 1.71[1.67-1.73]; COVID-19,
1.68 [1.61-1.80]; COVID-19++, 1.73 [1.69-1.82];
P =0.68), weight (CTRL, 82.6 [76.1-88.3]; COVID-19, 75.0
(68.0-87.0); COVID-19++, 86.5 [79.0-97.8]; P = 0.34), and
body mass index (CTRL, 29.3 [26.9-30.]); COVID-19, 26.2
[25.5-27.3]; COVID-19++, 28.9 [25.9-31.2]; P = 0.21).
Moreover, COVID-19 and COVID-19++ groups had no
difference in the prevalence of signs and symptoms (fever:
COVID-19 [100%]; COVID-19++ [83%]; P = 0.99, cough:
COVID-19 [20%]; COVID-19++ [33%]; P = 0.99, myalgia:
[20%]; COVID-19++ [17%]; P = 0.99) and dyspnea: [80%];
COVID-19++ [100%]; P = 0.45).

3.2 | Mitochondrial morphology
Figure 1a shows representative images of the mitochon-
drial morphology in PBMCs of each group. Groups had
neither difference in mitochondrial size (Figure 1b,e),
number (Figure 1c), nor density (Figure 1d) (P> 0.05).
Figure 2a shows representative images of mitochon-
drial cristae in PBMCs of the groups, and Figure 2b ex-
amples of abnormal mitochondrial cristae. COVID-19++
group had (P = 0.052) lower (trend) mitochondrial
cristae number than COVID-19 (Figure 2c; P = 0.052).
COVID-19++ group also had lower cristae length than
CTRL and COVID-19 (Figure 2d). Finally, COVID-19++
and COVID-19 (trend) groups had a higher percentage of
abnormal mitochondrial cristae than CTRL (Figure 2e).

3.3 | Mitochondrial fusion and
OXPHOS proteins

Figure 3a shows representative images of the mito-
chondrial fusion and OXPHOS proteins content in each
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FIGURE 1 Mitochondrial morphology in PBMCs. (a) Representative transmission electron microscopy images of mitochondrial
morphology in human PBMCs of control healthy subjects (CTRL), patients with non-severe COVID-19 (COVID-19), and patients with
severe COVID-19 (COVID-19++). (b-d) quantification of mitochondrial (b) size, (c) number, and (d) density. (e) Mitochondrial size
distributions. N = 5-6 per group; each point represents the mean of 4-6 cells and of >5 mitochondria/cell for each subject. Data are
presented as median, minimum, and maximum. Kruskal-Wallis was used to compare groups.

group. We found no differences in MTCO1 protein
(Complex IV) protein between groups when adjusted
to Red Ponceau P = 0.80 (data not shown). Therefore,
we use MTCO1 protein (Complex IV) as a mitochon-
drial load control. COVID-19, but not COVID-19++
group, had lower Opa 1 and Mfn 2 than CTRL group
(Figure 3b,c). With respect to OXPHOS proteins, the
SDHB (Complex II) also is lower in COVID-19, but
not COVID-19++ group (Figures 3d) in comparison
to CTRL group. The ATP5A (Complex V) protein was
lower (trend) in both, COVID-19 and COVID-19++
groups (Figures 3e) than CTRL group. Similar results

were found when mitochondrial proteins were adjusted
to Red Ponceau (data not shown).

3.4 | MVPA and sitting time

COVID-19 and COVID-19++ groups had no difference in
the level of MVPA (Figure 4a; P>0.05). Yet, COVID-19++
group had lower prevalence of physically active subjects
than the COVID-19 group (trend, Figure 4b). The sitting
time was higher in COVID-19++ group than COVID-19
(Figure 4c). Finally, association between sitting time and
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FIGURE 2 Mitochondrial cristae density and morphology in PBMCs. (a) Representative transmission electron microscopy images of
mitochondrial morphology in human PBMCs of control healthy subjects (CTRL), patients with non-severe COVID-19 (COVID-19), and
patients with severe COVID-19 (COVID-19++). (b) Example of an abnormal mitochondrial cristae. (c, €) quantification of mitochondrial
cristae (c) size, and (d) length. (e) Percentage of abnormal cristae. N = 5-6 per group; each point represents the mean of 4-6 cells and of >5
mitochondria/cell for each subject. Data are presented as median, minimum, and maximum. *P <0.05 in the post-hoc test. Kruskal-Wallis
with the Dunn's post-hoc was used to compare groups.
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FIGURE 3 Mitochondrial protein content in in PBMCs. (a) Representative blots in control healthy subjects (CTRL), patients with non-
severe COVID-19 (COVID-19), and patients with severe COVID-19 (COVID-19++). (b—e) quantification of the protein content of (b) Opa 1,
(c) Mfn 2, (d) SDHB (complex II), and (e) ATP5A (complex V). N = 5-6 subjects per group. Data are presented as median, minimum, and
maximum. *P <0.05 and **P <0.01 in the post-hoc test. Kruskal-Wallis with the Dunn's post-hoc was used to compare groups.
mitochondrial cristae density markers were found (sitting 4 | DISCUSSION
time v.s. mitochondrial criste number, r = —0.75, P = 0.01;
mitochondrial criste length, » = —0.87, P = 0.001; abnor-

