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Editorial on the Research Topic

Covid-19 and Diabetes

The COVID-19 pandemic caused by the SARS-CoV-2 virus had a global impact on people’s health
especially impacting people with comorbidities. It was immediately established that people with
Type 1 diabetes (T1D) or Type 2 diabetes (T2D) had a substantially higher risk of COVID-19
related complications. Additionally, there has been concern that people infected with the SARS-
CoV-2 virus may also have a higher risk for developing new onset diabetes. Initial data highlighted
and suggested a bidirectional relationship between diabetes and COVID-19 infection. This special
issue was designed to further explore this relationship between SARS-COV2 and diabetes to address
factors affecting blood glucose impact on people infected with SARS-COV-2, new-onset diabetes,
and severe metabolic complications of preexisting diabetes including kidney disease as well as
cardiovascular diseases.

Diabetes and obesity are reaching extremely high rates across the globe amounting to a global
pandemic. Holly et al. discussed the consequences of this pandemic on the people diagnosed with
COVID-19. The authors discussed the consequences of the pre-existing chronic inflammatory state
in diabetes and obesity that predispose to the cytokine storm. Obesity and diabetes have been
associated with impaired immune response, atherothrombotic state and accumulation of AGEs
activating RAGE that hampers the clinical response to SARS-CoV-2 infection. Additionally, the
authors also discussed the idea that the virus can exploit mechanisms such as endocytosis via the
endosomal/lysosomal route to enhance its infectivity. They discussed the role of multiple genes such
as ACE2, GRP78 and TMPRRS2 in these pathways. These risk and potential treatments were also
discussed by Jin and Hu and Corrao et al.

In continuation, Muniangi-Muhitu et al. proposed the idea of bidirectional link between
COVID-19 and diabetes. They discussed the potential mechanisms that can lead to increased
severity of COVID-19 in people with diabetes. On the other hand, they also discussed the long-term
impact of SARS-COV-2 infection on the development of diabetes by affecting insulin production
from pancreatic beta cells and insulin action as well as the roles of the immune system (Muniangi-
Muhitu et al.). The role of the immune system was discussed in more details in a mini-review by
Rahmani-Kukia and Abbasi. In another commentary, Ardestani and Maedler discussed the use of
iPS-derived islet cells to study SARS-COV-2 infection and highlighted the need for more liver, heart
and pancreas autopsies from COVID-19 to elucidate viral infectivity and its impact on these organs

Multiple articles looked at the impact of COVID-19 on blood glucose. In a meta-analysis, Chen
et al. showed that severe COVID-19 was associated with elevated blood glucose. Similarly, Zhang et
al. showed that impaired fasting glucose and diabetes at admission were associated with increased
COVID-19 severity. Another finding by Liu et al. showed similar impact of diabetes on COVID-19
n.org June 2022 | Volume 13 | Article 93356215
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but unlike other studies did not demonstrate any increased
infection rate amongst people with diabetes in 1,880 COVID-
19 patients admitted to Leishenshan Hospital, Wuhan, China. In
another small study from China involving 52 patients with
diabetes, similar findings were presented where the authors
additionally recommended vigorous cardiac troponin testing
for diabetes patients with COVID-19 and recommended the
use of a-glucosidase inhibitors as a potential protectant for
diabetes patients with COVID-19(Zhang et al.). Findings of
this study should be taken with caution since it was a small
retrospective study. Even in people not diagnosed with diabetes,
fasting blood glucose trajectories showed strong association with
increased death COVID-19 patients by Song et al. Furthermore,
in an opinion article, De Francesco et al. suggested that RAGE/
RAGE ligands axis might be an additionally critical factor given
its chronic elevation in people with diabetes and its role in innate
immunity and coagulation homeostasis [12]. The role of
immunological and clinical factors were explored by Han et al.
showing that the elevation of cytokines as well as the reduced
number of CD8+ T cells and NK amongst other immunological
factors can contribute high risk of COVID-19 patients
with diabetes.

Multiple treatment modalities such as metformin were also
presented in this Research Topic. In a systematic review,
Zangiabadian et al. showed that metformin can potentially
improve clinical outcomes in COVID-19 patients with mild to
moderate infections. This data was further corroborated in a
retrospective analysis of 25,326 subjects tested for COVID-19 at
Birmingham Hospital, USA by Crouse et al. Tee et al. also
highlighted that migrant worker suffer from a high rate of
undiagnosed pre-diabetes that increases their risk of
pneumonia and electrolyte abnormalities from COVID-19.
Association between Plasma level of cystatin C and COVID-19
prognosis was investigated highlighting the need for special
attention to people with elevated cystatin C levels especially if
they have diabetes Yang et al.

Given the importance of physical exercise in the glycemic
control for people with diabetes, Marcal et al. suggested that
home-based exercise programs should be also recommended
Frontiers in Endocrinology | www.frontiersin.org 26
during COVID-19 outbreak for diabetes control. Additionally,
Maiorino et al. argued for the beneficial impact of Metatherian
diet on people with diabetes and COVID-19 infection given its
beneficial anti-inflammatory and immunomodulatory
properties. It’s important to mention that this was an opinion
article without clinical evidence support. A Quasi-experimental
observational trial was also conducted by Lin et al. to show that
assisting patients with chronic diseases such as diabetes to
maintain good self-management behavior may also contribute
to reducing the impact of the pandemic.

Taken together, this collection of articles highlighted the need
for effective glucose control and monitoring and explored the
bidirectional relationship between COVID-19 and diabetes.
They also, discussed possible mechanism of action as well as
possible drug target to mitigate the impact of this pandemic on
global health.
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Background: Diabetes correlates with poor prognosis in patients with COVID-19, but

very few studies have evaluated whether impaired fasting glucose (IFG) is also a risk

factor for the poor outcomes of patients with COVID-19. Here we aimed to examine the

associations between IFG and diabetes at admission with risks of complications and

mortality among patients with COVID-19.

Methods: In this multicenter retrospective cohort study, we enrolled 312 hospitalized

patients with COVID-19 from 5 hospitals in Wuhan from Jan 1 to Mar 17, 2020.

Clinical information, laboratory findings, complications, treatment regimens, andmortality

status were collected. The associations between hyperglycemia and diabetes status at

admission with primary composite end-point events (including mechanical ventilation,

admission to intensive care unit, or death) were analyzed by Cox proportional hazards

regression models.

Results: The median age of the patients was 57 years (interquartile range 38–66),

and 172 (55%) were women. At the time of hospital admission, 84 (27%) had diabetes

(and 36 were new-diagnosed), 62 (20%) had IFG, and 166 (53%) had normal fasting

glucose (NFG) levels. Compared to patients with NFG, patients with IFG and diabetes

developed more primary composite end-point events (9 [5%], 11 [18%], 26 [31%]),

including receiving mechanical ventilation (5 [3%], 6 [10%], 21 [25%]), and death (4

[2%], 9 [15%], 20 [24%]). Multivariable Cox regression analyses showed diabetes was

7
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associated increased risks of primary composite end-point events (hazard ratio 3.53;

95% confidence interval 1.48–8.40) and mortality (6.25; 1.91–20.45), and IFG was

associated with an increased risk of mortality (4.11; 1.15–14.74), after adjusting for age,

sex, hospitals and comorbidities.

Conclusion: IFG and diabetes at admission were associated with higher risks of adverse

outcomes among patients with COVID-19.

Keywords: cohort study, coronavirus, COVID-19, diabetes, hyperglycemia, impaired fasting glucose, severe acute

respiratory coronavirus 2 (SARS-CoV-2)

INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic, a public
health emergency of international concern, had affected more
than 8.1 million cases and caused over 440,000 deaths globally
by June 18, 2020 (1). People of all ages can be infected, whereas
older people and those with underlying diseases were more likely
to develop severe illness (2, 3).

The prevalence of diabetes among patients with COVID-19
varied in different studies. Studies in Chinese patients reported
prevalence rates ranged from 5.3 to 8.2% (3–5), while a recent
study in 5,700 patients with New York reported that 33.8%
had diabetes (6). Previous studies have reported that diabetes
and uncontrolled glycemia were significant predictors of severity
and mortality in patients infected with lower respiratory tract
infections (7, 8), 2009 pandemic influenza A (H1N1) (9), severe
acute respiratory syndrome coronavirus (SARS-CoV) (10), and
Middle East respiratory syndrome coronavirus (MERS-CoV) (11,
12). However, it remains controversial whether diabetes is related

to adverse outcomes among patients with COVID-19 (13, 14).
Most studies reported that diabetes was associated with higher

risks for severe events andmortality (3–5, 15–17), whereas others
showed no clear association (18, 19). The inconsistency may
be related to the varied sample size, different populations, and
different degrees of confounding adjustment. Hyperglycemia has
been widely accepted to be harmful to the control of infection. A
recent study of 7,337 cases with COVID-19 in China found that
well-controlled blood glucose (3.9–10.0 mmol/L) was associated
with markedly lower mortality compared to individuals with
poorly controlled BG (>10.0 mmol/L) (20). On the other hand,
an overly rigid glucose control might also increase the risk
of severe hypoglycemia, which can also lead to an increased
mortality (21). Nevertheless, no study has specifically examined
the prevalence of impaired fasting glucose (IFG) in patients with
COVID-19 and whether prediabetes condition was a risk factor.

Many studies have reported the clinical features of patients
with COVID-19 in different countries (2, 5, 6, 16, 22–24),
while few has specifically compared the clinical characteristics
of COVID-19 in patients with and without diabetes. And also,
the clinical characteristics of IFG patients with COVID-19 are
obscure until now. It is unclear whether the differences in
those characteristics including laboratory markers may explain
the increased risks of adverse outcomes related to prediabetes
and diabetes. Therefore, we analyzed clinical and laboratory
characteristics, as well as treatment and prognosis of hospitalized

patients with COVID-19 by diabetes and hyperglycemia status
at admission in Wuhan city. We hypothesized that diabetes and
IFG were related to increased risks of adverse outcomes and
differences in clinical features could mediate the associations.

MATERIALS AND METHODS

Study Design and Participants
In this multicenter, retrospective cohort study, we recruited
hospitalized patients with COVID-19 from six departments of
five hospitals in Wuhan from Jan 1 to Mar 17, 2020. All hospitals
were designated to treat patients with COVID-19, including
the Department of Infectious Disease and the Department
of Oncology of the Union Hospital of Tongji Medical
College, Huazhong University of Science and Technology, the
Departments of Endocrinology in the following four hospitals:
Fifth Hospital of Wuhan,WuhanWuchang Hospital Affiliated to
Wuhan University of Science and Technology, General Hospital
of the Yangtze River Shipping, and Wuhan Hankou Hospital.
Those six departments were temporarily converted into isolated
wards for patients with COVID-19. We only had access to the
data of the six departments that the investigators were in charge
of, and thus data from other departments in the five hospitals
were not available.

COVID-19 was diagnosed according to the Diagnosis and
Treatment Scheme for the Novel Coronavirus Pneumonia
released by the National Health Commission of China
[Supplementary Table 1; (3)], and the severity status of
the patients were classified as non-severe and severe types
[Supplementary Table 2; (25)]. We only included cases with
positive results for severe acute respiratory coronavirus 2 (SARS-
CoV-2) virus by real-time reverse transcriptase-polymerase
chain reaction (RT-PCR) assay of nasal and pharyngeal swab
specimens, or positive serum specific IgM and IgG antibody.

The study was approved by the Ethics Committee of the
UnionHospital, Tongji Medical College, Huazhong University of
Science and Technology. Informed consent was waived by using
anonymous clinical data in this retrospective study.

Data Collection
We extracted data from electronic medical records
for demographics, clinical, laboratory, and radiological
characteristics, treatment, and outcomes for all patients
with COVID-19. Two researchers independently reviewed and
double checked the data collection forms.
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General characteristics (age, sex, and comorbidities) and
clinical symptoms and signs at admission were recorded. Vital
signs (respiratory rate, blood pressure) were measured, height
and weight were self-reported. Comprehensive laboratory test
results were compiled within 3 days of admission and before
steroid therapy. If fasting glucose concentrations were measured
multiple times after admission, we only used the first one to
represent the glycemic status at the time of admission. The
treatment regimens for COVID-19 and other comorbidities were
also extracted from the medical records.

Diabetes was diagnosed as fasting plasma glucose ≥7.0
mmol/L, or self-reported physician-diagnosed diabetes or
anti-diabetic medication use; IFG was defined as glucose
levels between 5.6 and 6.9 mmol/L. Patients with fasting
glucose levels below 5.6 mmol/L were considered as having
normal fasting glucose (NFG). Patients without previous
diagnosis of diabetes while presenting with plasma fasting
glucose ≥7.0 mmol/L at hospital admission was considered as
new-diagnosed diabetes.

The primary composite endpoints included mechanical
ventilation, admission to intensive care unit (ICU), or
death. Other endpoints were also recorded, including acute
respiratory distress syndrome (ARDS), septic shock, acute kidney
injury, cardiac injury, rhabdomyolysis, diabetic ketoacidosis,
hyperosmolar hyperglycemic state, and hypoglycemic coma.
Details of the definitions of the outcomes are provided in the
Supplementary Material.

Laboratory test results were compiled including standard
blood counts, blood biochemistry [including renal and liver
function, creatine kinase, fasting plasma glucose, lactate
dehydrogenase (LDH), and lipid profiles], urine routine
test, coagulation profile, procalcitonin, C-reactive protein
(CRP), erythrocyte sedimentation rate (ESR), myocardial
enzyme spectrum and routine bacterial, fungal, and viral
examinations. Additional data were collected including
medical imaging, treatment regimens [e.g., antiviral and
antibacterial drugs, systemic corticosteroid, immunoglobulin G,
respiratory support (e.g., nasal tube, high-flow nasal cannula,
non-invasive, and invasive mechanical ventilation)], and
prognosis (discharged or death). Anti-diabetic agents during
hospitalization were recorded.

Statistical Analysis
Descriptive statistics included counts and proportions for
categorical variables and median (IQR) for continuous variables.
Comparisons across the three categories (diabetes, IFG, NFG)
were performed using Kruskal Wallis test for continuous
variables and chi-square or Fisher’s exact test for categorical
variables as appropriate. Logistical regression was performed to
evaluate the association between diabetes status and severity of
COVID-19 with adjustment for age, sex, hospitals and other
comorbidities. Time to a composite endpoint was investigated
using survival analysis by a Kaplan- Meier plot and compared
by the log-rank test. Furthermore, Cox proportional hazards
regression models were used to evaluate the association between
glycemic status and outcomes with adjustment for age, sex,
hospitals and other comorbidities. To further investigate whether

the associations were mediated by certain laboratory markers,
we classified the markers into different categories (such as
blood biochemistry, inflammatory markers, metabolic markers)
and chose a marker with the strongest association with the
outcomes as a representative of the category and included in the
final model. This was used to avoid over-adjustment for many
markers with collinearity in the model with limited sample size.
There were missing values for some laboratory tests and were
treated as missing indicators in the regression models to retain
maximum sample size. Sensitivity analysis was performed by
removing patients with new-diagnosed diabetes to exclude the
possibility of stress induced hyperglycemia. Statistical analyses
were performed with SAS 9.4, and statistical significance was set
at 2-tailed p < 0.05.

RESULTS

General Information
By Mar 17, 2020, 729 patients with pneumonia were admitted to
the six departments of five hospitals. Among them, the following
patients were excluded from the analyses: 316 suspected cases
without positive RT-RCP tests, 80 patients who were still
in hospital until Mar 17, 2020, 21 patients without intact
information of clinical outcomes because of transferring to other
hospitals. Therefore, 312 patients were included in the final
analysis. Among them, 84 (27%) had diabetes, 62 (20%) had IFG,
and 166 (53%) had NFG. Among the 84 patients with diabetes,
57 had fasting glucose levels ≥7.0 mmol/L, including 30 without
and 27 with a known history of diabetes.

The median age of the 312 patients was 57 years (interquartile
range 38–66), and 172 (55%) were female (Table 1). Comparing
to patients with NFG, patients with IFG and diabetes were older
and more likely to be men. As expected, patients with IFG and
diabetes were more likely to have other comorbidities, including
hypertension, coronary heart diseases, chronic kidney disease,
and cerebrovascular disease.

Clinical Symptoms and Signs
The common symptoms at hospital admission included fever
(268 [86%]), cough (264 [85%]), fatigue (181 [58%]), loss of
appetite (179 [57%]), dyspnea (145 [46%]), and chest pain 139
(45%; Table 1). Among the symptoms, patients with diabetes
were more likely to have dyspnea (67 vs. 33%), appetite loss (76
vs. 51%), and polypnea (15 vs. 5%) compared to those with NFG.
The median time from onset of symptoms to hospital admission
was 8 days (5–11 days), and no significant differences were found
across the three groups (Table 1).

Laboratory Tests and Imaging
Examinations
At admission, patients with diabetes and IFG had higher
neutrophils, while lower lymphocytes, eosinophils, and platelets
compared with patients with NFG; thus the proportions of
lymphocytopenia, eosinopenia, and thrombocytopenia were
higher among patients with diabetes and IFG (Table 2). No
significant differences were found in the levels of leucocyte,
monocytes, basophils, and hemoglobin (Table 2).
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TABLE 1 | Demographics and clinical symptoms of patients with COVID-19 according to diabetes status.

All patients (n = 312) Diabetes (n = 84) IFG (n = 62) NFG (n = 166) P-value

Age 57 (38-66) 62 (55-70) 62 (43-66) 46 (34-64) <0.001

Sex, females 172 (55%) 34 (40%) 28 (45%) 110 (66%) <0.001

Any comorbidities 115 (37%) 45 (54%) 28 (45%) 42 (25%) <0.001

Hypertension 89 (29%) 42 (50%) 22 (35%) 25 (15%) <0.001

Coronary heart disease 22 (7%) 13 (15%) 4 (6%) 5 (3%) 0.002

Chronic lung disease 12 (4%) 3 (4%) 2 (3%) 7 (4%) >0.99

Chronic liver disease 6 (2%) 0 (0%) 2 (3%) 4 (2%) 0.24

Chronic kidney disease 8 (3%) 4 (5%) 3 (5%) 1 (1%) 0.04

Cerebrovascular disease 15 (5%) 8 (10%) 4 (6%) 3 (2%) 0.01

Cancer 12 (4%) 2 (2%) 4 (6%) 6 (4%) 0.45

Signs and symptoms at admission

Fever 268 (86%) 75 (89%) 57 (92%) 136 (82%) 0.09

Fatigue 181 (58%) 53 (63%) 31 (50%) 97 (58%) 0.28

Cough 264 (85%) 75 (89%) 51 (82%) 138 (83%) 0.38

Myalgia 70 (22%) 17 (20%) 13 (21%) 40 (24%) 0.75

Redness of the eyes 0 (0%) 0 (0%) 0 (0%) 0 (0%) NA

Dyspnea 145 (46%) 56 (67%) 34 (55%) 55 (33%) <0.001

Headache 37 (12%) 8 (10%) 6 (10%) 23 (14%) 0.51

Rhinorrhea 5 (2%) 1 (1%) 0 (0%) 4 (2%) 0.60

Chest pain 139 (45%) 46 (55%) 26 (42%) 67 (40%) 0.09

Diarrhea 78 (25%) 27 (32%) 17 (27%) 34 (20%) 0.12

Nausea and vomiting 41 (13%) 13 (15%) 9 (15%) 19 (11%) 0.63

Palpitation 34 (11%) 8 (10%) 8 (13%) 18 (11%) 0.81

Loss of appetite 179 (57%) 64 (76%) 30 (48%) 85 (51%) <0.001

polypnea 30 (10%) 13 (15%) 8 (13%) 9 (5%) 0.02

Hypoxemia 120 (38%) 50 (60%) 30 (48%) 40 (24%) <0.001

Data are shown as median (IQR) and n (%).

P-values were derived from χ
2 test, Fisher’s exact test, Kruskal Wallis test when appropriate.

COVID-19, 2019 novel coronavirus; IFG, impaired fasting glucose; NFG, normal fasting glucose.

Compared with those with NFG, patients with IFG and
diabetes were more likely to have abnormal levels of laboratory
markers, including increased liver enzymes, decreased albumin
and estimated glomerular filtration rate (eGFR), elevated cystatin
C, creatine kinase, d-dimer and fibrinogen, positive urine protein,
higher levels of inflammatory markers (CRP, ESR, procalcitonin,
LDH, and neutrophil-to-lymphocyte ratio) and systolic blood
pressure (Table 2). No significant differences were found in BMI,
lipid profiles, uric acid and diastolic blood pressure across the
groups (Table 2).

Patient with diabetes and IFG were more frequently
infected with bacteria than those with NFG (11, 8, and 1%,
respectively; Supplementary Table 3). No significant differences
were found in the chest CT findings among the three groups
(Supplementary Table 3).

Clinical Severity, Complications, and
Treatment Regimens
The proportion of severe cases was higher in patients
with diabetes (36 [43%]) and IFG (20 [32%]), compared
with those with NFG (19 [11%]), and the corresponding

odds ratio (OR) and 95% confidence interval (CI) was
4.04 (1.87–8.75) for diabetes and 2.86 (1.19–6.83) for
IFG compared to NFG (Supplementary Table 4). The
association remained significant even after adjustment for
laboratory markers.

Compared with patients with NFG, patients with IFG
and diabetes were more likely to develop ARDS (3 [2%],
2 [3%], and 7 [8%]), acute kidney injury (0 [0%], 1
[2%], and 4 [5%]), and septic shock (3 [2%], 5 [8%], and
15 [18%]). Among patients with diabetes, 2 had diabetic
ketoacidosis and 1 had drug-induced hypoglycemic coma during
follow-up, while none developed hyperosmolar hyperglycemic
state (Table 3).

The treatment regimens are shown in the Table 3. Patients
with diabetes and IFG, compared with patients with NFG, were
more likely to receive the treatment of ganciclovir (34 [40%], 25
[40%] vs. 39 [23%]), intravenous antibacterial agents (74 [88%],
52 [84%] vs. 116 [70%]), glucocorticoids (43 [51%], 36 [59%] vs.
50 [30%]), and intravenous immunoglobulin therapy (47 [56%],
31 [51%] vs. 53 [32%]), while were less likely to be treated
with arbidol hydrochloride (52 [62%], 45 [73%] vs. 130 [78%];
Table 3).
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TABLE 2 | Laboratory results and radiologic findings of patients with COVID-19 according to diabetes status.

All patients (n = 312) Diabetes (n = 84) IFG (n = 62) NFG (n = 166) P-value

Blood routine

Leucocytes (×109 per L) 4.8 (3.5–6.5) 5.0 (3.6–6.9) 4.6 (3.4–6.6) 4.6 (3.5–6.1) 0.34

Neutrophils (×109 per L) 3.0 (2.1–4.6) 3.6 (2.4–5.7) 3.1 (2.1–4.8) 2.7 (2.0–3.7) 0.005

Increased (>6.3) 30 (11%) 14 (18%) 7 (11%) 9 (6%) 0.047

Decreased (<1.8) 43 (15%) 7 (9%) 11 (18%) 25 (17%)

Lymphocytes (×109 per L) 1.1 (0.8–1.4) 0.8 (0.6–1.2) 1.0 (0.7–1.5) 1.2 (0.9–1.6) <0.001

Increased (>3.2) 2 (1%) 0 (0%) 0 (0%) 2 (1%) <0.001

Decreased (<1.1) 146 (51%) 56 (72%) 35 (57%) 55 (38%)

Eosinophils (×109 per L) 0.01 (0–0.06) 0 (0–0.03) 0.01 (0–0.03) 0.03 (0–0.08) <0.001

Decreased (<0.02) 152 (53%) 54 (68%) 38 (62%) 60 (41%) <0.001

Basophils (×109 per L) 0.01 (0–0.02) 0.01 (0–0.03) 0.01 (0–0.01) 0.01 (0.01–0.02) 0.013

Hemoglobin (g/L) 126 (116–136) 128 (116–139) 128 (114–137) 124 (116–135) 0.44

Platelets (×109 per L) 175 (129–234) 161 (113–200) 161 (129–203) 199 (144–247) <0.001

Increased (>350) 13 (5%) 2 (3%) 2 (4%) 9 (6%) 0.02

Decreased (<120) 51 (19%) 22 (29%) 13 (23%) 16 (12%)

Blood biochemistry

Alanine aminotransferase (U/L) 23 (16-35) 28 (19-39) 26 (18-43) 21 (15-30) 0.002

Increased (>35.0) 70 (25%) 24 (30%) 21 (34%) 25 (17%) 0.01

Aspartate aminotransferase (U/L) 27 (20-40) 34 (20-47) 33 (23-46) 23 (19-32) <0.001

Increased (>40.0) 69 (24%) 26 (33%) 21 (35%) 22 (15%) 0.002

Glutamate transpeptidase (U/L) 23 (16-39) 25 (17-40) 36 (17.0–55.0) 20 (14-32) <0.001

Albumin (g/L) 36.5 (33.1–40.8) 35.7 (33.0–38.7) 35.6 (33.1–40.5) 37.8 (34.2–41.1) 0.03

Decreased (<35.0) 103 (36%) 33 (42%) 28 (46%) 42 (29%) 0.04

eGFR (mL/min/1.73m2 ) 95.3 (82.2–108.6) 91.7 (70.9–99.8) 91.4 (78.7–101.5) 99.6 (90.5–114.5) <0.001

Decreased (<90) 100 (36%) 38 (49%) 28 (47%) 34 (24%) <0.001

Cystatin C (mg/L) 0.9 (0.8–1.1) 1.1 (0.9–1.4) 0.9 (0.8–1.3) 0.8 (0.7–1.1) <0.001

Increased (>1.15) 52 (24%) 19 (33%) 14 (30%) 19 (17%) 0.03

Creatine kinase (U/L) 69.9 (45.5–127) 90 (49–160) 93 (50–179) 59 (43–100) 0.002

Increased (>140.0) 52 (22%) 19 (31%) 15 (28%) 18 (15%) 0.007

Decreased (<26.0) 4 (2%) 0 (0%) 3 (6%) 1 (1%)

Troponin I (ng/L) 5.35 (2.6–10.0) 10 (2.6–10.0) 10 (3.3–19.4) 4.55 (1.2–10.0) 0.03

Increased (>26.2) 11 (10%) 4 (14%) 4 (19%) 3 (5%) 0.15

CKMB (ng/ml) 2.0 (0.6–2.9) 2.0 (1.4–2.6) 1.5 (0.8–2.9) 2.0 (0.5–3.2) 0.88

Increased (≥6.6) 6 (4%) 2 (5%) 0 (0%) 4 (4%) 0.64

Brain natriuretic peptide (pg/mL) 42.8 (10.0–92.2) 82.0 (14.1–91.6) 202.8 (68.4–327.3) 11.9 (10.0–49.4) 0.10

Increased (≥27.5) 8 (50%) 3 (60%) 3 (100%) 2 (25%) 0.16

Total carbon dioxide (mmol/L) 23.6 (21.2–25.5) 23.4 (19.7–25.3) 22.0 (19.9–24.5) 23.9 (22.0–25.8) 0.004

Decreased (<21.0) 53 (24%) 18 (32%) 17 (40%) 18 (15%) 0.001

Coagulation function

D-dimer (mg/L) 0.44 (0.22–0.97) 0.78 (0.34–1.38) 0.55 (0.22–1.31) 0.33 (0.22–0.59) <0.001

Increased (≥0.5) 86 (28%) 40 (48%) 17 (27%) 29 (17%) <0.001

Prothrombin time (second) 12.9 (12.0–13.8) 12.7 (12.0–14.4) 12.8 (11.7–14.4) 12.9 (12.3–13.6) 0.99

Activated partial thromboplastin time (second) 36.8 (32.65–41.1) 35.3 (32.5–41.2) 34.8 (29.7–40.3) 38.0 (35.0–41.4) 0.04

Fibrinogen (g/L) 3.92 (3.05–4.93) 4.34 (3.30–5.24) 4.43 (3.44–5.48) 3.42 (2.82–4.47) <0.001

Increased (>4.0) 103 (48%) 34 (52%) 32 (68%) 37 (37%) 0.004

Decreased (<2.0) 9 (4%) 4 (6%) 1 (2%) 4 (4%)

Urine routine

Positive protein 44 (28%) 17 (40%) 13 (37%) 14 (17%) 0.009

Positive ketones 28 (17%) 11 (24%) 5 (13%) 12 (15%) 0.31

(Continued)
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TABLE 2 | Continued

All patients (n = 312) Diabetes (n = 84) IFG (n = 62) NFG (n = 166) P-value

Inflammatory markers

C-reactive protein (mg/L) 17.6 (3.8–41.3) 28.1 (13.0–76.7) 34.9 (8.1–67.8) 8.0 (3.1–30.2) <0.001

Increased (>8.0) 166 (65%) 61 (85%) 39 (78%) 66 (50%) <0.001

Erythrocyte sedimentation rate (mm/h) 21 (9-38) 31 (10-59) 25 (12-40) 16 (8-33) 0.03

Procalcitonin (µg/L) 0.10 (0.06–0.16) 0.13 (0.07–0.30) 0.10 (0.09–0.25) 0.08 (0.04–0.10) <0.001

Increased (>0.5) 11 (8%) 7 (13%) 3 (10%) 1 (2%) 0.002

Lactate dehydrogenase (g/L) 225 (180–291) 264 (225–373) 258 (198–336) 195 (167–244) <0.001

Increased (>245.0) 99 (41%) 41 (64%) 28 (51%) 30 (25%) <0.001

Decreased (<109.0) 1 (0.4%) 0 (0%) 0 (0%) 1 (0.8%)

Neutrophil-to-lymphocyte ratio 2.65 (1.73–4.95) 4.07 (2.20–7.68) 3.00 (1.74–4.75) 2.19 (1.50–3.46) <0.001

Platelet-to-lymphocyte ratio 163 (116–236) 177 (136–295) 154 (100–229) 156 (117–219) 0.08

Metabolic variables

BMI (kg/m2 ) 23.5 (21.1–25.2) 23.6 (22.7–26.1) 24.2 (21.2–25.5) 22.8 (20.8–24.9) 0.21

Fasting plasma glucose (mmol/L) 5.62 (5.07–6.88) 8.35 (6.91–11.69) 6.11 (5.82–6.54) 5.04 (4.72–5.26) <0.001

Total cholesterol (mmol/L) 3.68 (3.27–4.47) 3.57 (3.13–4.00) 3.74 (3.30–4.38) 3.80 (3.41–4.60) 0.08

Triglyceride (mmol/L) 1.11 (0.84–1.53) 1.29 (0.85–1.68) 1.14 (0.86–1.49) 1.05 (0.82–1.44) 0.10

HDL-C (mmol/L) 1.12 (0.89–1.37) 1.03 (0.87–1.32) 1.02 (0.89–1.37) 1.17 (0.94–1.43) 0.09

LDL-C (mmol/L) 2.19 (1.77–2.72) 1.99 (1.60–2.56) 2.21 (1.79–2.71) 2.24 (1.91–2.88) 0.054

Uric acid (µmol/L) 250 (192–328) 265 (186–328) 252 (203–337) 244 (192–321) 0.61

Systolic blood pressure (mmHg) 125 (119–134) 130 (120–142) 126 (120–133) 123 (118–130) 0.003

Diastolic blood pressure (mmHg) 76 (70–83) 77 (70–85) 78 (70–87) 75 (70–82) 0.44

Data are shown as median (IQR) and n (%).

