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A Commentary on

A Machine-Generated View of the Role of Blood Glucose Levels in the Severity of COVID-19
By Logette E, Lorin C, Favreau C, Oshurko E, Coggan JS, Casalegno F, Sy MF, Monney C, Bertschy M,
Delattre E, Fonta P-A, Krepl J, Schmidt S, Keller D, Kerrien S, Scantamburlo E, Kaufmann A-K and
Markram H (2021). Front. Public Health. 2:27. doi: 10.3389/fpubh.2021.695139

INTRODUCTION

Endocrinologist are well aware of the many adverse health issues consequent to the global pandemic
of metabolic disturbances, such as obesity and diabetes, in which hyperglycemia plays a central role.
In the years immediately prior to the COVID-19 pandemic a number of health experts warned that
the global diabetes pandemic would have serious implications for the burden of infectious diseases
in low- and middle-income countries (1). The implications of diabetes were soon apparent when, in
2019, COVID-19 became the first global infectious disease pandemic in a century. However, it also
became evident that many of the low- and middle-income countries generally did much better than
some of the richest nations and that global perspectives of public health had been turned upside-
down (2). The diabetes and obesity pandemics have had a major impact on the global burden
inflicted by COVID-19; with many reporting that these metabolic disorders increased the severity,
morbidity and mortality due to COVID-19 (3, 4). In contrast to the prior coronavirus epidemics of
SARS and MERS, the severity of disease became a critical issue for COVID-19 and presented a huge
challenge to public health as many infections were asymptomatic, or only led to minor symptoms:
this resulted in much greater transmission and the rapid global spread of COVID-19. As a
consequence of this, even though only a small proportion of cases progress to severe disease, the
huge numbers of cases has resulted in millions of deaths globally. In order to address the factors
critical to the progression frommild to severe life-threatening disease, scientists working on the Blue
Brain Project in Lausanne, Switzerland applied their powerful computers and expertise in Artificial
Intelligence (AI) to interrogate the vast literature published on COVID-19 to detect common linked
threads (5). The resultant manuscript described many new insights into the effects of hyperglycemia
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Holly Hyperglycemia and COVID-19
in the body; described within an encyclopedic review with 422
citations, 26 figures, 2 tables and multiple supplements. This
perspective summarises the implications of their conclusions for
endocrinologists and also highlights how this may inform some
of the other concerns for metabolic endocrinologists that have
emerged from the COVID-19 pandemic.
AI SYNTHESIS OF THE LITERATURE
ON THE DETERMINANTS OF
COVID-19 SEVERITY

Using machine reading and knowledge engineering tools the
Swiss group mined the information from 240,000 published
articles that were openly accessible in the CORD-19 database
and condensed the common information into a unified
hypothesis for why COVID-19 took on a more severe clinical
course in certain individuals (5). The authors developed entity
extraction and linking applications to mine and extract
structured information from this vast number of scientific
publications and create a knowledge graph to synthesize and
navigate the knowledge into an integrated pathway. They also
developed knowledge engineering tools that then generated a
unifying hypothesis. This proposed that hyperglycemia was the
single most critical factor that led to more severe disease in
specific cases. This was complimented with a further computer
tool that was developed, termed a BioExplorer, that
reconstructed at an atomistic level the virus and its immediate
environment at the surface of the pulmonary airways to model
the effects of hyperglycemia on the initial steps of infection (5).

The machine learning knowledge synthesis identified that
hyperglycemia affects a panoply of mechanisms that determine
how the body responds to a coronavirus infection. Such as a
weakened immune system, a chronic proinflammatory and
atherothrombotic state and the accumulation of advanced
glycation end products, as familiar to most endocrinologists (3,
4). Furthermore, the ‘machines’ revealed hyperglycemia has
remarkably extensive additional effects reducing the bodys’
defences at every level and facilitating every step of the life
cycle of the SARS-CoV-2 virus thus aggravating the severity of
the infection. These effects started with the initial innate defences
in the airways with high glucose levels in the airway surface
liquid (ASL), consequent from systemic hyperglycemia, resulting
in acidification of the ASL, reducing the mucociliary clearance
capacity, reducing the lectin-mediated recognition of the virus,
reducing the general activity of antimicrobial agents in the
airways and the number and activity of resident macrophages
and neutrophils (5). Furthermore, the BioExplorer modelling
generated further intriguing possibilities of how a high glucose
environment could promote viral entry and replication in host
cells in addition to affecting the host immune response: culminating
in a cytokine storm leading to acute respiratory distress syndrome
and ultimately the multiorgan failure (5). These effects would be
primed by pre-existing diabetes. In addition, the inflammation and
critical illness associated with COVID-19, and frequently treated
with high-dose glucocorticoids, could all cause hyperglycemia in
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those without prior diabetes which could also promote disease
progression via the mechanisms revealed by AI.