mal mitochondrial criste, r = —0.27, P = 0.42).

Here, we investigated the mitochondrial morphology and
mitochondrial cristae (density [number and length] and
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FIGURE 4 Moderate-vigorous physical activity (MVPA) and sitting time. (a, c) comparison of the (a) level of MVPA, (b) proportion
of physically active and inactive subjects, and (c) sitting time between patients with non-severe (COVID-19) and severe (COVID-19++)

COVID-19. N = 5-6 subjects per group. Data are presented as median, minimum, and maximum, or percentages. Mann-Whitney U was

used to compare MVPA and sitting time between groups. Fisher's exact test was used to compare the number of physically active subjects

between the COVID-19 and COVID-19++ group.

abnormalities) in PBMCs of patients with two grades of
severity of COVID-19: [a] non-severe, who spent a quar-
antine at home (COVID-19); and [b] severe, who entered
the intensive care unit (COVID-19++). We found that,
compared to healthy control subjects (CTRL), COVID-19
patients (COVID-19 and COVID-19++) had higher pro-
portion of abnormal mitochondrial cristae. Focusing on
severity, COVID-19++ had lower number and length of
mitochondrial cristae (surrogate marker of mitochon-
drial density), and higher prevalence of sitting time than
COVID-19. These results show that disturbances in mi-
tochondrial cristae —potentially due to low overall levels
physical activity— is associated with the risk for severe
COVID-19.

Mitochondrial size is used as an indicator of fusion
(larger size) phenotypes (Castro-Sepulveda et al., 2020;
Huertas et al., 2019). Previous measurements of mito-
chondrial morphology in monocytes from patients with
COVID-19 showed larger mitochondria compared to
healthy subjects (Gibellini et al., 2020). Therein, the au-
thors hypothesized that monocytes from COVID-19 pa-
tients accumulated dysfunctional larger mitochondria
(Gibellini et al., 2020). Our current results showed no
difference in the mean of mitochondrial size between pa-
tients with COVID-19 and healthy controls. However, in
the frequency distributions of mitochondrial size, both
COVID-19 and COVID-19++ groups showed a major
percentage of mitochondrial size (+0.40 um?) in compar-
ison to the control group. The potential discrepancy may
be explained by differences in the underlying pathologies
and age of the patients. The previous study included sub-
jects aged —on average- 63 years old (Gibellini et al., 2020),
while ours were 50years old. Additional studies are thus
required whether COVID-19 patients have larger mito-
chondria, and whether this associates with the severity of
the disease.

