Infection (2022) 50:1053-1066
https://doi.org/10.1007/515010-022-01835-6

REVIEW q

Check for
updates

Evidence mapping and review of long-COVID and its underlying
pathophysiological mechanism

Anushri Umesh’ - Kumar Pranay? - Ramesh Chandra Pandey® - Mukesh Kumar Gupta'

Received: 29 November 2021/ Accepted: 11 April 2022 / Published online: 30 April 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany 2022

Abstract

Purpose Apart from the global disease burden of acute COVID-19 disease, the health complications arising after recovery
have been recognized as a long-COVID or post-COVID-19 syndrome. Evidences of long-COVID symptoms involving vari-
ous organ systems are rapidly growing in literature. The objective was to perform a rapid review and evidence mapping of
systemic complications and symptoms of long-COVID and underlying pathophysiological mechanisms.

Methods Publications reporting clinical trials, observational cohort studies, case—control studies, case-series, meta-anal-
ysis, and systematic reviews, focusing on the squeal of the disease, consequences of COVID-19 treatment/hospitalization,
long-COVID, chronic COVID syndrome, and post acute COVID-19 were reviewed in detail for the narrative synthesis of
frequency, duration, risk factors, and pathophysiology.

Results The review highlights that pulmonary, neuro-psychological, and cardiovascular complications are major findings in
most epidemiological studies. However, dysfunctional gastrointestinal, endocrine, and metabolic health are recent findings
for which underlying pathophysiological mechanisms are poorly understood. Analysis of the clinical trial landscape suggests
that more than 50% of the industry-sponsored trials are focused on pulmonary symptoms. In contrast to the epidemiological
trends and academic trials, cardiovascular complications are not a focus of industry-sponsored trials, suggestive of the gaps
in the research efforts.

Conclusion The gap in epidemiological trends and academic trials, particularly concerning cardiovascular complications not
being a focus of industry-sponsored trials is suggestive of the gaps in research efforts and longer follow-up durations would
help identify other long-COVID-related health issues such as reproductive health and fertility.
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Introduction

Coronavirus disease 2019 (COVID-19) is an upper and lower
respiratory tract infection caused by SARS-CoV-2. Globally,
226 million confirmed cases of COVID-19, including 4.6
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million deaths reported to the World Health Organization
(WHO) as of 17 September 2021 (https://covid19.who.int/).
Recently, there has been increasing evidence of long-term
complications post-COVID recovery, and reports point to
the broad tissue-tropism of the COVID-19 affecting multiple
other organ systems. Evidences suggest that clinical symp-
toms in long-COVID are overlapping yet distinct from acute
COVID-19 and could persist in recovered patients for weeks
to months, adding to the overall disease burden (including
clinical and economic burden) [1].

The National Institute for Health and Care Excellence
(NICE; UK) guideline for long-term effects of COVID-19
defines the Post-COVID-19 syndrome as a set of persistent
physical, cognitive, and/or psychological symptoms that
continue for more than 12 weeks after illness and which
are not explained by the alternative diagnosis (https://www.
nice.org.uk/guidance/ng188). Long-COVID refers to the
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signs and symptoms that persist or develop after the acute
COVID-19. Patients suffering from these conditions are
known as COVID long-haulers. The definitions of the per-
sistent post-COVID syndrome, chronic COVID syndrome,
or post-acute COVID-19 syndrome overlap but are not con-
sistent across studies (Table 1) [2, 3].

A prospective cohort study of 4182 COVID-19 cases
showed that 13.3%, 4.5%, and 2.5% of individuals had
the symptoms of long-COVID for > 28 days, > 8 weeks,
and > 12 weeks, respectively [5]. Higher age and number of
symptoms appearing in the first week of illness were identi-
fied as the strongest predictor of Post-COVID syndrome (OR
4.6 (95% CI 3.3-6.5)). The incidence of long-COVID was
estimated to be 10-35% of post-COVID cases, which may
reach up to 85% in patients with the severe form of COVID-
19 and hospitalization [6—8]. Demographics of the patient,
pre-existing comorbidities, the severity of the acute phase
COVID-19, hospitalization and type of intensive care treat-
ment, post-infection hyper-inflammatory status, and degree
of fibro-proliferative changes in various organs, etc. are con-
sidered major risk factors for long-COVID [1, 7, 9].

This review aims to map current knowledge on common
as well as emerging long-COVID symptoms, complications,
and underlying pathophysiological mechanisms in various
organ dysfunction (excluding secondary infections due to
prolonged hospitalization, immune suppression, or steroid
therapy). Emphasis is also provided to review the active
industry efforts in ongoing clinical trials to gauge the current
trends in this space. The correlation of these two findings
would help identify the areas that require immediate atten-
tion as knowledge of long-COVID evolves.

Review methodology

We performed a narrative review of the literature using
Boolean search string consisting of keywords like “SARS
COV-2”, “COVID-197, “post-COVID-19”, “Post-acute

COVID-19”, “Post-COVID Syndrome”, “COVID-19
sequelae”, “persistence of symptoms”, “long-term health
consequences”, from literature repositories such as Corona-
Central (https://coronacentral.ai), PubMed, Web of Science,
and Google Scholar. The relevant articles were identified
and manually reviewed for relevance with the context. The
review aimed to cover the emerging trends and diversity of
evidence (rather than the depth/granularity) in long-COVID.

