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COVID-19 and metabolic disease: mechanisms and clinical

management
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Alexander G Markov, Hendrik Lehnert. Martin Hrabé de Angelis, Hannes Rietzsch, Roman N Rodionov, Kamlesh Khunti, David Hopkins,
Andreas L Birkenfeld, Bernhard Boehm, Richard | G Holt, Jay S Skyler, | Hans DeVries, Eric Renard, Robert H Eckel, K George M M Alberti,
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Up to 50% of the people who have died from COVID-19 had metabolic and vascular disorders. Notably, there are
many direct links between COVID-19 and the metabolic and endocrine systems. Thus, not only are patients with
metabolic dysfunction (eg, obesity, hypertension, non-alcoholic fatty liver disease, and diabetes) at an increased risk of
developing severe COVID-19 but also infection with SARS-CoV-2 might lead to new-onset diabetes or aggravation of
pre-existing metabolic disorders. In this Review, we provide an update on the mechanisms of how metabolic and
endocrine disorders might predispose patients to develop severe COVID-19. Additionally, we update the practical
recommendations and management of patients with COVID-19 and post-pandemic. Furthermore, we summarise
new treatment options for patients with both COVID-19 and diabetes, and highlight current challenges in clinical

management.

Introduction

Although many people with SARS-CoV-2 infection show
no or mild symptoms, the resulting systemic disease,
COVID-19, has various presentations, including severe
illness and fatal outcomes.

Around a fifth of the global population is affected by
one or more chronic conditions, putting them at
increased risk of severe COVID-19 (defined as fever and
at least one sign or symptom of respiratory disease and
requirement for hospitalisation), if infected with
SARS-CoV-2.! Underlying conditions were reported in
more than 50% of patients with COVID-19 and around a
third of patients had multiple comorbidities.? Age and
comorbidities that are common in older people (eg, =65
years), such as obesity, diabetes, hypertension, and
pulmonary, cardiovascular, kidney, and non-alcoholic
fatty liver disease, influence the progression and
prognosis of COVID-19.* Additionally, COVID-19 in
conjunction with type 2 diabetes and obesity, which are
both characterised by severe insulin resistance,” has
numerous consequences. BMI is strongly correlated with
immune signatures that predict severe COVID-19.°
Distinct immunological signatures discriminate severe
COVID-19 from critical pneumonia that is not driven by
SARS-CoV-2, and the presence of obesity might shift
severe manifestations of COVID-19 to younger age
groups (aged <50 years), as reported by researchers at
Johns Hopkins." Additionally, underlying diseases might
be aggravated, increasing the susceptibility of patients to
serious long-term consequences.”” The severity and
mortality of COVID-19 associated with these medical
conditions  showed  considerable  geographical
differences.? Deprived populations with scarce access to
health services in normal circumstances are most
vulnerable during times of crisis.” Furthermore, in some
low-income and middle-income countries, a high
socioeconomic status is sometimes associated with

obesity; whereas, in high-income countries, the inverse
is often the case.” In countries with a low prevalence of
obesity, the fatality rates from COVID-19 have been lower
than in countries with a high prevalence of obesity,
although potential confounders should be taken into
account.”

Now, more than 1-5 years after the initial outbreak of
SARS-CoV-2, there is strong evidence that people with
metabolic diseases are not only more susceptible to
severe COVID-19, but also have an increased risk of post-
acute sequelae of COVID-19 and vaccine breakthrough.**

Metabolic and endocrine pathways linked to
SARS-CoV-2
Entry of SARS-CoV-2 into cells is mediated via binding of
viral spike glycoproteins to cellular angiotensin-converting
enzyme (ACE) 2. In the renin-angiotensin—aldosterone
system (RAAS), ACE2 acts as key regulator, controlling the
generation of the vasodilating angiotensin 1-7 from
angiotensin II. Furthermore, ACE2 is able to cleave
angiotensin [ to angiotensin 1-9, which can be further
converted to angiotensin 1-7 by ACE. ACE2,
angiotensin 1-7, and its Mas receptor constitute the
vasoprotective arm of the RAAS, leading to anti-
inflammatory and antifibrotic responses (figure 1A).”
However, when ACE activity is high and ACE2 is inhibited,
angiotensin II acts via the angiotensin II receptors, AT1R
and AT2R, to exert proinflammatory responses and to
stimulate aldosterone production. Therefore, deregulation
of the ACE or ACE2 balance can lead to arterial
hypertension — accompanied by an  exaggerated
inflammatory response, which, in the absence of adequate
intervention, might culminate in end-organ damage.”
Cellular concentrations of ACE2 depend on several
factors, such as other RAAS components, gene
polymorphisms, and clinical conditions (eg, hypertension
and vascular diseases).” ACE2 is expressed in many tissues
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and cell types; therefore, at the onset of the pandemic, high
ACE2 expression was speculated to be partly responsible
for infection with SARS-CoV-2.% In the endocrine system,
ACE2 is expressed in all organs of the hypothalamus-
pituitary—adrenal cortex (HPA) axis;® however, contra-
dicting results have been presented in pancreatic islets.
Some reports show no expression of ACE2 in the islets of
Langerhans but in pancreatic epithelial cells only**
whereas other studies in patients without COVID-19 have
shown expression of ACE2 in B cells.”* A sub-group of
authors of this Review previously investigated expression
of ACE2 and SARS-CoV-2 infection of f3 cells in 11 patients
who died due to COVID-19.” Compared with other study
cohorts of just one to three patients, we observed that only
around 30% of the patients expressed ACE2 in f cells,
indicating that other factors were also involved in the
infection. Whether the expression of ACE2 observed in
some patients with COVID-19 was due to the infection
itself or, conversely, that these patients were infected due
to the high expression of ACE2, remains uncertain.
Expression of ACE2 is increased following inflammatory
stress, which suggests enhanced f-cell sensitivity to
SARS-CoV-2 during inflammatory conditions.”