Mitochondrial cristae density is a dynamic process that
regulates OXPHOS activity (Castro-Sepulveda et al., 2021;
Echeverria et al., 2021; Yang et al., 2015). A recent study
showed that mitochondria of COVID-19 patients had
lower OXPHOS activity compared to healthy subjects
and to patients with chest infection (Ajaz et al., 2021). In
agreement, herein we found lower content of mitochon-
drial OXPHOS proteins in patients with COVID-19, spe-
cifically the SDHB (Complex II) and ATP5A (Complex V).
Additionally, we studied mitochondrial cristae density
and the presence of abnormal mitochondria in patients
with COVID-19. Our results showed, for the first time,
that COVID-19++ patients have lower mitochondrial
cristae density. Also, both COVID-19 and COVID-19++
groups showed increased abnormal mitochondrial cristae.
We speculate that the decreased OXPHOS activity previ-
ously observed in COVID-19 patients (Ajaz et al., 2021)
could be due to a reduced mitochondrial cristae density.
Mitochondrial cristae density may be also associated with
the severity of COVID-19. Indeed, our COVID-19++
group showed lower mitochondrial cristae density than
the COVID-19 group. To gain insight into possible mech-
anisms, we measured the content of proteins that regu-
late mitochondrial cristae density (Castro-Sepulveda
et al., 2021; Sood et al., 2014). Both OPA 1 and Mfn2 were
lower in patients with COVID-19 compared to healthy
subjects, yet no differences between COVID-19 groups
were apparent. The dramatic decrease in mitochondrial
proteins in COVID-19 patients (e.g., Opa 1), without mi-
tochondrial morphological nor mitochondrial density
alterations, must be further confirmed and analyzed.
Therefore, none of these proteins appear to play a role in
the severity of COVID-19. Future studies should measure
other proteins that also regulate mitochondrial cristae
density, such as MICOS complex like MIC60 (Castro-
Sepulveda et al., 2021; Yang et al., 2015).
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During hospitalization, patients with well-controlled
glycemia show lower mortality than patients with poorly
controlled glycemia (upper limit of glycemic variability
exceeding 10.0mmol/L) (Zhu et al., 2020). Also, elevated
glucose levels favor SARS-CoV-2 infection and mono-
cyte response (Codo et al., 2020). Notably, we have pre-
viously shown that exposure of PMBCs in vitro to high
glucose decreases mitochondrial cristae density (Castro-
Sepulveda et al., 2021). Perhaps, high glycemia in pa-
tients with COVID-19 decreases mitochondrial cristae
density, thus making them more susceptible to severe
COVID-19. In our current study, unfortunately, we did
not measure glycemia, for not having fasting plasma in
the COVID-19 groups. Future studies are thus required
to look for a link between glycemia, PMBCs cristae, and
COVID-19 severity. Individuals with low cardiorespira-
tory fitness also have elevated risk of severe COVID-19
(Brawner et al., 2021; Sallis et al., 2021). We and others
have found that low mitochondrial cristae density in
skeletal muscle is associated with reduced cardiorespi-
ratory fitness (Castro-Sepulveda et al., 2021; Nielsen
et al., 2017). We speculate that the protective effects of
overall physical activity on COVID-19 severity are ex-
plained by an increased mitochondrial cristae density.
This is supported by our data, wherein the COVID-19
group had more physically active subjects (trend) and
less sitting time, along with higher cristae density com-
pared to the COVID-19++ group. Notably, MVPA and
sedentary behavior (i.e., sitting time) may be independent
risk factors of severe COVID-19, as they are already —for
example- for all-cause mortality (Ekelund et al., 2019).
Future studies should test that hypothesis.

Our study has certain limitations. First, the small sam-
ple size may have precluded us from detecting some dif-
ferences between groups. Second, the study design does
not allow to distinguish whether the differences observed
are a cause or consequence of COVID-19 and/or its sever-
ity. Third, the physical activity levels of the CTRL group
were not evaluated, and this may be a confounding factor.
Finally, another limitation of our study is that no mito-
chondrial fission factor protein levels were evaluated due
to the limited amount of sample of PBMCs. In conclu-
sion, our results show that mitochondrial cristae density,
potentially due to physical inactivity, is associated with
COVID-19 severity. However, more studies are needed to
confirm causality.

AUTHOR CONTRIBUTIONS

M.C.S. and H.Z.F conceived and designed research;
M.CS., A.D,HM, M.T.S,, G.T.,, S.U.C,, R.F.C. and M.V.B.
performed experiments, analyzed data and interpreted re-
sults and M.C.S. R.F.C and H.Z.F drafted manuscript; all
authors approved final version of manuscript.

£
Nihsoesea ) Physiological ReportsJ7—°8

Society Hadooca

ACKNOWLEDGMENTS

We thank all participants. This work was supported by the
Unidad de Microscopia Avanzada UC (UMA UC). Also,
we thank the Emergency Service of Santa Maria Clinic,
Santiago, Chile.

FUNDING INFORMATION
This study was funded by Funds of Research from Santa
Maria Clinic, Santiago, Chile.

CONFLICTS OF INTEREST
The authors declare no competing interests.