For the clinical trial landscape, we downloaded the clini-
cal trial details from the portal of https://www.clinicaltrials.
gov/ using keywords such as post-COVID syndrome, Long-
COVID and were manually reviewed. A total of 472 trials
were downloaded from the portal as of 1 September 2021
and were analyzed based on parameters of trial objectives,
study type, and outcome measures. Clinical trials that were
not focused on specific organ systems such as behavioral
changes, rehabilitation programs, vaccine responses, sero-
surveillance were not analyzed (Fig. 1). Similarly, clinical
trials focused on acute COVID-19 symptoms or health issues
of caregivers, nurses, family or relatives were excluded from
the analysis. In total, 201 clinical trials were selected for
final analysis as per the PRISMA statement and review
methodology (Fig. 1).

Impact of neurological and psychological
health

Neuropsychological sequelae are frequent long-COVID
symptoms, irrespective of the severity of the disease [10].
The most commonly observed neurological symptoms
across the studies are fatigue (28.3-67.8%), sleep distur-
bance (30.8-56.5%), headache (44%), cognitive impair-
ment and memory loss (25.4-34.2%), attention disorder
(26.0%), post-traumatic stress disorder (PTSD) (22.2%),
anxiety and depression (4.3-6.5%) [3, 11-15]. Retrospec-
tive data analysis from electronic health records (EHR) of
236,000+ COVID-19 survivors showed that the estimated

Table 1 Integrative
classification of COVID-19 and
long-COVID

Classification

Reference time point for
relapse of COVID-19

symptoms
Classification by NICE (UK) (https://www.nice.org.uk/guidance/ng188)
Acute COVID-19 <4 Weeks
Ongoing symptomatic COVID-19 4-12 Weeks
Post-COVID-19 syndrome > 12 Weeks
Classification by Ferndndez-de-Las-Pefias et al. [4]
Potentially infection related-symptoms <4-5 Weeks

Acute post-COVID symptoms
Long post-COVID symptoms

Persistent post-COVID symptoms

Week 5 to Week 12
Week 12 to Week 24
> 24 weeks
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Fig. 1 Flowchart for scouting
long-COVID-related studies
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incidence of neurological/psychiatric diseases in the fol-
lowing six months was 33.6%, out of which 12.8% were
newly diagnosed. Anxiety disorder was the most common
occurrence with 17.4%, and 19.2% in overall cohorts vs. ICU
treated cohorts, respectively [16]. Neurological complica-
tions observed during the long-COVID course have been
termed as “post-COVID-19 neurological syndrome (PCNS)”
[17]. PCNS includes complications ranging from acute
course diseases such as stroke to a rare and long course dis-
ease such as Guillain—Barre syndrome for up to six months
post-COVID diagnosis [16, 18]. Not limited to the epide-
miological trends of common symptoms, recent case stud-
ies have also reported the occurrence of new-onset focal or
generalized seizures [19], refractory status epilepticus [20],
hearing loss, and vestibule-cochlear neuritis [21, 22]. There
are also reports of spinal cord disease, such as longitudinally
extensive transverse myelitis (LETM) [23]. Long-COVID
patients may also experience “brain fog” and show symp-
toms similar to those of myalgic encephalomyelitis or mast
cell activation syndrome [24].

The emerging trends also indicate the involvement of
Proust's madeleine brain network, referring to olfactory pro-
cesses physiologically linked with memory and emotions
through the limbic system and consequent symptoms [25].
COVID-19 infection has been shown to be associated with
limbic encephalitis, as confirmed with MRI imaging [26].

The limbic system consists of brain structures between the
cerebral cortex, the brain stem, primarily the Hippocampus,
which acts as our brain's memory center, and the Amygdala,
which regulates emotional responses such as pleasure, fear,
anxiety, and anger. They also share an extensive neuronal
network with the thalamus, that is the relay center for motor
and sensory signals, hypothalamus that mediates essential
hormonal regulation as well as responses like thirst, hunger,
mood, etc., and basal ganglia involved in habit formation,
movement, and learning, implying that dysfunction of the
limbic system could result in a wide range of clinical symp-
toms [27-30]. The latter may imply that post-COVID-19
symptoms such as dysregulation of executive functions
(Dysexecutive syndrome), Cognitive impairment, Myo-
clonus, Seizures, Dementia and Alzheimer' like symptoms,
etc. may be attributed to multiple factors operative in tandem
and involving multiple centers in the brain; further research
on these topics is needed to elucidate the COVID-19 driven
neuropathological mechanisms [31-34].

Impact on pulmonary functions
Several studies have reported persistent respiratory ailments

in COVID-19 patients after being discharged, including
radiological abnormalities persisting for > 28 days since

@ Springer



1056

A.Umesh et al.

symptom onset, irrespective of clinical severity [35]. Based
on a cohort of Veteran Affair (VA) EHR database consist-
ing of 73,435 COVID-19 survivors, the excess disease bur-
den at six months was estimated for respiratory signs and
symptoms, respiratory failure, insufficiency, and arrest with
a hazard ratio of 28.5 (95% CI 26.4-30.5 and 3.4 (95% CI
2.7-3.9), respectively [36]. A systematic review based on the
analysis of 5440 patients reported the signs and symptoms of
chest pain, dyspnea, cough/sputum production at a frequency
of 89%, 61%, and 59%, respectively, in the long-COVID-19
disease course [7]. Additionally, postmortem histopathologi-
cal assessments demonstrated significant fibrotic remodeling
with characteristic findings such as fibroblast proliferation,
micro-honeycombing, and airspace obliteration. These
were thought to explain acute respiratory distress syndrome
(ARDS) as a long-term complication in COVID-19 [37].
Interestingly, the incidence of long-COVID was much lower
in asthmatic patients, and altered immune profile with ongo-
ing inhaled glucocorticoids medication is hypothesized to
play a role in partial protection from long-COVID in asth-
matics [38].