Following binding of SARS-CoV-2 to ACE2, the receptor
is internalised by the infected cell, leading to a distinct
downregulation of ACE2. This downregulation of ACE2
in the intestinal epithelium has been suggested to lead to
upregulation of SGLT1, thereby precipitating hyper-
glycaemia.” Furthermore, the protective arm of the RAAS
is potentially removed, which might lead to a multiorgan
hyperinflammatory response (ie, cytokine storm). Thus,
the RAAS and, in particular, ACE2 seem to offer attractive
therapeutic targets against COVID-19.2 Although
medications, such as ACE inhibitors and angiotensin II
receptor blockers, could increase ACE2 expression and
potentiate  SARS-CoV-2 cell entry,”® increased ACE2
production would result in a higher -circulating
concentration of soluble ACE2, which would potentially
neutralise SARS-CoV-2 (table 1).* Use of ACE inhibitors
or angiotensin II receptor blockers has been reported to
be higher in patients with COVID-19 than in patients
without, which is caused by the higher prevalence
of COVID-19 among people with hypertension, cardio-
vascular, and renal diseases.®™ Nevertheless, to the best
of our knowledge, none of the observational studies
performed to date has shown an association between the
use of ACE inhibitors or angiotensin II receptor blockers
and disease outcome, severity, or death.” Significant and
independent associations between plasmatic aldosterone
and C-reactive protein concentrations and the severity of
COVID-19 have been reported.™

SARS-CoV-2 spike proteins require two proteolytic
processing steps before cell entry. These steps are
mediated by host-cell proteases, such as furin, TMPRSS2,
and cathepsin L, leading to fusion of the viral envelope
and the plasma or endosome membrane of the host cell
(figure 1B).>*
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Figure 1: The RAAS in COVID-19

(A) When the RAAS is activated, angiotensinogen produced in the liver is cleaved
to angiotensin | in the kidney. Angiotensin | is further converted to angiotensin
Il by ACE. Angiotensin Il binds to its receptors, AT1R and AT2R, causing the
release of aldosterone from the zona glomerulosa in the adrenal cortex. In the
second part of the RAAS, angiotensin Il is converted by ACE2 to the vasodilatory
angiotensin 1-7, which binds to its Mas receptor, thereby possessing opposing
actions of angiotensin Il and ACE. (B) ACE2 consists of two forms, a membrane-
spanning protein and a circulating soluble form, both capable of binding to the
spike protein on the surface of SARS-CoV-2. Expression of ACE2 is regulated by
HMGB1 and SMARCAA4. Following infection with SARS-CoV-2, the viral spike
protein is cleaved by TMPRSS2 and the membrane form of ACE2 is internalised
with the virus, leading to a decrease in ACE2. This stage might result in
overactivation of the ACE or angiotensin Il part of the RAAS, thereby
augmenting signalling through AT1R and AT2R. Virus entry is facilitated by
NRP1, which promotes the interaction between SARS-CoV-2 and ACE2.

A suggested alternative receptor for virus entry is DPP-4. RAAS=renin-
angiotensin-aldosterone system. ACE=angiotensin-converting enzyme.

At the time of writing, a number of new variants of the
original SARS-CoV-2 strain have emerged, which are up
to 90% more contagious.** The alpha (B.1.1.7), beta
(B.1.351), and gamma (P.1) variants are mutated in the
receptor binding domain of the spike protein, whereby
the binding affinity to ACE2 is increased.” Another
lineage, the delta (B.1.617.2) variant, has an even higher

St Petersburg State University,
St Petersburg, Russia

(Prof A G Markov DSc); Paris
Lodron University Salzburg,
Salzburg, Austria

(Prof H Lehnert MD); Institute
of Experimental Genetics,
Helmholtz Zentrum Miinchen,
Neuherberg, Germany

(Prof M Hrabé de Angelis);
School of Life Sciences,
Technische Universitat
Munchen, Freising, Germany
(Prof M Hrabé de Angelis);
Diabetes Research Centre,
University of Leicester,
Leicester, UK

(Prof K Khunti MD); Department
of Diabetes, School of Life
Course Science and Medicine,
Kings College London, London,
UK (David Hopkins FRCP,

Prof A L Birkenfeld,

G Bewick PhD, Prof F Rubino MD,
Prof G Mingrone MD,

Prof S R Bornstein); Department
of Diabetology, Endocrinology
and Nephrology, University
Hospital Tibingen, Tubingen,
Germany (Prof A L Birkenfeld);
Institute for Diabetes Research
and Metabolic Diseases of the
Helmholtz Centre Munich,
University of Tibingen,
Tiubingen, Germany

(Prof A L Birkenfeld); Deutsches
Zentrum for
Diabetesforschung,
Neuherberg, Germany

(Prof A L Birkenfeld);
Department of Endocrinology,
TanTock Seng Hospital,
Singapore (Prof B Boehm MD);
Lee Kong Chian School of
Medicine, Nanyang
Technological University,
Singapore (Prof B Boehm);
Human Development and
Health, Faculty of Medicine,
University of Southampton,
Southampton, UK

(Prof R 1 G Holt FRCP); Diabetes
Research Institute, University
of Miami Miller School of
Medicine, Miami, FL, USA
(Prof ) S Skyler MD); Amsterdam
UM, Internal Medicine,
University of Amsterdam,
Amsterdam, Netherlands
(Prof ) H DeVries MD); Profil
Institute for Metabolic
Research, Neuss, Germany
(Prof J H DeVries); Department
of Endocrinology, Diabetes,
Nutrition, Montpellier
University Hospital,
Montpellier, France

(Prof E Renard MD); Institute of
Functional Genomics,
University of Montpellier,
INSERM, CNRS, Montpellier,

787



Review

France (Prof E Renard); Division
of Endocrinology, Metabolism,
and Diabetes, University of
Colorado Anschutz Medical
Campus, Aurora, CO, USA

(Prof R H Eckel MD); Imperial
College London, London, UK
(Prof K George M M Alberti FRCP);
Obesity and Comorbidities
Research Center, Universidade
de Campinas, Campinas, Brazil
(Prof Bruno Geloneze MD);
Department of Medicine and
Therapeutics, Hong Kong
Institute of Diabetes and
Obesity, Hong Kong Special
Administrative Region, China
(Prof J C Chan MD); Li Ka Shing
Institute of Health Science,
Chinese University of Hong
Kong and Prince of Wales
Hospital, Hong Kong Special
Administrative Region, China
(Prof J C Chan); Department of
Internal Medicine and
Specialties, Faculty of Medicine
and Biomedical Sciences,
University of Yaoundé,
Yaounde, Cameroon