ORCID

Mauricio Castro-Sepulveda © https://orcid.
org/0000-0002-2270-299X

Mauro Tufidn-Sudrez (2 https://orcid.
org/0000-0002-3085-9057

Rodrigo Ferndndez-Verdejo (2 https://orcid.
org/0000-0002-5948-2281

Hermann Zbinden-Foncea 2 https://orcid.

org/0000-0002-9643-1037

REFERENCES

Ajaz, S., McPhail, M. J.,, Singh, K. K., Mujib, S., Trovato, F. M., Napoli,
S., & Agarwal, K. (2021). Mitochondrial metabolic manipula-
tion by SARS-CoV-2 in peripheral blood mononuclear cells of
patients with COVID-19. American Journal of Physiology Cell
Physiology, 320(1), C57-C65.

Brawner, C. A., Ehrman, J. K., Bole, S., Kerrigan, D. J., Parikh,
S.S., Lewis, B. K., Gindi, R. M., Keteyian, C., Abdul-Nour, K., &
Keteyian, S. J. (2021). Inverse relationship of maximal exercise
capacity to hospitalization secondary to coronavirus disease
2019. Mayo Clinic Proceedings, 96(1), 32-39.

Bull, F. C., Al-Ansari, S. S., Biddle, S., Borodulin, K., Buman,
M. P, Cardon, G., Carty, C., Chaput, J. P., Chastin, S., Chou, R.,
Dempsey, P. C., DiPietro, L., Ekelund, U., Firth, J., Friedenreich,
C. M,, Garcia, L., Gichu, M., Jago, R., Katzmarzyk, P. T., ...
Willumsen, J. F. (2020). World Health Organization 2020
guidelines on physical activity and sedentary behaviour. British
Journal of Sports Medicine, 54(24), 1451-1462.

Burtscher, J., Burtscher, M., & Millet, G. P. (2021). The central role
of mitochondrial fitness on antiviral defenses: An advocacy
for physical activity during the COVID-19 pandemic. Redox
Biology, 43, 101976.

Burtscher, J., Millet, G. P., & Burtscher, M. (2021). Low cardiorespira-
tory and mitochondrial fitness as risk factors in viral infections:
Implications for COVID-19. British Journal of Sports Medicine,
55(8), 413-415.

Castro-Sepulveda, M., Ferndndez-Verdejo, R., Tufién-Sudrez, M.,
Morales-Zuiiiga, J., Troncoso, M., Jannas-Vela, S., & Zbinden-
Foncea, H. (2021). Low abundance of Mfn2 protein correlates
with reduced mitochondria-SR juxtaposition and mitochon-
drial cristae density in human men skeletal muscle: Examining
organelle measurements from TEM images. The FASEB
Journal, 35(4), €21553.


https://orcid.org/0000-0002-2270-299X
https://orcid.org/0000-0002-2270-299X
https://orcid.org/0000-0002-2270-299X
https://orcid.org/0000-0002-3085-9057
https://orcid.org/0000-0002-3085-9057
https://orcid.org/0000-0002-3085-9057
https://orcid.org/0000-0002-5948-2281
https://orcid.org/0000-0002-5948-2281
https://orcid.org/0000-0002-5948-2281
https://orcid.org/0000-0002-9643-1037
https://orcid.org/0000-0002-9643-1037
https://orcid.org/0000-0002-9643-1037

CASTRO-SEPULVEDA ET AL.

8of 8 . . e
o—LPhyS|o|og|ca| Reports gl N\ Zsdoge

physiological
Sodiety

Castro-Sepulveda, M., Jannas-Vela, S., Fernandez-Verdejo, R.,
Avalos-Allele, D., Tapia, G., Villagrdn, C., Quezada, N., &
Zbinden-Foncea, H. (2020). Relative lipid oxidation asso-
ciates directly with mitochondrial fusion phenotype and
mitochondria-sarcoplasmic reticulum interactions in human
skeletal muscle. American Journal of Physiology, Endocrinology
and Metabolism, 318(6), E848-E855.

Castro-Septlveda, M., Morio, B., Tuiién-Sudrez, M., Jannas-Vela, S.,
Diaz-Castro, F., Rieusset, J., & Zbinden-Foncea, H. (2021). The
fasting-feeding metabolic transition regulates mitochondrial
dynamics. The FASEB Journal, 35(10), €21891.