Impact on cardiovascular system

COVID-19 infection has an impact on the cardiovascular
system that can be intermediate, long-lasting, or persis-
tent. Patients with COVID-19 can experience hypoxia,
hypotension, and shock resulting in myocardial injury that
forms the basis for further complications, combined with
COVID-19-associated coagulopathy, immunothrombosis,
hyper-inflammation syndrome, myocarditis, acute coronary
syndrome, cardiac arrest, cardiac arrhythmia, cardiomyopa-
thy, and heart failure. These aspects have been extensively
reviewed by others [39, 40]. The high disease burden of car-
diovascular diseases was reported in the US Veteran Affair
electronic medical records comprising > 73,000 survivors of
acute-COVID-19, including hypertension (HR: 15.2 (95%
CI 11.5-18.6)), cardiac dysrhythmias (HR: 8.4 (95% CI
7.2-9.5)), circulatory signs and symptoms (HR: 6.7 (95%
CI 5.2-8.0)), coronary atherosclerosis (HR: 4.4 (95% CI
3.0-5.7)) and heart failure (HR: 3.9 (95% CI 3.0-4.8)) [36].

In a case series study, Postural Orthostatic Tachycardia
Syndrome (POTS), characterized by chronic orthostatic
intolerance and abnormal heart rate with upward postures,
was demonstrated in middle-aged women with COVID-19
disease, which was thought to be caused by a viral or bac-
terial infection, and chronic inflammatory or autoimmune
response [41]. Non-pulmonary etiologies of breathing dif-
ficulties (dyspnea) in COVID-19 disease were attributed
to pathologies such as acute myocarditis, cardiomyopathy,
exacerbation of heart failure, or atypical presentation of
the cardio-renal syndrome [42]. In addition, acute kidney
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injury among patients hospitalized due to COVID-19 was
a common finding (up to 46% of cases) and believed to be
associated with long-term cardiovascular events, resulting
in a complication known as a cardiorenal syndrome or reno-
cardiac syndrome [43, 43].

Impact on gastro-intestinal and biliary
system

During the first wave of the COVID-19 pandemic, up to
30.9% of patients presented with gastrointestinal (GI)
symptoms upon follow-up of three months [45]. The EHR
data from the US Department of Veteran Affair database
of 73,435 patients, who survived more than 30 days after
the first diagnosis, suggested the increased risk in terms of
HR for oesophageal disorders (HR 6.9 (95% CI 4.6-9.1)),
gastrointestinal disorders (HR 3.6 (95% CI 2.2-4.9)), dys-
phagia (HR 2.8 (95% CI 1.8-3.8)) and abdominal pain (HR
5.7 (95% CI 3.7-7.6) and found an increase in the use of
laxatives, histamine blockers, and antacids among COVID-
19 patients [36]. The most commonly reported symptoms
were loss of appetite (24%), nausea (18%), acid reflux (18%)
and diarrhea (15%), and others such as abdominal distension
(14%), belching (10%), vomiting (9%), abdominal pain (7%),
and bloody stools (2%), etc. However, an intriguing finding
was the observation of an inverse relationship between gas-
trointestinal symptoms such as nausea, emesis, and diarrhea
and the severity of COVID-19 [46]. In other case reports,
patients initially presented to the emergency department
with demonstrable thickening of the gallbladder wall, peri-
vesicular liquid, and absence of gallstones later diagnosed
as COVID-19 infection by RT-PCR [47]. In that line, other
reports have shown that patients recovered from COVID-
19 disease with critical cardiopulmonary involvement but
showed characteristics of severe cholangitis and intrahepatic
microangiopathy in histopathology and clinically [48]. In
an interesting case report, the patient with Post COVID-19
cholangiopathy progressed to end-stage liver disease and
required highly invasive interventions like liver transplanta-
tion [47]. More detailed studies are necessary to establish
the epidemiological relationship delineating the progression
of hepato-biliary manifestation and appropriate disease man-
agement strategy during the long-COVID period [47, 49].

Impact on endocrine and metabolic
functions

Endocrine and metabolic conditions such as diabetes mel-
litus have been reported as long-COVID symptoms, includ-
ing newly diagnosed diabetes and severe metabolic compli-
cations of pre-existing diabetes, e.g., diabetic ketoacidosis
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[50]. A retrospective analysis of 538 COVID-19 survivors
in China suggested that 7.4% of patients reported diabetes
at a median of 97 days (range: 91-116 days) post-discharge
[15]. On the same line, the annualized incidence rate of new-
onset diabetes was estimated as 2.9% over a mean follow-
up of 4.6 months in a large cohort study involving 47,780
discharged COVID-19 patients in the UK [51]. History of
reduced renal function, poor glycogenic control, diabetic
ketoacidosis, or hypoglycemia-related hospitalization in
the past five years was identified as additional risk factors
associated with poor outcomes. The relationship between
COVID-19 and diabetes seems bidirectional—pre-existing
diabetes as a risk factor for COVID-19 severity and hospi-
talization versus COVID-19 infection resulting in new-onset
diabetes during the long-COVID course [50, 52]. Also, for
further assessment, the CoviDIAB Project (a global registry
of patients with COVID-19-related diabetes) has been initi-
ated jointly by King's College, London, and Monash Uni-
versity, Australia (covidiab.e-dendrite.com), providing an
opportunity for detailed longitudinal follow-up of COVID-
19 patients with diabetes-related morbidities.