(Prof J C Mbanya MD); Endocrine,
Diabetes and Metabolic Unit,
Department of Internal
Medicine, Nile University of
Nigeria-Asokoro Hospital,
Abuja, Nigeria

(H COnyegbutulem FWACP);
India Diabetes Research
Foundation,

Dr A Ramachandran'’s Diabetes
Hospitals, Chennai, India

(A Ramachandran MD); Baqai
Institute of Diabetology and
Endocrinology, Baqai Medical
University, Karachi, Pakistan
(Prof A Basit FRCP); Dubai
Hospital, Dubai Health
Authority and Gulf Medical
University, Dubai, United Arab
Emirates

(Prof M Hassanein FRCP);
German Diabetes Foundation,
Disseldorf, Germany

(Prof R Landgraf MD); Bariatric
and Metabolic Surgery, King’s
College Hospital, London, UK
(Prof F Rubino); Fondazione
Policlinico Universitario
Agostino Gemelli IRCCS, Rome,
Italy (Prof G Mingrone);
Universita Cattolica del Sacro
Cuore, Rome, Italy

(Prof G Mingrone)

Correspondence to:

Prof Stefan R Bornstein,
Department of Internal
Medicine lll, University Hospital
Carl Gustav Carus, Technische
Universitdt Dresden, Dresden
01307, Germany
stefan.bornstein@
uniklinikum-dresden.de

788

Potential positive effects

Potential negative effects

Glucocorticoids** Anti-inflammatory effects

ACE inhibitors and angiotensin Il
receptor blockers®3¢

Metformin?®*

SGLT2 inhibitors?
functions

GLP-1 receptor agonists™**

DPP-4 inhibitors*+#
tolerated

Insulin4s4647 Anti-inflammatory effects

Increases expression of soluble ACE2; neutralises virus

Stabilises ACE2; modulates ACE2-angiotensin II-AT1R axis; inhibits
host-virus binding; inhibits mitochondrial complex I; protects
endothelium and vasculature; decreases virus maturation

Reduces viral load; positive effects on cardiovascular and renal
Anti-inflammatory effects; improves endothelial dysfunction;

improves cardiovascular and renal functions

Blocks virus uptake; reduces inflammatory response; well

Of note, many of these results are retrospective and confounded by indications, patients’ risk profiles, or severity of diseases. ACE=angiotensin-converting enzyme.

Risk of hyperglycaemia
Increased expression of membrane-bound ACE2
might increase virus entry (no clinical evidence)

Risk of dehydration, lactic acidosis, chronic kidney
disease, and acute kidney injury

Risk of dehydration, diabetic ketoacidosis, and acute
kidney injury

Reduces appetite and increases satiety;
gastrointestinal symptoms

Increases mortality in older patients (likely due to
confounding by indication)

Hypoglycaemia; high doses increase COVID-19
mortality

Table 1: Glucose-lowering medications with potential interfering effects on COVID-19

affinity for ACE2 than do other variants, and shows
increased transmissibility® Thus, blocking the
interaction between ACE2 and the receptor binding
domain could be a potential approach to inhibit
transmission of and infection with SARS-CoV-2,”* and
the SARS-CoV-2 receptor binding domain could serve as
a central target for conceiving therapeutic strategies
against COVID-19.”

Additional factors expressed in pancreatic B cells have
been identified as crucial for infection with SARS-CoV-2
(figure 1B).”* NRP1, known to bind furin-cleaved
substrates, facilitates SARS-CoV-2 entry and infectivity,”
suggesting that virus entry is increased in cells with a low
expression of ACE2 due to promotion of the interaction
between SARS-CoV-2 and ACE2 via NRP1. In addition,
HMGBI, a DNA-binding protein that regulates chromatin
and is known to be proviral, was shown to regulate the
expression of ACE2 and be essential for viral entry.”
Furthermore, HMGBI is released from necroptotic cells,
and systemic concentrations of TNFa and IFNy were
shown to cause necroptosis in individuals with
SARS-CoV-2 infection.” Along similar lines, the key
kinase mediator of necroptosis, RIPK3, is strongly
upregulated in patients with severe COVID-19,” indicating
a feed-forward loop of cell death and inflammation.*
Alongside HMGB1, members of the switching defective—
sucrose nonfermenting chromatin-remodelling complex,
such as SMARCAA4, regulate the expression of ACE2
(figure 1B).” These alternative factors are potential new
therapeutic targets for inhibiting SARS-CoV-2 infection.

The MERS-CoV receptor, DPP-4, has also been
suggested as an alternative receptor for SARS-CoV-2.%
DPP-4 has been shown to be expressed by cells of the
immune system, on epithelial and endothelial cells in
the pancreas, lung, and kidney,* and in both the exocrine
and endocrine pancreas.” DPP-4 is an aminopeptidase
with an important role in glucose metabolism, and
DPP-4 inhibitors are widely used for the treatment of

type 2 diabetes.” First reports did not show any clinical
evidence to suggest that drugs targeting pathways
related to DPP-4 exhibit any benefits or harm in relation
to human coronavirus infections.”® However, a study
with 2-8 million people showed worse COVID-19
outcomes in patients with diabetes receiving DPP-4
inhibitors than in those who had not received such
treatment, although this finding was probably due to
confounding by indication.® Reports have since
suggested improved clinical outcomes and a reduced
risk of mortality in patients with COVID-19 and diabetes
receiving DPP-4 inhibitor therapy (table 1).%* These
contradictory results from observatory studies emphasise
the importance of well designed randomised, double-
blind, placebo-controlled clinical trials to ascertain a
potential benefit.