Codo, A. C., Davanzo, G. G., Monteiro, L. B., de Souza, G. F., Muraro,
S. P., Virgilio-da-Silva, J. V., Prodonoff, J. S., Carregari, V. C.,
de Biagi Junior, C. A. O., Crunfli, F., Jimenez Restrepo, J. L.,
Vendramini, P. H., Reis-de-Oliveira, G., Bispo Dos Santos, K.,
Toledo-Teixeira, D. A., Parise, P. L., Martini, M. C., Marques,
R.E., Carmo, H. R, ... Moraes-Vieira, P. M. (2020). Elevated glu-
cose levels favor SARS-CoV-2 infection and monocyte response
through a HIF-1a/glycolysis-dependent Axis. Cell Metabolism,
32(3), 437-446.€5.

Craig, C. L., Marshall, A. L., Sjostrom, M., Bauman, A. E., Booth,
M. L., Ainsworth, B. E., Pratt, M., Ekelund, U., Yngve, A., Sallis,
J. F., & Oja, P. (2003). International physical activity question-
naire: 12-country reliability and validity. Medicine and Science
in Sports and Exercise, 35(8), 1381-1395.

Echeverria, F., Jimenez Patino, P. A., Castro-Sepulveda, M.,
Bustamante, A., Garcia Concha, P. A., Poblete-Aro, C.,
Valenzuela, R., & Garcia-Diaz, D. F. (2021). Microencapsulated
pomegranate peel extract induces mitochondrial complex IV
activity and prevents mitochondrial cristae alteration in brown
adipose tissue in mice fed on a high-fat diet. The British Journal
of Nutrition, 126(6), 825-836.

Ekelund, U., Tarp, J., Steene-Johannessen, J., Hansen, B. H., Jefferis,
B., Fagerland, M. W., Whincup, P., Diaz, K. M., Hooker, S. P.,
Chernofsky, A., Larson, M. G., Spartano, N., Vasan, R. S., Dohrn,
1. M., Hagstromer, M., Edwardson, C., Yates, T., Shiroma, E.,
Anderssen, S. A., & Lee, I. M. (2019). Dose-response associa-
tions between accelerometry measured physical activity and
sedentary time and all cause mortality: Systematic review and
harmonised meta-analysis. BMJ, 21, 14570.

Fernandez-Verdejo, R., & Sudrez-Reyes, M. (2021). Inactividad fisica
versus sedentarismo: andlisis de la Encuesta Nacional de Salud
de Chile 2016-2017 [physical inactivity versus sedentariness:
Analysis of the chilean national health survey 2016-2017].
Revista Médica de Chile, 149(1), 103-109.

Gibellini, L., De Biasi, S., Paolini, A., Borella, R., Boraldi, F., Mattioli,
M., Lo Tartaro, D., Fidanza, L., Caro-Maldonado, A., Meschiari,
M., Iadisernia, V., Bacca, E., Riva, G., Cicchetti, L., Quaglino, D.,
Guaraldi, G., Busani, S., Girardis, M., Mussini, C., & Cossarizza,
A.(2020). Altered bioenergetics and mitochondrial dysfunction
of monocytes in patients with COVID-19 pneumonia. EMBO
Molecular Medicine, 12(12), €13001.

Huertas, J. R., Ruiz-Ojeda, F. J., Plaza-Diaz, J., Nordsborg, N. B.,
Martin-Albo, J., Rueda-Robles, A., & Casuso, R. A. (2019).
Human muscular mitochondrial fusion in athletes during ex-
ercise. The FASEB Journal, 33(11), 12087-12098.

Kelley, D. E., He, J., Menshikova, E. V., & Ritov, V. B. (2002).
Dysfunction of mitochondria in human skeletal muscle in type
2 diabetes. Diabetes, 51(10), 2944-2950.

Mangalmurti, N., & Hunter, C. A. (2020). Cytokine storms:
Understanding COVID-19. Immunity, 53(1), 19-25.

Nielsen, J., Gejl, K. D., Hey-Mogensen, M., Holmberg, H. C., Suetta,
C., Krustrup, P., Elemans, C. P. H., & Ortenblad, N. (2017).
Plasticity in mitochondrial cristae density allows metabolic
capacity modulation in human skeletal muscle. The Journal of
Physiology, 595(9), 2839-2847.