The impact of COVID-19 infection on endocrine and met-
abolic functions can be seen beyond diabetes mellitus. From
the literature, emerging trends related to thyroid diseases and
corticosteroid dependent metabolism is observed—hypo-
thyroidism (5%) in mild cases, thyrotoxicosis (20%) among
hospitalized patients [53]. Recently, sporadic case reports
of acute and sub-acute thyroiditis associated with COVID-
19 have been published in different countries [54-56]. In
previous SARS-CoV outbreaks, other endocrine or hormo-
nal dysfunctions observed after three months from recov-
ery were central hypocortisolism (39%) and hypothyroidism
(5%) through its effects on the hypothalamic-pituitary axis
[53]. Similarly, the impact of COVID-19 on the endocrine
system, mainly the hypothalamic-pituitary axis and thyroid
gland, have been considered to be mediated through direct
or indirect cellular injury induced by COVID-19, result-
ing in deregulated hormonal levels such as TSH and free
tri-iodothyronine (T3), ACTH and cortisol, etc. However,
besides a few initial reports, more systematic epidemiology
studies on the endocrine dysfunction after acute-COVID-19
recovery is still lacking.

Impact on reproductive system and fertility

Dysfunctions in the reproductive system and reduced fertil-
ity are often long-term findings beyond the time frame for
which the longitudinal data are available after two pandemic
waves. Recent early evidence from autopsies suggests the
involvement of reproductive pathologies due to COVID-
19 infection. A systematic study related to the impact of

COVID-19 on reproduction and fertility is yet unavailable
to validate the early findings at an epidemiological scale.

In autopsies of testicular samples from fatal cases of
COVID-19 patients, orchitis characterized by histopatho-
logical changes such as damaged germ cells, thickened
basement membrane, and leucocyte migration was observed
[57]. In other studies, histopathological abnormalities such
as inflammation of seminiferous tubules, erythrocytes exu-
dation, and infiltration of inflammatory cells have been
reported [58, 59]. Several studies have reported the incon-
sistent results of SARS-COV-2 presence in the testicular
tissues, semen, and prostatic secretions, and these aspects
have been previously reviewed in the literature [60]. Another
study demonstrated SARS-COV-2 associated decrease in
total motility and total motile sperm count without affect-
ing semen volume and sperm concentration [61]. Findings
such as reduction in semen volume, sperm production/count,
increased DNA fragmentation, reduced sperm motility,
scrotal discomfort, and enhanced production of inflamma-
tory molecules such as C-reactive protein suggest testicular
injury and viral orchitis [58, 62—-64]. At least three possible
speculations on the mechanism behind the SARS-CoV-2
virus-mediated impact on male reproductive functions:
(1) direct pathogenic impact on testicular cells with higher
ACE2 expression, (2) body fever contributes to an increase
in testicular temperature, which may cause poor sperm qual-
ity, in terms of sperm density, motility, and morphology, (3)
secondary immune response leading to autoimmune orchitis
[65].

In addition, the impact of SARS-COV-2 on the hypothala-
mus-pituitary-gonad axis has been studied, which could also
impact reproductive health. A cohort study of 45 patients
(male) revealed that low testosterone and di-hydro-testos-
terone levels (68.6% and 48.6%, respectively) were asso-
ciated with altered secretion of gonadotropins [66]. Other
studies have pointed out a reciprocal correlation between
testosterone levels, T/LH ratio, and inflammation-associated
molecules [61, 67]. The blood-testis barrier (BTB) provides
an isolated microenvironment and protection for sperm pre-
sent in the testis [64]. However, SARS-CoV-2 were recov-
ered from semen samples from acute and recovering male
patients but not from vaginal and cervical fluids in females
[58, 68, 69]. It is hypothesized that severe inflammation
elicited due to an infection can impair the BTB leading to
orchitis and/or hypogonadism, severely affecting male fertil-
ity and testicular function. To date, most studies point out
that SARS-COV-2 infection may affect male fertility. Recent
studies showing recovery of SARS-CoV-2 from semen sam-
ples only open the speculations about sexual transmission.

Epidemiology and case-series studies on the impact of
COVID-19 infection in female reproductive health and fertil-
ity are scarce [70]. Apprehensions such as the ACE-II gene
being located at the Xp22 locus on the X chromosome—an
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area known to escape the X-inactivation—may be respon-
sible for higher expression of ACE-II enzyme on cell mem-
branes in women [53]. Several observations from different
countries have revealed that the frequency of worse out-
comes was lower in women than men, which could be a
function of other factors such as lower TMPRSS2 expression
(required for virus activation and entry) and immune-com-
petency [71]. Nevertheless, clinical observation and litera-
ture on long-COVID impact on female reproductive health
and fertility are not yet available; comprehensive long-term
follow-ups are required to unveil the longitudinal epidemio-
logical trends.