P-values were derived from χ
2-test, Fisher’s exact test, or Kruskal Wallis test when appropriate.

COVID-19, 2019 novel coronavirus; IFG, impaired fasting glucose; NFG, normal fasting glucose; eGFR, estimated glomerular filtration rate; CKMB, creatine kinase MB; HDL-C, high

density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol.

Primary Endpoints and Mortality of the
Patients
Primary composite endpoints occurred in 46 (15%) patients,
including 32 (10%) who underwent mechanical ventilation, 9
(3%) who were admitted to the ICU, and 33 (11%) who died.
Among the 33 deaths, majority were respiratory failure (27
[81.8%]), and the rest were multiorgan failure (5 [15.2%]) and
cardiovascular event (1 [3.0%]; Supplementary Table 5).

Compared with patients with NFG, patients with IFG and
diabetes were more likely to develop primary composite events
(9 [5%], 11 [18%], and 26 [31%]; Supplementary Table 5),
including more receiving mechanical ventilation (5 [3%], 6
[10%], and 21 [25%]), more deaths (4 [2%], 9 [15%], and 20
[24%]), but similar admission rate to ICU (3 [2%], 2 [3%], and
4 [5%]).

Patients with IFG and diabetes had significantly escalated
risks of reaching to the composite endpoint or death compared
with those with NFG (all P < 0.05; Supplementary Figure 1).
After adjustment for age, sex, hospitals and other comorbidities,
diabetes remained as a significant predictor for the composite
endpoints (HR 3.53, 95% CI 1.48–8.40; Table 4), while the
association with IFG was not statistically significant (HR 1.42,
95%CI 0.53–3.81). Per-SD increment of fasting glucose levels was
associated with 25% (2–53%) higher risk of composite endpoints.
Both IFG and diabetes were associated with higher risk of
mortality among patients with COVID-19, and the HR (95% CI)

was 4.11 (1.15–14.74) and 6.25 (1.91–20.45), respectively, and
per-SD increment of fasting glucose levels was associated with
31% (4–65%) higher risk of mortality (Table 4; Figure 1).

In the model adjusted for age, sex, and hospital, the following
laboratory variables were found to be associated with increased
risks of the primary endpoints: decreased eGFR, increased

aspartate aminotransferase (AST), cystatin C, creatine kinase
MB (CKMB), prothrombin time (PT), procalcitonin, LDH, and

neutrophil-to-lymphocyte ratio (Supplementary Table 6). We
selected decreased eGFR, increased AST, PT, and procalcitonin in

the final multivariate model, and found that further adjustment
for those variables did not materially alter the associations
between diabetes and mortality, whereas the associations

between diabetes and composite outcome were attenuated to
insignificance, as well as the association between IFG and

mortality (Model 3, Table 4).
In the sensitivity analysis of excluding the new-diagnosed

diabetes (Supplementary Table 7), the above associations
remained unchanged.

We further compared the anti-diabetic drugs among patients
with diabetes stratified by the status of primary endpoints.
Among the 26 patients with diabetes and experienced the
primary endpoints, 1 patient used only metformin, while
19 out of 58 patients with diabetes and who did not
experience the primary endpoints used metformin (4 vs. 33%,
P = 0.004; Supplementary Table 8). No dramatic differences
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TABLE 3 | Complications and treatment regimens of patients with COVID-19 according to diabetes status.

All patients (n = 312) Diabetes (n = 84) IFG (n = 62) NFG (n = 166) P-value

Any complications 47 (15%) 23 (27%) 11 (17%) 13 (8%) <0.001

ARDS 12 (4%) 7 (8%) 2 (3%) 3 (2%) 0.04

Acute kidney injury 5 (2.0%) 4 (5%) 1 (2%) 0 (0%) 0.01

Cardiac injury 18 (6%) 7 (8%) 3 (5%) 8 (5%) 0.49

Rhabdomyolysis 1 (0.3%) 0 (0%) 1 (2%) 0 (0%) 0.20

Septic shock 23 (7%) 15 (18%) 5 (8%) 3 (2%) <0.001

Diabetic ketoacidosis 2 (1%) 2 (2%) 0 (0%) 0 (0%) 0.11

Hyperosmolar hyperglycemic state 0 (0%) 0 (0%) 0 (0%) 0 (0%) NA

Hypoglycemic coma 1 (0.3%) 1 (1%) 0 (0%) 0 (0%) 0.47

Treatment

Oxygen therapy 231 (74%) 70 (83%) 53 (85%) 108 (65%) <0.001

Nasal tube 190 (61%) 45 (54%) 43 (69%) 102 (61%) <0.001

High-flow nasal cannula 9 (3%) 4 (5%) 4 (6%) 1 (1%)

Non-invasive ventilator 25 (8%) 18 (21%) 4 (6%) 3 (2%)

Invasive ventilator 7 (2%) 3 (4%) 2 (3%) 2 (1%)

Antiviral treatment

Oseltamivir 186 (60%) 52 (62%) 33 (53%) 101 (61%) 0.51

Ganciclovir 98 (31%) 34 (40%) 25 (40%) 39 (23%) 0.006

Lopinavir and ritonavir 39 (13%) 13 (15%) 8 (13%) 18 (11%) 0.58

Arbidol hydrochloride 227 (73%) 52 (62%) 45 (73%) 130 (78%) 0.02

Ribavirin 46 (15%) 11 (13%) 13 (21%) 22 (13%) 0.30

Interferon 140 (45%) 32 (38%) 28 (45%) 80 (48%) 0.32

>2 antiviral agents 138 (44%) 34 (40%) 31 (50%) 73 (44%) 0.52

Antibacterial treatment

Intravenous antibiotics 242 (78%) 74 (88%) 52 (84%) 116 (70%) 0.002

Numbers of antibiotics 3 (2-4) 3 (2-4) 3 (2-4) 3 (2-4) 0.55

>2 antibacterial agents 34 (11%) 15 (18%) 5 (8%) 14 (8%) 0.06

Antifungal treatment 22 (7%) 9 (11%) 6 (10%) 7 (4%) 0.08

Glucocorticoids 129 (41%) 43 (51%) 36 (59%) 50 (30%) <0.001

Intravenous immunoglobulin therapy 131 (42%) 47 (56%) 31 (51%) 53 (32%) <0.001

Thymosin 92 (30%) 24 (29%) 24 (39%) 44 (27%) 0.17

Data are shown as median (IQR) and n (%).

P-values were derived from χ
2-test, Fisher’s exact test, or Kruskal Wallis test when appropriate.

COVID-19, 2019 novel coronavirus; IFG, impaired fasting glucose; NFG, normal fasting glucose; ARDS, acute respiratory distress syndrome coronavirus.

were observed for other anti-diabetic drugs between the
two groups.

DISCUSSIONS

In this multicenter retrospective cohort study among 312
patients with COVID-19 from Wuhan, China, we found that
diabetes and IFG were associated with higher risks of primary
adverse endpoints and mortality. In addition, dose-response
association was also found between fasting plasma glucose
levels on hospital admission and risk of adverse prognosis for
patients with COVID-19. The associations were independent of
other comorbidities, but the association between diabetes and
IFG and primary endpoints was partially explained by some
laboratory markers.

A number of studies have reported that diabetes was a risk
factor for severity and poor prognosis of influenza and other

pneumonia diseases. For example, a study among 239 patients
with influenza A in Canada reported that diabetes tripled the
risk of hospitalization and quadrupled the risk of ICU admission
once hospitalized (9); a study among 144 patients with SARS in
Canada reported that diabetes was independently associated with
poor primary endpoints (death, ICU admission or mechanical
ventilation) (26). In another retrospective analysis of 520 patients
with SARS in Hong Kong, a known history of diabetes was
associated with 3-fold risk ofmortality and fasting plasma glucose
levels were negatively associated with mortality and hypoxia
(10). The risk of developing severe or lethal disease following
MERS-CoV infection was increased by 2.47 to 7.24-folds when
the patient had comorbid diabetes (11, 12). However, it is
still controversial whether diabetes is a major risk factor for
severity and poor prognosis of COVID-19 (13, 14). And no study
emphasizes on the relationship between prediabetes and severity
of COVID-19 until now.
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TABLE 4 | Association between diabetes status and risk of adverse outcomes among patients with COVID-19.

Diabetes IFG NFG P-value for trend Per SD increase in plasma

fasting glucose levels

Primary composite outcomes

Cases/person-days 26/1,875 11/1,455 9/4,419

Model 1 2.76 (1.22–6.24) 1.61 (0.63–4.11) 1.00 0.001 1.20 (1.00–1.44)

Model 2 3.53 (1.48–8.40) 1.42 (0.53–3.81) 1.00 0.002 1.25 (1.02–1.53)

Model 3 2.18 (0.89–5.31) 1.21 (0.43–3.39) 1.00 0.045 1.21 (0.98–1.50)

Mortality

Cases/person-days 20/2,059 9/1,516 4/4,521

Model 1 6.36 (2.10–19.30) 4.02 (1.18–13.64) 1.00 0.001 1.31 (1.07–1.60)

Model 2 6.25 (1.91–20.45) 4.11 (1.15–14.74) 1.00 0.002 1.31 (1.04–1.65)

Model 3 6.87 (1.92–24.58) 4.06 (1.00–16.42) 1.00 0.002 1.37 (1.05–1.79)

Mechanical ventilation

Cases/person-days 21/1,868 6/1,453 5/4,415

Model 1 3.21 (1.12–9.23) 1.34 (0.39–4.69) 1.00 0.01 1.19 (0.95–1.50)

Model 2 6.33 (1.87–21.48) 1.66 (0.42–6.54) 1.00 0.001 1.22 (0.96–1.55)

Model 3 2.31 (0.76–7.03) 0.95 (0.25–3.66) 1.00 0.047 1.32 (1.01–1.74)

Model 1, adjusted for age, sex, and hospital.

Model 2, adjusted for age, sex, hospital, and comorbidities.

Model 3, adjusted for age, sex, hospital, aspartate aminotransferase, estimated glomerular filtration rate, prothrombin time, and procalcitonin.

FIGURE 1 | Associations between fasting blood glucose levels and primary composite endpoint (A), mortality (B), and mechanical ventilation (C).

In our study, we observed that patients with hyperglycemia
were more likely to be severe cases at the time of hospital
admission with an odds ratio of 3.14 for diabetes and 2.36
for IFG compared to NFG. This is consistent with a recent
meta-analysis of 31 reports with varied sample sizes (ranged
from 21 to 1099) which found that patients with diabetes had
a significantly increased odds (OR 2.61; 95% CI 2.05–3.33) of
developing severe COVID-19 compared with patients free of
diabetes (15). Among 1,590 patients with COVID-19 across
China, severe cases were found in 34.6% of patients with diabetes
(45/130) and 14.3% of patients without diabetes (209/1,460) (4).
However, many of the studies were either preprint reports or
did not control for important confounders, such as age, sex and
other comorbidities.

A few studies have evaluated the association between
comorbid diabetes and poor prognosis among patients with
COVID-19. The study by Guan et al. (4) reported that diabetes
was associated with a higher risk of composite endpoints (HR
1.59; 95% CI 1.03–2.45) in 1,590 patients with COVID-19 across
China; Zhou et al. (27) reported that diabetes was associated
with a higher odds of in-hospital death (OR 2.85; 95% CI 1.35–
6.05) in the univariable analysis of 191 patients with COVID-
19 from two hospitals in Wuhan; a large-scale report among
44,672 confirmed cases of COVID-19 across China found that
the crude case fatality rate was 7.3% among patients with diabetes
compared to 2.3% in the total samples (28); another research
among 7,337 cases with COVID-19 reported recently found that
subjects with type 2 diabetes requiredmoremedical interventions
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and had a significantly higher mortality (7.8 vs. 2.7%) than the
non-diabetic individuals (20). Therefore, our results are largely
consistent with those studies but with additional advantages:
we adjusted for some confounding factors, including age, sex,
hospital, and comorbidities, and also showed that diabetes and
IFG was risk factors for in-hospital death.

Although the relationship between diabetes and COVID-
19 has been currently extensively explored, less research
has paid attention to the relationship between IFG and
worse COVID-19 prognosis. Whether diabetes patients need
a rigid glucose control when affected with COVID-19 is
still unknown. Previous clinical trials examining the effects
of glucose control on mortality have yielded conflicting
results (20, 21, 29). Zhu et al. reported well-controlled blood
glucose (3.9–10.0 mmol/L) was associated with markedly lower
mortality compared to individuals with poorly controlled BG
(>10.0 mmol/L) (20). Plasma glucose concentrations with 4–8
mmol/L was recommended as therapeutic aim in the practical
recommendations for the management of diabetes patients
with COVID-19 (30). In our study, even mild elevated fasting
glucose level (5.6–6.9 mmol/L) was associated with increased
in-hospital death.

Two small studies (a total of 102 and 138 patients, and 11
and 14 patients had diabetes, respectively) described that patients
admitted to ICU had higher prevalence of diabetes compared
to those who did not receive ICU care (22, 31); Wu et al.
(32) reported that the prevalence of diabetes was higher among
patients who developed ARDS (16/84) compared to those with
ARDS (6/117) among 201 patients from a hospital in Wuhan. In
our study, 9 patients received ICU care, 4 (5%) in patients with
diabetes, 2 (3%) in patients with IFG and 3 (2%) in patients with
NFG; only 12 patients developed ARDS, 7 [8%] in patients with
diabetes, 2 [3%] in patients with IFG and 3 (2%) in patients with
NFG. Furthermore, acute kidney injury (5, 2, and 0%) and septic
shock (18, 8, and 2%) were also higher in patients with diabetes
and IFG compared to patients with NFG. However, we did not
perform multivariate analysis because of limited sample size.

Several factorsmay contribute to the increased risks of severity
and poor prognosis of COVID-19 related to hyperglycemia.
First, patients with diabetes were more likely to have other
comorbidities, such as hypertension, cardiovascular disease,
and kidney injuries, and studies have demonstrated that
multiple comorbidities increased risk of composite endpoints
and mortality among patients with COVID-19 (4, 6, 15, 33,
34). However, we have adjusted for a number of comorbidities
in the multivariate models and the associations with diabetes
remained significant. Second, patients with diabetes and
IFG had a number of worse laboratory markers, including
dysregulated immune response, increased proinflammatory
reactions, metabolic abnormalities, procoagulant, or impaired
fibrinolytic states and which could be related to adverse prognosis
for patients with COVID-19 (2, 22, 23, 27, 35).When adjusted for
several markers, the association between diabetes and primary
endpoints were no long statistically significant, which indicated
that the association might be partly explained by those factors,
but sample size could also be a factor for the insignificant results.
The association between diabetes and mortality was not altered.

Third, individuals with diabetes and IFG were at increased risk
for bacterial co-infection and septic shock in our study, and
bacterial infections have been found to be related to higher risk
of mortality in patients with COVID-19 (36).

To the best of our knowledge, our study is the first to
classify glycemic status into three different groups (NFG, IFG,
and diabetes) and also investigate the relations between fasting
glucose levels at admission and adverse prognosis among patients
with COVID-19. We have controlled for a number of covariates
and tried to evaluate the laboratory markers in the pathway of the
associations. Nevertheless, out study also has several limitations.
First, we did not know the exact type of diabetes and assumed
that majority, if not all, should be type 2 diabetes. Second,
HbA1c was not routinely measured at the time of hospital
admission, particularly for those without diabetes, therefore, we
could not evaluate the association between HbA1c and risk of
adverse outcomes because of lack of data. Third, we did not have
information on some confounding factors such as socioeconomic
status and lifestyle factors, and residual confounding was possible
as in any observational studies. Besides, only 30% (93 out of 312)
of the participants had data available on BMI, and thus we could
not adjust for BMI in the multivariable models. Fourth, although
we have retrieved medication information, we still could not
evaluate the impact of different types or combinations of anti-
diabetic drugs on the prognosis, which would require a much
larger sample size. Fifth, we did not have information on glycemic
control measures, kinetics of viral load and antibody titers during
the follow-up, andmore studies are still needed to understand the
impact of those factors in the development of adverse outcomes.
Finally, our study had limited sample size and all patients were
Chinese recruited from 5 hospitals inWuhan city by convenience
sampling; furthermore, the prevalence rates of diabetes and
IFG were higher than the rates in the general population or
in patients with COVID-19 from national surveys of Chinese.
However, representativeness was not strictly required in cohort
studies to generalize the observed associations (37). Nevertheless,
studies in other populations are needed to further validate
our findings.

CONCLUSIONS

In this retrospective cohort of 312 Chinese patients with COVID-
19, we found that diabetes was associated with higher risks of
composite adverse endpoints (mechanical ventilation, admission
to ICU, or death) and mortality, and IFG was also associated
with higher risk of mortality. The associations appeared to be
dose-dependent and were not explained by other comorbidities.
Given the global high prevalence of diabetes in adults and the
current COVID-19 pandemic, many patients with diabetes are
infected with SARS-COV-2; therefore, the knowledge provided
in this study could be useful for understanding the clinical
characteristics of patients with diabetes and COVID-19, and to
help develop more targeted and effective management strategies
for those patients to reduce the poor prognosis. More studies are
still warranted to validate our findings and further understand
the potential mechanisms.
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INTRODUCTION

The recent looming pandemic of Coronavirus disease 2019 (COVID-19) is caused by the novel
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which has 80% homology with
SARS-CoV-1 and 50% homology with the Middle East respiratory syndrome (MERS) viruses,
both pathogens most likely originating from bats (1). While up to 80% of COVID-19 patients
experience mild symptoms or remain asymptomatic, ∼20% of them develop pneumonia that in
nearly one third of cases presents as acute respiratory distress syndrome (ARDS) leading to severe
hypoxia and possibly death (1). The risk of ARDS and mortality are increased in the presence of
concomitant comorbidities like diabetes mellitus (DM). Herein, we propose that the Receptor for
Advanced Glycation End Products (RAGE) and its ligands may play a pivotal role in COVID-19
pneumonia and ARDS, particularly in DM patients. While this paper was in preparation others
have hypothesized a role for RAGE axis in COVID-19 pathogenesis and lung inflammation (2–4).
In this opinion article, we extend these studies, and propose that targeting RAGE signaling system
may hold potential in the clinical management of COVID-19 DM patients.

PATHOGENESIS OF COVID-19 RELATED MORTALITY

In the majority of patients, a finely tuned, and spatio-temporally coordinated response of both
local innate and systemic adaptive immunity effectively clears SARS-CoV-2-infection. However,
the cytopathic effect of the virus at the level of alveolar cells and vascular endothelium may induce
massive pyroptosis, an inflammatory form of cell death linked to caspase 1 dependent activation of
proinflammatory cytokines IL-1β and IL-18 by the NLR family pyrin domain containing 3 (NLRP3)
inflammasome (5). In a minority of patients, a dysfunctional immune response occurs, leading to
ARDS, multiorgan failure, and death, anticipated by the massive release of interleukin-17 (IL17),
IL22, IL6, tumor necrosis factor-α (TNF), and other cytokines/chemokines. This so-called cytokine
storm is associated with unbalanced immune responses including lymphocytopenia, impaired T
cell function and deregulated Th17 cells differentiation, which leads to enhanced recruitment and
activity of neutrophils and macrophages (1). In particular, IL6 tends to progressively increase in
patients with severe ARDS; these patients may benefit from the treatment with anti-IL6 antibodies,
such as Tocilizumab (6). Notably, an important component of ARDS is a lung-centric intravascular
coagulopathy, which may evolve to multiorgan dysfunction with impaired microcirculatory
function, thrombotic manifestations, and more rarely to disseminated intravascular coagulation
(7, 8). Consistently, anticoagulation therapy with low molecular weight heparins (LMWH) is
associated with decreased mortality in these patients. However, LMWHs may not be sufficient to
revert pulmonary intravascular coagulopathy (7, 8).
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On the basis of these observations, an unopposed
inflammatory response mediated by hyperactivated immune
effectors may play a key pathogenic role in ARDS of
COVID-19 patients.

When it comes to unwarranted host immune response of
COVID-19, lessons from studying bats are to be learnt. Bats
are unique natural hosts for a number of RNA viruses with
high pathogenic potential for humans, including SARS-CoV-1,
and MERS related coronavirus. Notably, bats’ ability to host
these pathogens showing minimal or no signs of disease
seems to be associated with a peculiar enhancement of innate
immunity provided by constitutive expression of IFN-α and
IFN-stimulated genes (9). Moreover, bats’ extraordinary lifespan
and viral tolerance, which seem to have evolved as protective
mechanisms against flight-induced metabolic stress, appear to
be related to a better overall execution of anti-inflammatory
responses. Indeed, after viral infection, bats dampen excessive
inflammation associated with the production of IL1β and IL18
by the NLRP3 inflammasome (10). Therefore, the enriched and
highly competent innate immunity of bats halts the spread of
pathogens and simultaneously freezes inflammatory pathways,
thereby permitting a better control of infectious diseases.

Bringing this relevant piece of information back to the
current pandemic might be useful to elaborate a therapeutic
strategy in order to cope more efficiently with the severe clinical
manifestations of COVID-19.

DIABETES MELLITUS AS RISK FACTOR
FOR COVID-19 MORTALITY

In COVID-19 patients, the development of severe ARDS is
associated with advanced age, hypertension, severe obesity, and
DM (1). In particular, a recent metanalysis indicates that DM
significantly increases the risk of Intensive Care Unit (ICU)
admission (OR: 2.79) as well as mortality (OR: 3.21) (11). The
majority of DM patients suffer from Type 2 DM (T2DM) which is
typically associated with obesity, insulin resistance, and multiple
alterations of both the innate and adaptive immune responses
(12, 13). Corroborating the role of dysregulated innate immunity
in the progression of T2DM, peripheral blood mononuclear cells
from diabetic patients have increased Th17 cytokine production,
owing to dysregulated fatty acid oxidation occurring in these
patients (14).

Moreover, T2DM patients are affected by chronic low-
grade inflammation and endothelial dysfunction characterized
by increased vessel permeability, and enhanced thrombotic
propensity (15), these inflammatory-driven conditions are
persistently supported by chronic hyperglycemia.

In this intricate scenario, RAGE, and its ligands have been
involved in weight gain, insulin resistance, poor glycemic
control, and inflammation, contributing to T2DM progression.
Moreover, this complex signaling system does play a pivotal role
in innate immunity, thereby representing one the first barriers
against pathogens. However, unrestrained RAGE signaling
supports and propagates inflammation thereby triggering
tissue damage.

RAGE AND ITS LIGANDS AS KEY
REGULATORS OF THE INNATE IMMUNITY
AND INFLAMMATION AND THEIR ROLE IN
DM

RAGE has been named for its ability to bind advanced glycation
end products (AGEs) that are found at increased levels in
patients with hyperglycemia and contribute to chronic vascular
complications of DM patients (16). In fact, AGEs-mediated
RAGE activation is a major trigger of chronic endothelial
dysfunction characterized by vascular hyper-permeability,
increased of leucocytes adhesion, extravasation, and consequent
acquisition of procoagulant status (17).

Moreover, RAGE is a transmembrane pattern recognition
receptor (PPR) and a critical component of the innate immune
system with the remarkable ability to bind numerous ligands
including exogenous pathogen-associated molecular patterns
(PAMPs), and danger-associated molecular patterns (DAMPs)
released by cells undergoing damage or death (18).

Notably, RAGE is constitutively expressed at high levels
only in the lung, at the basal membrane of type 1 alveolar
epithelial cells (19), where it may contribute to cell adhesion and
morphology that are functional to gas exchange. Its expression
in type 2 alveolar epithelial cells is more controversial. In other
cells, including endothelial cells, airway smooth muscle cells,
vascular smooth muscle cells, neurons, and immune cells, RAGE
expression is induced by inflammation and by local expression
of RAGE ligands in a feed-forward loop that perpetuates
inflammation. In the absence of ligands, RAGE may preassemble
in multimeric complexes that are a prerequisite for activation and
that are stabilized by ligand binding (20, 21). In DM patients
RAGE is upregulated and chronically activated by AGEs (16).

Besides AGEs, RAGE binds also several other ligands
(Figure 1), among which protein HMGB1 (high mobility group
box 1) and S100/calgranulin proteins have been extensively
characterized. HMGB1 and S100 share the ability to be passively
released from damaged cells and to be actively secreted by
immune cells, such as macrophages, natural killer cells, and
dendritic cells. Both classes of proteins contribute to the
inflammatory response by binding to RAGE and members of the
Toll-like Receptors (TLRs) family.