Predisposition to severe COVID-19 outcomes in
patients with metabolic and endocrine diseases
Excess adiposity is a risk factor for severe COVID-19 and
mortality though a number of mechanisms, including
increased inflammation, hypercoagulation, and mech-
anical obstruction.” One explanation for the predisposition
to poor outcomes in patients with severe COVID-19 and
obesity might be the physical stress on ventilation through
obstruction of diaphragm excursion. Furthermore,
diabetes and obesity are associated with an increased risk
of pulmonary fibrosis, chronic obstructive pulmonary
disorder, and reduced respiratory function. Obesity,
diabetes, and hypertension increase the risk of stroke and
cardiovascular complications,” risk factors that are also
observed in patients with severe COVID-19 (figure 2).
These patients exhibit an exacerbated coagulation
response due to overexpression of prothrombotic factors,
such as coagulation factors (II, VII, VIII, IX, XI, and XII),
PAI-1, and von Willebrand factor, which, in combination
with pre-existing conditions, could increase the probability
of stroke or pulmonary embolism.*”>”
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Metabolic dysfunction might lead to a baseline state of
chronic inflammation, given that proinflammatory
cytokines, such as TNFa, IL-6, and IL-1f, are upregulated
in the adipose tissue of patients with metabolic syndrome.
These cytokines inhibit insulin signalling” In turn,
cytokine upregulation results in paracrine and endocrine
effects, which lead to an increase in leptin and PAI-1, and a
reduced release of adiponectin.” Thus, metabolic organs,
such as white adipose tissue, skeletal muscle, the liver, and
the pancreas, are infiltrated with macrophages and other
immune cells (figure 2).* In diabetes, insulin resistance
leads to an increased infiltration of macrophages into
adipose tissue, especially M1 macrophages.” Obesity is
also associated with a high baseline expression of the IL-6
receptor. Compared with individuals without overweight,
the expression of the IL-6 receptor in individuals with
obesity is not downregulated by an increased cytokine
concentration, therefore leading to a constant low-grade
inflammatory state, termed metaflammation.” Dys-
function in insulin signalling further contributes to
chronic inflammation via activation of AP-1 and NFkB,
leading to a decrease in anti-inflammatory cytokines and
an increase in TNFq, IL-6, and IL-1B. This shift from a
predominantly anti-inflammatory profile to a pro-
inflammatory profile enhances insulin resistance.”

Type 2 diabetes is a progressive disease due to insulin
resistance, together with chronic inflammation and
endothelial and f-cell dysfunction.® In severe COVID-19,
the inflammatory response to SARS-CoV-2 infection can
worsen insulin resistance and endothelial dysfunction
(figure 2). Synergy between COVID-19 and type 2 diabetes
and obesity might further amplify the inflammatory
response and downregulate interferon responses,
contributing to increased disease severity in patients with
diabetes and obesity.” Dysregulation of the RAAS and
downregulation of ACE2 expression, in conjunction with
stress signalling, can increase insulin resistance.” Thus,
insulin resistance, by triggering airway hyper-reactivity,
increases the risk of respiratory failure and cardio-
pulmonary collapse in patients with diabetes and
COVID-19.”

Besides their role in the immune response against viral
infections, cytokines activate the HPA axis, resulting in
the release of adrenal glucocorticoids.® In turn,
glucocorticoids produce negative feedback on immune
cells to suppress further synthesis and release of cytokines.
Thereby, the host receive a partially protective signal
against the destructive consequences of an overactive
immune response, such as tissue damage, autoimmunity,
or septic shock.’*” Such effects have been clinically
reported during dexamethasone administration, which, at
the time of writing, is the most effective treatment for
patients with severe COVID-19 with pulmonary
involvement.* Furthermore, inhaled glucocorticoids
(eg, budesonide) have been shown to reduce the time to
partial recovery after early COVID-19.* These findings
have led to the widespread use of glucocorticoids to treat

www.thelancet.com/diabetes-endocrinology Vol 9 November 2021

patients with not only moderate-to-severe but also,
frequently, mild forms of COVID-19 (table 1).

Diseases of the HPA axis are per se not expected to
increase the risk of severe COVID-19. However, hormonal
replacement therapies or immunosuppression might
increase the possibility of an undesirable outcome. Thus,
patients with primary or secondary adrenal insufficiency
are atincreased risk of poor prognosis if the glucocorticoid
replacement therapy is not adequately controlled.*

A prospective study in patients with renal disease
showed that full vaccination with the mRNA-1273 vaccine
(Moderna) induced a seroconversion rate of 95% in
patients on dialysis, whereas this rate was markedly
impaired in recipients of kidney transplants (42%).”
Seroconversion rates were lower in both of these patient
subgroups vaccinated with the BNT162b2 mRNA vaccine
(Pfizer-BioNTech).* Furthermore, immunosuppressive
drug number and type were major determinants of
seroconversion failure in patients on dialysis and in
transplant recipients, suggesting immune monitoring
and adaption of vaccination protocols for these patients.

Effects of SARS-CoV-2 on the metabolic and
endocrine systems

Following infection with SARS-CoV-2, toll-like receptors 2,
3, and 4 are activated, and IL-1f3 and IL-6 are released.®
The metaflammation observed in patients with metabolic
disorders allows for a hyperimmune response, which
reaches pathogenic levels. This cytokine release provokes
fever, systemic inflammation, and subsequent sepsis.®

White adipose tissue

Hypertrophic __— Dendritic cell
adipocyte ™~ M1 macrophage
=
—
Necrotic adipocyte Tcell

{

T Immune cell infiltration
T Proinflammatory cytokines
IL-6, IL-1B, TNFa

x0:

Metainflammation and cytokine storm

Common complications
Damaged blood vessels and nerves
Stroke

Heart failure

Myocardiopathy

Proteinuria

Increased coagulation

Insulin resistance

Endothelial dysfunction
Inflammatory state

Figure 2: Clinical manifestations and complications of diabetes or obesity and COVID-19

In the white adipose tissue of individuals with obesity, adipocytes are hypertroph
proinflammatory immune cells that secrete cytokines, chemokines, and adipokin

ic and the tissue is infiltrated with
es, leading to a permanent

inflammatory phenotype. In diabetes, insulin resistance also leads to an increased infiltration of M1 macrophages
into adipose tissue. Following infection with SARS-CoV-2, this chronic inflammation might aggravate COVID-19
symptoms in a synergy effect, resulting in metaflammation and a cytokine storm, which contribute to severe

COVID-19.
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For more on CoviDiab see
tp://covidiab.e-dendrite.com

For more on CovidGraph see
https://covidgraph.org

In terms of the pathophysiology, endocrine and metabolic
organs (including the brain, pancreas, liver, skeletal muscle,
and adipose tissue) might be damaged either directly or
indirectly by viral infection and contribute to the
development of new-onset hyperglycaemia or insulin
resistance in survivors of COVID-19. Based on experiments
in islets isolated from human donors and infected with
SARS-CoV-2, and on data from post-mortem tissue from
patients who died due to COVID-19, SARS-CoV-2 can infect
and replicate in cells of the endocrine and exocrine
pancreas.” Furthermore, infiltration with immune cells
and signs of necroptosis in the exocrine and endocrine
pancreata have been observed in patients with COVID-19.%
These findings could imply that f-cell infection with
SARS-CoV-2 might lead to either direct or indirect
impairment of B-cell function, causing variable degrees of
metabolic dysregulation.