In addition to the remarkable feat of assimilating a more
complete picture of how hyperglycemia can promote the severity
of COVID-19, the review raised numerous questions for future
research to address. One of the most immediate questions being
whether existing therapeutics for diabetes could be beneficial for
treating, or even preventing, severe COVID-19. The evidence
from observational studies are heavily confounded by the
different medications being introduced at different stages
throughout the pathway for the clinical management of
diabetes. First-line drugs, such as metformin, are generally
introduced to manage early diabetes and subsequently more
aggressive and more combinations of drugs are then added as the
diabetes progresses and eventually insulin is used when all
pancreatic reserve is lost. Retrospective comparisons of clinical
outcomes of patients who were infected with COVID-19
generally revealed that patients on first-line drugs, such as
metformin, did better than those on medications used for
more advanced diabetes and this was extracted by the AI.
However, this probably reveals little more than indicate that
patients with mild diabetes do better with infections than those
with more severe diabetes (6). Whether there are any benefits of
diabetes drugs for preventing or managing COVID-19 will
depend on prospective intervention trials and there are already
many such clinical trials now examining this question. The
answer to the immediate question of how to manage metabolic
control in patients with severe COVID-19 is clearer: as with any
critically ill patients the consensus is to use intravenous insulin
with continuous glucose monitoring, preferably using a closed-
loop device (7, 8). There have been some concerns raised that
insulin therapy may increase mortality due to COVID-19 (9, 10).
This may partly be due to those with existing diabetes who were
already treated with insulin were those with the most severe
diabetes. However, glucose management with insulin in critically
ill patients, who have inflammation, insulin-resistance and are
frequently treated with high-dose glucocorticoids, is notoriously
difficult (11), particularly at the height of a pandemic when staff
with intensive care experience may be stretched.
FURTHER COLLATERAL CHALLENGES
FOR ENDOCRINOLOGISTS

There are many further challenges that endocrinologists face in
managing metabolic disease as a consequence of COVID-19 and
indeed the pandemic has had many adverse metabolic effects that
are independent of those directly related to COVID-19: so-called
collateral damage. With health services overrun by COVID-19
there was reduced access to both primary and secondary care
facilities. A large study of primary care records in the UK,
comparing the initial pandemic period with trends from the
previous 10 years, found a 70% reduction in new diagnoses of
type 2 diabetes, a 77% reduction in HbA1c testing and a 53%
reduction in new prescriptions for metformin and it was
estimated that there were 60,000 missed or delayed diagnoses
April 2022 | Volume 13 | Article 877973
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of type 2 diabetes across the UK (12). Such delay in diagnoses or
escalation of clinical care could increase the risk of future
avoidable diabetes complications. Further to the reduced access
to clinical care, stay-at-home and ‘lock-down’ restrictions
resulted in many having reduced physical activity, reduced
quality of nutrition, reduced quality of sleep, increased alcohol
consumption, increased stress and reduced exposure to sunlight
with potential reduction of Vitamin D levels: all of which would
have led to weight gain and aggravated metabolic control. In
another population-based study in the UK, looking at excess
deaths in patients with diabetes, comparing the period across the
first wave of COVID-19 in the UK with the corresponding period
from the previous 3 years, it was found that there were not only
considerable additional COVID-19-related deaths but also a
15.8-22.2% increase in deaths that were not directly related to
COVID-19 (13). COVID-19 has accelerated the global pandemic
of hyperglycemia. A panel of international experts has recently
been established to advise on the additional challenges for
managing metabolic diseases during the pandemic (14).