In particular, RAGE activation triggers the NF-κβ-mediated
transcription of inflammatory genes, together with the activation
of the NRP3 inflammasome. These events may ultimately
lead to pyroptosis, which determines the release of further
mediators from dying cells and the propagation of the initial
damage (10, 22).

RAGE AND LIGANDS IN PNEUMONIA AND
ARDS

Direct evidence that RAGE may play a detrimental role in
pathogen-induced pneumonia in the context of DM come by
recent studies assessing that diabetic mice challenged with
Gram-negative bacteria (GNB) show excess mortality from
pneumonia (23) that was associated with RAGE mediated
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FIGURE 1 | Schematic representation of the activation of RAGE axis in Sars-Cov-2 infected cells in DM patients. Hyperglycemia enhances the production of RAGE

ligands that prompt viral replication and increase RAGE signaling activation thus contributing to NRLP3 inflammasome priming and activation. Cytokine production

and HMGB1 passive secretion contribute to dysregulated immune cell responses like M1 macrophages polarization, NETs formation, altered Th17 lymphocytes

differentiation, thus paving the way for the cytokine storm. The preexisting endothelial dysfunction of DM patients and the ability of HMGB1 to activate platelets

contribute to the pathogenesis of lung-centric and eventually multiorgan intravascular coagulopathy. Side panel shows druggable targets of molecular and clinical

intervention. Targeting the RAGE pathway may represent a useful and feasible strategy for controlling severe ARDS and coagulopathy, particularly in DM patients.

DPP4, Dipeptidyl-peptidase 4; SGLT2, Sodium-Glucose Cotransporter 2; LMWH, Low Molecular Weights Heparins.

hyperinflammation. Accordingly, RAGE blockade improved
survival of only diabetic mice during GNB infection (23).
Moreover, accumulating evidence suggest that RAGE and its
ligands play a significant role also in viral pneumonia and
in ARDS.

HMGB1 is also upregulated by hyperglycemia and appears
to play a major role in lung inflammation especially in the
context of DM. In a mouse model of DM, HMGB1 was found to
maintain lung inflammation through the RAGE/AKT1/β-catenin
pathway (24). Moreover, HMGB1 is implicated in deregulated
differentiation of Th17 cells and, by binding to RAGE, increases
the expression of NLRP3 inflammasome components, and of
IL1β (25).

In pneumonia and ARDS, HMGB1 is emerging as a biomarker
of mortality risk, whereas in child pneumonia HMGB1 permits
to discriminate between coinfection (bacterial and viral) vs.

single infection. Adding pieces to this puzzle, circulating levels
of soluble RAGE (sRAGE, a decoy receptor) positively correlate
with ARDS severity and mortality risk, whilst sRAGE drop is
associated with disease resolution (18, 19). Therefore, monitoring
the levels of sRAGE and ligands may represent an appropriate
tool for predictive/prognostic purposes.

Notably, RAGE, HMGB1, and S100 proteins have all
been involved in coagulation disorders. In particular, HMGB1
directly stimulates platelets through TLR4, and RAGE, while
S100 proteins released from neutrophils and platelets facilitate
thrombus formation through RAGE activation (26). In turn,
vascular damage induces huge release of HMGB1 from platelets
(27). Moreover, HMGB1 and hyperglycemia prime neutrophils
for the formation of NETs (Neutrophil Extracellular Traps),
complex webs of chromatin and antimicrobial proteins released
by neutrophils in an attempt to contain infections (28).
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However, unrestrained NETs release, which may especially occur
in COVID-19 patients receiving mechanical ventilation (29),
may contribute to the propagation of inflammation and the
establishment of microvascular thrombosis (30). Reinforcing this
self-perpetuating loop, NETs themselves may act as a source of
HMGB1 (31), which enhances also vascular permeability (32).
Of note, endothelial cells (EC) are a direct target of SARS-CoV-2
infection that induces a widespread endotheliitis characterized by
acute ECs dysfunction/death and vascular leakage (33). Together,
these observations suggest that chronic EC dysfunction of DM
patients predispose to further EC damage by SARS-CoV-2
infection (34) and that RAGE is an important molecular hub in
this context.

POSSIBLE ROLE OF RAGE IN SARS-COV-2
CELL ENTRY

Finally, there are evidence that, besides binding to the main
receptor ACE2 (35), SARS-CoV-2 spike protein may bind also
to CD147 glycoprotein (36), a multiligand protein that is
upregulated by hyperglycemia and by RAGE activation (37).
CD147 is highly expressed in type II pneumocytes and in a wide
range of other cells, including immune cells, endothelial cells,
and platelets. Interestingly, CD147 is involved in hyaluronan
production, which has a key role in COVID-19 pneumonia
and elicits pro-inflammatory and pro-thrombotic actions (38).
AGEs—induced CD147 glycosylation in endothelial cells may
increase the activity of metalloproteinases (MMPs) and loosen
tight junctions. These findings raise the intriguing possibility
that RAGE activation may play a role also in viral invasion to
host cells.

THERAPEUTICAL PERSPECTIVES

These considerations raise important questions concerning the
best therapeutic management of COVID-19 DM patients. Recent
evidence indicates that a tighter glucose control is associated
with a better outcome and reduced mortality (39, 40). Further
studies are actually needed to ascertain whether plasma levels of
AGEs, sRAGE, HMGB1, and S100 proteins in DM COVID-19
patients are differentially affected by conventional vs. intensive
insulin therapy and are predictive of patients’ outcome. An
encouragement to chase this track more in depth comes from the
observation that in non-COVID-19 critically ill hyperglycemic
patients admitted at ICU, plasma levels of sRAGE are higher
in DM vs. non-DM patients, and reduced by intensive insulin
therapy only in DM patients (41). In a similar series of patients,
sRAGE levels were associated with circulatory and kidney failure
and a higher rate of mortality but were not affected by insulin
therapy (42).

Targeting RAGE axis to get a better control of
COVID-19-related inflammation has been very recently
proposed by independent investigators (2–4). We suggest that
COVID-19 DM patients could be the subset most likely to get
the highest therapeutic advantage from these strategies.

In this context, several pharmacological approaches are
immediately available for controlling aberrant RAGE activation
(Figure 1), although none of them has been purposely evaluated
in patients with COVID-19 pneumonia and ARDS, with or
without DM.

The small molecule azeliragon is an orally bioavailable
and overall well-tolerated RAGE inhibitor that prevents the
interactions with ligands. Additional FDA-approved drugs are
known to disrupt RAGE signaling (Figure 1), thus suggesting
that a drug repositioning effort could provide a fast track for
controlling at least some of the negative outcomes associated with
severe ARDS.

However, it should be noted that chloroquine, currently
used in COVID-19 therapy, inhibits HMGB1 release especially
in DM patients (43). In this last clinical setting, interfering
with the HMGB-1/RAGE axis could serve as a further tool in
combination strategies with IL-6 receptor mAbs, as HMGB-
1/RAGE interaction contributes to IL6 expression (44).

Moreover, LMWHs, such as 2-O,3-O-desulfated heparin
(ODSH), are able to inhibit interaction of RAGE with HMGB1
and S100 calgranulins (45). Enoxaparin may also elicit similar
effects on HMGB1 (46). Accordingly, in experimental models
the use of neutralizing anti-HMGB1 monoclonal antibody
confers protection against lung injury and pneumonia, including
pneumonia from influenza virus (47).

Additionally, thrombomodulin (TM) a protein expressed by
the vascular endothelium that interacts with various proteins
and inhibits coagulation and inflammation, has been shown to
bind and block HMGB1 binding to RAGE (48). Administration
of soluble recombinant TM (srTM) has shown some benefit
in a mouse model of surgical ARDS via suppression of
HMGB1 (49). In humans, administration of srTM significantly
reduced 28-day mortality in patients with sepsis-associated
coagulopathy (50).

Recently, human recombinant soluble (s)ACE2 has been
shown to inhibit the early stages of SARS-CoV-2 infections (51).
As ACE2 has a protective role in lung injury (52, 53) and it may
downregulate HMGB1 (54), the use of sACE2might be beneficial
also at later stages of COVID-19.

DISCUSSION

Several mechanisms have been implicated for the increased
risk of DM patients to develop severe COVID-19 disease
(11). For the first time, we suggest that chronically activated
RAGE/RAGE ligands axis, may be an additional and important
mechanism. The RAGE system is a critical player in innate
immunity and coagulation homeostasis, therefore, there is hope
that targeting this system could halt the cytokine storm and the
thrombotic manifestations associated with dysregulated immune
responses to SARS-CoV-2 infection, especially in DM patients.
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Guang Zeng 5, Tingbao Zhang 6, Meilin Yi 7, Yihui Huang 1, Jincao Chen 6*, Yibin Yang 8* and

Xiaohui Wu 6*
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Medical College, Tongji Hospital, Huazhong University of Science and Technology, Wuhan, China, 4Department of
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Aims: This study aimed to investigate the clinical courses and outcomes of diabetes

mellitus patients with coronavirus disease 2019 (COVID-19) in Wuhan.

Methods: This study enrolled 1,880 consecutive patients with confirmed COVID-19

in Leishenshan Hospital. We collected and analyzed their data, including demographic

data, history of comorbidity, clinical symptoms, laboratory tests, chest computed

tomography (CT) images, treatment options, and survival.

Results: The percentages of patients with diabetes among the severe and critical

COVID-19 cases were higher than those among the mild or general cases (89.2%, 10.8

vs. 0%, p = 0.001). However, patients with and without diabetes showed no difference

in the follow-up period (p = 0.993). The mortality rate in patients with or without diabetes

was 2.9% (n = 4) and 1.1% (n = 9), respectively (p = 0.114). Univariate and multivariate

Cox regression analyses and the Kaplan-Meier curves did not show any statistically

significant differences between patients with and without diabetes (all p > 0.05).

Conclusions: Our study results suggested that diabetes had no effect on the

prognosis of COVID-19 patients but had a negative association with their clinical courses.

These results may be useful for clinicians in the management of diabetic patients

with COVID-19.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) cause by severe acute
respiratory syndrome–coronavirus 2 (SARS-CoV-2) was first
identified in Wuhan, China, and has subsequently and quickly
spread to more than 70 countries, including the United States,
Spain, and Italy (1, 2). SARS-CoV-2 could cause severe, even
lethal pneumonia and lung failure. As of April 25, 2020, more
than 2,800,000 confirmed cases and 190,000 deaths of COVID-19
have been reported worldwide (3).

As an emergency specialty field hospital hosted by the
Zhongnan hospital, Leishenshan Hospital was put into use
in February to provide treatment for COVID-19 patients in
Wuhan, marking a milestone in China’s battle against COVID-
19. In Leishenshan Hospital, 1,880 patients were diagnosed
with COVID-19 between February 8, 2020 and April 15, 2020.
Among those patients, 139 cases had a previous diagnosis of
diabetes mellitus.

Diabetes mellitus (DM) is a common endocrine disease (4)
and widely known as a chronic, low-grade inflammatory disease
caused by long-term immune system imbalance, metabolic
syndrome, or nutrient excess (5, 6). Since the outbreak of
COVID-19, several studies have been conducted to examine the
relationship between diabetes and COVID-19 (1, 7, 8). However,
their sample sizes were relatively small, and they did not clarify
whether diabetes was a predictor of poor clinical outcomes and
higher mortality of COVID-19. In this study, we investigated
the association between diabetes as a comorbidity and negative
clinical courses and outcomes of COVID-19 in a large sample of
patients from a single hospital inWuhan, China. The findings are
expected to inform follow-up clinical treatment for patients with
both diseases and COVID-19.

MATERIALS AND METHODS

Study Design and Participants
This single-center retrospective observational study was
conducted on 1,880 patients diagnosed with COVID-19 at
Leishenshan Hospital. After excluding cases without information
about the history of diabetes, the final sample included
934 patients. Data were collected on admission or during
hospitalization by attending physicians and documented in the
form of electronic medical records. This study was approved
by the Ethics Commission of the Zhongnan Hospital of
Wuhan University (Approval number: 2020074) and carried
out in accordance with the principles of the Declaration of
Helsinki revised in 2008. The need for informed consent from
patients was waived due to the time constraints during the
COVID-19 emergency.

Data Collection
We collected data of 1,880 patients from their medical records.
These data included age, sex, comorbidities, levels of illness
severity (mild, moderate, severe, and critical), signs and
symptoms, treatment options (i.e., antiviral therapy, antibiotic
therapy, traditional Chinese medicine therapy, anticoagulation
therapy, and administration of corticosteroid and Vitamin C),

laboratory findings, and computed tomography (CT) images. All
the data were reviewed and analyzed by two senior physicians.

Outcomes
The primary outcomes of this study included the survival of
patients (alive vs. dead) and their highest level of illness severity.
Another important primary outcome was the patients’ CT
score—a semi-quantitative scoring system—generated according
to the features of CT images. Each of the CT image features,
namely ground-glass opacities, reticulation or cords change,
consolidation, and pleural effusions, was assigned 1 point. Score
1 was the sum of points, and score 2 ranged from 0 to 4 points
based on the area of lung involvement: no involvement, 0; <25%
involvement, 1; 26–50% involvement, 2; 51–75% involvement,
3; and 76–100% involvement, 4. The total score was the sum of
score 1 and score 2.

Statistical Analysis
Normally distributed continuous variables are expressed as
means ± standard deviations, and non-normally distributed
continuous variables as medians and interquartile ranges.
Meanwhile, categorical variables are described as frequencies and
percentages. The independent t-test or Mann-Whitney U-test
was conducted to compare continuous variables between the
group of patients with diabetes (Group 2) and that of patients
without diabetes (Group 1). Meanwhile, the χ²-test or Fisher’s
exact test was used to analyze the associations between categorical
variables. Cox regression analysis and the Kaplan-Meier survival
curves were performed to explore the prognosis of patients
with and without diabetes. Besides, curve fitting analysis was
conducted to further evaluate the association between the CT
score and the duration from symptom onset (in days) in both
groups. Two-sided p < 0·05 were considered as statistically
significant, and all statistical analyses were performed using SPSS
(version 23.0 for windows).

RESULTS

Study Participants’ Demographic and
Clinical Information and Laboratory
Findings
Table 1 shows that Group 2 consisted of 139 patients whereas
Group 1 had 795 patients. The two groups showed no differences
in gender distribution (p = 0.076), means of age (p = 0.773),
and the number of patients with malignancy, nervous system
disease, and digestive system disease (all p > 0.05). However,
they showed a significant difference in the number of patients
with cardiovascular or pulmonary disease (both p < 0.05). The
percentages of patients with diabetes among the severe and
critical COVID-19 cases were higher than among the mild or
general cases (89.2%, 10.8 vs. 0%, p = 0.001). However, no
difference was observed in the follow-up period between patients
with and without diabetes (p = 0.993). The mortality rate was
2.9% (n= 4) in Group 2 and 1.1% (n= 9) in Group 1 (p= 0.114).
As shown in Table 2, the positive rate of IgG against SARS-CoV-
2 among patients with diabetes was lower than that among those
without diabetes (82.5 vs. 91.8%, p= 0.029).
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TABLE 1 | Demographics and clinical characteristics of patients with COVID-19.

Covariate Group 1*

(n = 795)

Group 2#

(n = 139)

P-value

Age, year 61.6 ± 14.5 64.5 ± 10.0 0.076

Sex

Male 388 (48.8%) 66 (47.5%) 0.773

Female 407 (51.2%) 73 (52.5%)

Comorbidity

Cardiovascular disease 275 (34.6%) 89 (64.0%) <0.001

Pulmonary disease 90 (11.8%) 3 (2.4%) 0.001

Malignancy 52 (6.5%) 14 (10.1%) 0.134

Nervous system disease 47 (5.9%) 12 (8.6%) 0.224

Digestive system disease 39 (4.9%) 7 (5.0%) 0.948

The highest level of severity

Mild and general 19 (2.4%) 0 (0) 0.001

Severe 739 (93.3%) 124 (89.2%)

Critical 34 (4.3%) 15 (10.8%)

Status of illness when admission

Mild 286 (38.2%) 43 (30.9%) 0.150

General 211 (28.2%) 37 (26.6%)

Severe 235 (31.4%) 53 (38.1%)

Critical 17 (2.3%) 6 (4.3%)

Symptoms when admitted to the hospital

Fever or Myalgia 559 (78.8%) 95 (76.6%) 0.577

Respiratory system symptoms 571 (80.5%) 104 (83.9%) 0.382

Digestive system symptoms 77 (10.9%) 13 (10.5%) 0.901

Nervous system symptoms 22 (3.1%) 5 (4.0%) 0.590

Antiviral therapy 449 (98.0%) 86 (97.7%) 0.693

Antibiotic therapy 297 (98.3%) 47 (97.9%) 0.590

The appliance of Vitamin C 106 (98.1%) 19 (100.0%) 1.000

Traditional Chinese medicine therapy 687 (99.7%) 118 (100.0%) 1.000

Anticoagulation treatment 98 (12.3%) 21 (15.1%) 0.364

Use of corticosteroid 82 (10.3%) 16 (11.5%) 0.671

Deaths 9 (1.1%) 4 (2.9%) 0.114

Follow-up days 22.4 ± 9.7 22.4 ± 9.3 0.993

*Group 1 for patients without diabetes.
#Group 2 for patients with diabetes.

Survival Analysis
Figure 1 presents the distribution of the number of deaths
by the level of illness severity in both groups. There were
six critical COVID-19 cases in Group 2, and three cases in
Group 1. Besides, no deaths were observed among the severe
cases in Group 2 while there were six deaths in Group 1.
As shown in Table 3, the difference between the prognosis of
Group 2 and that of Group 1 was demonstrated using either the
univariate Cox regression analysis (p= 0.124) or the multivariate
analysis (p = 0.256, Table 3). Similarly, the Kaplan-Meier curves
showed no difference between the two groups (p = 0.111, in
Supplemental Figure 1).

Evaluation of Chest CT Images
Score 1 for all patients and that for patients without diabetes
present the same tendency, i.e., rising and then descending
(Figures 2A–C for all patients vs. Figures 2D–F for patients
without diabetes). Similarly, score 1 for patients with diabetes

sharply increased and significantly decreased after peaking at
2.70 points on day 23 (Figure 2G). However, score 2 for patients
with diabetes showed an inverse tendency (Figure 2H), reaching
its nadir of 2.30 points on day 35. This inconsistent tendency
might be because the largest area of lung involvement for patients
with diabetes appeared earlier than that for all patients or those
without diabetes. In patients with diabetes, the total score peaked
at 5.30 points after 19 days (Figure 2I), exceeding the peak of 4.95
points on day 20 in all patients (Figure 2C) and that of 4.95 points
on day 19 in patients without diabetes (Figure 2F). Curve fitting
equation for Figure 2 and coefficients of each curve are shown in
Supplemental Table 1.

DISCUSSION

The prevalence of diabetes mellitus is anticipated to increase
substantially during the next decades worldwide and considered
to be main cause of human deaths (9). People with diabetes
are more susceptible to certain infectious diseases, such as
staphylococcus aureus and mycobacterium tuberculosis, possibly
because of their dysregulated immune system (10, 11). During
the outbreak of SARS in 2003 in Guangzhou, Yang et al. reported
that plasma glucose levels and diabetes were independent
predictors for mortality and morbidity, and metabolic control
might improve the prognosis in patients with SARS (12).
Recently, COVID-19 has been a focal topic of research, and
several investigations have focused on diabetes as a predictor
of clinical course and prognosis of COVID-19 cases (13–
16). Certain studies found that diabetes negatively affected
medical complications, including mortality, in COVID-19 cases
(13, 17, 18).

In our study, we collected data with a large sample from
Leishenshan Hospital. We found that COVID-19 patients
with DM were older and the proportion of patients with
cardiovascular disease were higher among COVID-19 patients
with DM than COVID-19 patients without DM. However,
the latter had a higher proportion of pulmonary disease
as comorbidities than the former. Furthermore, aspartate
aminotransferase (AST) and platelet counts were lower in
COVID-19 patients with diabetes than those without disease. In
addition, non-diabetes-related comorbidities did not ameliorate
the severity of illness on admission or improve survival
outcomes, compared to diabetes-related ones. However, severe
or critical COVID-19 cases were more prevalent among patients
with diabetes than those did not suffer from this disease. A
systematic review by Huang et al. revealed that diabetes was
associated with mortality, severity, acute respiratory distress
syndrome, and disease progression in patients with COVID-
19 (19). The results of our present study differ from those
of previous ones possibly because Leishenshan Hospital is a
designated hospital for COVID-19, and the standard of care for
patients with diabetes has become better. Further researches are
needed in the future to generate more precise results.

Having assessed the association between diabetes with the
severity of COVID-19, Wu et al. found out the proportion of
diabetes as a comorbidity among severe COVID-19 cases was
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TABLE 2 | Laboratory results in the COVID-19 patients with or without diabetes.

Covariate Group 1 (n = 795) Group 2 (n = 139) P-value Reference

Interleukin-6, pg/mL 2.16 (1.50–7.34) 3.69 (1.50–7.47) 0.133 0–7

Procalcitonin, ng/mL 0.04 (0.03–0.07) 0.05 (0.03–0.08) 0.142 <0.05

Alanine aminotransferase, U/L 23.00 (14.83–39.00) 21.00 (13.00–34.50) 0.054 9–50

Aspartate aminotransferase, U/L 21.00 (16.00–29.00) 18.00 (14.50–25.00) <0.001 15–40

Albumin, g/L 35.95 (33.30–38.50) 35.90 (33.10–38,70) 0.880 40–55

Creatine kinase, U/L 47.00 (33.00–71.25) 49.00 (30.00–74.00) 0.817 18.0–198

Lactate dehydrogenase, U/L 197.50 (167.00–234.25) 194.00 (172.00–231.00) 0.941 125–343

Total bilirubin, µmol/L 9.10 (6.68–12.00) 9.20 (6.75–12.45) 0.420 5–21

Creatinine, µmol/L 65.90 (55.40–77.16) 66.00 (54.70–83.55) 0.545 64–104

BUN, mmol/L 4.90 (3.90–6.00) 5.20 (4.30–6.60) 0.004 2.8–7.6

Prothrombin time, s 11.40 (11.00–11.90) 11.40 (10.90–12.00) 0.784 9.4–12.5

Activated partial thromboplastin time, s 27.00 (24.20–30.40) 27.7 (24.98–30.48) 0.311 25.1–36.5

Fibrinogen, g/L 3.24 (2.58–3.99) 3.37 (2.65–4.08) 0.170 2.0–4.0

D-dimer, ng/mL 0.59 (0.27–1.42) 0.76 (0.32–1.91) 0.030 <0.50

White blood cell count, ×109/L 5.73 (4.67–7.07) 5.68 (4.77–7.15) 0.785 3.5–9.5

Neutrophil count, ×109/L 3.44 (2.51–4.54) 3.60 (2.51–4.86) 0.433 1.8–6.3

Lymphocyte count, ×109/L 1.45 (1.11–1.84) 1.46 (1.10–1.81) 0.785 1.1–3.2

Monocyte count, ×109/L 0.52 (0.41–0.67) 0.49 (0.41–0.62) 0.149 0.1–0.6

Red blood cell count, ×109/L 4.01 (3.60–4.37) 3.94 (3.49–4.30) 0.259 4.3–5.8

Hemoglobin, g/L 122.00 (111.00–133.00) 121.00 (108.00–132.00) 0.215 130–175

Platelet count, ×109/L 231.00 (183.00–287.75) 205.00 (163.00–259.00) 0.004 125–350

IgM (+) of SARS-CoV-2, No. (%) 101 (38.1%) 19 (29.7%) 0.209 (–)

IgG (+) of SARS-CoV-2, No. (%) 234 (91.8%) 52 (82.5%) 0.029 (–)

FIGURE 1 | The distribution of the number of deaths by the level of illness

severity in the DM group and the non-DM group.

significantly higher than that among mild cases (14). Similarly,
our data supported that the proportion of severe or critical
COVID-19 cases among patients with diabetes was higher than
that among those without diabetes. This means the clinical course
of COVID-19 in patients with diabetes may be more severe than
that in those without diabetes. Currently, the mechanisms behind
this phenomenon remain unknown; however, high glucose levels
may play a certain role in the impaired antibacterial neutrophil

TABLE 3 | Univariate and multivariate Cox regression analyses of diabetes for the

mortality of patients with COVID-19.

Covariate Group Cox regression analysis

HR 95 % CI P-value

Univariate analysis Group 1 ref

Group 2 2.522 0.777 8.191 0.124

Multivariate analysis* Group 1 ref

Group 2 2.135 0.576 7.912 0.256

*Adjust for age, the history of cardiovascular disease, D-dimer, WBC, and

lymphocyte count.

function and complications caused by chronic diabetes (9). In
addition, the comorbidity with cardiovascular diseases, such
as ischemic heart disease and heart failure, was reported to
have an association with higher mortality due to COVID-19
(20). In our study population, 64.0% of patients with diabetes
suffered from cardiovascular diseases, higher than that of those
without diabetes. This may partly explain that the group of
patients with diabetes had a higher proportion of COVID-19
cases in severe or critical conditions than the group of those
without diabetes.

In our present study, biochemical laboratory test results
showed that the increased AST level, an indicator of liver injury,
was not observed in the blood of all patients, regardless of
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FIGURE 2 | Curve fitting analysis for all the COVID-19 patients (A–C), patients without diabetes mellitus (D–F), and patients with diabetes mellitus (G–I).

their status of diabetes. Furthermore, the two groups showed no
difference in the levels of albumin and hemoglobin, suggesting
that both groups had similar nutritional status. Having analyzed
138 COVID-19 patients, Wang et al. found that cytokine
storms, sustained inflammatory response, and acute kidney
injury might be associated with the mortality of COVID-19
patients (21). Cytokine storms also proved to be the main
cause of eventual deaths among many patients with Ebola virus
infections (13). In our study, however, patients with diabetes
shared similar lymphocyte and neutrophil counts than patients
without diabetes, the inflammation-related biomarkers (e.g.,
IL-6). These results indicate that the inflammatory response
of patients with diabetes was not different from that of
those without diabetes, resulting in similar rates of mortality
due to COVID-19.

The use of angiotensin-converting enzyme 2 (ACE2)
inhibitors and Angiotensin II Receptor Antagonists (ARBs)
for COVID-19 patients has been of great controversy. ACE2

is the surface receptor for SARS-CoV-2 that directly interacts
with the spike glycoprotein (22). Wrapp et al. has recently
suggested that the affinity between ACE2 and the receptor
binding domain of SARS-CoV-2 is much higher than that
between ACE2 and the RBC of SARS-CoV (23). The expression
of ACE2 in various organs, including the cardiovascular
system, lungs, kidneys, and brain might explain why some
COVID-19 patients died of multiple organ failure (24, 25).
ACE inhibitors and ARBs may play a protective role in the
treatment of COVID-19 cases (26). However, Cure et al.
demonstrated that SARS-CoV-2 could enter cells by attaching
to ACE2 enzymes and then cause infection. Furthermore, ACE
inhibitors enhanced the sympathetic activity via the central
stimulation and then increased pulmonary capillary leaking,
possibly resulting in the development of ARDS. The authors
suggested that the morbidity and mortality of COVID-19
among patients with diabetes would be higher if they used ACE
inhibitors and ARBs (27). Our primary findings showed that as
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a comorbidity, diabetes did not increase the risk of mortality
but negatively regulated the clinical course of COVID-19.
Therefore, the treatment for COVID-19 patients should be
appropriately adjusted.

Our study has serval limitations that need to be addressed.
First, the retrospective, non-randomized nature led to sample
heterogeneity. Second, we were not able to collect and analyze
the characteristic data of patients with diabetes, such as the
type of diabetes, glucose level, HbA1c and treatment options
for diabetes due to the time limitation; hence, we could not
analyze the data on anti-DM treatment although they could affect
the clinical course and treatment outcome of COVID-19. Third,
we did not examine the relative mechanism behind the effect
of diabetes on COVID-19 in this study. Finally, the difference
in disease progress and prognosis between the COVID-19
patients with or without diabetes may change with a longer
follow-up period.