Sallis, R., Young, D. R., Tartof, S. Y., Sallis, J. F., Sall, J,, Li, Q., Smith,
G.N., & Cohen, D. A. (2021). Physical inactivity is associated with a
higher risk for severe COVID-19 outcomes: A study in 48 440 adult
patients. British Journal of Sports Medicine, 55(19), 1099-1105.

Sebastian, D., Sorianello, E., Segalés, J., Irazoki, A., Ruiz-Bonilla, V., Sala,
D., Planet, E., Berenguer-Llergo, A., Mufioz, J. P., Sdnchez-Feutrie,
M., Plana, N., Hernindez-Alvarez, M. 1., Serrano, A. L., Palacin,
M., & Zorzano, A. (2016). Mfn2 deficiency links age-related sarco-
penia and impaired autophagy to activation of an adaptive mito-
phagy pathway. The EMBO Journal, 35(15), 1677-1693.

Sood, A., Jeyaraju, D. V., Prudent, J., Caron, A., Lemieux, P,
McBride, H. M., Laplante, M., Téth, K., & Pellegrini, L. (2014).
A Mitofusin-2-dependent inactivating cleavage of Opal links
changes in mitochondria cristae and ER contacts in the post-
prandial liver. Proceedings of the National Academy of Sciences
of the United States of America, 111(45), 16017-16022.

Tur, J., Vico, T., Lloberas, J., Zorzano, A., & Celada, A. (2017).
Macrophages and mitochondria: A critical interplay between
metabolism, signaling, and the functional activity. Advances in
Immunology, 133, 1-36.

Wang, B, Li, R., Lu, Z., & Huang, Y. (2020). Does comorbidity in-
crease the risk of patients with COVID-19: Evidence from
meta-analysis. Aging (Albany NY), 12(7), 6049-6057.

World Health Organization. Global Physical Activity Questionnaire
(QPAQ). Analysis Guide [Internet]. Available from: https://
www.who.int/ncds/surveillance/steps/GPAQ_EN.pdf

Yang, R. F,, Sun, L. H.,, Zhang, R., Zhang, Y., Luo, Y. X., Zheng, W.,
Zhang, Z. Q., Chen, H. Z., & Liu, D. P. (2015). Suppression of
Mic60 compromises mitochondrial transcription and oxidative
phosphorylation. Scientific Reports, 23, 7990.

Zbinden-Foncea, H., Francaux, M., Deldicque, L., & Hawley, J. A.
(2020). Does high cardiorespiratory fitness confer some pro-
tection against proinflammatory responses after infection by
SARS-CoV-2? Obesity (Silver Spring), 28(8), 1378-1381.

Zhu, L., She, Z. G., Cheng, X., Qin, J. J., Zhang, X. J,, Cai, J.,, Lei, F,,
Wang, H., Xie, J., Wang, W,, Li, H., Zhang, P., Song, X., Chen, X,
Xiang, M., Zhang, C., Bai, L., Xiang, D., Chen, M. M., ... Li, H.
(2020). Association of Blood Glucose Control and Outcomes in
patients with COVID-19 and pre-existing type 2 diabetes. Cell
Metabolism, 31(6), 1068-1077.€3.

How to cite this article: Castro-Sepulveda, M.,
Tapia, G., Tufiéon-Suérez, M., Diaz, A., Marambio,
H., Valero-Breton, M., Fernandez-Verdejo, R., &
Zbinden-Foncea, H. (2022). Severe COVID-19
correlates with lower mitochondrial cristae density
in PBMCs and greater sitting time in humans.
Physiological Reports, 10, €15369. https://doi.
org/10.14814/phy2.15369



https://www.who.int/ncds/surveillance/steps/GPAQ_EN.pdf
https://www.who.int/ncds/surveillance/steps/GPAQ_EN.pdf
https://doi.org/10.14814/phy2.15369
https://doi.org/10.14814/phy2.15369

	Severe COVID-­19 correlates with lower mitochondrial cristae density in PBMCs and greater sitting time in humans
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Design and participants
	2.2|PBMCs isolation
	2.3|Western blotting
	2.4|Transmission electron microscopy
	2.5|IPAQ
	2.6|Statistics

	3|RESULTS
	3.1|General characteristics of the subjects
	3.2|Mitochondrial morphology
	3.3|Mitochondrial fusion and OXPHOS proteins
	3.4|MVPA and sitting time

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICTS OF INTEREST
	REFERENCES