New-onset hyperglycaemia, ketoacidosis, diabetes, and
severe metabolic complications of pre-existing diabetes
have been frequently observed in patients with
COVID-19.5*? Data from the German Diabetes Prospective
Follow-up Registry, a nationwide registry with a coverage
of more than 90% of paediatric patients with type 1
diabetes, have shown a significant increase in diabetic
ketoacidosis and severe ketoacidosis at diabetes diagnosis
during the COVID-19 pandemic, especially in children
younger than 6 years.” Of note, indirect effects, such as
changes in parental behaviour and health-care accessibility,
might have also had an influence on the increase in
prevalence of new-onset type 1 diabetes in children.
Nevertheless, evidence is accumulating suggesting
COVID-19 as a cause or trigger of new-onset diabetes.”
Observations of pancreatitis following COVID-19 have
also been reported.” Nonetheless, whether COVID-19
can directly or indirectly lead to new-onset diabetes
or accelerate pre-existing unrecognised diabetes or
prediabetes remains a subject of discussion.” As such,
this notion is currently being examined in a global registry,
CoviDiab.” Furthermore, a group of international software
developers, data scientists, and health professionals have
built a non-for-profit graph database, CovidGraph, to
make all information related to COVID-19 searchable and
accessible in one database.

Implications for medications and therapy

Diabetes and obesity are among the main risk factors
associated with morbidity in patients with COVID-19.
Reducing the risk factors associated with COVID-19
morbidity could be a reasonable goal for public health
(panel). Apart from medical considerations, patients with
chronic conditions have been especially vulnerable
throughout the pandemic due to reduced access to
medical care and personal insecurity due to quarantine
measures. In many places around the world, access to
diabetes care has been reduced, and patients have been
reluctant to access on-site medical care because of fear of
exposure to SARS-CoV-2 infection on medical premises.

A global survey of health-care professionals reported that
management of diabetes and hypertension was often
disrupted during the pandemic.” Additional compli-
cations have also resulted from considerable reductions
in physical activity, changes in eating habits, and
associated-weight gain. Overall, physical activity was
lower in adults with type 2 diabetes during lockdown
restrictions, particularly in women, older people,
individuals with obesity, and minority ethnic
populations. Despite the expected negative impact of
lockdown, retrospective analyses have not reported a
worsening of glucose control due to lifestyle changes."™

By contrast, it is evident that an endemic increase in
excess weight and obesity in the global population,
suggested to have caused more than a doubling of the
number of people with type 2 diabetes over the past two
decades, has now contributed to an excess of deaths due
to COVID-19."® Therefore, there is an urgent need for
expert advocacy in societal changes for the prevention of
type 2 diabetes and obesity, directed at improving the diet
and lifestyle of populations. Individually targeted,
evidence-based health promotion, weight management,
behavioural change, and psychosocial support services
need vigorous support from diabetologists and other
health professionals on the front-line."”

An increase in perceived stress has been shown to be
associated with reduced glycaemic control and increased
risk of COVID-19."°"  Strategies to avoid physical
inactivity and reduce stress levels can promote
cardiovascular protection, and have to be considered
during the pandemic. Promotion of physical activity is
prioritised by public health agencies and has been
incorporated into routine medical care (panel). A home-
based training protocol could be an important and
effective strategy for individuals who need to remain safe
and physically active at home.™ The interlinked
pathological mechanisms between metabolic diseases
and COVID-19 create the pathophysiological basis for
how to treat diabetes and control dysglycaemia. Managing
patients with type 2 diabetes should always include a
component of reducing or eliminating insulin resistance
in these patients, as well as reducing hyperglycaemia
(panel).

In the past 18 months, we have gained substantial
insights into the association of glucose-lowering
therapies and drug classes, and their association with
mortality related to COVID-19 (table 2).7'* These
findings indicated that there is no reason to cease
antidiabetic or hypertensive medication during the
pandemic. However, as most studies were observational,
performed retrospectively, and might have been affected
by confounding by indication, well designed clinical
studies are urgently needed. Until now, DARE-19 is the
only published, randomised, double-blind, placebo-
controlled trial of a glucose-lowering agent in patients
hospitalised with COVID-19 with at least one
cardiometabolic risk factor.™ This trial, which excluded
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critically ill patients, suggested that the SGLT2 inhibitor,
dapagliflozin, was safe and well tolerated, but did not
resultin a significant risk reduction in organ dysfunction
or death, nor in an improvement in clinical recovery.™
Another observational study investigating SGLI2
inhibitors in patients with type 2 diabetes and COVID-19
was associated with an 18% reduction in mortality.”
However, this finding was probably due to confounding
by indication, given the reduced use of this drug class in
older people, particularly those with renal insufficiency
and frailty. Caution should be taken when using these
drugs because they require hydration and
appropriateness of insulin doses to prevent euglycaemic
or hyperglycaemic ketoacidosis (table 1).