CONCLUSION

Our findings which were contradictory to those of
previous studies with large sample sizes, suggested that
diabetes did not significantly impact the prognosis of
COVID-19 patients but negatively affect their clinical
course. This may be helpful for clinicians in managing
COVID-19 patients with diabetes. However, future
prospective studies with larger sample sizes should focus
on examining whether patients with diabetes are more at risk
of COVID-19.
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INTRODUCTION

The outbreak of the Coronavirus Disease 2019 (COVID-19) started in December 2019 in Wuhan
(China) and has since spread in more than 200 countries. The pandemic was brought about by a
novel virus causing severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Among the
comorbidities of people suffering from COVID-19, the most prevalent are diabetes, cardiovascular
disease, and hypertension, all of which are associated with worse outcomes (1).

People with diabetes are at increased risk of severe viral respiratory tract infections, including the
SARS-CoV, H1N1 influenza, andMiddle East Respiratory Syndrome (MERS-CoV). The prevalence
of diabetes in individuals with COVID-19 has been reported to range between nearly 10% and up to
30%, depending on the location of the study, population, age of participants in the studies, severity
of illness, and method of testing (2). Moreover, diabetes has emerged as an important predictor
of severity of the SARS-CoV-2, as the risk of fatal outcomes has been reported to be 50% higher
in individuals with diabetes than in those without (3). Given the high transmission rate of SARS-
CoV-2 and the global prevalence of diabetes, which affects nearly half a billion people worldwide,
the coexistence of both COVID-19 and diabetes should be considered alarming, as it represents the
combination of two pandemics.

THE HARMFUL TRIO LINKING COVID-19 AND DIABETES:
IMPAIRED IMMUNE RESPONSE, INFLAMMATION,
PRO-THROMBOTIC STATE

Both COVID-19 and diabetes are responsible for dysfunctional immune responses and generation
of a pro-inflammatory and pro-thrombotic status which may lead to disease progression. People
with COVID-19 generally present lymphopenia and increased neutrophil–lymphocyte ratio,
consequent to the recruitment of immune cells from the blood and the infiltration of lymphocytes
into the airways. This phenomenon is induced in the lungs by the release of inflammatory cytokines
and chemokines [including Interleukin 6 (IL-6), interferon γ-inducible protein-10, macrophage
inflammatory protein 1α (MIPα), MIP1β and monocyte chemoattractant protein-1] from the
epithelial and endothelial cells and alveolar macrophage activated by the virus-linked pyroptosis.
As a result, monocytes, macrophages and T cells are recruited to the site of infection, promoting
further inflammation (together with the IFNγ produced by T cells) and establishing a pro-
inflammatory feedback loop (4). It is also known that elevated levels of IL-6 and C-reactive protein
(CRP), as well as increased coagulation activity, marked by high d-dimer concentrations, were also
associated with varying degrees of severity of the disease.
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Diabetes is thought to be a status of chronic inflammation
induced by both hyperglycemia and insulin-resistance and
characterized by high levels of pro-inflammatory cytokines,
oxidative stress, and over-expression of adhesion molecules
by endothelial cells (5, 6), which may predispose to an
increased risk of infections. Poor glycemic control is also
associated with an impaired immune response due to an
inhibited lymphocytes ability to counteract different series of
pathogenic stimuli and an alteration in monocyte/macrophage
functions. Moreover, an imbalance between coagulation and
fibrinolysis takes place in diabetes, with enhanced platelet
aggregation and activation, favoring the development of
a hypercoagulable pro-thrombotic state. Globally, all these
alterations may represent the underlying conditions linking
diabetes to other chronic conditions, including hypertension and
cardiovascular diseases (5).

Ongoing clinical trials are currently evaluating the safety and
efficacy of treatment strategies addressing the components of the
harmful trio in the context of SARS-CoV-2; until now, however,
no drug or vaccine has been officially approved for COVID-
19 treatment. On the other hand, evidence from randomized
controlled trials evaluating the effect of anti-inflammatory drugs
on glycemic control or cardiovascular events in people with type
2 diabetes suggest only a modest effect on HbA1c reduction
(5); whether patients with cardiovascular diseases and/or type
2 diabetes may have clinical benefit from marked reductions
in circulating inflammatory markers remains also controversial.
However, both the maintenance and intensification of the glyco-
metabolic control in individuals with diabetes who have not been
infected with the SARS-CoV-2 virus has suggested to be a means
of primary prevention of COVID-19 disease (3).

THE MEDITERRANEAN DIET: A HEALTHY
DIETARY PATTERN FOR PEOPLE WITH
DIABETES

Mediterranean diet, which represents the traditional eating habits
of populations living around the Mediterranean Sea in the 1960s,
including Greece and South Italy, has long been indicated as
a dietary pattern able to preserve cardio-metabolic health. The
Mediterranean diet is characterized by the high content in plant-
based foods, olive oil as the main source of fat, low-to-moderate
intake of fish, dairy products, and poultry, low consumption of
red or processedmeat, and low tomoderate consumption of wine
with meals (7). This dietary regimen is currently included among
the eating patterns recommended by the American Diabetes
Association for people with pre-diabetes or diabetes, showing
favorable effects on HbA1C reduction, weight, and lipids in a
number of randomized controlled trials (RCTs). Moreover, the
recent guidelines on diabetes, pre-diabetes, and cardiovascular
diseases developed by the European Society of Cardiology in
collaboration with the European Association for the Study of
Diabetes state that a Mediterranean diet, rich in polyunsaturated
and monounsaturated fats, should be considered to reduce
cardiovascular events.

THREE HYPOTHETICAL MECHANISMS
RESPONSIBLE FOR THE PROTECTIVE
EFFECT OF MEDITERRANEAN DIET
AGAINST COVID-19 IN DIABETIC PEOPLE

Mediterranean Diet Exerts
Anti-inflammatory and Immunomodulatory
Effects
Several epidemiological studies confirmed the anti-inflammatory
and immunomodulatory effects of a Mediterranean pattern on
several diseases associated with chronic low-grade inflammation.
These counter the effects of several inflammatory markers and
decrease the secretion of circulating and cellular biomarkers
involved in the atherosclerotic process (8). A recent meta-
analysis of 17 RCTs including 2,300 subjects reported a
significant reduction in high-sensitive CRP [weight mean
difference (WMD): −0.98 mg/l, 95% CI −1.48 to −0.49,
p < 0.0001] IL-6 [WMD: −0.42 pg/ml, 95% CI −0.73 to
−0.11, p = 0.008], and intracellular adhesion molecule-1
[WMD: −23.73 ng/ml, 95% CI −41.24 to −6.22, p = 0.008]
in individuals assigned to Mediterranean diet, compared with
those following a control intervention protocol (9). In two
RCTs of people with obesity (10) and metabolic syndrome
(11), the consumption of Mediterranean diet for 2 years was
associated with a significant reduction of inflammatory markers,
including CRP, IL-6, IL-7, and IL-18, as compared with a prudent
diet. The MEditerranean DIet and Type 2 diAbetes (MÈDITA)
study, provides further evidence of the anti-inflammatory and
immunomodulatory effect of Mediterranean dietary pattern in
the context of diabetes (12, 13). The MÈDITA trial was a long-
term RCT conducted with a Mediterranean diet vs. a low-fat
diet for primary prevention of antidiabetic drug need in 215
participants with newly-diagnosed type 2 diabetes. A significant
37% decrease in CPR, associated with a 43% raise in adiponectin
was observed in the Mediterranean diet group after 1 year, while
remaining unchanged in the low-fat diet group (12). In diabetic
people with the highest scores of adherence to Mediterranean
dietary pattern, as compared with the diabetic patients who
showed the lowest adherence, the lower circulating CRP levels
and higher circulating adiponectin concentrations suggested
a “dose-dependent” anti-inflammatory effect (12). Moreover,
the amelioration of the inflammatory milieu associated with
Mediterranean diet was sustained over a 8.1 year-follow up,
leading to an improvement of insulin resistance and glucose
metabolism as compared with a low-fat diet (13).

Mediterranean Diet Prevents Diabetes and
Improves Glucose Control in Diabetic
People
The most robust available evidence related to eating patterns for
prevention of type 2 diabetes relies to Mediterranean diet, that,
in 10 prospective studies, led to a 23% reduced risk of incident
diabetes (14). Moreover, meta-analyses of RCTs reported that,
compared with control diets,Mediterranean diets reducedHbA1c

levels by 0.30–0.47% in type 2 diabetes (7).
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Mediterranean Diet Reduces
Cardiovascular Risk in Diabetes
In both interventional prospective studies and RCTs,
Mediterranean diet has been associated with beneficial
effects on weight circumference, blood lipids, and blood
pressure. Moreover, in the PREDIMED study, involving people
at high cardiovascular risk, of whom 49% had diabetes, a
Mediterranean diet supplemented with olive oil or nuts led
to a 28% reduction in the incidence of major cardiovascular
events (15).

Plausible Mechanisms
As both COVID-19 and diabetes are characterized by
increased levels of pro-inflammatory cytokines, including
CRP, IL-6 and TNF-α, treatment strategies effective in
reducing inflammation may be pursued to prevent the
risk of infection or blunt the severity of the disease in
diabetic people. Among the components of Mediterranean
diet, whole grains, vegetables and fruits, fish and “healthy”
fats, including both monounsaturated (MUFA) and
polyunsaturated (PUFA), are all associated with lower
inflammation; on the other hand, processed red meat and
dairy products, processed cheese, which are rich in saturated
fatty acids and trans-fatty acids, may have pro-inflammatory
properties (16).

The mechanisms by which Mediterranean diet produces its
favorable effects in type 2 diabetes may depend mostly on
the abundance of anti-inflammatory nutrients (PUFA, fiber,
vitamins, minerals, antioxidants, and polyphenols), associated
with the lower intake of pro-inflammatory nutrients (refined
sugars and starches, trans fatty acids, high-density foods).
Among PUFA, the omega-3 free fatty acids exert anti-
inflammatory effects via oxygenated metabolites (oxylipins),
which are specialized pro-resolving mediators (17). They include
α-linolenic acid, derived from various plant sources, as well as
eicosapentaenoic acid and docosahexaenoic acid, derived mainly
from fish and seafood. Moreover, increased dietary fiber intake
has been associated with reduced inflammatorymarkers (hs-CRP,
IL-6, and TNF-α), and modifications in gut microbiota favoring
health associated bacteria. There is also evidence supporting
the protective role of vitamins against viral infection through
different mechanisms (17). Furthermore, vitamin D facilitates
the binding of the SARS-CoV-2 cell entry receptor ACE2
(angiotensin converting enzyme 2) to angiotensin II receptor
type 1 (AGTR1), minimizing the number of viral particles that
could attach to ACE2 and enter the cell, whereas vitamin C and
vitamin E are well-known anti-oxidants agents, able to reduce
the generation of reactive oxygen (ROS) and reactive nitrogen
species (RNS) (17). Finally, polyphenols seem to interact with
transcription factors, including NF-kB and Nrf-2, exerting anti-
inflammatory and antioxidant effects, respectively (17).

The high content of Mediterranean diet in healthy food,
combined with the low content of harmful food may be also
responsible for the benefits on cardio-metabolic risk factors
(i.e., blood pressure, lipids and lipoprotein, endothelial function,
glucose levels) and cardiovascular events (7).

CAN MEDITERRANEAN DIET PROTECT
AGAINST INFECTIONS?

An adequate and balanced diet represents an important
fundament for an optimal immune response. It helps maintain
the antibody production and assure the assumption of nutrients
able to modulate inflammatory and oxidative stress processes
(17). Despite the proposed mechanisms seem to support the
beneficial effects of Mediterranean diet against COVID-19 in
people with diabetes, the relationship between this healthy
dietary pattern and SARS-CoV-2 remains unexplored. Similarly,
literary data linking Mediterranean diet to a reduced risk of
infections are scanty. In the REasons for Geographic Differences
in Stroke (REGARDS) cohort of 30,239 community-dwelling
adults, of whom 20% had diabetes, a high Mediterranean diet-
style adherence was associated with 26% lower risk of sepsis
(18). Moreover, the only evidence of a favorable effects of
Mediterranean diet on respiratory infections derives from a
prospective study of 128 boys and girls aged 1–5 years included
in a nutritional program aimed at “Learning to eat from the
Mediterranean” (19). After 1 year, with the increased Kidmed
index, which assessed the quality of the Mediterranean diet,
the number of catarrhal episodes, the degree of intensity, the
emergency and hospital admissions showed a positive and
statistically significant evolution, suggesting that Mediterranean
diet could improve outcomes of child with recurring colds
and frequent inflammatory complications. On the other hand,
several component of food associated with Mediterranean diet,
including omega-3 PUFA, polyphenols, flavonoids and vitamin
D, have demonstrated to reduce inflammation and improve
immune response in both in vitro and in vivo studies of lung
infections (20).

DISCUSSION

Whether the amelioration of the pro-inflammatory milieu
associated with Mediterranean diet components may help to
prevent or reduce the severity of infections, including COVID-19
diseases, remains unknown. Moreover, there are no studies
confirming that, in diabetic people, the improvement of glycemic
control associated with a high adherence to the Mediterranean
dietary pattern may protect from lung infections or blunt the
severity of the disease. However, there is evidence from a
large retrospective study of individuals affected by COVID-19,
including nearly 1,000 participants with type 2 diabetes, that well-
controlled blood glucose was associated with lower mortality
compared with individuals with poor glycemic control during
hospitalization, supporting the correlation between improved
glucose control and better outcomes in SARS-CoV-2 affected-
patients with pre-existing diabetes (21). These findings need to
be confirmed in prospective studies to validate the importance
of a healthy dietary pattern, as Mediterranean diet is thought to
be, as a valuable therapeutic strategy to improve the prognosis of
diabetic people affected by COVID-19, at least in individuals who
do not need to be treated in the context of intensive care units.
Currently, the effective behavioral measures able to reduce the
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risk of COVID-19 remain physical distancing, adequate hygiene
and use of mask.

Another crucial point refers to the adherence to the
Mediterranean dietary pattern during the COVID-19 pandemic.
The lockdown imposed by governments in many countries,
including Italy, have profoundly changed the lifestyle habits
and everyday behavior of people with and without diabetes.
In consequence of the quarantine, the limited access to daily
grocery shopping may have reduced the assumption of fruits,
vegetables and fish, in favor of processed food. However, a recent
survey conducted on 3,533 Italian individuals (age range 12–
86 years) suggested that, during the lockdown, Italian people
have paid attention to Mediterranean diet, maintaining a high
nutritional quality especially in Northern and Central Italy, in
which a lower BMI was reported compared with the areas of
Southern Italy and the Islands (22). Moreover, subjects falling
in the low, medium, and high adherence to the Mediterranean
Diet, consumed more than 50% of olive oil, vegetables, and
legumes, food highly representative of the Mediterranean dietary
pattern, demonstrating that following a healthy diet is feasible
even in emergency conditions. The choice of food associated
with Mediterranean diet, rich in nutrients with antioxidant and
anti-inflammatory activities, may be of paramount importance
to reduce the susceptibility to develop viral infections (17).

Diabetes and the associated comorbidities are significant
predictors of morbidity and mortality in patients with COVID-
19. The prevention of diabetes together with the implementation
of glyco-metabolic control in people with diabetes may
represent useful strategies to prevent or blunt the severity of
the infection in individuals affected by COVID-19. Thanks
to its anti-inflammatory and immunomodulatory properties,
Mediterranean diet provides a nutritional regimen potentially
able to address the common soil of pathogenic factors linking
diabetes to COVID-19, offering an opportunity to protect
diabetic people from worse outcomes in the context of SARS-
CoV-2. However, future studies are warranted to confirm the
benefits of these dietary-linked effects on the risk of infections,
including COVID-19.
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The pandemic of COVID-19, caused by the coronavirus, SARS-CoV-2, has had a global

impact not seen for an infectious disease for over a century. This acute pandemic has

spread from the East and has been overlaid onto a slow pandemic of metabolic diseases

of obesity and diabetes consequent from the increasing adoption of a Western-lifestyle

characterized by excess calorie consumption with limited physical activity. It has become

clear that these conditions predispose individuals to a more severe COVID-19 with

increased morbidity and mortality. There are many features of diabetes and obesity that

may accentuate the clinical response to SARS-CoV-2 infection: including an impaired

immune response, an atherothrombotic state, accumulation of advanced glycation end

products and a chronic inflammatory state. These could prime an exaggerated cytokine

response to viral infection, predisposing to the cytokine storm that triggers progression to

septic shock, acute respiratory distress syndrome, andmulti-organ failure. Infection leads

to an inflammatory response and tissue damage resulting in increased metabolic activity

and an associated increase in the mechanisms by which cells ingest and degrade tissue

debris and foreign materials. It is becoming clear that viruses have acquired an ability to

exploit these mechanisms to invade cells and facilitate their own life-cycle. In obesity and

diabetes these mechanisms are chronically activated due to the deteriorating metabolic

state and this may provide an increased opportunity for a more profound and sustained

viral infection.

Keywords: diabetes, obesity, COVID−19, SARS-CoV-2, pandemic (COVID-19)

The current global pandemic is the third epidemic of a major severe acute respiratory syndrome
(SARS) caused by a coronavirus this century. The initial SARS epidemic in 2002 affected 29
countries, primarily in the far east, with 8,098 cases and 774 fatalities (1). This was followed 10 years
later by the Middle-East Respiratory Syndrome (MERS) in 2012 that affected 27 countries, mainly
in the middle-east, with 2,494 cases and 858 deaths (1). Seven years later another coronavirus,
SARS-CoV-2, closely resembling SARS-CoV-1, originated in China in late 2019 but has since spread
to 213 countries and as of early August 2020 there have been over 20 million cases worldwide
with three-quarters of a million deaths (www.worldometers.info/coronavirus/). As such this is the
first coronavirus to have a major impact on Western countries. In contrast to many places in
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Asia, Africa, and South America, over the last century most
infectious diseases have become well-controlled in the West.
However, growing epidemics of chronic diseases linked to
lifestyle, such as cardiovascular disease, obesity and diabetes,
that first became apparent in the West, have now spread to
other regions of the world that have adopted a Western lifestyle
and have slowly become global pandemics. The obesity and
diabetes epidemics are also now prevalent in the Middle East
and in the East; a cross-sectional survey of 170,287 participants
in China in 2013 estimated that 47% of the adult population
had either diabetes or prediabetes (2), The SARS-CoV-2 is the
first acute pandemic in which an infectious disease from the East
has collided with the slow pandemic of chronic lifestyle-related
conditions from the West with severe consequences.

In contrast to the previous coronavirus epidemics, SARS-
CoV-2 has spread more widely because its transmission has been
facilitated by being highly contagious, in combination with a
long latency period and large numbers of asymptomatic carriers
(3). The SARS-CoV-2 virus results in a disease, COVID-19,
that in some individuals can progress from a mild respiratory
infection to a generalized inflammatory state, acute respiratory
distress syndrome (ARDS) and ultimately multi-organ failure
(MOF) associated with a high mortality rate (4). There are now
seven coronaviruses that have spread to humans with HCov-
229E, HCoV-OC43, HCoV-NL63, and HCoV-HKU1 thought to
be responsible for around 30% of cases of the common cold
(5). In around 80% of individuals, infection with SARS-CoV-
2 can similarly result in mild or no discernible symptoms, but
in around 20% of those infected COVID-19 can progress to
severe outcomes with a high risk of mortality. The risk of severe
disease is greatly enhanced by co-morbidities; the most common
co-morbidities conferring the greatest risk are the chronic
conditions associated with a Western-lifestyle; cardiovascular
disease, obesity, and diabetes (6). A Western lifestyle is
characterized by increased consumption of energy-dense foods
and reduced physical activity leading to metabolic dysregulation
with the global incidence of diabetes estimated to be some 463
million people in 2019 (7). The enforced stay-at-home/shield-in-
place orders, that became almost universal, potentially resulted in
reduced physical activity, altered nutritional intake and increased
stress levels; all factors that could aggravate these conditions. In
addition, reduced sun-light exposure and consequently reduced
Vitamin D, reducing its anti-inflammatory actions (8) could
also potentiate insulin-resistance (9). Indeed, using a simulation
model that was created using glycemic data measured during
previous disasters in India, with a similar impact to the current
lockdown, it was predicted that after 45 days of lockdown
glycemic control would deteriorate in patients with diabetes with
a 3.68% increase in HbA1c (10).

OBESITY, DIABETES EFFECTS ON
COVID-19 RISK, AND SEVERITY

That the metabolic disorder of diabetes was associated with
COVID-19 was reported during the original outbreak in China
and as the epidemic spread to Italy and the USA this was

confirmed and similar associations were then also observed
with obesity (11) A meta-analysis of 6 studies from China, that
included 1,527 confirmed cases with SARS-CoV-2 infections,
found a prevalence of diabetes among the patients of 9.7%
compared to a prevalence within the general Chinese population
of 10.9% (12) and an audit of 146 patients hospitalized with
COVID-19 in Padova in Italy observed a prevalence of 8.9%
(95% CI 5.3–14.6) compared to a prevalence of 11.0% in the
same region (13). These preliminary reports would suggest that
subjects with diabetes have no increased susceptibility to being
infected; however, such conclusions are premature as there are
many confounding issues that are yet to be examined including
patients with obesity or diabetes being more likely to stay at
home during such epidemics, being less mobile, have fewer
social contacts and hence may have less exposure to the virus.
Furthermore, the question of whether pre-existing diabetes or
obesity predispose to acquiring an infection with SARS-CoV-
2 is not possible to assess from reports of incident cases that
depend considerably on the existing testing regimes which have
varied greatly as the pandemic has developed and across different
countries. If these conditions increased the severity of symptoms
then there could be ascertainment bias in testing and detection
of cases. Whether these preconditions predisposed to infection
will only be answered when serological studies, monitoring the
presence of viral antibodies in populations, have been completed
with appropriate consideration for all confounding issues.

In contrast to the uncertainty regarding potential effects on
the risk of infection, it is now clear that pre-existing diabetes
and/or obesity have profound effects on the subsequent course
of disease with many consistent reports of strong associations
with morbidity and mortality. In the original outbreak in
Wuhan it was observed that diabetes was associated with a
higher risk of severe pneumonia, release of tissue injury-related
enzymes, excessive uncontrolled inflammatory responses, and a
hypercoagulable state (14). A report from the Center for Disease
Control and Prevention in China, summarizing findings from
72,314 cases, observed that the overall case fatality rate was 2.3%,
but for cases with diabetes the fatality rate was 7.3% (15). A review
of hospital records of 1,099 patients in China found that the
overall prevalence of diabetes was 7.4%; however, in those who
required intensive care or mechanical ventilation or who died the
prevalence was 26.9% compared to a prevalence of 6.1% in those
without these indications of severe disease (16). A similar review
of patient charts in Italy found that of 355 deaths 35.5% had pre-
existing diabetes (6). A review of 5,279 confirmed infections at a
single Medical Center in New York observed that overall 22.6%
had pre-existing diabetes, but in those not requiring hospital
admission only 9.7% had diabetes compared to 34.7% of those
admitted (17). An initial assessment of co-morbidities among
affected cases in the USA by the Center for Disease Control found
that of 7,162 cases with full records overall 10.9% had diabetes
but the prevalence was only 6% of those not requiring hospital
admission compared to 24% of those requiring admission and
32% of those subsequently admitted to Intensive Care Units
(ICU) (18). A study of 1,158 patients admitted to hospital in
Kuwait, of which 104 needed ICU care, found the prevalence
of diabetes to be 23.4% and in a multivariate analysis diabetes
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increased the risk of need for subsequent ICU with an OR 5.49
(CI 3.13, 9.65) (19).

There have also now been several meta-analyses of the many
studies documenting the effects of diabetes and obesity on the
severity and outcomes of COVID-19. A meta-analysis including
data from 31 studies with a total of 6,104 cases found that cases
with pre-existing diabetes had an OR of 2.61 (CI 2.05, 3.33) for
developing severe COVID-19 compared to cases without diabetes
(20). Another meta-analysis of 14 studies including 4,659 cases
from China and USA with a prevalence of diabetes of 23.8%
found that pre-existing diabetes increased the risk of death with
OR 2.0 (CI 1.7, 2.3) (21). A larger meta-analysis including 33
studies with 16,003 cases found a prevalence of diabetes overall of
11.2%, but sub-group analysis revealed a prevalence of 10.5% of
cases in China and 19.3% of cases outside of China (mainly USA):
diabetes increased the risk of severe disease with OR 2.75 (CI
2.09, 3.62) and death with OR 1.90 (CI 1.37, 2.64) (22). A further
meta-analysis of 30 studies with 6,452 cases found that diabetes
increased the risk of severe COVID-19 with OR 2.45 (CI 1.79,
3.35), of ARDS with OR 4.64 (CI 1.68, 11.58) and of death with
OR 2.12 (CI 1.44, 3.11) (23). When all of these outcomes were
combined in an analysis of composite poor outcome, diabetes
increased the risk with OR 2.38 (CI 1.88, 3.03) and a subgroup
analysis revealed the risk was stronger in the younger cases with
median age<55 years-old (RR 3.48) compared to older cases≥55
years-old (RR 1.92) (23).

Associations between obesity and severity of COVID-19 or
mortality have similarly been consistently reported. An audit of
124 patients admitted to ICU in France observed that among
patients with COVID-19, obesity (BMI >30–<35 kg/m2) and
severe obesity (BMI >35 kg/m2) were more prevalent than
in control patients admitted to ICU for other causes: 47.6 vs.
25.2% and 28.2 vs. 10.8%, respectively, and those requiring
invasive mechanical ventilation were also more obese (24). In
a multivariate analysis of hospitalized patients in Kuwait, the
risk of requirement for ICU was increased in the obese OR 2.7
(CI 1.17, 6.20) and those with morbid obesity (BMI >40) OR
3.95 (CI 1.0–15.2) (19). A similar study from New York that
included 1,331 hospitalized COVID-19 patients, of whom 431
were admitted to ICU, found that the association with obesity
was only evident in younger patients <60 years old with a higher
risk of ICU admission for those with obesity (OR 1.8, CI 1.2,
2.7) and severe obesity (OR 3.6, CI 2.5, 5.3) compared to patients
with a BMI <30 (25). An observational study of 20,133 patients
admitted to 208 hospitals across the UK found that obesity
increased the risk of death OR 1.33 (CI 1.19, 1.49) (26).

These observations are consistent with the long-known effects
of obesity and diabetes on the severity and prognosis of
infections. Influenza is often more severe and more often results
in pneumonia in subjects with diabetes (27, 28). Following the
influenza pandemic due to the H1N1 virus in 2009 obesity
was recognized as a risk factor for hospitalization, the need for
mechanical ventilation and death (29, 30). Plasma glucose and
pre-existing diabetes were reported to be independent risk factors
for morbidity and mortality in the original SARS epidemic in
2002 (31) and diabetes was strongly associated with mortality in
the MERS epidemic in 2012 (32).