Impact on immune system, multi-organ
damage and other symptoms

Impairment or deregulation of multiple organ systems in
long COVID is hypothesized to result from hyper-inflam-
matory changes and cytokine storm caused by SARS-CoV-2
[41, 72, 73]. In a prospective cohort study comprising of
201 long-COVID cases, functional impairment of pancreas,
liver, heart, lung, kidney, and spleen was reported in 40%,
28%, 26%, 11%, 4%, and 4% of cases, respectively, with
29% patients showing multiorgan impairment after median
141 days following the COVID-19 infection. In severe long-
COVID cases, evidences of myocarditis and pancreatitis
were also seen along with fat accumulation. They increased
liver volume as comorbidities independent of obesity, hyper-
tension, diabetes mellitus, and heart disease status [74].
Similar to adults, multisystemic comorbidities were shown
in the post-COVID-19 surveillance study in children and
adolescents (n=186), which showed the gastrointestinal
system in 92% patients, cardiovascular in 80%, respiratory
in 70%, with hematologic (76%), and mucocutaneous (74%)
changes [75, 76].

Other long-COVID symptoms include anosmia (loss of
smell), ageusia (loss of taste), dermatological manifesta-
tions, and myopathies. Anosmia persists after COVID, but
the duration varies with the persistence of symptoms in
15.3% of patients after 60 days and 4.7% after six months
with a predictive association with baseline severity of
olfactory dysfunction (P 0.001) [77]. However, there are
evidences that the choice of assessment methods in patient-
reported measures such as taste or smell can also result in
inconsistencies in reported persistence. A more standard-
ized method could provide accurate observations and cor-
relations between objective and patient-reported outcomes
[78]. Interestingly, a study identified the geographical pat-
terns in the prevalence of gustatory disturbances—Ameri-
cas 66. 8%, (95% CI 54.8-78.8%), Europe 57.2% (95% CI
52.4-62.0%), Middle East 38.8% (95% CI 27.5-50.2%) and
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East Asia 13.1% (95% CI 0.1-26.1%) although the results
are directional and must be interpreted with cautions [79].

In a case report, myopathic changes characterized by
muscle membrane potential change, loss of myosin, and
reduced myosin: actin ratio were reported in patients with
a history of mild SARS-CoV-2 infection [80]. The Ameri-
can Academy of Dermatology (AAD) and the International
League of Dermatological Societies (ILDS) also reported
dermatological manifestations of COVID-19 infection
(www.aad.org/covidregistry) with complication as morbil-
liform (22%), pernio-like (18%), urticarial (16%), macular
erythema (13%), vesicular (11%), papulosquamous (9.9%)
and retiform purpura (6.4%) [81]. While this provides a
spectrum of skin affections in long-COVID, it is unsuitable
for epidemiological interpretation due to the small sample
size. In follow-up studies, manifestations like Papulo-squa-
mous eruptions and Pernio were reported to last for a median
of 20 days and 12 days, respectively, with the persistence of
symptoms for over 60—70 days in some cases [73].

Cancer has also been anticipated as prospective long-term
sequelae of COVID-19 infections due to overlap with mech-
anisms like elevated pro-inflammatory cytokines (e.g., IL-1,
IL-6, IL-8, and TNF-a), T-cell depletion, and activation of
oncogenic pathways (e.g., JAK-STAT and NF-«xB pathways),
and oxidative stress-driven by COVID-19 infection, which
could collectively set the stage for malignant transforma-
tion and cancer development [82]. Cellular transformations
such as the formation of multinucleated giant cells as well
as changes in the phosphorylation landscape, protein—pro-
tein interaction of SARS-CoV endoribonuclease Nsp15 with
the retinoblastoma tumor suppressor protein (pRb), and S2
subunit of SARS-CoV-2 and the p53 and BRCA1/2 pro-
teins has been demonstrated, which further supportive of
the cancer risks in COVID-19 patients in the long run [82].
However, this remains theoretical speculation unless sup-
ported by real-world epidemiological trends.

Putative patho-physiological mechanisms
involved in long-COVID

Owing to a relatively recent discovery, knowledge about
the pathophysiology and biological factors involved in the
long-COVID symptoms is incomplete and rapidly evolving.
Some studies have suggested the long-COVID symptoms to
be persistent or residual effects of acute-phase COVID-19 or
the treatment regimen used for its treatment [83].

In more generalized terms, one or more of the follow-
ing mechanisms would relate to subsequent organ-specific
damages in long-COVID: (1) Virus entry through ACE-II
receptors followed by direct cell damage, (2) Immune sys-
tem activation including autoimmune response due to cross-
reacting antibodies, and (3) Counter response by the host
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such as non-specific activation of the immune system, over-
production of counter-regulatory hormones and cytokines
causing further damage to host cells. These effects are
implemented through responsive signaling pathways such
as increased phosphorylation of NF-kB and JAK-STAT
pathway molecules [84]. Depending on the organ-specific

microenvironment, these mechanisms drive the specific
pathophysiological changes and clinical symptoms (Fig. 2).