In addition to the findings that dapaglifiozin had no
negative effect on predisposition to SARS-CoV-2 infection
or aggravation of the disease course, there have been
suggestions that DPP-4 inhibitors and metformin might
even exert protective effects against SARS-CoV-2
infection (table 1).** Various multicentre observational
studies have reported either no or reduced association
with the use of DPP-4 inhibitors and mortality related to
COVID-19.###151” DPP-4 inhibitors belong to a group of
drugs associated with many advantages (ie, they are well
tolerated by patients with diabetes), even in severe cases
of COVID-19 (table 2). This drug class is well tolerated;
can be used adapted by dose, even in end-stage renal
disease (except for saxagliptin); and has a low risk of
hypoglycaemia. As mentioned earlier in this Review, in a
UK analysis, people older than 70 years receiving DPP-4
inhibitor therapy had a slightly increased risk of
mortality.* However, this result was probably due to
confounding by indication since DPP-4 inhibitors are
more likely to be used in older people and in patients
with kidney disease and frailty. This study, which was a
large, nationally representative, population-based
observational study of 2-85 million people with type 2
diabetes also presented statistical evidence that patients
who were prescribed metformin, SGLT2 inhibitors, and
sulfonylureas had a lower mortality risk than did patients
who did not use these medications. In this cohort,
a-glucosidase inhibitors were associated with a
26% increase in COVID-19 mortality; however, the
number of deaths related to COVID-19 was too small to
evaluate. Use of a-glucosidase inhibitors should be
carefully considered.®

Metformin seems to be an effective therapy with
pleiotropic effects for patients in acute, chronic, and even
recovery phases of COVID-19.""™ However, some
observational studies have shown a marked increase of
lactic acidosis in hospitalised patients with diabetes and
COVID-19 on metformin, albeit without an effect on
mortality."”

The continued use of sulfonylurea might be justified in
stable patients with COVID-19 who are not at risk of
hypoglycaemia and have regular meals in an ambulatory
setting.” GLP-1 receptor agonists appear to be neutral to
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Panel: Current recommendations of metabolic disease management in a pandemic

situation

+ Encourage patients to restrict social contact to reduce risk of infection®”

+ Prioritise patients for vaccination®®®®

+ Encourage patients to incorporate a healthy lifestyle during lockdown and

quarantine”

+ Individual management: help patients to establish an individual set of self-
management goals (eg, measurement rate, bodyweight, steps per day, waist
circumference, blood pressure) and to adhere to these goals consistently'®

+ Digital support: help patients to make use of online education, virtual consultation,
and digital health (eg, measurements of temperature, physical activity, bodyweight,

waist circumference, and blood pressure, which will be digitally transferred to the

physician)™

+ Behavioural support: help patients to use digital stress management tools to increase

resilience and stress resistance'™
» Intensify foot care®
+  Check for new diabetes*
+ Manage cardiac risk®
+ Encourage patients to adhere to lipid-lowering drugs*”

+ Monitor urinary excretion and oedema in patients with chronic kidney disease®

+  Optimise metabolic and blood pressure control**

+ Perform intensified glucose monitoring (eg, self-monitoring of blood glucose five
times per day, flash and continuous glucose monitoring) to identify early

deterioration of glycaemic condition and monitor blood pressure if hypertensive™

+ Avoid grade 2 hypoglycaemia (2-2-3-0 mmol/L [40-0-55-0 mg/dL]) and grade 3

hypoglycaemia (1-7-2-2 mmol/L [30-0-40-0 mg/dL])**
» Target ranges:”

- Fasting plasma glucose concentration: 4-:0-8-0 mmol/L (72:0-144-0 mg/dL)
« Fasting plasma glucose concentration of patients in intensive care: 6-7-11-1 mmol/L

(120-0-200-0 mg/dL)
«  HbA,: <53-0 mmol/mol (7%)

COVID-19 mortality and should be carefully evaluated in
severely ill patients with COVID-19, considering their
anorexic effects. However, their potential benefits should
also be balanced, given that these drugs have anti-
inflammatory actions and protective effects on the lung,
and could be effective against COVID-19.%#

To reduce cytokine release in patients with moderate-
to-severe COVID-19, IL-6 receptor blockade with
tocilizumab is used.” This treatment has been reported
to have a positive effect on insulin resistance and insulin
sensitivity.”> However, hyperglycaemia has been shown
to impair the effectiveness of this medication,” which
further emphasises the importance of glycaemic control
in patients with COVID-19.

It is important to differentiate between ongoing
diabetes treatment and treatment of hyperglycaemia
arising during acute SARS-CoV-2 infection. Currently,
there is a strong rationale to maintain recommendations
to avoid treatment with metformin or SGLT2 inhibitors
in patients with severe COVID-19 to reduce the risk of
lactic acidosis or ketoacidosis associated with use of these
drugs in the presence of severe infection. In patients
with severe COVID-19, intravenous insulin treatment is
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No COVID-19

Mild COVID-19
(primary care)

Moderate COVID-19
(hospital)

Severe COVID-19
(intensive care)

Recommendations
according to
guidelines

Use with caution

Contraindications

NA=not applicable.

Metformin; DDP-4
inhibitors; SGLT2
inhibitors; GLP-1
receptor agonists;
sulfonylurea;
a-glucosidase
inhibitors;
thiazolidinedione;
insulins

NA

Metformin; DPP-4
inhibitors; SGLT2
inhibitors; GLP-1
receptor agonists;
insulins; sulfonylurea;
a-glucosidase
inhibitors

DPP-4 inhibitors;
SGLT2 inhibitors;
GLP-1 receptor

agonists; insulins

DPP-4 inhibitors;
insulins

Thiazolidinedione Metformin; NA
a-glucosidase
inhibitors; SGLT2
inhibitors

NA Thiazolidinedione; Metformin;

sulfonylurea a-glucosidase
inhibitors; SGLT2
inhibitors;

thiazolidinedione

Table 2: Recommended antidiabetic management of patients with COVID-19%®
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essential to maintain adequate glycaemic control and to
avoid the development of acidosis. In many cases, insulin
requirements are extremely high, reflecting the impact of
the hyperinflammatory state on insulin resistance.”
Insulin also has anti-inflammatory effects through the
suppression of oxidative and inflammatory stress. Many
patients previously on oral hypoglycaemic agents will
require conversion to insulin during the acute stages of
COVID-19, and will require ongoing treatment with
subcutaneous insulin following hospital discharge.
Managing decreasing insulin requirements during the
recovery stage and reducing insulin appropriately to
avoid hypoglycaemia are important considerations in
patients with diabetes recovering from COVID-19.