OBESITY, DIABETES AFFECT THE HOST
RESPONSE TO SARS-COV-2

Themetabolic derangements associated with obesity and diabetes
have multiple effects on how the body responds to viral infections
that could impact on the course of the disease. The most
fundamental effect, that underpins the generalized increased
predisposition to all infections, is the compromised immune
system that is secondary to the metabolic derangements in
obesity and diabetes. Interestingly, just a few years ago, as the
health problems associated with a Western lifestyle spread to
tropical regions, it was prophesized that this would pose a
large threat for subjects with diabetes who contracted infectious
diseases (33). With SARS-CoV-2 this threat is no longer confined
geographically but has now become a global reality. Many
aspects of the innate and adaptive immune systems are impaired
in diabetes and obesity including inappropriate T-cell action,
impaired natural killer cell activity, phagocytic cell dysfunction,
inhibition of neutrophil chemotaxis, and defects in complement
action (34–37). The compromised immune system in subjects
with diabetes results in impaired responses to many of the stimuli
activated during infections (38). Another potential consequence
of the impaired immune cell function is that viral clearance
could be reduced. A recent report measuring the interval between
hospital admission and two negative tests for SARS-CoV-2
RNA, at least a day apart, found some evidence that there
was delayed viral clearance in patients with diabetes (39). In
addition, they found evidence that the use of glucocorticoids
could also delay viral clearance (39) which is significant as
glucocorticoids are frequently used for patients with ARDS
(40). Indeed, glucocorticoid use is known to impair glycaemic
control (41) and has been reported to reduce angiotensin-(1-7)-
Mas receptor expression (42). However, although glucocorticoid
use has been advised against in patients with COVID-19 (43)
this advice has been questioned with a suggestion that low-to-
moderate dose glucocorticoid could still be beneficial in treating
critically ill patients with COVID-19 (44). Critical illness is
associated with corticosteroid insufficiency (45) and there are
cogent arguments for the use of glucocorticoids in critically ill
patients (46) especially for treating ARDS (47). Consistent with
this glucocorticoid treatment was found to reduce mortality in
critically ill patients with SARS (48). A recent report confirmed
similar findings in patients with COVID-19: in 2,014 patients
randomized to receive dexamethasone, 28-day mortality was
unaffected in subjects receiving no respiratory support but was
reduced in critically ill patients receiving oxygen without invasive
mechanical ventilation and was even more reduced in those
receiving invasive mechanical ventilation (mortality rate ratio,
0.64; 95% CI, 0.51–0.81) (49). The compromised immune system
in subjects with diabetes also increases susceptibility to potential
secondary bacterial infection in the lungs (50).

Both obesity and type 2 diabetes are associated with
chronic low-grade inflammation. Excess calorie intake results
in a stimulation of pancreatic β-cell insulin secretion with
the increase in oxygen consumption resulting in cell stress
and mild inflammation. The insulin promotes glucose uptake
and enlargement of adipocytes that in turn causes activation
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and recruitment of resident macrophages in adipose tissue.
The adipocytes and macrophages then release more of a
variety of proinflammatory cytokines and chemokines (including
interleukin-1 (IL-1), IL-6, IL-8, monocyte chemoattractant
protein-1 (MCP-1), C-reactive protein (CRP)) and less anti-
inflammatory cytokines and adipokines (including IL-4, IL-10,
IL-13, and adiponectin) (51, 52). These factors can then aggravate
insulin-resistance leading to increased pancreatic insulin release
and establish a vicious cycle. In subjects with obesity and
diabetes the chronic low-grade inflammatory state could then
aggravate the inflammatory response to SARS-CoV-2 infection
and precipitate the hypersensitivity state and cytokine storm that
can lead to pneumonia, ARDS and ultimately MOF observed
in severe COVID-19 cases (16, 53, 54). Consistent with this,
higher levels of IL-6, CRP and fibrinogen were observed in
COVID-19 patients with diabetes compared to those without
(14). The cytokine storm is part of an evolutionary conserved
stress response preparing the body for a severe insult (55) with
activation of the hypothalamic-pituitary-adrenal (HPA) axis (to
produce cortisol), the sympathetic nervous system (to generate
catecholamines), a tissue defense response and an acute-phase
reaction, to generate pro-coagulant factors, in preparation for
tissue damage.

Insulin-resistance, obesity, and diabetes promote an
atherothrombotic state due to a disturbance in the balance
of factors regulating coagulation and fibrinolysis with an increase
in many clotting factors (such as tissue factor and fibrinogen)
and adhesion molecules (such as P-selectin), a reduction in
anticoagulant proteins (such as antithrombin) and a reduction
in fibrinolysis due to an increase in plasminogen activator
inhibitor type-1 (PAI-1) (56, 57). These factors could increase
the likelihood of the development of endothelial dysfunction
and platelet aggregation promoting the formation of occlusive
thrombus in the heart and lungs in COVID-19 patients with
diabetes. In patients with COVID-19 however there are increased
levels of fibrinogen, CRP, and D-dimer (14, 58), with elevated
D-dimer levels being a risk factor for mortality (53) these
findings indicate that there appears to be an increase not
only in coagulation but also in fibrinolysis. An imbalance or an
impairment of coordination between coagulation and fibrinolysis
appears to be responsible for much of the pathology observed
in COVID-19 (59). The dysregulation of the system in subjects
with obesity and diabetes could then exacerbate the effects of
COVID-19 (60). Indeed, lung, heart, and brain damage appear
to be common pathological findings in COVID-19 associated
with fibrotic clots and disseminated intravascular coagulation
(61, 62).

Severe obesity is associated with restrictive lung function
with decreased expiratory reserve volume, functional capacity,
and respiratory system compliance. These factors can complicate
the clinical management of obese COVID-19 patients and in
subjects with excess abdominal adipose tissue the diaphragmatic
excursions are compromised and this can make assisted
ventilation more problematic (63).

Diabetes and hyperglycaemia are accompanied by an
accumulation of advanced glycation end-products (AGEs) that
interact with a specific cell surface protein, the receptor for

AGEs (RAGE). This has subsequently been found to be a pattern
recognition receptor (PRR) that also recognizes pathogen-
associated molecular patterns (PAMPs) from microorganisms,
as well as danger-associated molecular patterns (DAMPs)
released by stressed or damaged cells and play a key role in
the inflammatory response (64). Although RAGE is normally
expressed at low levels in most tissues and increased during
inflammation, it is expressed at high levels in Type I and Type II
alveolar epithelial cells (AT1, AT2) in the lung and appears to be
a critical mediator of the pulmonary inflammatory response (65).
In addition, it has been shown that activation of the Angiotensin
II receptor 1 (AT1R) by Angiotensin II (AngII) can transactivate
RAGE and that this mediates the subsequent inflammatory
response (66). It has been suggested that RAGE may aggravate
the inflammation and coagulation observed in COVID-19 (67)
and contributes to the lung pathology (68). Infection with
SARS-CoV-2 perturbs the renin–angiotensin system favoring
AT1R activation (see below) and hence potentially transactivating
RAGE, which is also activated by accumulated AGEs in patients
with diabetes, aggravating the inflammatory and fibrotic response
and promoting lung damage.

In addition to the general effect of inflammatory cytokines
aggravating insulin-resistance, it had previously been reported
that the SARS-CoV-1 receptor, which is the same receptor used
by SARS-CoV-2, was abundantly expressed in the pancreas and
that a proportion of patients with SARS developed transient
diabetes during the course of the disease (69). This suggests
that infection with SARS-CoV-2 could lead to a deterioration in
metabolic control via a number of mechanisms and themetabolic
derangements could, in turn, promote a more severe disease; this
could be a particular problem in patients with obesity and those
with type 2 diabetes who have residual pancreatic function in
whom metabolic perturbations were already present.

OBESITY, DIABETES, AND THE VIRAL
PATHWAY

In addition to the many established mechanisms whereby
metabolic disorders could promote a more severe clinical
response to SARS-CoV-2; the emerging evidence, uncovering
how the virus infects cells, has indicated many further links to
endocrine and metabolic controls. This has raised the prospect
that obesity and diabetes could promote the course of the
viral infection within the body. In order to enter and infect
host cells the virus appears to have hijacked mechanisms that
have evolved to ingest and degrade foreign material; with
SARS-CoV viral entry occurring mainly by endocytosis via the
endosomal/lysosomal route (70)(Figure 1).

Angiotensin Converting Enzyme 2 (ACE2)
The initial attachment of SARS-CoV-2 virus to cells has been
reported to be mediated by ACE2, a transmembrane protein
known to be important in the renin-angiotensin system (RAS)
(71, 72). There are two immediate implications: the pattern of
expression of ACE2 may determine the tissues in the body that
are most affected by infection and secondly the virus may perturb
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FIGURE 1 | SARS-CoV-2 viral entry to host cell pathway. The SARS-CoV-2 virus attaches to host cell surfaces via specific receptors, ACE2 and CD147, via spike

protein (S1) projecting from the viral envelope. The spike protein first has to be “primed” by proteolytic cleavage by TMPRRS2 which can also cleave ACE2 resulting in

shedding of the ectodomain. In contrast to TMPRSS2, which facilitates virus binding, ACE2 can also be cleaved by ADAM17, which prevents viral binding and results

in shedding of the ACE2 ectodomain that can still bind to SARS-CoV-2 and act as a decoy receptor reducing viral infection. The entry of the virus is facilitated by the

protein chaperone, GRP78 that also binds to the spike protein. Metabolic stress in the host cell results in upregulation of GRP78 and its translocation to the cell

surface. On the cell surface ACE2, CD147, GRP78, TMPRSS2, and ADAM17 all cluster within organized cholesterol-rich domains called lipid rafts and together can

enable viral entry via endocytosis. Viral replication within the cell can also be facilitated by GRP78.

the normal function of RAS which could impact the course of
the disease. Two forms of ACE2 are found in the body, the full-
length transmembrane form and a soluble form generated by
proteolytic shedding of the extracellular domain of ACE2. The
normal enzyme function of ACE2 is to degrade AngII to Ang-
(1-7) and to a lesser extent AngI to Ang-(1-9); this in effect then
opposes the action of ACE which converts Ang I to Ang II (73).
The RAS plays an important role in regulating vascular function,
blood pressure, and fluid and electrolyte balance. It comprises
a dynamic counter-regulatory system with Ang II, the product
of ACE, activating the AT1R to promote vasoconstriction, salt
and water retention, fibrosis, and inflammation whereas the
product of ACE2, Ang-(1-7) activates the G protein-coupled
receptorMas-receptor (MasR) to stimulate vasodilation and anti-
inflammatory effects. The expression of ACE2 has been described
in a number of tissues including the heart, kidneys, pancreas,
and both type I and type II alveolar epithelial cells (ATI, ATII)
in the lungs (74, 75). In addition to its well-known role in the
cardiovascular system, the RAS also plays a critical role in lung
function and disturbances to the ACE/ACE2 balance can lead to
pulmonary disease. Knock-out of ACE2 in mice results in severe
ARDS (76). In addition, ACE2 was shown to play an important

role in lung injury in mice infected with H5N1 (77) and also
infected with SARS-CoV-1 (78).

It has also become increasingly clear that ACE2 may play
an important role in metabolic regulation. Knock-out of the
ACE2 gene in mice resulted in a deficiency of pancreatic
insulin secretion that was partially countered by increased
glucose utilization in muscle (79, 80). Knock-down of ACE2
also compromises pancreatic function in obese mice (81). In
an experimental model in which a high-calorie diet induces
insulin resistance in mice, knock-down of ACE2 exaggerates
the insulin resistance by reducing glucose uptake into tissues
(82). Furthermore, overexpression of ACE2 improved glycaemic
control in a model of type II diabetes in mice (83). In addition
to SARS-CoV-2 directly infecting the pancreas via ACE2 and
causing transient diabetes (69) the interaction of the virus with
ACE2 could therefore have other effects to perturb the RAS and
further compromise metabolic control.

The levels of ACE2 have been reported to be decreased in some
experimental models of diabetes (84) and the loss of the counter-
regulatory protective effects of the RAS has been speculated
to potentiate lung damage. However, other reports indicate
increased levels of ACE2 in the heart, liver, and lungs of mice with
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diabetes (85) and it has been suggested that this could make these
tissues more vulnerable to SARS-CoV-2 infection and contribute
to an increased risk of MOF in patients with diabetes. Evidence
from humans indicate that levels of ACE2 in urine are increased
in patients with type I diabetes (86) and type II diabetes (87) and
positively related to blood glucose and HbA1c levels (88). It is not
yet clear however, whether increased ACE2 in the urine is due to
increased shedding of ACE2 in the kidney or whether it reflects
increased circulating or systemic tissue levels. However, increased
serum levels of ACE2 have been reported in subjects with diabetes
and obesity (89). Expression of ACE2 in sputum cells has also
been reported to be increased in subjects with diabetes and
to be decreased in subjects using inhaled corticosteroids (90).
Furthermore, a Mendelian Randomization study indicated that
diabetes was causally related to increased ACE2 expression in
lung tissue (91). An increase in ACE2 expressionwas also recently
reported in the kidney of patients with diabetic kidney disease
(92) and in the liver of patients with diabetes and also subjects
with non-alcoholic fatty liver, which is prevalent in subjects with
prediabetes (93). The weight of evidence therefore suggests that
ACE2 levels are probably increased in various tissues in humans
with diabetes and as evidence from cell biology suggests this may
increase viral entry, this implies that infection with SARS-CoV-2
may be increased in tissues such as the lung, liver and kidney.

Following binding of SARS-CoV to ACE2, the complex is
endocytosed and proteolyzed resulting in reduced tissue levels
of ACE2 (94–96). Consistent with a down-regulation of ACE2,
increased levels of AngII have been observed in patients with
COVID-19 and these correlated with viral load (97). The
increased levels of Ang II, together with potentially reduced
levels of Ang-(1-7), would shift the balance of RAS actions
to pro-inflammatory, rather than anti-inflammatory, resulting
in increased lung damage as has been shown in experimental
models of SARS (76, 78). However, it has recently been reported
that expression of ACE2 can be upregulated by inflammatory
cytokines (98) and this has also been reported to occur in
airway epithelium (99). The chronic inflammatory state found
in diabetes and obesity could facilitate viral infection via such a
mechanism. In addition, insulin decreases expression of ACE2
(85, 100) suggesting that metabolic regulators could play an
important role in affecting viral entry and/or in altering the
inflammatory response by shifting the balance in the RAS. It has
also been reported that the virus itself could upregulate ACE2
expression suggesting a positive feed-forward loop to enhance
infection (101).

THE TYPE II TRANSMEMBRANE SERINE
PROTEASE (TMPRSS2)

The virus interacts with ACE2 via a specific spike protein (S-
protein) projecting from its envelope. The S-proteins of SARS-
CoV viruses are typical class I viral fusion proteins that first need
to be cleaved by proteases to activate their fusion ability that
enables the virus to invade the host cell (70). The S protein is
cleaved into two subunits (S1 and S2); the S1 subunit is then
further divided into SA and SB domains, with the SB domain

predicted to bind to human ACE2. This is often referred to as
S-protein priming. The S2 subunit is responsible for fusion of
the virus–ACE2 complex with the cell membrane. The enzyme
responsible for S-protein priming and SARS-CoV-2 entry has
been identified as TMPRSS2 and a clinically approved TMPRSS2
inhibitor, Camostat, markedly reduced viral entry into cultured
lung cells (102). Similar results were reported previously for
SARS-CoV-1 cell entry (103).

Expression of TMPRSS2 has been described in epithelial
cells across a variety of tissues including prostate, colon, small
intestine, pancreas, kidney, liver, and lung (104). It has been
most studied in the prostate where it is strongly upregulated
by androgens via an androgen-responsive promoter enhancer
in the TMPRSS2 gene (105). Interestingly, it has also been
reported to be upregulated on lung cells by both androgens
and glucocorticoids (106). The strong androgen dependence
of TMPRSS2 could contribute to the increased risk for men
with COVID-19 (107). In addition to cleaving the S-protein,
TMPRSS2 also cleaves ACE2 resulting in shedding of its
ectodomain creating a soluble form of ACE2. This then competes
with the normal shedding of ACE2 due to cleavage by the
cell surface protease a disintegrin and metallopeptidase domain
17 (ADAM17) also known as tumor necrosis factor-converting
enzyme (TACE) (108). Cleavage and shedding of ACE2 by
ADAM17 prevents the action of TMPRSS2 to facilitate viral entry
and in addition the soluble shed ACE2 can still bind to the viral
S-protein and hence can compete with cell surface binding and
protect tissues from infection acting as a decoy receptor (103).
Although, as described above, a loss of the counter-regulatory
protective effects of the RAS may enhance the damage in already
infected lungs.

Whether TMPRSS2 has a role in metabolic regulation has yet
to be investigated. The TMPRSS2 inhibitor, Camostat, has been
reported to correct some of the metabolic abnormalities present
in rats with diabetes and obesity (109), however, it is not clear that
these effects were specific to inhibition of TMPRSS2.

LIPID RAFTS

Viral entry depends on an interaction between the virus S-
protein and both ACE2 and TMPRSS2 on host cell surfaces
and this occurs within organized domains called lipid rafts that
are rich in cholesterol and sphingolipids; agents that disrupt
lipid rafts prevent SARS-CoV-2 viral entry (110, 111). Lipid
rafts were previously shown to play a role in SARS-CoV-1
infection (112), specifically that the interaction of SARS-CoV-1 S-
protein with ACE2 occurred within lipid rafts (113). Indeed, lipid
rafts have previously been implicated as important cell surface
domains for the entry of other viruses (114, 115). An increase in
cholesterol increases the availability of SARS-CoV-2 viral entry
points (111). As cholesterol levels increase with aging and with
metabolic disorders this could contribute to their associations
with the severity of COVID-19. In addition, 7-ketocholesterol
(7-KC) and 25-hydroxycholesterol (25-HC; a major circulating
metabolite of cholesterol), can replace cholesterol in lipid rafts,
disrupting their organization and these oxysteroids have been
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reported to have anti-viral activity (116–119) including against
a porcine coronavirus (120). Inflammatory cytokines stimulate
the formation of 25-HC, which in turn, promotes adipose tissue
inflammation that is found in diabetes and obesity (121). The
targeting of cholesterol and lipid metabolism and distribution
has been proposed as a novel strategy for treating viral infections
(122). The need for clustering of ACE2 and TMPRSS2 within
organized domains in lipid rafts for viral entry could help
explain some of the seemingly discrepant reports that increased
ACE2 could facilitate infection, as described above, or actually
protect against infection (123). With ACE2 present as a soluble,
shed form that could act as a decoy-receptor and on cell
surfaces in raft and non-raft domains, the total abundance
may be less important than the localization and distribution
of ACE2.

CD147

In addition to the virus gaining entry to host cells via an
interaction of the viral S-protein with ACE2, viral entry has
also been reported to occur via an interaction between the
S-protein and CD147, with viral entry blocked by an antibody
to CD147 (124). Again, this route had previously been reported
for SARS-CoV-1 (125) and for other viruses including hepatitis
B, human cytomegalovirus, Kaposi’s sarcoma–associated
herpesvirus, measles and HIV-1 (126–128). In turn, viral
infection of host cells leads to upregulation of CD147 (129).

CD147, which is also known as Basigin or extracellular matrix
metalloproteinase inducer (EMMPRIN), is a transmembrane
glycoprotein that belongs to the immunoglobulin superfamily
(126). CD147 is expressed in a number of cells in the
lungs and its expression is increased in patients with chronic
obstructive pulmonary disease (COPD) (130) and at sites of
lung fibrosis (131). The expression of CD147 on the cell
surface is upregulated by high glucose levels and by AGEs,
via activation of RAGE, and has been suggested to play a
role in diabetic complications (132). On cell surfaces CD147
is found within lipid rafts associated with caveolin-1 (133).
In addition, HMG-CoA reductase inhibitors, statins, inhibit
the cholesterol biosynthesis pathway and disrupt lipid raft
composition resulting in a reduction of CD147 translocation to
the cell surface (134). In addition to playing a role in viral entry,
CD147 has a role in the immune response by modulating T-
cell activation (135). One of the other prime functions of CD147
appears to be as a chaperone for monocarboxylate transporters
(MCTs) that facilitate the transport of monocarboxylates such
as lactate across the plasma membrane (136). In addition,
CD147 is colocalized and associates with the glucose transporter,
GLUT1, on cell surfaces (137) and an increase in CD147
is accompanied by an increase in GLUT1 and a switch to
more glycolytic metabolism (138). Therefore, CD147 appears
to be an important determinant of cell metabolism and in
addition to facilitating SARS-CoV-2 entry and modulating the
immune response, the virus interaction with CD147 could affect
cell metabolism.

GLUCOSE-REGULATED PROTEIN 78
(GRP78)

A further important component in viral entry appears to be
GRP78. Molecular modeling predicts that the SARS-CoV-2 S-
protein should bind to GRP78 with high affinity (139). This
would be consistent with a previous report that GRP78 bound to
the S-protein of other coronavirus and was permissive for their
entry to host cells, including MERS-CoV and HKU9 (140). The
most well-established role of GRP78 is as a protein chaperone
that ensures the correct folding and assembly of proteins in the
endoplasmic reticulum (ER) and in the event of accumulation
of misfolded proteins aids their degradation or initiates the
unfolded protein response (UPR) or the ER stress response
(141, 142). The chaperone role of GRP78 acts not only in the ER
but also to chaperone proteins entering the cell via endocytosis
(143). As viral proteins are foreign to host cells, viruses that
acquired an ability to engage with host cell chaperones and
disrupt the process designed to degrade unrecognized proteins
would have gained a clear advantage. As such GRP78 binding
appears to be have been commonly acquired by many viruses to
not only ensure safe entry to host cells but also to facilitate viral
replication. When a cell starts to make new viral proteins, it is
an advantage for the virus if these are not immediately degraded.
Infection with Coxsackievirus A9 (CAV-9) causes clustering of
GRP78 with integrin receptors within lipid rafts on host cell
surfaces which together then facilitate viral entry (144). The
endocytosis of Zika virus is also facilitated by cell surface GRP78
(145). Similarly, GRP78 acts as a receptor for Dengue virus
and antibodies to GRP78 could inhibit infection (146). Denge
virus induces increased expression of GRP78 in host cells which
then acts as a chaperone to facilitate viral protein production
and viral replication (147). Similarly, Japanese Encephalitis Virus
not only employs GRP78 as a receptor for host cell entry but
also in facilitating viral replication (148). Although binding to
GRP78 appeared not to be required for the entry of Ebola virus
into host cells, it did play an essential role in viral protein
transcription (149).

While GRP78 belongs to the heat shock protein 70 (HSP70)
family, rather than being induced by heat shock it is induced
by metabolic stress and was named due to observations of its
induction by glycaemic stress (142, 150). The significance of
the metabolic regulation of GRP78 is still far from being fully
understood. However, it is clear that metabolic disturbances can
have profound effects on the expression and functions of GRP78.
Cell surface GRP78 can be shed and circulating GRP78 levels
were found to be increased in subjects with diabetes and obesity
and to correlate with CRP levels, suggesting that the chronic
inflammation could be a contributing factor to the observed
increase in addition to the metabolic stress (151). Indeed, as
well as induction by metabolic stress, inflammatory cytokines
also appear to stimulate the translocation of GRP78 to cell
surfaces (152). Accumulation of AGEs can also induce GRP78
via activation of RAGE (153, 154). In a cell model of diabetic
nephropathy high glucose was shown to upregulate cell surface
GRP78 where it associated with integrin receptors and enhanced
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a fibrotic response (155). Androgens have also been reported
to upregulate GRP78 (156, 157) and this could be a further
contributing factor to the increased risk of COVID-19 in males.
Other relevant functions of cell surface GRP78 are its ability to
bind and stabilize ADAM17 (158) and also bind to tissue factor
and regulate the initiation of coagulation (159).

The chaperone role of GRP78 acts not only in the ER but also
to chaperone proteins entering the cell via endocytosis (143). It
seems that viruses have commonly acquired an ability to bind to
GRP78 and hijack its chaperone function to both facilitate entry
to host cells and to enable the production and assembly of viral
proteins. The role of GRP78 in SARS-CoV-2 infections has yet
to be defined although in a clinical study serum levels of GRP78
were found to be elevated in patients admitted with COVID-19
compared to patients with pneumonia or healthy controls (160).
The available evidence indicates that GRP78 is increased and is
translocated to cell surfaces in patients with metabolic disorders
and this could play an important role in viral entry to host cells
and in viral replication, as well as contributing to the fibrotic and
coagulation responses.

CLINICAL IMPLICATIONS

There are a number of implications from these observations.
Reducing excess weight gain and improving metabolic health, in
addition to all of the obvious well-known health benefits, may
help prevent against a severe COVID-19 response to infection.
Special protection/shielding should be provided to those with
pre-existing obesity and diabetes. However, in contrast to the
implication that the androgen dependence of COVID-17 severity
may offer a strategy for using counter-measures to protect
against COVID-19 (161), the metabolic effect needs more careful
consideration. The management of metabolic control in critically
ill patients is much more challenging than in those not acutely
ill and many of the normal drugs used in diabetes are counter-
indicated, with insulin being the most appropriate therapy (162).
In addition, there are good reasons why glucocorticoids, which
may seem counter-indicated, may actually be very beneficial
in critically ill patients (46). In addition, the intense focus on
SARS-CoV-2 has led to many advances in our understanding of
the viral pathway that could provide new targets for developing
more effective therapies against this and other viruses. The use

of statins may have several benefits: the disruption of lipid raft
composition (134) could reduce the various pathways of viral
entry (163). In addition, statins have general anti-coagulant and
anti-inflammatory effects (163); the latter could be particularly
beneficial in combination with glucocorticoids in critically ill
patients (46).

SUMMARY

The consequences of adopting a lifestyle, consuming excess
calories with limited physical activity, are the metabolic
derangements culminating in diabetes and obesity that are now
at pandemic levels throughout the West. It has become clear
that these conditions predispose individuals to severe COVID-
19 that is caused by a virus spreading from the East, that
in the majority of cases causes mild influenza-like symptoms.
There are many consequences of diabetes and obesity that may
accentuate the clinical response to SARS-CoV-2 infection. These
include an impaired immune response, an atherothrombotic
state, accumulation of AGEs activating RAGE and especially the
pre-existing chronic inflammatory state. The later could prime
an exaggerated cytokine response to viral infection, predisposing
to the cytokine storm that triggers progression to septic shock,
ARDS, and MOF.

In addition, to all of these factors that may contribute to
these metabolic conditions exacerbating the clinical course of
COVID-19, there are more fundamental mechanisms that may
contribute to facilitating the viral infection. Infection leads to
an inflammatory response and tissue damage and this results in
increasedmetabolic activity. This is associated with an increase in
the mechanisms by which cells ingest and degrade tissue debris
and foreign materials. It appears that viruses have acquired the
ability to exploit these mechanisms to invade cells and facilitate
their own life-cycle. In obesity and diabetes these mechanisms are
chronically activated due to the perturbed metabolism and this
may provide an increased opportunity for a more profound and
sustained viral infection.
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Background: Diabetes has been found to increase severity and mortality under the

current pandemic of coronavirus disease of 2019 (COVID-19). Up to date, the clinical

characteristics of diabetes patients with COVID-19 and the risk factors for poor clinical

outcomes are not clearly understood.

Methods: The study was retrospectively carried out on enrolled diabetes patients with

laboratory confirmed COVID-19 infection from a designatedmedical center for COVID-19

from January 25th, 2020 to February 14th, 2020 in Wuhan, China. The medical record

was collected and reviewed. Univariate and multivariate analyses were performed to

assess the risk factors associated with the severe events which were defined as a

composite endpoint of admission to intensive care unit, the use of mechanical ventilation,

or death.

Results: A total of 52 diabetes patients with COVID-19 were finally included in the

study. 21 (40.4%) patients had developed severe events in 27.50 (IQR 12.25–35.75)

days follow-up, 15 (28.8%) patients experienced life-threatening complications and

8 patients died with a recorded mortality rate of 15.4%. Only 13 patients (41.9%)

were in optimal glycemic control with HbA1c value of < 7.0%. In addition to

general clinical characteristics of COVID-19, the severe events diabetes patients

showed higher counts of white blood cells and neutrophil, lower lymphocytes

(40, 76.9%), high levels of hs-CRP, erythrocyte sedimentation rate (ESR) and

procalcitonin (PCT) as compared to the non-severe diabetes patients. Mild higher

level of cardiac troponin I (cTNI) (32.0 pg/ml; IQR 16.80–55.00) and D-dimer

(1.70 µg/L, IQR 0.70–2.40) were found in diabetes patients with severe events as

compared to the non-severe patients (cTNI:20.00 pg/ml, IQR5.38–30.00, p = 0.019;

D-dimer: 0.70 µg/L, IQR 0.30–2.40, p = 0.037). After adjusting age and sex,

increased level of cTNI was found to significantly associate with the incidence
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of severe events (HR: 1.007; 95% CI: 1.000–1.013; p = 0.048), Furthermore, using

of α-glucosidase inhibitors was found to be the potential protectant for severe events

(HR: 0.227; 95% CI: 0.057–0.904; p = 0.035).