Concerning the neurological complications, virus neu-
rotropism and subsequent neuroinflammation leading to
pathophysiological impacts on the cortex, limbic system,
and brain stem and hypothalamic—pituitary—adrenal axis
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10. Hypoxia-inducible
transcription factors and
coagulopathy

(e.g. Dy
axis and ACTH-Cortisol
axis)

4. Thyroiditis/ thyrotoxicosis

3. Cholangiopathy

1. Impaired Blood-testis
barrier (BTB)

2. Dysfunctional
hypothalamus-pituitary-
gonad axis (e.g.

Other patho-
physiological changes

1. Myopathy (e.g. loss of
myosin, reduced
myosin:actin ratio)

2. Biochemical markers in
blood plasma (e.g.

dysregulated TaurineT, GlycAT,
gonadotropins and di- kynurenine/tryptophant,
hydro- one ine/glutamate
balance) ratiol)

3. Viral orchitis and
testicular injury
(inflammation of testicles)

4. Elevated Testosterone,
di-hydro testosterone
levels (elevated)

5. Hypogonadism

6. Reduced sperm motility

7. Inflammation of
seminiferous tubules

8. Infiltration of
inflammatory cells

3. Oxidative stress driven
by COVID-19

4. Mitochondrial ROS and
activation HIF-1a

5. Disrupted of one-carbon
metabolism or methyl-
group transfer

6. Activation of oncogenic
pathways (e.g. JAK-STAT
and NF-kB pathways)

7. Elevated pro-
inflammatory cytokines
(e.g. IL-1, IL-6, IL-8, and
TNF-a), T-cell depletion)

8. Inflammasome:
Caspase-1 mediated cell
death (Pyroptosis) in T-
cells

Fig.2 Pathophysiological mechanisms in long-COVID or post-
COVID syndrome. Based on the current knowledge, mechanisms
that are involved in long COVID are complex and interrelated.
Three major categories of the pathophysiological changes are: (1)
Direct cellular/tissue injury caused due to cytotoxicity or by hijack-
ing host metabolic machinery such as mitochondrial functioning or
methyl group transfer; (2) Immune activation and inflammation, this
can either target the host cells through antigen cross-reactivity or
induce cell damage due to inflammatory changes including cytokines/
chemokines and cellular infiltrations; (3) Counter physiological
response corresponds to altered hormonal changes or responsive
intracellular signaling pathways. The combination of the above mech-

anisms (upper panel, purple boxes) and depending on the viral tissue-
tropism and microenvironment organ-specific pathophysiological
changes are responsible for the respective clinical symptoms (lower
panel, in blue shaded boxes). Abbreviations: C-Reactive Protein
(CRP); Interferon gamma (IFN-y); Tumor necrosis factor-o (TNF-
a); Interleukin-1p (IL-1B); Interleukin-1 (IL-1); Interleukin-6 (IL-6);
Interleukin-8 (IL-8); Matrix metalloproteinase-7 (MMP-7); Hepato-
cyte growth factor (HGF); GPCR—G-protein coupled receptors; von
Willebrand factor (vWF);); Thyroid stimulating hormone (TSH); Trii-
odothyronine (T3); Adrenocorticotropic hormone (ACTH); Hypoxia-
inducible factor la (HIF-la); Reactive oxygen species (ROS);
Chemokine (C-X-C motif) Ligand (CXLC-2, CXCL-8 etc.)
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would explain most of the observed symptoms [10, 19,
21-24, 85-87]. Although there are limited case reports of
fully diagnosed dysfunctional Limbic system, it is hypoth-
esized that several clinical symptoms such as emotional and
cognitive disturbances, anxiety, depression, uncoordinated
movements, partial seizures, and myoclonus can be partly
explained in the post-COVID context [30, 30, 33]. The
metabolic changes such as elevated taurine (p =3.6 X 10’3),
reduced glutamine/glutamate ratio (p=6.95x 10~%), elevated
GlycA, and kynurenine/tryptophan ratio indicate possible
liver damage, generalized tissue repair, or immune function
[83]. SARS-CoV-2 virus-mediated disruption of mitochon-
drial function in neurons and microglia can also explain
some neuropsychiatric symptoms, e.g., cognitive impair-
ment and fatigue syndrome [88]. Furthermore, the hypo-
metabolic state of the cells was thought to contribute to the
pathogenesis resulting in symptoms like fatigue, insomnia,
anosmia, ageusia, and cognitive impairment in long-COVID
patients [89, 90]. Some neurological complications may also
result from immune-mediated destruction of the peripheral
nervous system (potentially due to cross-reacting antigens),
as seen in Guillain—Barre syndrome, or coagulopathies and
cerebrovascular accidents seen in stroke [17, 18, 91].
Immune suppression during COVID-19 treatment and/or
the degree of fibrosis remodeling in lung, heart, and vascular
tissue during the active phase of COVID-19 could result
in respiratory symptoms [2]. In an interesting analysis, it
was suggested that long-COVID symptoms have remark-
able overlapping with those of pernicious anemia caused
by deficiency of vitamin B ,, disturbances of one-carbon
metabolism, and increased methyl-group requirements in
COVID patients [92]. Metabolic alterations seem to bridge
the respiratory, immunological, and endocrine dysfunctions
in long-COVID. Hyperglycemia and glycolysis promote
SARS-CoV-2 replication via mitochondrial reactive oxy-
gen species production and activation of hypoxia-inducible
factor-1a (HIF-1 o). The diabetogenic effect of COVID-19
has been postulated to be a combination of direct cell dam-
ages of pancreatic beta-cells, an autoimmune attack against
pancreatic beta-cell antigens, and indirect tissue destruction
due to hyper-inflammatory response [93-97]. In addition,
the combined effect of hyperglycemia caused by a hypo-
metabolic state and post-effects of steroid medication dur-
ing acute COVID-19 adds to the inadequate blood glucose
regulation. Overall, the pathological relationship between
COVID-19 infection and diabetes is bidirectional: pre-exist-
ing hyperglycemia directly increases SARS-CoV-2 replica-
tion, and SARS-CoV-2 infection causes altered endocrine
and exocrine pancreatic functions either by direct cell injury
or through responsive immune/inflammatory response [95].
Other mechanisms affecting endocrine and metabolic pro-
cesses are mediated through inflammatory changes in the
hypothalamic-pituitary axis, thyroid, and adrenal cortex
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resulting in impaired T3 production and corticosteroid-
dependent metabolism [53, 98].