Importance of risk stratifications

In addition to a potential risk of developing type 1
diabetes,” impairment of islet function in people with
metabolic disorders should be considered after infection
with SARS-CoV-2.°** Even without extensive destruction
of islets, many patients are likely to need enhanced
treatment with insulin to avoid ketoacidosis and
hyperglycaemia, both of which need to be closely
monitored. Patients with obesity also have an increased
insulin requirement due to impaired insulin secretion
and increasing insulin resistance, which might
contribute to their increased risk of mortality.
Furthermore, based on findings from the Recovery
Trial,* nearly all patients with severe COVID-19 are now
receiving dexamethasone, a powerful anti-inflammatory
glucocorticoid.  Although  dexamethasone inhibits
inflammation,” it is still a matter of debate whether
steroid-induced hyperglycaemia, which increases the
need for insulin therapy shortly after application
(ie, within 4-6 h), is due to impaired insulin secretion,

worsening of insulin action, or both.” By contrast,
patients with type 2 diabetes and COVID-19 receiving
insulin treatment had a worse prognosis, with increased
mortality associated with insulin therapy, compared with
their counterparts who had not received insulin
treatment.” This finding is probably explained by
confounding with severity of disease, given that insulin
treatment is a marker for advanced diabetes.” Although
insulin treatment in the intensive care unit (ICU) is not
debatable, hyperglycaemia in people with diabetes
admitted to ICU should be handled by intravenous
insulin using exact dosing with a perfusion device.
Frequent glucose monitoring is mandatory with use of
glucocorticoid and anti-inflammatory drug therapy, and
prophylactic anticoagulant therapy should be provided in
patients with diabetes and COVID-19."* Importantly, the
US Food and Drug Administration has issued guidance
on an emergent basis to expand the availability and
capability of non-invasive, remote monitoring devices for
patients with diabetes during the COVID-19 pandemic.”
This change was made in an effort to improve the ability
of health-care providers to monitor patients while
reducing their exposure to SARS-CoV-2. Both
hyperglycaemia and hypoglycaemia are associated with
poor survival in patients with COVID-19. Fasting blood
glucose concentration in patients with COVID-19 with or
without diabetes at admission was a strong predictor of
death among patients directly admitted to ICU,” and
severe hyperglycaemia after admission was a strong
predictor of death among patients not in ICU.” Almost
50% of hospitalised patients with COVID-19 were
hyperglycaemic and even normoglycaemic patients
showed alterations in their glycaemic control, with
insulin resistance and an abnormal cytokine profile.” It
was also found that less variability in glucose excursions
measured as time in range was associated with a lower
risk of all-cause mortality and cardiovascular mortality
among patients with type 2 diabetes.” These findings
indicate that acute hyperglycaemia and long-term
glycaemic control are essential in patients with COVID-19
and that short-term glycaemic control might improve the
prognosis; however, it is still not established whether
acute hyperglycaemia is an aetiological factor driving
poor prognosis or whether it simply reflects the severity
of the disease.™

Breakthrough infections and metabolic disease

Accumulating evidence, including data from Israel, show
that, even with a complete vaccination, patients can be
infected with particular SARS-CoV-2 mutants, such as the
delta variant® Most importantly, despite being fully
vaccinated, patients who developed severe symptoms of
COVID-19 frequently had comorbidities, such as hyper-
tension (71%), diabetes (48%), congestive heart
failure (27%), and chronic kidney disease (24%)." Given
how patients with diabetes and metabolic disease seem to
be the most susceptible to developing severe symptoms
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of COVID-19, regardless of vaccination status, the
necessity for adequate control of glycaemia and blood
pressure in older populations, even after a successful
vaccination programme, has to be maintained with high
priority (figure 3).

Long-term consequences and monitoring after
COVID-19

Evidence from the outbreak of the closely related
SARS-CoV in 2002-03 suggests that there is a likelihood
of long-term metabolic sequelae from COVID-19.
Long-term metabolic abnormalities have been observed
for up to 12 years in survivors of severe acute respiratory
syndrome. These abnormalities included dyslipidaemia
and cardiovascular disease, as well as signs of abnormal
glucose metabolism with insulin resistance, hyper-
glycaemia, and diabetes.""”* Furthermore, a chronic post-
viral syndrome characterised by chronic fatigue, variable
non-specific myalgia, depression, and sleep disorders was
observed.” Similar long-term consequences of COVID-19,
termed post-COVID and long COVID syndromes,* or
post-acute sequelae of COVID-19, have been reported.” It
was shown that, beyond the first 30 days of illness,
survivors of COVID-19 exhibited a significantly higher
risk of death and health resource use.” In relation to
metabolic diseases, a study from Spain, which investigated
the long-term outcomes of 766 patients with COVID-19
1 year after hospital discharge, showed that seven (1%) of
the 543 patients who were alive after 1 year and provided
data had developed new-onset diabetes and that 11 (10%)
of the 109 patients who had diabetes had worsening of
glycaemic control.” A study from Italy showed that
glycaemic abnormalities could be detected at least
2 months after recovery from COVID-19.*

COVID-19 survivors frequently develop physical,
psychosocial, and cognitive impairments that require
rehabilitation programmes.* Prolonged exposure to
stressors, such as those experienced through isolation,
increases the risk of developing major depression, anxiety,
and post-traumatic stress disorders.” Furthermore,
following treatment in ICU, persistent impairment in
mental health is commonly described and a high
prevalence of depression has been observed.” It should
also be considered that particular therapies affecting
expression of ACE2 (eg, ACE inhibitors or angiotensin II
receptor blockers) might also influence the RAAS and
neuroendocrine  stress  axis.* Other unexpected
complications can occur after COVID-19, such as invasive
fungal sinusitis (mucormycosis), which usually affects
people with poor immunity or uncontrolled diabetes.™
Steroid treatment is another risk factor for mucormycosis,
meaning that the high doses of steroids administered to
patients with severe COVID-19 might induce this
side-effect, as shown in India."