Conclusion: Diabetes patients with COVID-19 showed poor clinical outcomes.

Vigorous monitoring of cTNI should be recommended for the diabetes patients with

COVID-19. Usage of α-glucosidase inhibitors could be a potential protectant for the

diabetes patients with COVID-19.

Keywords: SARS-CoV-2, COVID-19, Diabetes Mellitus, risk factors, severe clinical events

INTRODUCTION

Since late December 2019, a number of pneumonia cases
caused by a novel coronavirus named Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) has been reported
in Wuhan, China. The resultant disease from SARS-CoV-2
infection is named as Coronavirus Disease of 2019 (COVID-19)
by the World Health Organization (WHO) (1). The COVID-19
pandemic has so far spread to all continents. By April 10th, the
COVID-19 had caused over 1,521,252 infections with over 92,798
deaths globally (2).

Studies have shown that patients with Diabetes Mellitus (DM)
are more susceptible to infectious diseases, including pneumonia
(3). Indeed, in human Severe Acute Respiratory Syndrome
(SARS) andMiddle East Respiratory Syndrome (MERS) patients,
diabetic groups were associated with higher mortality than their
other counterparts (4, 5). Furthermore, SARS-CoV-2 was found
to be a clade from the betacoronaviruses associated with the SARS
and MERS-CoV (6).

Previous studies have reported increased severity and
mortality on COVID-19 patients with diabetic history (7, 8).
However, up to now, only a few studies have focused on the
risk factors affecting the prognosis of diabetes patients with
COVID-19. Zhu et al. found that a well-controlled blood glucose
level (3.9–10.0 mmol/L) was associated with lower mortality as
compared to individuals with poorly controlled blood glucose
level (>10.0 mmol/L) in patients with COVID-19 and those
with pre-existing type 2 Diabetes (9). However, the critical issues
concerning treatment principles have remained unclear. Indeed,
what risk factors are specific for diabetes patients with COVID-19
infection indicating their clinical progression and outcome, and
whether the different anti diabetic therapies potentially affected
the clinical course of the COVID-19 patients are still unclear
(10). In this regard, this study was aimed at describing the
clinical features of diabetes patients with COVID-19 infection
and investigating the risk factors influencing the prognosis,
especially the impact of different anti-diabetic drugs, through a
mono-centered retrospective cohort study.

METHODS

Study Design
A retrospective cohort study was undertaken on diabetic patients
with COVID-19 infection in Central Hospital of Wuhan,
a designated medical institution in SARS-CoV-2 infection.

We reviewed the medical records of 563 patients with COVID-19
who were admitted in the general ward between January 25th,
2020 and February 14th, 2020, early in this outbreak. After
excluding the non-diabetic patients (n = 496) as well as those
lacking the required important clinical data (n= 15), 52 patients
were included in the study. The following clinical retrospective
data was retrieved from the medical records; demographic
features, clinical evaluation, laboratory tests, chest CT, therapies
and outcomes. Additionally, composite endpoint for severe
clinical events such as admission to Intensive Care Unit (ICU),
the need for mechanical ventilation, or death, were followed-up
to April 1st 2020. Two physicians (N.L. and M.Z.) independently
collected and reviewed the data. The included patients were
classified into severe group and non-severe group, based on
whether the individuals experienced the severe clinical events.
The risk factors associated with the incidence of severe events
were analyzed within the study cohort.

This study was approved by the Ethics Committee of Central
Hospital of Wuhan and written informed consent was waived
due to the rapid spread and the emergency status of this
infectious disease.

Study Definition
COVID-19 was diagnosed based on the criteria of WHO with a
confirmed SARS-CoV-2 RNA detection in nasopharyngeal swabs
(7). The diagnosis of DMwas according to the criteria of the 2020
American Diabetes Association (11). Acute Respiratory Distress
Syndrome (ARDS) were diagnosed according to the interim
guidance of WHO for COVID-19 (12). Chronic Kidney Disease
(CKD) and Acute Renal Injury (AKI) were diagnosed based on
the 2012 Kidney Disease Improving Global Outcomes (KDIGO)
guideline (13). Acute Myocardial Infarction (AMI) were defined
based on the 2017 European Society of Cardiology (ESC) clinical
guidelines (14).

Laboratory Procedures and Chest CT
Laboratory confirmation method for SARS-CoV-2 infection
followed the WHO guidelines (1). Nasopharyngeal swabs were
tested for SARS-CoV-2 RNA on admission and throughout
the clinical course. Laboratory detection of the viral RNA in
the swabs was determined by Real-Time reverse-transcriptase
Polymerase-Chain-Reaction (RT-PCR) assay as previously
described (7). Laboratory tests to evaluate the status of DM
included the Fasting Plasma Glucose (FPG), 2 h Post-challenge
Glucose (2 h-PG), Hemoglobin A1c(HbA1c), blood Total
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Cholesterol (TC), High-Density Lipoprotein Cholesterol
(HDL-C), Low-Density Lipoprotein Cholesterol (LDL-C) and
Triglycerides Levels (TG). Plasma glucose was measured by
hexokinase enzymatic method. Blood samples were drawn
before breakfast after an overnight fasting of at least 10 h for FPG
and 120min after breakfast for 2 h-PG. HbA1c was performed
by using an ultra-high performance liquid chromatograph
(UHPLC Nexera X2, Kyoto, Japan). The other routine blood
tests performed on admission included; complete blood count,
arterial blood gas analysis, serum biochemical tests [renal and
liver function, Creatine Kinase (CK), Lactate Dehydrogenase
(LDH)], inflammatory biomarkers [high sensitive C Reaction
Protein (hsCRP), PCT and Interleukin-6 (IL-6)], cardiac
troponin I(cTnI) and D-dimer. To evaluate the COVID-19
pneumonia, chest CT was acquired for all patients following
local protocols.

Statistical Analysis
Continuous and categorical variables were presented as median
Interquartile Range (IQR) and N (%), respectively. Mann
Whitney U-test, χ² test, or Fisher’s exact test was applied to
compare, where appropriate, the differences between the severe
group and the non-severe group. Survival curve on severe event-
free survival was presented. Cox proportional-hazard models
were used to estimate the Hazard Ratios (HR) and the associated
95% confidence interval (95%CI) for both the univariate and
multivariate analysis. In multivariate analysis, White Blood cell
(WBC) counts, hs-CRP, CK, LDH, and ESR were excluded for
collinearity. Eventually, age, gender, Fasting Plasma Glucose
(FPG) levels, cTnI and using of α-GI were included as covariates
in the Cox proportional-hazard models of α-GI for severe
events, respectively. Interactions with prognostic factors were
also examined with the COX proportional-hazards model. All
tests were two-sided, and differences with a p < 0.05 were
considered statistically significant. All analyses were performed
using SPSS version 22.0 software, EmpowerStats (R) (X&Y
solutions, Inc., Boston, MA) and R (http://www.R-project.org).

RESULTS

Demographic and Clinical Characteristics
of Severe and Non-severe DM Patients
With COVID-19
Five hundred and sixty three patients with COVID-19 were
admitted in general ward of Central Hospital of Wuhan between
January 25th, 2020 and February 14th, 2020. After excluding
the non-diabetic patients (n = 496) as well as those lacking
the required important clinical data (n = 15), 52 patients were
included in the final analysis.

According to the level of occurred severe clinical events, the
patients were divided into severe group (n = 21) and non-severe
group (n= 31).

Baseline characteristics of the 52 diabetic patients with
COVID-19 are present in Table 1. The diabetic patients (9.2%)
were from the 563 COVID-19 patients admitted in Central
Hospital of Wuhan between January 25th, 2020 and February

14th, 2020. 33 (63.5%) patients were males with median age of
65.50 years (IQR 61.00–72.75). All the patients were diagnosed
with type 2 DM and median duration for the disease occurrence
on the studied diabetic patients was 10.00 years (IQR 1.25–
15.00). In addition to DM, 36 (69.2%) patients had at least one
or more other coexisting chronic diseases (Table 1). Thirty four
patients (65.4%) and 14 patients (26.9%) had history of essential
hypertension and coronary artery disease (CHD), respectively.
Furthermore, there was a borderline significant difference in
a comorbidity of CHD between two groups (42.9% in severe
group vs. 16.1% in non-severe group, p = 0.055). It was also
found that 22 (42.3%) patients had developed at least one long-
term complication of DM prior to the COVID-19 infection.
Among the complications, the most common complication was
arteriosclerosis (18, 34.6%), followed by diabetic nephropathy
(12, 23.1%), then diabetic retinopathy (3, 5.8%) and lastly
diabetic foot (1, 1.9%). In the studied cohort, the most common
symptoms of the DM patients with COVID-19 on admission
were fever 45 (86.5%), dry cough 41 (78.8%), fatigue 32 (61.5%)
and dyspnea 22 (42.3%). During the hospitalization time, FPG
was monitored in each patient and median value of 8.88 mmol/L
(IQR 7.31–11.51) was recorded. HbA1c test was available on
31 patients (59.6%) and median value of 7.2% (IQR 6.5–8.0%)
was recorded. Among the patients with HbA1c test, 13 patients
(13/31, 41.9%) were in optimal glycemic control with HbA1c
at 6–7%, while 18 patients (18/31, 58.1%) were in poor control
with HbA1c of above 7% (Table 1). 2 h-PG was tested in 20
patients (38.4%) and median level of 14.80 mmol/L (IQR 11.34–
16.38) was recorded. A borderline difference in 2 h-PG was
found between two groups (15.20 mmol/L [13.30–18.60] in non-
severe group vs. 11.46mmol/L [10.39–15.65] in severe group, p=
0.053). No significant differences occurred in gender, age, disease
course of DM, FPG, HbA1c and blood lipid levels between the
two groups.

Laboratory Findings
Laboratory results for the admitted diabetic patients with
COVID-19 infection are shown in Supplementary Table 1. The
blood counts showed higher counts of leukocytes 7.25 ×

109/L (IQR 4.87–8.99) and neutrophil counts 6.68 × 109/L
(IQR 4.73–8.34) within the severe events diabetic patients with
COVID-19 infection as compared to the values of non-severe
group (leukocytes 5.26 × 109/L [IQR 3.24–7.18]; neutrophil
counts 3.93 × 109/L, [IQR 1.98–6.08]), the difference was
statistically significant (p < 0.05). Specifically, the neutrophil
counts of the severe patients (6.68 × 109/L, IQR 4.73–8.34)
was higher than the expected normal range. Lymphopenia
was frequently found in the diabetic patients with COVID-
19 infection (40, 76.9%), without a different between severe
and non-severe diabetic patients with COVID-19. There were
numerous abnormal infection-related biomarkers in sera of the
diabetic patients, hs-CRP, ESR, PCT, and IL-6 were beyond
the normal range. Furthermore, the value of hs-CRP, ESR and
PCT in the severe patients were significantly higher than those
value in non-severe patients (p < 0.05). The difference in IL-6
values between the severe and non-severe patients was borderline
significant (p= 0.067).
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TABLE 1 | Demographic and clinical characteristics of severe and non-severe diabetic patients with COVID-19.

Total (n = 52) Severe (n = 21) Non-severe (n = 31) p-value

Male, n (%) 33 (63.5) 14 (66.7) 19 (61.3) 0.774

Age (years) 65.50 (61.00-72.75) 70.00 (62.50–75.50) 65.00 (59.00–71.00) 0.164

BMI (Kg/m2) 24.67 (22.35–26.56) 24.34 (22.85–27.03) 24.67 (21.48–26.34) 0.995

Smokers, n (%) 15 (28.8) 5 (23.8) 10 (32.3) 1.000

DM history (years) 10.00 (1.25–15.00) 5.00 (1.00–15.00) 10.00 (5.00–15.00) 0.136

Comorbidities, n (%) 36 (69.2) 14 (66.7) 22 (71.0) 0.768

EH 34 (65.4) 14 (66.7) 20 (64.5) 1.000

CHD 14 (26.9) 9 (42.9) 5 (16.1) 0.055

CKD 3 (5.8) 2 (9.5) 1 (3.2) 0.558

Complications of DM, n (%) 22 (42.3) 11 (52.4) 11 (35.5) 0.263

ASCVD 18 (34.6) 9 (42.9) 9 (29.0) 0.217

Diabetic nephropathy 12 (23.1) 5 (23.8) 7 (22.6) 1.000

Diabetic retinopathy 3 (5.8) 0 3 (9.7) 0.271

Diabetic foot 1 (1.9) 1 (4.8) 0 0.392

Clinical features

Fever, n (%) 45 (86.5) 18 (85.7) 27 (87.1) 1.000

Cough, n (%) 41 (78.8) 18 (85.7) 23 (74.2) 0.491

Dyspnea, n (%) 22 (42.3) 12 (57.1) 10 (32.3) 0.093

Nausea or vomiting, n (%) 19 (36.5) 5 (23.8) 14 (45.2) 0.149

Days from onset to Hospital admission 7.00 (6.00–13.25) 7.00 (5.00–17.00) 8.00 (6.00–14.00) 0.587

SBP (mmHg) 128.00 (120.00–142.00) 130.00 (120.00–145.75) 126.00 (120.00–135.00) 0.339

DBP (mmHg) 78.00 (70.00–85.00) 77.50 (70.00–85.00) 78.00 (72.00–85.00) 1.000

HbA1c (%)a 7.20 (6.50–8.00) 6.75 (6.30–7.63) 7.20 (6.55–9.25) 0.263

HbA1c ≥ 7%, n (%) 18 (34.6) 4 (19.0) 14 (45.2) 0.247

FPG (mmol/L, 3.9–6.1*) 8.88 (7.31–11.51) 8.20 (6.77–11.00) 9.00 (7.26–11.03) 0.424

2 h-PG (mmol/L, <7.8*)b 14.80 (11.34–16.38) 11.46 (10.39–15.65) 15.20 (13.30–18.60) 0.053

TC (mmol/L; <5.18*) 3.71 (3.26–4.59) 3.92 (2.82–4.62) 3.71 (3.29–4.66) 0.733

TG (mmol/L; <1.7*) 1.15 (0.88–1.68) 1.26 (0.83–1.71) 1.11 (0.87–1.64) 0.655

HDL-C (mmol/L; >1.04*) 0.95 (0.75–1.21) 0.82 (0.58–1.21) 1.01 (0.80–1.26) 0.436

LDL-C (mmol/L; <3.37*) 2.14 (1.63–2.80) 1.95 (1.54–2.82) 2.17 (1.76–2.78) 0.524

eGFR (ml/min/1.73 m2; 90–120*) 116.44 (75.53–140.91) 112.77 (57.86–170.35) 118.08 (77.07–138.02) 0.861

Proteinuria, n (%)c 9 (17.3) 5 (23.8) 4 (12.9) 0.457

eGFR, estimated glomerular filtration rate; ASCVD, atherosclerotic cardiovascular disease.

Proteinuria defined as the urine protein qualitative test showed positive in the urine routine examination.
adata available in 31 patients; bdata available in 20 patients; cdata available in 29 patients; *Normal range.

Moderately higher level of cTnI (32.0 pg/ml; IQR 16.80–55.00)
was found in patients with severe events as compared to the
non-severe patients (20.00 pg/ml, IQR5.38–30.00, p = 0.019).
Mild increased D-dimer (1.00 µg/L, IQR 0.50–2.40) was also
found in the diabetic patients with COVID-19 co-infection, with
significantly higher level in the severe patients (1.70 µg/L, IQR
0.70–2.40) as compared to the non-severe patients (0.70 µg/L,
IQR 0.30–2.40, p < 0.05). Urine routine test was available on
29 patients (55.8%) and 9 (17.3%) patients was positive for
proteinuria. The arterial blood gas analysis showed significantly
lower PaO2 values (61.50 mmHg, IQR 52.8–77.8) in the severe
patients than value in the non-severe patients (88.50mmHg, IQR:
66.80-123.50, p < 0.05).

Radiology findings of chest CT for diabetic patients with
COVID-19 on admission are similar to the previous report (7),
shown in Supplementary Table 1. There was no difference in CT

imaging patterns between the severe and the non-severe cases.
Bilateral involvement in lungs (47, 90.4%) was more common
than unilateral involvement (5, 9.6%). Ground-glass opacities
(45, 86.5%) and patchy consolidation (25, 48.1%) were the
common CT imaging pattern on the studied patients.

Treatment, Complications, and Outcome of
Severe and Non-severe Diabetic Patients
With COVID-19
Treatment and clinical outcome of diabetic patients with
COVID-19 are shown in Table 2. In total, 8 (15.4%) patients
were put on non-invasive mechanical ventilation and 5 (9.6%)
patients had endotracheal intubation and invasive ventilation
under progressive hypoxia. 12 (23.1%) of the patients were
admitted to ICU as the disease progressed. As of 1st April 2020,
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TABLE 2 | Treatment and clinical outcomes of severe and non-severe diabetic

patients with COVID-19.

Total

(n = 52)

Severe

(n = 21)

Non-severe

(n = 31)

p-value

Treatment

Oxygen therapy, n (%)

23 (44.2) 13 (61.9) 10 (32.3) 0.002

Non-invasive 8 (15.4) 8 (38.1) 0 <0.001

Invasive 5 (9.6) 5 (23.8) 0 <0.001

ECMO 0 0 0

Admission to ICU, n (%) 12 (23.1) 12 (57.1) 0 <0.001

DM therapy, n (%)

Insulin 24 (46.2) 7 (33.3) 17 (54.8) 0.159

α-GI 24 (46.2) 5 (23.8) 19 (61.3) 0.021

Metformin 15 (28.8) 5 (23.8) 10 (32.3) 0.754

DPP4 inhibitor 4 (7.7) 1 (4.8) 3 (9.77) 1.000

Thiazolidinedione 2 (3.8) 2 (9.5) 0 0.149

Sulfonylurea

secretagogue

2 (3.8) 0 2 (6.5) 0.514

Non-sulfonylurea

secretagogue

2 (3.8) 1 (4.8) 1 (3.2) 1.000

Complications, n (%) 15 (28.8)

ARDS 11 (21.2) 9 (42.9) 2 (6.5) 0.002

Septic shocka 5 (9.6) 5 (23.8) 0 0.008

Acute kidney injuryb 4 (7.7) 4 (19.0) 0 0.022

AMIc 1 (1.9) 1 (4.8) 0 0.404

days form onset to severe

event

11.00

(8.50-16.50)

11.00

(8.50-16.50)

NA. NA.

Death 8 (15.4) 8 (38.1) 0 <0.001

ECMO, extracorporeal membrane oxygenation; α-GI, α-Glucosidase inhibitor; DPP4,

dipeptidyl peptidase-4; ARDS, acute respiratory distress syndrome; AMI, acute

myocardial infarction; NA, not available.
aThree patients had ARDS by co-incidence.
b Two patients had ARDS by co-incidence.
c One patient had ARDS by co-incidence.

21 (40.4%) of the patients had developed severe clinical events,
23.1% were admitted to ICU, 28.8% experienced life-threatening
complications and 8 patients died, with the recorded mortality
rate of 15.4%.

49 (94.2%) diabetic patients had at least one antiviral
agent subscription, such as arbidol (21, 40.4%), ribavirin (29,
51.9%), and ganciclovir (4, 7.7%). Empirical antibiotic was given
to most of the patients (47, 90.4%). Systemic corticosteroid
(34, 65.4%) and intravenous immunoglobin (20, 38.5%) were
also given to the patients. There was no difference in all
the medicines provided to the both the severe and the
non-severe cases.

Treatment information for DM are also shown in Table 2.
42 (80.8%) patients received hypoglycemic therapy, 8 (15.4%)
patients used insulin only, 17 (32.7%) patients used one or more
types of oral hypoglycemic drugs while 17 (32.7%) patients
used oral hypoglycemic drug combined with insulin. Oral
hypoglycemic drugs used included α-glucosidase inhibitors
(α-GIs) (24, 46.2%), metformin (15, 28.8%), sulfonylurea
secretagogues (2, 3.8%), non-sulfonylurea secretagogues
(2, 3.8%), dipeptidyl peptidase 4 (DPP4) inhibitors (4, 7.7%)

and thiazolidinediones (2, 3.8%). The proportion of α-GI was
significantly higher in the non-severe cases as compared to the
severe cases (61.3%vs23.8%, p= 0.021).

The most common complication on diabetic patients with
COVID-19 was ARDS (11, 21.2%), followed by septic shock
(5, 9.6%), then acute kidney injury (4, 7.7%) and lastly AMI
(1, 1.9%). From the 52 diabetic patients, 8 (15.4%) patients died
within a median time of 10.5 days (IQR 9.0–13.0) from the
admission day to the day of death. The cause of death included
ARDS (8, 15.4%), followed by septic shock (2, 3.8%) and lastly
AMI (1, 1.9%).

Risk Factors for Developing Severe Event
by Univariate and Multivariate Analysis
Results of univariate analysis are shown in Table 3. In univariate
analysis, Cox proportional hazards model was used to access the
association between the clinical factors and the severe clinical
events. TheWBC counts, neutrophil counts, LDH levels, creatine
kinase levels, hsCRP levels, ESR levels, IL-6 levels and use of α-
GI were all significantly associated with severe events (p < 0.05).
The cTnI levels had a higher association risk of developing severe
events with a borderline statistical significance (p= 0.097).

Results of multivariate analysis on the risk of severe clinical
events are shown onTable 4. After being adjusted in regard to age
and gender in themultivariate adjusted Cox proportional hazards
model, cTnI and α-GI were observed to be meaningful factors
associated with the occurrence of severe events. Diabetic patients
with COVID-19 who had elevated levels of cTnI had a significant
increased risk of developing severe events (HR = 1.01, 95%CI:
1.0–1.01, p = 0.048). Diabetic patients with COVID-19 infection
who were using α-GIs had 72% lower risk (HR: 0.23; 95% CI:
0.06–0.90; p = 0.035) of severe clinical events than those not
using α-GIs. The survival curve for severe clinical events based
on α-GIs usage are shown in Figure 1.

DISCUSSION

In the present study, the clinical characteristics of 52 diabetic
patients with COVID-19 from a designated hospital in Wuhan,
China are described, and the risk factors associated with severe
clinical events which were defined as the patients’ admission to
ICU, the use of mechanical ventilation, or death are investigated.
At the follow-up endpoint, 40.4% of the patients developed
severe events, 23.1% were admitted to ICU, 28.8% had life-
threatening complications, and 8 patients finally died with a
recorded mortality rate of 15.4%.

Diabetic patients with COVID-19 infection in the studied
cohort were found to partly share similar clinical features with the
general population such as; typical symptoms of fever, dry cough,
fatigue and dyspnea, along with lymphopenia and high level of
infection biomarkers, including hs-CRP and IL-6 (7). However,
diabetic patients presented character of higher leucocyte and
neutrophil counts, especially in the severe events patients, which
were different with the leukopenia frequently found in the general
population (7). In addition, for infection-related biomarkers,
especially for PCT, the severe events cases had significantly higher
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TABLE 3 | Univariate analysis of the severe events in diabetic patients

with COVID-19.

Variables Univariate analysis

HR 95% CI p-value

Gender (female vs. male) 0.86 0.35–2.14 0.748

Age (years) 1.03 0.98–1.08 0.202

DM history (years) 0.96 0.90–1.03 0.289

FPG (mmol/L) 0.98 0.84–1.14 0.761

HbA1c (%) 0.70 0.42–1.16 0.169

BMI (Kg/m2) 0.99 0.83–1.18 0.936

HDL-C (mmol/L) 0.43 0.08–2.21 0.31

LDL-C (mmol/L) 0.93 0.48–1.80 0.826

TC (mmol/L) 0.87 0.58–1.30 0.485

TG (mmol/L) 0.97 0.71–1.32 0.829

Comorbidity

EH 0.93 0.37–2.31 0.876

CHD 2.20 0.92–5.23 0.075

CKD 1.94 0.45–8.38 0.373

DM therapy

Insulin 0.50 0.20–1.25 0.138

Metformin 0.73 0.26–2.00 0.537

Thiazolidinedione 5.00 1.14–21.93 0.033

α-GI 0.28 0.10–0.76 0.013

Non-sulfonylurea secretagogue 1.26 0.17–9.41 0.824

DPP4 inhibitors 0.61 0.08–4.59 0.635

Complications

ASCVD 1.30 0.54–3.14 0.558

Diabetic nephropathy 1.11 0.40–3.05 0.845

Diabetic foot 3.47 0.45–26.55 0.231

Laboratory findings of COVID-19

WBC (×109/L) 1.14 1.01–1.27 0.029

LYM (×109/L) 1.08 0.75–1.56 0.677

NEU (×109/L) 1.02 1.00–1.04 0.030

TBil (µmol/L) 1.07 0.98–1.18 0.132

DBil (µmol/L) 1.16 0.97–1.39 0.101

LDH (U/L) 1.00 1.00–1.01 0.006

CK (U/L) 1.01 1.00–1.01 0.048

D-Dimer (µg/L) 1.02 0.97–1.08 0.413

hsCRP (mg/L) 1.01 1–1.02 0.006

PCT (ng/mL) 1.60 0.37–6.96 0.531

cTnI (pg/mL) 1.005 0.999–1.011 0.097

ESR (mm/h) 1.03 1–1.06 0.026

IL-6 (pg/mL) 1.01 1–1.01 0.022

levels than those of non-severe cases. Combined with the features
of higher leucocyte and neutrophil counts, the higher PCT
indicated elevated risks of systemic infection and sepsis in the
diabetic patients with COVID-19 infection in the studied cohort.

Furthermore, a recent comparative study had showed that
even the diabetic patients with optimal control (HbA1c 6–7%)
had an elevated risk of serious infection as compared to patients
without diabetes, and the risks rose with increasing HbA1c (15).
Majority of the diabetic patients were considered to experience

TABLE 4 | Multivariate analysis for the risk of severe events in DM patients with

COVID-19 co-infection.

Clinical factors Multivariate analysis

HR 95% CI p-value

Gender 1.930 0.546–6.819 0.307

Age 1.016 0.962–1.074 0.568

FPG 1.005 0.855–1.181 0.953

cTnI 1.007 1.000–1.013 0.048

α-GI 0.227 0.057–0.904 0.035

relatively poor glycemic control in the studied cohort. Among the
patients withHbA1c test, 58.1%were in poor control withHbA1c
of above 7%, which would increase the baseline infection risk as
well as the incidence of sepsis.

In the studied cohort, increasing cTnI level was significantly
associated with the occurrence of severe clinical events. cTnI
is a sensitive biomarker of cardiac injury in variety situation,
and was discovered as an important prognostic factor for the
patients with COVID-19 infection (16). The mechanism of
cardiac injury in COVID-19 was not fully understood, and may
be though to be probably related to the presence of underlying
CHD, hypoxemia, myocarditis, AMI or septic shock (17). It
was noted that 26.9% of the diabetic patients in the studied
cohort had a comorbidity of CHD, and the severe events cases
had a borderline of higher proportion as compared to the non-
severe cases. Endothelial injury is the pathophysiological basis of
diabetic vascular disease, and oxidative stress and inflammatory
injury play an important role in it. SARS-CoV-2 infects the
host through the angiotensin converting enzyme 2 (ACE2)
receptor, which is expressed in several organs, including the
lung, heart and kidney. ACE2 receptors are also expressed
by endothelial cells. Varga et al. (18) indicated the evidence
of direct infection of the endothelial cell by the SARS-CoV-
2. For the patients with pre-existing endothelial dysfunction
and with cardiac dysfunction, which were common in diabetic
condition, the cardiac injuries were more severe and the
prognosis was worse.