SARS-CoV-2 pathogenesis in immune-thrombosis is
complex, involving virus-induced endothelial cell injury,
activation of the coagulation cascade, and immune-thrombo-
sis. After virus-induced inflammasome activation in mono-
cytes and/or macrophages, pro-inflammatory cytokines (e.g.,
IL-1 and IL-18) are released, activating cellular immune
system players like neutrophils and platelets. Neutrophils
release NETS, activate factor XII and start contact-dependent
coagulation pathways. NETs can also bind to VWF, recruit
platelets, and contribute to coagulopathies. Activated plate-
lets can release pro-inflammatory cytokines and hypoxia-
inducible transcription factors, which aid in clot formation
[39]. A combination of pro-inflammatory and immune-
thrombotic pathological processes seems to mediate the
cardiovascular symptoms in long-COVID disease. However,
in contrast to the previous hypothesis of direct viral cyto-
toxicity, low expression of ACE-II receptors on endothelial
cells suggest that the damage to endothelial cells could be
primarily due to immune reaction or bystander effects from
neighboring infected cells [99, 100]. Additionally, function-
ally active auto-antibodies against G-protein coupled recep-
tors in long-COVID can act as agonists for f2-adrenoceptor,
al-adrenoceptor, angiotensin II AT1-receptor, nociceptin-
like opioid receptor or antagonist to muscarinic M2-recep-
tor, MAS-receptor, and ETA-receptor to exert positive or
negative chronotropic effects on the cardiovascular system
[101]. Furthermore, following inflammatory changes, a cas-
pase-1-dependent cell death—known as Pyroptosis was also
demonstrated in acute and post-acute COVID-19 infection
and hypothesized to mediate apoptosis in immune cells as
well as cardiomyocytes [102].

Concurrently, ACE-II receptor is expressed in lung, heart,
and kidney cells, forming a link between the pulmonary,
cardiovascular, and renal systems during COVID-19 infec-
tion [103]. The glomerular and myocardial injury, along
with pro-inflammatory changes and cytokine storm, might
partly explain the complications of cardio-renal syndrome
during post-COVID syndrome [43]. Lipocalin-2, matrix
metalloproteinase-7, and hepatocyte growth factor combined
with increased neutrophil activation are believed to mediate
fibrotic changes and lung remodeling in these patients. Fur-
ther, elevated CRP, IL-6, TNF-a, and neutrophil infiltration
were associated with ARDS severity in COVID-19 patients
[104-108]. Viral invasion of the vagus nerve and/or result-
ant neuroinflammatory response, followed by peripheral and
central hypersensitivity, has been hypothesized as the addi-
tional mechanism behind impaired pulmonary functions and
chronic fatigue, chest pain, dyspnoea, persistent cough, and
ventilation deficit during long-COVID disease [109].

Olfactory dysfunction (anosmia/parasomnia/hyposmia)
have been reported in acute as well as long-COVID course
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and can be explained by one or more of the following mech-
anisms: (1) Preventing odorants access to olfactory cleft by
mechanical obstruction due to inflammatory exudates, (2)
direct damage to supporting cell of the olfactory epithelium
(e.g., sustentacular cell) and (3) direct invasion and damage
of olfactory neurons [110]. In recent reports involving gas-
trointestinal complications in long-COVID, down-regulation
of key inflammatory genes such as IFN-y, CXLC-2, CXCL-
8, and IL-1p, as well as reduced pro-inflammatory dendritic
cell subsets were demonstrated [46]. Variations in the preva-
lence of post-COVID gastrointestinal symptoms, shedding
of SARS-CoV-2 virus replication-competent feces samples,
and correlation with gastrointestinal symptoms at diagno-
sis/hospitalization have left a knowledge gap that requires
more systematic research [111]. Epithelial lining structure
with ACE-II expression in the bile duct and gall bladder is
hypothesized to drive the clinical presentation of acalcu-
lous cholecystitis and viral RNA detection in the gallbladder
[47, 112]. Also, inflammation leading to severe cholangitis
and intrahepatic microangiopathy with progression to end-
stage liver disease have been demonstrated in post-COVID
patients [48, 113]. Hyper-inflammation, impaired blood-
testes barrier, and resultant injuries such as viral orchitis,
testicular injury, and hypogonadism were the major findings
in relation to the reproductive system complications in long-
COVID [58, 62-64]. SARS-COV-2 was also identified from
several semen samples from infected patients, but sexual
transmission of the disease has not yet been established.
Complications such as dermatological manifestations
and cancer have been anticipated based on a sporadic case

(a)
) Academic (O)
/ 54.2%
Industry (I)
10%
Observation
N 562%
Interventioﬁ
43.8% \
Academic (1)
33.8% Industry (O)
2%
N=201

Academic (O) - Academically sponsored observational studies
Industry (O) - Industry sponsored observational studies
Academic (l) - Academically sponsored interventional studies
Industry (I) - Industry sponsored interventional studies

Fig.3 Overview of clinical trial activities related to the post-COVID
syndrome. a Landscape of long-COVID clinical trials stratified by
observational and interventional, followed by academic vs. indus-

report and relevance with intracellular biochemical changes
(e.g., oxidative stress, activation of oncogenic pathways).
However, more extensive follow-up studies are required
through international registries in the long-COVID context.
Systematic epidemiological studies and in-depth assessment
of underlying pathophysiological changes of the unexplored
post-COVID complications can be expected in the near
future.