Patients admitted to hospital with COVID-19 will need
close monitoring for risk factor control following
discharge, with potential use of novel therapies to reduce
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« Increased disease severity
« Breakthrough infections following vaccination

COVID-19
(communicable pandemic)

Diabetes or obesity
(non-communicable pandemic)

« Increased risk of complications with metabolic diseases
« Possible development of new-onset diabetes

Figure 3: Interplay between metabolic diseases and COVID-19

On one hand, metabolic diseases increase the risk of severe COVID-19. On the
other hand, COVID-19 might lead to new-onset metabolic diseases or worsening
of already existing metabolic disorders.

the risk of medium-term complications. A follow-up
study of people discharged from hospital following
admission with COVID-19 showed that, at a mean
follow-up of 140 days, nearly a third of patients were
readmitted and 12% had died.*” Follow-up of patients
with post-COVID-19 will include assessment and
monitoring of cardiovascular and renal complications,
and risk factor control. Patients with hyperglycaemia at
admission will need follow-up to establish if these
patients have new-onset diabetes.

The disproportionate excess risk of mortality from
COVID-19 in people with both types of diabetes warrants
vaccination prioritisation (panel), a guideline that is
included in most national vaccination strategies.”” After
vaccination, disease management should follow evidence-
based guidelines for patients with COVID-19 and type 2
diabetes.” The rampant spread of COVID-19 in countries
with a high prevalence of diabetes, such as India, Turkey
and Brazil are undoubtedly of serious concern.*** The
implications might be far reaching, particularly regarding
the care of patients with diabetes or other metabolic
diseases, and their outcomes (including mortality). In
Africa, the situation is, at the time of writing, seemingly
different, despite how the emergence of new SARS-CoV-2
variants is raising concern. Reasons for the lower severity
of morbidity and mortality in Africa compared with other
world regions might include the young age demographic,
quick action, public support, favourable climate, and
good community health systems.” As a region with
limited health-care resources, it will be important for
Africa, particularly sub-Saharan Africa, to put emphasis
on prevention strategies.

Smart disease management during and following the
pandemic has been proposed. An integrated model of
digital disease management might considerably relieve
the burden to ambulatory health care, if it is implemented
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Search strategy and selection criteria

We searched PubMed and Google Scholar, with no language
restrictions, for articles published from date of inception to
Sept 28, 2021. Search items included “COVID-19”, “post-
COVID", “long COVID", “SARS-CoV-2", "ACE2", "DPP4",
diabetes”, “metabolic syndrome”, “obesity”,
“hyperglycaemia”, “hyperglycemia”, “hypoglycaemia”,

nou "o nou

“hypoglycemia”, “insulin”, “steroids”, “glucocorticoid”,
“dexamethasone”, “complications”, “risk”, “long-term
consequences”, and “endocrine system”. The reference lists of
original articles, narrative reviews, clinical guidelines, position
statements, systematic reviews, and meta-analyses were
screened for relevant publications. The final reference list was
selected based on relevance to the topic of this Review,

with preference given to the most recent relevant
publications.

as an interoperable digital solution following evidence-
based medical knowledge, operated by addressing the
personal needs of patients, and hosted by an approved
medical body.*" This model requires the following
considerations: the patient must have access to evidence-
based health information in a language adjusted for
health literacy, there must be medical indicators
representing the therapeutic goal or corridor for patients,
such an indicator must be technically measurable, and
the patient must have a therapy that can be adjusted by
patient self-management. Applying smart digital disease
management might have the potential to substantially
reduce the throughput in the ambulatory health-care
system.* This approach could be an option in regions
with a fast growing prevalence of patients with chronic
diseases or in regions with a reduced density of medical
services. Ultimately, this approach to disease
management might be the optional virtual solution for
ambulatory care in patients with chronic and metabolic
diseases during a pandemic.

Conclusions
The COVID-19 pandemic has presented unique
challenges for people with metabolic diseases, a patient
group with a high risk of severe SARS-CoV-2 infection.
Pending definitive evidence regarding the long-term
effects of COVID-19 on risk of incident diabetes, the
susceptibility of B cells to inflammation and oxidative
stress is well supported by clinical and experimental
studies. This finding is especially relevant given that
B3 cells are scarce in number yet make up one of the most
metabolically active cell types in the human body.*
There has been increased emphasis on the importance
of self-care activities for people with diabetes to optimise
their diabetes management; however, this has proven
difficult because of restrictions due to lockdown and
reduced face-to-face education on diabetes.” During the
pandemic, we have learned how to optimise

pharmacological management, including ICU treatment,
for patients with diabetes with or without COVID-19.”"
The pandemic has also presented people with diabetes and
their health-care teams with an opportunity to innovate
and transition towards increasingly digitalised care, to
continue supporting patients from their own homes."”
Preventative measures, including increased physical
activity and enhanced health nutrition, are important in
reversing insulin resistance and could be effective in
reducing mortality related to COVID-19.

The COVID-19 pandemic has revealed the inherent
inertia and limitations of our global health-care systems.
It would be a progressive failure not to respond to this
alarm signal and change our strategies to help to prevent
diabetes and obesity with societal measures, diagnose
metabolic syndromes as early as possible, focus on
diabetes remission rather than progressive and expensive
treatment, and individualise diabetes management to
meet sustainable prevention of complications by use of
all available evidence and technology. The vulnerability of
resource-limited systems, notably in low-income
countries and disadvantaged communities with knock-
on effects on the global community, calls for urgent
action to close these care gaps by reforming the health-
care system, which was highlighted in the Lancet
Commission on diabetes.*?

The effects of COVID-19 and its follow-up diseases will
probably be seen for many years to come. As such, we
might have to learn to live with the virus and be aware of
possible complications for people at higher risk of severe
disease including people with diabetes and other metabolic
diseases. The non-communicable pandemic of metabolic
disease due to diabetes and obesity, affecting 0-5 billion
people worldwide, could be considered as the foundation
for the communicable COVID-19 pandemic, which has
disproportionately affected this patient group (figure 3).

In high-income countries, there is a high prevalence of
metabolic diseases and a high incidence of COVID-19.
However, in low-income and middle-income countries,
where the prevalence of metabolic diseases is lower, the
incidence of COVID-19 is unclear due to underreporting
and fewer testing services for SARS-CoV-2. Therefore, a
question that still remains to be fully answered is whether
the risk of SARS-CoV-2 infection is the same for
everybody or whether, based on specific receptor
pathways, there is an increased risk of infection for
patients with metabolic disease.
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