Due to lack of effective therapy for the pandemic, there has
been an urgent need for potential agents that can act against the
deadly and infectious SARS-CoV-2. The investigation provided
interesting information that α-GI could be an independent
protector for clinical outcome in diabetic patients with COVID-
19 infection. Moreover, the protecting effect is obvious even
though only a small portion of α-glucosidase inhibitor is
absorbed into circulation (19) Both the SARS-CoV-2 and the
Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV)
use ACE2 for entry into host cells. Previous studies have
found that the N-linked glycan structure of the ACE2 could
be altered by glucosidase inhibitors (20). Moreover, inhibition
of glucosidases has also been found to impair SARS-CoV and
human coronavirus nl63 spike protein-mediated entry into the
host cells by altering the N-linked glycan structure (21). Since
SARS-CoV-2 also uses ACE2 for entry into host cells, we
hypothesized that α-GIs may interfere with SARS-CoV-2 by
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FIGURE 1 | COX regression analysis of administration of α-GIs for developing severe events in diabetes patients with COVID-19.

altering the glycan structure of ACE2 and thus disrupt the entry
of the SARS-CoV-2 to the body cells. In addition, inhibition of α-
glucosidase has been found to work as antiviral agents for many
enveloped RNA viruses, such as the human immunodeficiency
virus and hepatitis C virus (22). Both SARS-CoV and SARS-
CoV-2 are enveloped RNA viruses which contain N-linked
glycans. Treatment with the glucosidase inhibitor N-butyl-
deoxynojirimycin inhibits N-glycan processing in SARS-CoV.
Therefore, it indicates the potential role of glucosidase inhibitors
in the treatment of SARS-CoV-2 infections (23) by disrupting the
proper folding and function of the glycoproteins on the SARS-
CoV-2 envelope. However, molecular data demonstrating direct
antiviral effects of α-glucosidase inhibitors, as well as data on
the plasma concentrations of these largely intestinally active and
non-absorbed drugs are needed in future studies.

There has been much concern about the pharmacological
therapy for diabetic patients with COVID-19. Current
recommendations for anti-diabetic drugs for diabetic
patients with COVID-19 mainly include maintaining previous
medication for the mild cases and changing to insulin for regular
and severe cases (10). The present study indicates that α-GIs
are independent protective factor for incidence of severe clinical
events in COVID-19 infection. Of course, replications in large
cohorts are needs to confirm our results.

Even though the study has provided interesting findings, it
had some few limitations. First, the study was retrospectively
designed from a single center and based on a relatively small

sample size, therefore, the roles of the study confounders
predicting the severe events might be underestimated. Moreover,
it might have unavoidable selection bias as well as heterogeneity.
Second, some important confounders were not able to be
included in the multivariate analyses, such as the IL-6 and
hs-CRP. Although the univariable analyses showed statistically
significant association, the study could not include them in the
multivariable Cox analysis due to the relatively small sample
sizes. Third, since comorbidity of diabetes has been previously
reported to lead to more severe and more deadly COVID-19,
it would be urgent and to see what risk factors are specific for
diabetes patients predicting to the severe course of COVID-
19. We only reported and analyzed the outcome and mortality
in diabetes patients with COVID-19. The comparisons between
diabetes and non-diabetes patients with COVID-19 could reveal
more useful information, as would comparisons of less severe
cases not included in our study population. Lastly, the present
study indicates that using α-GI might have a lower risk of
endpoint of severe outcomes, but further randomized control
studies with larger sample size are required to ascertain this.
Thus, future studies with larger sample sizes and prospective
study designs are warranted to further explore the risk factors
and potential therapeutic effect of α-GIs in diabetic patients
with COVID-19.

In summary, the current study described the detailed clinical
features and poor outcome of diabetic patients with COVID-
19 in early outbreak of China. The study found increased level
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of cTnI was a risk factor predicting the incidence of clinical
outcome. It is therefore recommend that diabetic patients with
COVID-19 infection should have vigorous monitoring of the
cTnI. Even more important, we found, α-GIs might have a
potential protective effect from severe clinical events for those
patients and need to be studied more for clear understanding.
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Background: Diabetes mellitus is considered a common comorbidity of COVID-19,

which has a wide spectrum of clinical manifestations ranging from asymptomatic

infection to severe respiratory symptoms and even death. However, the impact of

COVID-19 on blood glucose has not been fully understood. This meta-analysis aimed to

summarize available data on the association between glycemic parameters and severity

of COVID-19.

Methods: PubMed, EMBASE, and Cochrane Library were searched from December

1, 2019 to May 15, 2020. Observational studies investigating blood glucose or glycated

hemoglobin A1c (HbA1c) according to the severity of COVID-19 were considered for

inclusion. Two independent researchers extracted data from eligible studies using a

standardized data extraction sheet and then proceeded to cross check the results. Data

were pooled using a fixed- or random-effects model to calculate the weighted mean

differences (WMDs) and 95% confidence intervals (CIs).

Results: Three studies reported blood glucose and HbA1c according to the severity

of COVID-19 and were included in this meta-analysis. The combined results showed

that severe COVID-19 was associated with higher blood glucose (WMD 2.21, 95% CI:

1.30–3.13, P < 0.001). In addition, HbA1c was slightly higher in patients with severe

COVID-19 than those with mild COVID-19, yet this difference did not reach significance

(WMD 0.29, 95% CI: −0.59 to 1.16, P = 0.52).

Conclusions: Thismeta-analysis provides evidence that severe COVID-19 is associated

with increased blood glucose. This highlights the need to effectively monitor blood

glucose to improve prognosis in patients infected with COVID-19.

Keywords: COVID-19, glucose, glycated hemoglobin A1c, systematic review, meta-analysis

INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), has a wide spectrum of clinical manifestations ranging from asymptomatic
infection to severe respiratory symptoms, and even death (1). According to recent researches, the
overall mortality of COVID-19 ranged from 1.4 to 15% (2–4). Furthermore, an epidemiological
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study from Italy reported that the mortality of patients requiring
intensive care unit admission was 26% (5). Of note, once the
disease progresses to acute respiratory distress syndrome, the
mortality would be ∼40% (6). Because of efficient person-to-
person transmission, it has become an emerging worldwide
threat for human health.

Currently, several studies have been designed to focus on
details of the clinical and virological course of SARS-CoV-2
infection. Subsequently, studies suggest that individuals with
older age and comorbidities, such as diabetes and hypertension,
are more likely to have COVID-19, as well as a higher risk
of mortality (2, 3, 7). As we all know, diabetes mellitus
is considered a public health concern worldwide due to its
increasing prevalence and involvement in the development of
several diseases, including stroke, kidney failure, and heart
disease (8). Since diabetes has been reported to be associated with
poor prognosis of COVID-19, glycemic management for patients
with both diabetes and COVID-19 has gained much more
attention (9, 10). There are evidences that better glycemic control
is closely associated with improvement in clinical outcomes in
COVID-19 patients (4, 11). Nevertheless, at the same time, it is
confused that whether COVID-19 contributes to hyperglycemia.
A previous study suggested that pancreas could be the target
of coronavirus attack since SARS-CoV was detected in pancreas
(12). Furthermore, another research found SARS-CoV damaged
the endocrine part of pancreas, indicating that SARS-CoV may
cause acute insulin dependent diabetes mellitus (13). In addition,
it is worth noting that infection leads to profound alterations
in whole-body metabolism, including glucose, fat, and protein
(14). Althoughmany studies suggest that diabetes is an important
risk factor for COVID-19. It remains unclear regarding the
effect of severity of COVID-19 infection on glycemic parameters,
including blood glucose and glycated haemoglobinA1c (HbA1c).

At present, the rapid worldwide spread of COVID-19
requires continual improvement of knowledge about glycemic
management during COVID-19 infection. Therefore, we
conducted this meta-analysis by incorporating the latest
evidence with focus on association between glycemic parameters
and severity of COVID-19, which may be instructive for
clinical practice.

METHODS

Search Strategy
An extensive search strategy was designed on PubMed, Embase
and the Cochrane Library to retrieve all articles published from
December 1, 2019 to May 15, 2020, following the MOOSE group
guidelines of observational meta-analyses (15). No language
restrictions were applied. The details of the search strategy are
available in the Supplementary Table 1. The primary outcome
measure was blood glucose or glycated haemoglobinA1c
(HbA1c). Two authors (JC and CHW) independently reviewed
the titles and abstracts to identify potentially relevant articles.
After being identified as relevant articles, the full texts
were individually analyzed by both authors, independently, to
determine whether the article was qualified for eligibility criteria.
During the study selection process, disagreements were resolved

through consultation with a third investigator (JYY). In addition,
the reference lists of included studies, relevant review articles
and meta-analyses were screened for other suitable studies to
maximize the search for articles on the same topic.

Study Selection and Quality Assessment
Studies were considered eligible if they fulfilled the following
criteria: (1) participants were diagnosed with COVID-19; (2)
separate data for patients with mild and severe COVID-19
infection (those who required mechanical ventilation, intensive
care unit admission or those who died) were provided; (3)
information on any of the prespecified primary outcomes were
provided. If suitable data were not available or unclear in the
published papers, the corresponding authors were contacted
to request this information. Studies were excluded if they
were conference abstracts, editorials, commentary, case reports,
reviews, nonhuman studies, or did not expressly report the values
of glycemic parameters in COVID-19 patients according to the
severity. The quality of studies was assessed using the Newcastle-
Ottawa Scale (16). We rated cohort studies a maximum of four
stars for selection, two stars for comparability, and three stars for
outcome assessment. Disagreements were resolved by discussion
between two authors or consulting a third investigator (JYY)
if necessary.

Data Extraction
Two independent reviewers (JC and CHW) extracted data
from eligible studies using a standardized data extraction sheet
and then proceeded to cross check the results. Disagreements
between two reviewers regarding extracted data were resolved by
discussion or consulting a third investigator (JYY) if necessary.
The following information was extracted: first author name,
publication year, country, sample size, study design, age, gender,
primary outcomes including blood glucose and HbA1c.

Data Synthesis and Statistical Analysis
For studies reporting interquartile range, the standard deviations
were obtained using the methods described in Cochrane
Handbook for Systematic Reviews. The weighted mean
differences (WMDs) with 95% confidence intervals (CIs) were
calculated. The heterogeneity was evaluated using the Q test
and I2 statistic. I2 > 50% or P < 0.1 was considered to have
a significant heterogeneity. A fixed-effects model was used
when the result showed no significant heterogeneity, otherwise
a random-effects model was applied. All the analyses were
conducted using STATA software (Version 12.0, StataCorp
LP, College Station, Texas). A 2-sided P < 0.05 was set for
statistical significance.

RESULTS

Study Selection and Characteristics
The literature search result and study selection process
are presented in Figure 1. Overall, 107 citations of interest
were found in the initial electronic searches of PubMed,
Embase, and the Cochrane Library. After excluding 28
duplicates, 79 potentially eligible articles were selected.
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FIGURE 1 | Flow diagram of study selection.

Of these, 39 full text papers were potentially relevant
and assessed for eligibility. Finally, three papers were
included in the meta-analysis that evaluated blood
glucose and/or HbA1c levels according to the severity of
COVID-19 (17–19).

Of the three included studies, two articles reported data on
both blood glucose and HbA1c, one article only reported data
on blood glucose, and all studies used retrospective design. Study
sample sizes ranged from 28 to 151, with a total of 222 COVID-
19 patients, including 131 patients in mild group and 91 in severe
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group. Compared with women, men were more likely to have
COVID-19 infection. Moreover, patients with severe COVID-
19 were older than those with mild COVID-19. The detailed
characteristics of the studies included in the meta-analysis are
presented in Table 1.

Study Quality and Publication Bias
Supplementary Table 2 shows the assessment of quality using
Newcastle-Ottawa Scale for three studies included in this
meta-analysis. Higher scores indicate better quality. Based
on the Newcastle-Ottawa Scale, a maximum of eight points
can be awarded to each article. Since only three studies
were included in this meta-analysis, a linear regression
test of funnel plot asymmetry (Egger’s test) could not be
carried out.

Association Between Severity of COVID-19
Infection and Blood Glucose
Three trials with 222 patients compared blood glucose between
severe group and mild group. Forest plot for the overall effect of
severity on blood glucose is presented in Figure 2. The pooled
WMD was 2.21 (95% CI: 1.30–3.13). Since the evidence collected
in our meta-analysis showed no heterogeneity (I2 = 0%), a
fix-effects model was performed. The z-test result for overall
effects was statistically significant (P < 0.001), indicating a
significantly greater elevation in blood glucose in patients with
severe COVID-19 infection than those in the mild group.

Association of Severity With HbA1c
Two trials reported data on HbA1c both in severe group and
mild group. Forest plot for the overall effect of severity on
HbA1c is presented in Figure 3. In the overall pooled estimate
of two studies with 179 COVID-19 infected patients, the pooled
WMD was 0.29 (95% CI: −0.59 to 1.16). Since the evidence
collected in our meta-analysis showed heterogeneity (I2 =

68.3%), a random-effects model was conducted. The z-test result
for overall effects showed no statistical significance (P = 0.52),
which suggested that severity of COVID-19 did not significantly
impact HbA1c.

DISCUSSION

Until now, there are accumulating evidences that diabetes is
closely correlated with increased risk of COVID-19, as well as
poor outcomes (9, 20). However, it remains unclear regarding
the effect of severity of COVID-19 on glycemic parameters.
Our analyses found that severe COVID-19 infection was
significantly associated with increased blood glucose. Meanwhile,
we investigated the correlation between severity and HbA1c.
However, we did not provide adequate evidence that patients
with severe COVID-19 were more likely to have higher HbA1c
than those with mild COVID-19. Since viral infection and
hyperglycemia adversely affect each other, this study highlights
the need to effectively monitor blood glucose to improve
prognosis in patients infected with COVID-19.

Due to defects in innate immunity affecting phagocytosis,
neutrophil chemotaxis, and cell-mediated immunity, individuals

with diabetes aremore likely to have infection (21). A population-
based study pointed out that nearly half of patients with diabetes
had at least one hospitalization or physician claim because of an
infectious disease in each cohort year (22). Additionally, study
has demonstrated that people with diabetes are at increased
risk for lower respiratory tract infection, urinary tract infection,
and skin and mucous membrane infection (23). Furthermore,
Kornum et al. suggested that subjects with type 1 diabetes had
a 4.4-fold increased risk of a pneumonia-related hospitalization,
and subjects with type 2 diabetes displayed a 1.2-fold increased
risk of a pneumonia-related hospitalization compared with those
without diabetes (24). Recently, COVID-19, caused by SARS-
CoV-2, has become a global catastrophe. Numerous studies
have been performed to focus on the association between
diabetes and COVID-19. Based on the available data, patients
with diabetes are more susceptible to COVID-19 than those
without diabetes.

However, it is worth noting that infection leads to profound
alterations in whole-body metabolism (14). Sustained
inflammation affects systemic glucose homeostasis and
contributes to hyperglycemia (25). Besides, Šestan et al. reported
that the activated immune system drove systemic insulin
resistance in response to viral infection (26). Another study
found that long-term innate immune activation could impair
insulin secretion and action, and play an important role in the
pathology of diabetes (27). Therefore, we speculated that there
may be a strong relationship between the severity of COVID-19
and glycemic parameters, even in those without diabetes. In
the present meta-analysis, we found that blood glucose was
significantly higher in patients with severe COVID-19 than those
with mild COVID-19 (WMD 2.21, 95% CI: 1.30–3.13, P < 0.001,
I2 = 0%). A recent study by Zhang et al. reported that COVID-19
infection induced an increase in blood glucose, even those not
diagnosed with diabetes before admission (4). However, this
study did not compare blood glucose between severe and mild
COVID-19 patients. Guan et al. indicated that the prevalence
of diabetes was significantly higher in patients with severe
COVID-19 (28). Notably, other studies have demonstrated
that hyperglycemia is associated with poor prognoses, while
better glycemic control is closely associated with improvement
in clinical outcomes in COVID-19 patients (4, 11). Therefore,
clinicians should pay more attention to the blood glucose status
in patients with COVID-19.

Additionally, our study found that HbA1c was slightly
higher in individuals with severe COVID-19 than those with
mild COVID-19, yet this difference did not reach significance
(P = 0.52). However, it is noteworthy that there were
only two studies with small sample size that explored the
influence of severity of COVID-19 on HbA1c, which might
affect the outcomes of interest. Moreover, HbA1c reflects
the average blood glucose concentration over the past 2–3
months. Therefore, the effect of short-term viral infection on
HbA1c levels may not be prominent. Nevertheless, additional
researches with large sample size are needed to verify
our results.

The COVID-19 outbreak highlights the importance of
understanding the shared diseases pathophysiology with diabetes
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TABLE 1 | Characteristics of studies included in this meta-analysis.

Study Period Study type Country No. Age (year) Male (%) BG (mmol/L) HbA1c (%) Diabetes (%)

Ren et al. (17) January 12, 2020

to February 13,

2020

Retrospective

cohort study

China 151 Mild case:

53.9 ± 16.2

Severe case:

67.6 ± 11.6

78 (52%) Mild case:

6.2 ± 1.7

Severe case:

8.4 ± 4.3

Mild case:

6.0 ± 1.5

Severe case:

6.7 ± 2.1

Mild case: 16

(18.0%)

Severe case:

23 (37%)

Wang et al.

(18)

January 29, 2020

to February 10,

2020

Retrospective

cohort study

China 28 Mild case:

65.8 ± 9.4

Severe case:

71.4 ± 7.9

21 (75%) Mild case:

9.8 ± 3.4

Severe case: 13.7

± 5.1

Mild case:

7.5 ± 1.2

Severe case:

7.3 ± 0.90

100%

Gao et al. (19) January 23, 2020

to February 2,

2020

Retrospective

cohort study

China 43 Mild case:

43.0 ± 14.0

Severe case:

45.2 ± 7.7

26 (60%) Mild case:

6.0 ± 1.2

Severe case:

7.7 ± 3.4

NR Mild case: 1 (4%)

Severe case:

6 (40%)

BG, blood glucose; HbA1c, glycated hemoglobin A1c; NR, not reported.

FIGURE 2 | Forest plot of meta-analysis of the effect of severity of COVID-19 on blood glucose. Data are pooled WMDs with 95% CIs. WMD, weighted mean

difference; CIs, confidence intervals.

(29). Over a decade ago, SARS-CoV was detected in pancreas,
in addition to lung, suggesting pancreas is the target of
coronavirus attack (12). Furtherly, another research found SARS-
CoV damaged the endocrine part of pancreas, indicating that
SARS-CoV may cause acute insulin dependent diabetes mellitus
(13). Noteworthy, pathological changes in pancreas, mainly focal
enlargement of the pancreas or dilatation of the pancreatic duct,
were observed in patients with severe COVID-19, indicating
SARS-CoV-2 may cause pancreatic injury (30). This may be one
of the reasons that increased blood glucose was observed in
COVID-19 patients without a prior history of diabetes (4).

Furtherly, it was hypothesized that angiotensin converting
enzyme 2 (ACE2) may be the key regulator that involved in
the association between COVID-19 and hyperglycemia. The

main role of ACE2 is to incise angiotensin II to generate
angiotensin 1–7 and thereby mediates the protective effects
of vasodilation, anti-inflammatory and anti-proliferation. In
addition, ACE2 is identified as a receptor that facilitates
coronavirus entry into cells (31). A recent research noted that
ACE2 expression was substantially increased in patients with
diabetes mellitus than those without diabetes (32). Consequently,
enhanced susceptibility to COVID-19 infection in patients
with diabetes may be attributed to overexpression of ACE2.
However, ACE2 expression is not limited to the lung. It has
been found in pancreas islets (33), which highlights the need
for vigilance in consideration of whether SARS-CoV-2 infection
may contribute to the exacerbation or development of diabetes.
Individuals with diabetes aremore susceptible to COVID-19 than
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FIGURE 3 | Forest plot of meta-analysis of the effect of severity of COVID-19 on HbA1c. Data are pooled WMDs with 95% CIs. HbA1c, glycated hemoglobin A1c;

WMD, weighted mean difference; CIs, confidence intervals.

those without diabetes. Meanwhile, SARS-CoV-2 infection could
induce hyperglycemia. The pathogenic mechanism of the two
may overlap partially, which may be related to ACE2. However,
at present, no data are available on ACE2 expression in islets
according to the severity of COVID-19. In addition, the study by
Ren et al. revealed that triglyceride and glucose index, a marker
of insulin resistance, was closely associated with the severity of
COVID-19 (17). Insulin resistance may be another explanation
for hyperglycemia in patients with COVID-19 infection.

Researches of COVID-19 outbreaks offer important insights
that the management of blood glucose is an urgent need. Our
study confirmed a strong relationship between the severity of
COVID-19 and blood glucose. Future research is required into
the effectiveness of improving blood glucose on the prognosis of
COVID-19. In addition, this meta-analysis has some limitations.
First, we aimed to investigate the association of severity with
glycemic parameters in the overall population, including other
countries and races. Yet all patients in our meta-analysis were
Chinese. Thus, our findings may not be applicable to other
regions of the world. Second, although numerous studies have
been conducted to focus on the association between diabetes and
COVID-19 and we searched all the relevant articles and tried
to include as many researches as possible. Studies that provided
detailed glycemic parameters according to the severity of
COVID-19 were quite limited. It is necessary to update the meta-
analysis in the future when more researches were performed to
focus on this topic. Third, interpretation of our findings might
be limited by the sample size. Therefore, additional researches
with large sample size are necessary to confirm our findings.
In addition, the presence of diabetes may have an important
impact on this association. Besides, it is unclear whether there
are differences in the effect of severity of COVID-19 on glycemic

parameters between subjects with diabetes and those without
diabetes. However, studies included in this meta-analysis were
carried out in a mixed population with and without diabetes and
no separated data were provided based on diabetes status. Future
studies are required to confirm the association of COVID-19
with glycemic parameters in patients with and without diabetes.
Finally, details on medications used during COVID-19 infection
is not clear. Yet it may have an impact on the results. Future
studies should take this into consideration.

CONCLUSIONS

In conclusion, this meta-analysis suggests that sever COVID-
19 is associated with increased blood glucose. Attention should
be paid to monitor blood glucose status in patients with
COVID-19 and better glycemic control may be an important
supportive treatment.
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Covid-19 is a recently-emerged infectious disease caused by the novel severe acute
respiratory syndrome coronavirus SARS-CoV2. SARS-CoV2 differs from previous
coronavirus infections (SARS and MERS) due to its high infectivity (reproduction value,
R0, typically 2–4) and pre- or asymptomatic transmission, properties that have contributed
to the current global Covid-19 pandemic. Identified risk factors for disease severity and
death from SARS-Cov2 infection include older age, male sex, diabetes, obesity and
hypertension. The reasons for these associations are still largely obscure. Evidence is also
emerging that SARS-CoV2 infection exacerbates the underlying pathophysiology of
hyperglycemia in people with diabetes. Here, we discuss potential mechanisms through
which diabetes may affect the risk of more severe outcomes in Covid-19 and, additionally,
how diabetic emergencies and longer term pathology may be aggravated by infection with
the virus. We consider roles for the immune system, the observed phenomenon of
microangiopathy in severe Covid-19 infection and the potential for direct viral toxicity on
metabolically-relevant tissues including pancreatic beta cells and targets of insulin action.

Keywords: diabetes, Covid-19, ketoacidosis, management, microangiopathy
COVID-19 PANDEMIC

Since its emergence in December 2019 in Wuhan, China, severe acute respiratory syndrome caused
by coronavirus 2 (SARS-CoV-2), subsequently called coronavirus disease 19 (Covid-19), has
ravaged the world (1) and was declared a pandemic by the World Health Organization (WHO)
in March 2020 (2). As of June 15, 2020, 8,014,146 people with Covid-19 have been reported in more
than 213 countries and territories, causing more than 436,005 deaths (3, 4). SARS-CoV-2 is a beta
coronavirus with sequence homologies with SARS-CoV (79%) and distant similarities (50%) with
Middle East respiratory syndrome coronavirus (MERS-CoV) (5, 6). It is highly contagious and
transmitted between individuals through aerosolized droplets and contact with infected surfaces (7).
Abbreviations: ACE2, angiotensin-converting enzyme 2; DKA, diabetic ketoacidosis; SARS-CoV2, severe acute respiratory
syndrome coronavirus-2; T2D, type 2 diabetes.
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Data published at the beginning of the pandemic showed that
Covid-19 can cause significant respiratory morbidity and
mortality (8). At ~1% the mortality rate, or case fatality rate, of
Covid-19 is ten times that of seasonal influenza (9–11). Age, male
sex, ethnicity and existing health problems are all additional risk
factors for in-hospital death from Covid-19, with age being the
greatest of these: those over 80 years of age have a >500-fold
higher probability of death than those under 40 (4, 12).
Individuals with comorbidities are more likely to suffer a more
severe disease course or die (10). The most common comorbidities
with Covid-19 infection are metabolic diseases including diabetes,
hypertension, obesity and cardiovascular disease (9, 10, 13). The
mechanisms behind these increased risks remain unclear, and will
be discussed in the present review, with a focus on the possibility
that direct actions of the virus on disease-relevant tissues outside of
the respiratory tract are involved.

Whereas diabetes rates in the U.K are ~4.7%, 32% of those
who have died from Covid-19 had type 1 or type 2 diabetes (4).
Estimates of diabetes prevalence in those who have died as a
result of Covid-19 in other populations range from 20-50% (14).
While obesity is associated with increased risk of a requirement
for intensive care or death (15), a recent study from NHS
England (16) indicates that below a body mass index (BMI) of
35 (at which point challenges are associated with adequate
mechanical ventilation), increased risk is largely ascribed to
altered predominance of diabetes and its complications. Similar
findings were reported by Goldacre et al. (12).

In a recent study from France on ~1,300 patients (17)multivariate
analysis indicated that BMI,micro- andmacrovascular complications
were associated with the risk of tracheal intubation or death, whereas
no association was apparent for diabetes type or glycated hemoglobin
(HbA1c). These apparent differences with the NHS England study
may, however, reflect the fact that data on diabetes duration and
HbA1c were available for ~60% of subjects in the smaller French
cohort, which was also limited to patients admitted to hospital,
potentially limiting the power to detect an HbA1c signal.
INTERACTION BETWEEN COVID-19 AND
DIABETES, HYPERTENSION, AND
OBESITY: EPIDEMIOLOGICAL EVIDENCE

Since the beginning of the Covid-19 outbreak much energy
has been devoted to identifying risk factors for infection and
severe outcomes, and understanding their underlying molecular
mechanisms. Diabetes (22%) and cerebrovascular (22%) disease
were identified in numerous studies as the most common
distinctive comorbidities (2, 18, 19). Other retrospective studies
(9–11), have revealed that the most frequent comorbidities in
people infected with Covid-19 virus were hypertension (24.7%),
followed by diabetes (21.2%) and coronary heart disease (8%)
when these variables are assessed individually. In England, 19%
of people admitted to intensive care with Covid-19 suffered from
diabetes, 1/3 of whom died in hospital (4). The risk of serious
complications and death from coronavirus disease in diabetic
Frontiers in Endocrinology | www.frontiersin.org 267
patients with diabetes in the UK population is 50% higher than
that of non-diabetic people (14).

An independent association between HbA1C and Covid-19
death rates was revealed in a recent cohort study based on the
British population with type 1 (T1D) or type 2 (T2D) diabetes
(4). This rate increased in patients with an HbA1C > 58 mmol/
mol, suggesting an association with hyperglycemia. Similar
findings were reported by Guo and colleagues (9, 20).