Clinical trial activities in long-COVID
syndrome

Initiation of clinical trials is generally seen as an indicator
of active efforts to understand a disease or develop inter-
ventions/therapy. In this line, we reviewed the registered
clinical trials at the portal of ClinicalTrials.gov (https://clini
caltrials.gov, data assessed as of 1 September 2021). We
identified 201 clinical trials focused on any specific organ
system, either through observational studies to understand
the disease patterns or interventional studies focusing on
post-COVID complications or organ systems. Among all
the trials that were analyzed (N=201), landscape showed
a nearly equal split of observation and interventional trials
(56.2% and 43.8%, respectively) (Fig. 3a). Among the long
COVID studies, 88% of the trials were academically funded,
and only 12% were sponsored by industry. The focus of most
of the industry-sponsored trials was non-specific to any spe-
cific organ system effects. These trials measured outcomes
like fatigue, breathing difficulty, etc., or aimed to assess the
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prevalence of long-COVID symptoms without focusing
solely on one organ system (see supplementary material for
details). However, among system-focused industry-funded
clinical trials, the respiratory system is the most frequent
target, followed by the nervous and gastrointestinal systems
(Fig. 3b). Among academic clinical trials, specific organ
system-focused studies were most commonly represented
by pulmonary, nervous, and cardiovascular complications.
From the landscape, it is evident that the cardiovascular and
endocrine systems have failed to gain industry attention as
long-COVID complications.

Several epidemiological or COVID follow-up stud-
ies have widely presorted diseases like diabetes melli-
tus in patients recovered from acute COVID-19 infection
and other emerging and long-term complications, such as
metabolic, endocrine, reproductive health, and fertility, are
poorly covered in clinical trials (e.g., thyroiditis, testoster-
one level, etc.). We expect the landscape to change as more
epidemiological data becomes available. The clinical trial
landscape also shows a low representation of pediatric trials
(18/167, 10.8%)—only four trials specifically for children
and 14 trials where children are recruited alongside adults
(in the combined dataset). Clinical trials with more inclusive
strategies for pediatric patients are required to generate addi-
tional trends in children diagnosed with COVID-19. Thus,
we highlight the need for industry attention on emerging
long-COVID symptoms (including children) and identify the
gaps between recent epidemiological trends and the global
clinical trial landscape in long-COVID disease.

Discussion and perspectives

The literature on sequelae of acute-COVID-19 infection,
as long-COVID disease and the relevant pathophysiologi-
cal mechanisms, are limited due to the relatively recent
onset of this disease in humans. The epidemiological data
from cohort and cross-sectional studies are rapidly increas-
ing. They suggest that multiorgan dysfunction, including
impairment of neuronal system, reduced lung function,
and cardiovascular diseases are common in COVID-19
survivors. A combination of SARS-CoV-2 virus-mediated
direct cytotoxicity, hyper-inflammation, cytokine storms,
and responsive physiological changes in respective organ
systems are responsible for specific post-COVID symp-
toms (Fig. 2). Additional speculations are derived from
the clinical success of symptomatic treatments in post-
COVID, such as using DPP4 antagonists in diabetes, anti-
coagulants like anti-W VF for thrombo-inflammations, ster-
oids to control systemic inflammation, anti-GABAergic
for neurological symptoms such as fatigue, and cognitive
impairments for controlling the long-term impacts of the
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disease. The landscape is rapidly evolving. Recent reports
and longitudinal follow-up have identified emerging and
intriguing findings such as non-respiratory etiologies caus-
ing breathlessness, acute myocarditis, heart failure exacer-
bation, or atypical cardio-renal syndrome presentation in
long-COVID. Despite early epidemiological reporting of
gastrointestinal and metabolic symptoms, data are incon-
sistent, and pathophysiological mechanisms are unclear.
In addition, changes in molecular signaling and biochemi-
cal pathways leading to oncogenic transformation of cells
have been hypothesized, predicting an increase in cancer-
ous conditions in the future.

Globally two large waves of the COVID-19 pandemic
have been observed, of which the aging patients (> 60 yrs)
and mid-age patients were the most affected population in
the first and second wave, respectively [114]. The long-
term follow-up for the second wave patients (young to the
mid-age group)—being the primary subject of interest
for reproductive health and fertility, could provide addi-
tional insights in this context. Hence, epidemiological
data for fertility-related issues and cancers might take a
few to several years before they can be regarded as sta-
tistically relevant complications of the post-COVID syn-
drome. Outcomes of this review emphasize that an ideal
post-COVID rehabilitation program should comprise an
integrative approach involving multidisciplinary support
and individualized rehabilitation strategies [3, 115-117].
This review could provide a trigger to look at multisys-
temic aspects of the disease in this direction. In addition,
current sporadic case reports of involvement of chronic
cardiovascular complications, endocrine, metabolic and
reproductive health, and infertility could get recognition
as established post-COVID complications, as long-term
epidemiological data become available from respective
registries and longitudinal follow-ups. Also, we highlight
the need for industry attention for health-related issues
such as cardiovascular and reproductive health, which have
been increasingly identified from post-COVID follow-up
studies. Further investigations on long-COVID will have
far-reaching effects on improving the post-COVID qual-
ity of life, healthcare system, society, and policymaking.
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