Within the global COVID-19 pandemic there have also
emerged two further associated pandemics. Post-acute sequelae
of severe acute respiratory syndrome coronavirus 2 infection
(PASC), or long-COVID, is a global problem that will present
considerable additional long-term burdens on health systems.
Murcomycosis is a more limited and more regional issue but
which incurs very serious additional morbidity. Evidence is
accumulating indicating that hyperglycemia may be a factor in
both of these pandemics within the main COVID-19 pandemic
and the further insights into the panoply of effects of
hyperglycemia that were revealed by AI (5) may broaden our
understanding of both.
SHOULD NEW-ONSET DIABETES BE
CONSIDERED AMONG THE MANY
SYMPTOMS OF LONG-COVID?

The definition of long-COVID is still being agreed with the
National Institute for Health and Care Excellence in the UK
proposing symptoms continuing for over 12 weeks (15) and the
World Health Organization (WHO) proposing the definition as
a range of symptoms occurring 3 or more months after
confirmed SARS-CoV-2 infection that last for at least 2
months and that generally have an impact on daily functioning
(16). Although estimates of the prevalence of long-COVID vary,
at least partly due to differences in populations and definitions,
the emerging picture indicates that the chronic sequalae will
incur considerable burden on health care systems and significant
costs to society (17). A multicenter study of patients admitted to
hospital for COVID-19 in the UK found that 20% had acquired a
new disability at a median of 5 months following discharge from
hospital and 19% had experienced a health-related change in
occupation (18). Similarly, a much larger healthcare database
study in the USA, found that overall 7% experienced symptoms 6
months after the acute disease, but this rose to 21.7% in those
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that had been initially hospitalized and to 36% in those that were
admitted to Intensive Care Units (ICU) (19). With over 271
million COVID-19 cases in the world as of 16th December 2021
(https://covid19.who.int/), which represents 3.5% of the global
population, this indicates that long-COVID will be a very large
long-term burden on society. The etiology of long-COVID
symptoms is still not clear but it has been suggested to be a
form of post-sepsis syndrome (20, 21) and autoimmunity has
been proposed to play a role (22).

There has been concern that one of the sequalae of long-
COVID will be an increase in metabolic disorders, including new
cases of diabetes. The adverse effects of infection and critical
illness on metabolic control are well established (23). There have
been many retrospective follow-up cohort studies of COVID-19
cases that have generally reported an increase in the severity of
existing diabetes and in the incidence of new-onset diabetes in
the post-acute phase (24–30). There has also been a bidirectional
Mendelian randomization study that established a potential
causal effect of COVID-19 on the subsequent risk of new-onset
type 2 diabetes (31). These reports of new-onset diabetes in the
post-acute phase would fall within the WHO definition of long-
COVID if the diabetes were a direct consequence of COVID-19.
In addition, there have been a number of suggestions that
COVID-19 may be a trigger for the onset of type 1 diabetes in
children. A multicentre study from London reported at 80%
increase in type 1 diabetes cases during the pandemic compared
to the previous 5 years and suggested that COVID-19 may
precipitate or accelerate type 1 diabetes onset in children (32).
Consistent with a potential direct effect of COVID-19 causing
pancreatic damage several studies have reported the presence of
SARS-CoV-2 and its cell receptor, angiotensin-converting
enzyme 2 (ACE2), in pancreatic beta cells, along with evidence
of fibrosis associated with multiple vascular thrombi in autopsy
tissue obtained from patients who had died from COVID-19
(33–35). In addition, there have been several laboratory studies
demonstrating that SARS-CoV-2 can infect and damage
pancreatic beta-cells in culture (33, 35, 36). These potential
effects on the pancreas were highlighted by the AI (5).
However, the role that virus-induced pancreatic beta-cell
damage plays in causing new diabetes is still debated (37, 38).

It is clear that the relationship between hyperglycemia and
COVID-19 is a bidirectional link; not only does hyperglycemia
promote a more severe acute COVID-19, but COVID-19 can
aggravate metabolic control. As with the acute infection, there
may be a bidirectional relationship between long-COVID and
metabolic disturbances with evidence that diabetes and obesity
can increase the risk of developing long-COVID. Although long-
COVID was originally thought to be only weakly related to the
severity of the initial COVID-19 disease (39); the emerging
evidence indicates that the prevalence of long-COVID
increases considerably in those that initially needed
hospitalisation and increase further in those admitted to ICU
(19). As metabolic disturbance appears to be the critical factor in
facilitating more severe COVID-19 (5) and long-COVID is more
prevalent in those with severe disease, this implies that metabolic
dysregulation would increase the risk of long-COVID. Obesity
April 2022 | Volume 13 | Article 877973
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has also been reported to be associated with a greater number of
long-term post-COVID symptoms (40).

Despite all of these reports there remain many questions
regarding whether COVID-19 can actually cause diabetes as
there a number of important potential confounding issues. The
many side-effects of lock-downs, as described above, may have
promoted or precipitated the progression to diabetes in subjects
with pre-diabetes and there may also be catch-up of the many
missed diagnoses at the height of the pandemic. An even greater
confounder relates to the evidence that throughout the world
more than 50% of people with diabetes remain undiagnosed (41)
and the increased testing may have led to many undiagnosed
diabetes cases being recognized, inflating the apparent incidence
of new-onset cases. In addition, current evidence does not
indicate a COVID-19 induced increase in the incidence of type
1 diabetes. A survey of 216 pediatric diabetes centers in Germany
found no increase in incidence of type 1 diabetes during the
COVID-19 pandemic compared to the previous nine years (42,
43). Although the same group did report an increase in incidence
of diabetic ketoacidosis in new-onset cases and suggested that
this was due to delayed admission to the health care system (44).
Other studies have reported that the presentation of new-onset
childhood diabetes was more severe during the pandemic with a
large increase in those presenting with diabetic ketoacidosis and
suggested that this was related to changes in parental behavior
and access to healthcare (45–48). In general, there are still many
uncertainties; including the extent that COVID-19 can induce or
promote type 1 diabetes, type 2 diabetes or indeed an atypical
form of diabetes. To address the many unknowns, an
international group of leading diabetes researchers established
the CoviDIAB Project with a global registry of patients with
Covid-19–related diabetes (covidiab.e-dendrite.com) (49).
MUCORMYCOSIS

The other COVID-associated pandemic is mucormycosis, a
normally rare infection caused by a fairly ubiquitous filamentous
mold fungus (50). However, large numbers of cases have been
reported in patients with COVID-19 (51): as with COVID-19,
males appear to be at greater risk (52). Predominantly the cases have
been within India, which reported over 45,000 cases and 4,300
deaths between April and July of 2021 (51); but cases have also been
reported globally (52). The infections have mostly been rhino-
orbital mucormycosis which has a mortality rate as high as 30-50%
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with limited treatment options frequently necessitating the removal
of the eyes (52, 53). Prior to COVID-19 it had been established that
infection with mucormycosis was facilitated by a combination of
conditions including being immunocompromised, hyperglycemia
and acidosis, particularly ketoacidosis (54). The report from Logette
E et al. (5) reveals at the atomistic level that the hyperglycemia
associated with COVID-19 creates these very same conditions in the
upper airway that are ideal for mucormycetes to invade.

Mucormycosis infection proceeds via an interaction between
a fungal spore coat protein and cell surface receptors in the nasal
passage that have been identified as glucose-regulated protein 78
(GRP78) (52, 54). GRP78 is as a protein chaperone that facilitates
proteins entering the cell via endocytosis (55, 56); its abundance
is induced by glycemic stress (57, 58) and inflammatory
cytokines stimulate its translocation to the cell surface (59). A
role for GRP78 in COVID-19 had already been implicated with
evidence that the SARS-CoV-2 Spike-protein binds to GRP78
and that viral entry and replication within host cells could be
suppressed by inhibition (60) or depletion of GRP78 (61).
Indeed, many viruses appear to hijack GRP78 to infect human
cells (62). This common mechanism for cell invasion provides a
link explaining the importance of hyperglycemia in both the
COVID-19 and mucormycosis pandemics (51–53) and
demonstrates the broader implications of the AI generated
insights into how hyperglycemia affects the internal milieu (5).
SUMMARY

The intense research activity surrounding COVID-19 has also
accelerated our understanding of how metabolism affects
infectious diseases; the extensive review by the work of Logette
and colleagues (5) nicely brings this together We are now more
aware of how hyperglycemia impacts a multitude of mechanisms
that are involved in the body’s response to infections and the
wider implications that open up new avenues of research.
Undoubtedly COVID-19 will not be the last pandemic and this
new information may prove invaluable for how these may be
managed clinically in the future.
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