Obesity is another comorbidity associated with poor
outcomes after Covid-19 infection (21), and is associated with
poor ventilation of the base of the lungs decreasing oxygen
saturation of the blood (13). Indeed, a recent report from the
National Research Center (ICNARC) (22) in the UK
demonstrated that out of 196 obese patients (the majority of
whom were men over 60 years old) with a BMI >35kg/m2

admitted to intensive care, most (3/4) needed mechanical
respiration 2 h after admission. According to another study
published recently in the newspaper “Le Monde”, in France, 15%
of overweight or obese adults and 41% of British obese patients
admitted to intensive care, were more likely to contract a SARS-
CoV-2 infection and to develop severe forms (13). The main
factors determining the severity of viral infection in obese
patients are hormonal environment, the defective response of
the innate and adaptive immune system as well as the sedentary
lifestyle (4, 23). Luzi et al. (23) suggest that obesity not only
increases the risk of infection and complications but also the risk
of developing a more virulent viral layer, prolonging the
transmission of the virus across the whole population and
increasing the overall mortality rate as was the case during the
H1N1 pandemic in 2009 (23). In summary, obesity and diabetes
increase the duration of the disease, the requirement for intensive
organ support, and increased risk of mortality.

Finally, hypertension is further, independent risk factor
(though less predictive than those above) (12, 16, 24) and
comorbidity in patients with Covid-19 (25).
ANGIOTENSIN-CONVERTING ENZYME,
ACE2: ROLES AND ACTION

Multiple receptors are involved in SARS-CoV2 binding and
uptake into cells, as discussed further below. The role of
Angiotensin converting enzyme 2, encoded by the ACE2 gene
(26), in infection by coronaviruses including SARS (27) and
SARS-Cov2 (28) is now well-established. Indeed, changes in
ACE2 expression with age and differences between sexes may
contribute to the altered risks of Covid-19 infection (29). Both
hypertension and diabetes are often treated with ACE inhibitors
(11, 14, 30) and it has been suggested that altered ACE2 levels
resulting from treatment may a contributor to disease severity in
Covid-19. In results from Fang et al. (18), patients with diabetes
and hypertension who had been treated with ACE inhibitors or
angiotensin receptor blockers (ARB) had a high number of ACE2
receptors in the lung, and could therefore be at higher risk of
developing severe symptoms, if infected with Covid-19. This
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hypothesis was further examined by Sardu et al. (31) in
hospitalized hypertensive patients with Covid-19. Nonetheless,
no firm link was established between ACEi/ARB and the
prognosis of Covid-19 infection.

In normal physiology, ACE2 plays an essential role in the
renin-angiotensin-aldosterone system (RAAS) (26, 32).
Activation of the RAAS system takes place during a loss of
blood volume, a decrease in blood pressure or when the serum
concentration of Na+ falls, promoting in juxtaglomerular cells in
the kidney to release renin. The latter cleaves angiotensinogen to
release angiotensin I (1–10), which is further converted by ACE1
into angiotensin II a potent vasoconstrictor. Angiotensin II is
degraded by ACE2, which cleaves angiotensin II to generate Ang
(1–7).

Ang (1–7) is specific for AT1Ra (AGTRAP) and Mas
receptors, which are associated with vasodilation (26, 32, 33).
Therefore, viral depletion of ACE2 in SARS-CoV2 may reduce
vasodilatory tone, contributing to the microangiopathy. Of note,
AT1R are present on both pancreatic beta and alpha cells in mice
(34) and humans (35). Hence lowered ACE2 levels, and
consequently of Ang (1–7), may impact hormone secretion
from islets.

Could ACE2 present on beta cells represent a direct target for
virus entry, potentially leading to the dysregulation or
destruction of these cells, promoting a (potentially irreversible)
loss of insulin production? Low but detectable (1–4 reads per
kilobase of transcript per million reads, RPKM) levels of ACE2
mRNA are reported in purified human beta cells (35), and ACE2
immunoreactivity has also been described on these cells (36).
However, the selectivity of the antibodies used in the latter study
was not tested directly, and ACE2-mediated SARS-CoV2 entry
into beta cells entry remains unproven.

Might elevated levels of ACE2, facilitating viral entry,
contribute to increased disease risk and mortality in metabolic
disease? In vitro and in vivo studies in disease settings have
indicated that ACE2 expression is increased in heart failure,
systemic and pulmonary hypertension and diabetes mellitus
(33). ACE2 is expressed in several tissues and organs (Table
1). These include endothelial cells as well as vascular smooth
muscle cells (26). In the kidney, ACE2 is expressed on the apical
surface on the proximal tubules and glomerulus. Its expression
has also been observed in the gastrointestinal tract (42). ACE2
Frontiers in Endocrinology | www.frontiersin.org 368
has also been reported in the central nervous system and in glial
cells (37, 38), and SARS-CoV2 infection via the receptor may
contribute to the loss of smell (anosmia) observed in many
patients (https://covid.joinzoe.com/post/uk-anosmia-covid).
Whether ACE2 is expressed by olfactory neurons remains to
be demonstrated. ACE2 levels throughout the rest of the human
brain appear to be low (42). Finally, thyroid tissue has been
shown to express high levels of ACE2 (43). To date, there is
limited information regarding the risk of SARS-CoV2 infection
in patients with thyroid disease. However, some knowledge
regarding an impact of SARS-CoV2 on thyroid function can be
inferred from the severe acute respiratory syndrome (SARS)
epidemic, when a decrease in serum levels of hormones
triiodothyronine (T3) and thyroxines (T4) had been observed
in infected patients (44).
SARS-COV-2 AND THE IMMUNE SYSTEM
IN DIABETES

As discussed below, infection with SARS-CoV2 appears to have
actions on both immune cells and on endothelial cells pertinent
to its interactions with metabolic disease (23, 45).

Infection of individual cells with the virus begins with the
cleavage of the Spike protein (S), a surface glycoprotein carried
by the spicules, in 2 subunits S1 and S2. The S1 subunit of the
Spike protein binds to the N-terminal region of ACE2 (33). The
second subunit, S2, then interacts with the transmarine protease
assisted with serine 2 (TMPRSS2) which cleaves Protein S to
allow viral entry (46). RNA from the viral genome is then
released into the cytoplasm, allowing viral replication (47)
(Figure 1). Thereafter, the virus’ genomic RNA, together with
the envelope glycoprotein and nucleocapsid protein, form
vesicles containing virions via the cell’s secretory pathway,
which go on to fuse with the plasma membrane and release
the virus from the host cell (5, 6).

Cytokine production is a key element of the inflammatory and
immune response to viral infection. After release from the host,
the virus is first recognized by the innate immune system via
molecular pattern recognition receptors (PRR), such as type C
lectin receptors, and the Toll Like Receptor (TLR) NOD receptor.
Exposure to virus causes the expression of inflammatory factors by
TABLE 1 | Summary of the various organs/tissues expressing ACE2.

Organs Type of cells expressing ACE2 Impacts in term of risk Type of Receptors References

Heart Myocytes Cardiac failure ACE2 Burrell et al. (26)
Brain Glial cells and neurons Loss of smell, CV stroke, epilepsy ACE2 receptors present in the

central nervous system (CNS)
Gupta et al. (37), Bittman et al. (38)

Liver Biliary epithelial cells Proteinuria ACE2 Sun et al. (39)
Intestine Enterocytes / ACE2 Ziegler et al. (40)
Lungs Pneumocytes Respiratory failure ACE2 Mourad et al. (33)
Pancreas Beta cells Decreased insulin production ACE2 Luzi et al. (23), Yang et al. (36)
Kidney Nephron proximal bypass tube cell Renal failure ACE2 Burrell et al. (26)
Adipose tissue Adipocytes Severe obesity ACE2 Shoemaker et al. (41)
October 2
The third column highlights the failures that the various organs will undergo when the virus binds to the ACE2 receptors present in the different types of cells expressing the angiotensin 2
converting enzyme.
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various pathways, in particular the maturation of dendritic cells,
and the synthesis of interferons whose role is to limit the spread of
the virus and accelerate the phagocytosis of viral antigens (5).

An important feature of Covid-19 infection is a lowered level
of lymphocytes in the blood. Implying a similar process after
infection with SARS-Cov2, monocytes and T cells are infected
with MERS-CoV via dipeptidyl peptidase 4 (DPP-4), while
SARS-CoV infects primary human monocytes as well as
dendritic cells (48). This could be due to destruction of these
key cells, which might be a contributor to a weakened immune
response, facilitating virus proliferation in Covid-19. However, it
is important to bear in mind that a failure to observe
lymphocytes in the blood might reflect their homing or
recruitment to other infected organs such as the lung (49).

The binding of the virus to immune cells also leads to the
synthesis of interleukin 6 (IL-6) which, in turn, leads to signaling
both in cis and in trans. In cis signaling, IL-6 binds to lymphocytes
via cognate receptors. The overproduction of these cytokines (in a
“cytokine storm”) leads to the risk of multiorganic lesions (35) this
might be the main cause of morbidity in subjects with Covid-19.
On the other hand, in trans signaling, IL-6 binds to receptors on
endothelial cells and may lead to hyper-coagulation, an important
risk factor for pulmonary embolism and death (50). The fact that
patients with severe forms of SARS-CoV-2 infection express
higher than normal plasma concentrations of IL-6 (7) which
prompted Mehta and colleagues (51) to propose that secondary
hemaphagocytic lymphoistiocytosis (sHLH), characterized by an
overproduction of cytokines and expansion of macrophages, is
found in severe cases of Covid-19 since the main target cells of
SARS-CoV-2 are alveolar macrophages expressing ACE2. A
recent clinical trial (52) with Kevzara (Sarilumab), an IL-6
receptor antibody, has, however given mixed results, with
positive effects observed in “critical” cases but negative in
“severe” cases.
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COVID-19 AND THROMBOTIC
MICROANGIOPATHY

Microangiopathy involves damage to smallest blood vessels and can
be the result of the formation of small blood clots, termed
thrombotic microangiopathy (TMA) that contribute to renal and
neuronal pathology (53). A preexisting microangiopathic disease
burden (and markers thereof, e.g. poor glycaemic control and
duration of diabetes) are strong risk factors for disease severity
(54). TMA is reported as a frequent event in Covid-19 and is likely
to involve endothelium-mediated complement activation (55).
Given high levels of expression of ACE2 in endothelial cells and
podocytes, activation of this process may present a unifying
mechanism for viral action in a range of susceptible tissues,
including kidney and heart. Clinical observations (56) suggest that
SARS-CoV-2 infection facilitates the induction of endotheliitis in
several organs as a direct consequence of viral infection. This could
contribute markedly to life-threatening complications, such as
venous thromboembolic disease and multiple organ failure.
Complement inhibition (57) may thus represent an important
therapeutic target. Moreover, the inflammatory effects of
cytokines may also result in vascular endothelial cell injury which
could result in thrombosis (58). Therefore, it is possible that the so-
called Covid-19 Associated Coagulopathy (CAC) may be a result of
the increased inflammatory response (59).
COVID-19 AND DIABETES: A VICIOUS
CIRCLE?

Emerging data indicate a bidirectional relationship between T2D
and Covid-19 (Figure 2). Firstly, and as described above,
preexisting diabetes is a risk factor for poor outcomes and
FIGURE 1 | Cellular pathogenesis of coronavirus infection. The lipid envelope (viral) includes spike glycoprotein binding to receptors (ACE2) on the surface of the
host. The, entry of cell by endocytosis followed by membrane fusion and release of the virion into the cytosol. Entry of viral RNA into the nucleus and production of
new strands of viral RNA and viral proteins. Viral RNA output from the nucleus. Assembly, budding and release of new viruses, impact on organs.
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death after Covid-19. Several explanations for this association are
possible. Of these the impairment, at different levels, of the innate
and adaptive immune response is likely to be involved in the
poorer ability to fight infection in patients with diabetes, and
particularly in those who are obese (19, 23, 30). People with all
forms of diabetes are at increased risk due to defective innate
immunity as well as adaptive immunity (14) Severe Covid-19
infection significantly reduces the numbers of natural killer cells,
notably CD4+ and CD8+ cells, as well as CD4+ as CD8+

lymphocytes (7). The mechanisms behind these very recent
findings are unclear: whether they involve interactions of the
virus with beta cells or target tissues for insulin action, or are the
result of an indirect effect of an immune response (“cytokine
storm”), is unclear (Figure 2).

The association between Covid-19 and hyperglycemia in elderly
patients with T2D (60) seems likely to reflect metabolic
inflammation and exaggerated cytokine release. Strikingly, recent
data suggest that SARS-CoV2 infection can lead to a deterioration
in glycemic control, involving both profound insulin resistance
(requiring as much as 50–100 U insulin/h) and impaired insulin
secretion, together leading to diabetic ketoacidosis, DKA (61, 62).
Thus, frequent cases of severe DKA have been observed on
admission to hospital of patients with Covid-19 (14) and
contribute to mortality and morbidity (9).

With respect to the glycemic deterioration seen in patients
with preexisting T2D during Covid-19, a very recent report (63)
provides the intriguing observation that ACE2 expression at both
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the mRNA and protein is increased substantially in human beta
cells in response to response to inflammatory cytokines,
presumably rendering these cells more susceptible to infection.
TYPE 2 DIABETES MANAGEMENT IN
COVID-19

The appropriate management of Covid-19 in people with T2D
has been debated actively during the present pandemic,
especially with regards to the range of drugs best suited for
glycemic control that may also reduce the risk of infection and
attenuate the severity of complications. This discussion is of great
importance since early glycaemic control may be an important
therapeutic option to reduce the poor outcomes in
hyperglycaemic Covid-19 patients (64). As an example, it has
been shown recently that Covid-19 infection management with
the drug tocilizumab was not optimally achieved during
hyperglycaemia in both diabetic and non-diabetic patients.
Moreover, preclinical models found an indirect link between
ACE2 upregulation and several anti-diabetic drugs (65–68). We
discuss here presently used treatments both in the context of
diabetic emergencies (such as DKA; see above) and for less acute
management of hyperglycemia, where different regimens may be
required. Given that a number of treatments are now re-
purposed as potential therapeutics for Covid-19 (69), the anti-
FIGURE 2 | SARS-CoV-2 infection worsens diabetes. Recognition by SAR-CoV-2 of receptors present on immune cells (macrophages, monocytes.) and ACE2
receptors, expressed in several tissues (brain, muscle, adipose tissue, liver, pancreas). Infection causes lowered insulin production and insulin resistance by presently
undefined mechanisms.
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inflammatory action of several anti-diabetic drugs may also be
explored in this light.

Insulin remains a safe choice under all circumstances and is
considered the first-line treatment in hyperglycemic critically-ill
patients, and may require very high doses (see above). In patients
infected with Covid-19, insulin infusion has been shown to be an
effective method for achieving glycemic targets as well as
reducing the risk of severe symptoms, when compared to
patients that did not receive an infusion (70). It has been
shown to modulate inflammatory mediators, suppress toll-like
receptors (TLRs) implicated in innate immune responses, and
suppress pro-inflammatory transcription factors in mononuclear
cells (71). Importantly, insulin reduces activation of the pro-
inflammatory nuclear transcription factor kB (NF-kB), both in
obese non-diabetic and critically ill patients (72, 73). Even
though there is no direct link between insulin and ACE2, it
has been demonstrated that, in diabetic mice, insulin treatment
can attenuate a disintegrin and metalloproteinase-17 (ADAM-
17) expression in the kidney.

Glucagon-Like Peptide 1 Receptor Agonists (GLP-1RAs) are
an important line of pharmaceutical agents that are especially
effective in obese people with T2D to address post-prandial
hyperglycaemia. Like insulin, they are also exerting anti-
inflammatory activity, as a growing amount of evidence
suggests that they may have beneficial effects on lipid profiles
and blood pressure, as well as reduced markers of systemic
inflammation and improved endothelial dysfunction (74, 75).
Specifically in respiratory diseases, GLP-1RAs reduced cytokine
concentration and attenuated pulmonary inflammation in
preclinical models of lung infection and injury (76–78).
Moreover, the GLP-1RA liraglutide has been shown to
downregulate immune cell infiltration and protein expression
of cytokines, and markedly attenuate NF-kB activation in a
chronic asthma preclinical model (79, 80).

Dipeptidyl peptidase 4 (DPP4) inhibitors are often prescribed
in combination with other agents for the treatment of T2D.
Unlike the majority of anti-diabetic treatments, DPP4 inhibitors
do not appear to alter the immune system response in patients
with or without T2D (81). However, DPP4 inhibitors have
recently been associated with a better clinical outcome in
patients with COVID-19 (82) potentially due to the fact that
DPP4 is a predicted coronavirus receptor (83). Further details on
DPP4 molecular mechanisms and clinical importance have
recently been reviewed (20).

Metformin is an oral hypoglycemic agent which is widely
used as first-line therapy for T2D as it suppresses hepatic glucose
production and increases muscle glucose uptake (84). Similarly
to insulin and GLP-1RA, metformin has been suggested to
improve chronic inflammation indirectly, via insulin resistance
and hyperglycemia improvement, but also directly by inhibiting
NF-kB via AMP-activated protein kinase (AMPK)-dependent
and independent pathways (85–88). Another suggested
mechanism of the anti-inflammatory action of metformin is
inhibition of advanced glycation end products (AGEs)
formation, which promote inflammation and glycoxidation
(89). However, metformin is not indicated for use in critically-
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ill hospitalized patients, especially if their hepatic function is
impaired, and in cases of dehydration: lactic acidosis is a risk in
these circumstances (14). Although concerns have been raised
over the use of the anti-rheumatic drug chloroquine or
hydroxychloroquine as a potential Covid-19 therapeutic based
on studies in animals (90), these were, until recently, used safely
together with metformin in humans: however, the licensing of
chloroquine use in Covid-19 has recently been withdrawn by
the FDA.

Thiazolidinediones are a class of T2D drugs which includes
the oral agent pioglitazone. Pioglitazone improves insulin
sensitivity through its action at peroxisome proliferator-
activated receptor g1 (PPARg1) and PPARg2, and affects lipid
metabolism through action at PPARa (91). Although potentially
indirect, pioglitazone has been proven to reduce monocyte gene
and protein expression of cytokines in patients with impaired
glucose tolerance (92). Of note, pioglitazone was found to reduce
lung injury by controlling adipose inflammation in a cecal
ligation puncture model in mice (93) as well as exert a direct
effect on lung inflammation and fibrosis (94). As a result, it has
been hypothesized that it should be considered among the drugs
currently used against COVID-19 (95). However, use of this drug
class in Covid-19 patients is presently very limited.

An additional class of anti-diabetic medications associated
with lowering inflammation are the glifozins, or SGLT2 (sodium-
glucose cotransporter-2/SLC5A2) inhibitors, which attenuate
reabsorption of glucose in the kidney to lower blood sugar. So
far, this reported anti-inflammatory effect focuses on the kidney,
cardiovascular system and pancreas, rather than lungs (96, 97),
though it has been shown to indirectly reduce pulmonary
infection in diabetic mice (98). Although SGLT2 inhibitors are
associated with dehydration and anorexia and therefore may
pose a risk for critically ill patients, a new study focusing on
hospitalized adult patients with Covid-19 commenced in April
2020, with the aim of understanding the substantial cardio- and
nephroprotective effects of SLGT2 inhibitors in reducing disease
progression, complications, and all-cause mortality (99). Recent
U.K. guidelines (100) have, nonetheless, advised suspending the
use of SGLT2 inhibitors in people with Covid-19 due to the risk
of euglycaemic ketoacidosis.

It is important to note that many of the therapeutics
mentioned, such as GLP-1RA and SGLT2 inhibitors, have also
been strongly associated with improved cardiovascular outcomes
(9, 31, 34). This may be of great importance, as growing evidence
links Covid-19 with cardiovascular complications (35), in
addition to respiratory disease, especially since SARS-CoV-2
can directly infect engineered human blood vessel
organoids (36).

Overall, most anti-diabetic therapeutics demonstrate
anti-inflammatory effects (Figure 3), either indirectly by
improving insulin resistance or directly by down-regulating
proinflammatory pathways such as those involving nuclear
factor kB (NF-kB). Moreover, several drugs have been shown
to act directly on the lungs and have a pulmonary effect in
respiratory infection and injury. However, most of the studies
reporting this utilized preclinical models. It will therefore be
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important to validate these findings clinically in the context of
experimental coronavirus infection in order to determine which
anti-diabetic treatments are optimal for a combined
management of T2D and Covid-19.
CONCLUSIONS AND PERSPECTIVES

There is now considerable evidence that diabetes is both a risk
factor for, and a condition worsened by, SARS-CoV-2 infection.
Whereas weakened immunity, alongside impaired kidney
function – both features of both aging and diabetes – likely
drive the former, exaggerated immune responses probably
underlie the latter. Further research will be needed to answer
these closely interlinked questions, and we provide suggestions
for prioritization below.

With respect to heightened susceptibility to poor Covid-19
outcomes in people with diabetes, key questions include the role
of the endothelium and blood hyper-coagulation. Could this
affect islet or kidney function? Most evidence suggests that levels
of the relevant SARS-Cov2 receptors (ACE2 and DPP4) are low,
but not zero, in these tissues - DPP4 is detectable in islets, liver
and kidney - suggesting that immune cell-mediated effects are
the more likely. More detailed and robust assessment of the
expression at the protein level, and sub-cellular localization, of
these receptors in the above tissues, and their susceptibility to
SARS-Cov2 infection in vitro and in vivo, are needed.

Regarding the effects of viral infection on glucose control:
there is as yet little evidence to suggest that deteriorating
Frontiers in Endocrinology | www.frontiersin.org 772
glycemia and metabolic control in patients with diabetes
outlasts infection, suggesting that immune-mediated
destruction of pancreatic beta cells akin to Type 1 diabetes is
unlikely to be involved. Nevertheless, formal analysis of this
question, i.e. epidemiological assessment of the reversion of
glycemic symptoms post Covid-19, as well as histological
quantitation post mortem of beta cell numbers, and islet
infiltration with immune cells, are now called for. The most
question remains: are the effects of the virus on glycemic control
purely the result of an over-active immune system, with immune
cells and inflammatory cytokines acting on multiple tissues
(which)?, or are there direct actions of the virus on tissues and
organs relevant to metabolic homoeostasis (beta cells, other islet
hormone-secreting cells, liver, fat, muscle, brain, kidney etc.)?
Studies in animal models overexpressing or inactivated for ACE2
(101) or other SARS-CoV2 receptors may be informative here.
Where feasible, more in-depth physiological studies (e.g. glucose
tolerance tests, hyperinsulimic or hyperglycemic clamps) are
required in patients to assess insulin sensitivity (102) and beta
cell glucose responsiveness (103) with greater precision. Follow-
up studies will then be required at the cellular level to understand
the molecular mechanisms behind altered beta (or other) cell
function or insulin action, and to understand whether, and
through what membrane trafficking pathways, viral replication
and shedding occurs in these cell types. Finally, clinical trials in
man, informed by the results of the above, will be needed to
determine which of the existing, and potentially new, treatments,
are likely to be efficacious in reducing glycemia-related medical
emergencies as well as the more severe manifestations of
Covid-19.
FIGURE 3 | Type 2 diabetes management therapeutics in Covid-19. The six main classes of glucose-lowering drugs summarized according to their reported effect
on inflammation, cardiovascular disease, respiratory disease and critically ill patient safety.
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Diabetes is the second most prevalent non-communicable chronic diseases (NCDs) in
patients with coronavirus disease 2019 (COVID-19) and is highly associated with
increased incidence of disease severity and mortality. Individuals with diabetes and
poor glycemic control have an even worse prognosis. Despite of the need/effectiveness
of social distancing measures (i.e.: home confinement, quarantine and/or lockdown)
during COVID-19 outbreak, preliminary findings showed an increase in negative behaviors
during COVID-19 home confinement (i.e.: ~33.5% reduction in physical activity, ~28.6%
(~3.10h) increase in sedentary behavior (i.e.: daily sitting, reclining and lying down time),
and more unhealthy food consumption and meal pattern), which may have important
clinical implications. For example, we estimated that this reduction in physical activity can
increase the cases of type 2 diabetes (from ~7.2% to ~9.6%; ~11.1 million cases per year)
and all-cause mortality (from ~9.4% to ~12.5%; ~1.7 million deaths per year) worldwide.
Few weeks of reduction in physical activity levels result in deleterious effects on several
cardiometabolic (i.e.: glycemic control, body composition, inflammatory cytokines, blood
pressure, vascular function…) and functional parameters (i.e.: cardiorespiratory/muscle
fitness, balance, agility…). In contrast, physical activity and exercise are important tools for
preventing and treating diabetes and others NCDs. Home-based exercise programs are
useful, safe and effective for the management of diabetes, and could be widely used
during COVID-19 outbreak. In this context, there is an urgent need for recommending
physical activity/exercise, during and beyond COVID-19 outbreak, for improving the
management of diabetes, as well as to prevent the increase in global burden of COVID-
19, diabetes and others NCDs.

Keywords: burden of disease, disease severity, exercise, noncommunicable chronic diseases, mortality, pandemic
(COVID-19)
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KEY POINTS

• Diabetes is highly associated with increased disease severity
and mortality of coronavirus disease 2019 (COVID-19), and
poor glycemic control have an even worse prognosis.

• Physical inactivity during home confinement may increase
global cases of type 2 diabetes (more ~11.1 million cases per
year) and all-cause mortality (more ~1.7 million deaths per
year), and impairs several cardiometabolic (i.e.: glycemic
control, body composition, inflammatory cytokines, blood
pressure, vascular function…) and functional parameters (i.e.:
cardiorespiratory/muscle fitness, balance, agility…).

• Physical activity and exercise are important tools for preventing
and treating diabetes and others noncommunicable chronic
diseases (NCDs); home-based exercise programs are a useful,
safe, and effective strategy that could be widely used during
COVID-19 outbreak.

• There is an urgent need for recommending physical activity/
exercise, during and beyond COVID-19 outbreak, for
improving the management of diabetes, as well as to
prevent the increase of global burden of COVID-19,
diabetes and others NCDs.
INTRODUCTION

The pandemic of coronavirus disease 2019 (COVID‐19) is an
unprecedented public health emergency of global concern that
resulted in more than 813.406 deaths worldwide in only 8
months (as of August 24, 2020) (1). Individuals with non-
communicable chronic diseases (NCDs) are at high-risk of
severe cases and mortality for COVID-19 (2, 3). Diabetes is the
second most prevalent NCDs in individuals requiring treatment
for COVID-19 (prevalence = 10.0%, 95% confidence interval
[CI] 8.0% to 12.0%) and is highly correlated with disease severity
(odds ratio [OR] 2.61, 95% CI 1.93 to 3.52) (2). In addition, a
recent study showed that COVID-19 patients with diabetes
required more medical interventions, and had higher mortality
(7.8% versus 2.7%, adjusted hazard ratio [HR] = 1.49) and
multiple organ injury than those without diabetes (3).

The high contamination and rapid spread capacity of
COVID-19 represents a high risk of collapse to health systems,
because of the exponential increase demand for healthcare
professionals, and semi-intensive and intensive care units for
the severe cases (4). The absence of specific preventive or
therapeutic medical interventions thus lead the governments to
adopt urgent measures to contain the spread of the virus, which
included recommendations of social distancing, home
confinement, quarantine and/or lockdown. However, despite
the effectiveness of these measures for reducing incidence and
mortality of COVID-19 (5), they result in negative behaviors that
have clinical repercussions for both COVID-19 and global
burden of diabetes and others NCDs.

Preliminary findings of an international online survey showed
substantial reduction in physical activity levels, increase daily
Frontiers in Endocrinology | www.frontiersin.org 277
sitting time, and more unhealthy food consumption and meal
pattern during COVID-19 home confinement (6). A recent
meta-analysis suggested that prolonged TV-viewing time (i.e.:
sedentary behavior) was associated with increased risk for type 2
diabetes, cardiovascular disease, and all-cause mortality (7).
Sedentary behavior (any waking behavior characterized by an
energy expenditure ≤1.5 metabolic equivalents, while in a sitting,
reclining or lying posture) has also emerged as a potential risk
factor for many chronic conditions and mortality during the last
decade (7), and has increased concern during home confinement
(8). It is important to note that sedentary behavior is distinct
from physical activity levels (9). For example, even with high
levels of physical activity, the risk of death associated with high
TV-viewing time does not attenuate (7). Furthermore, previous
studies have showed that the maintenance of these negative
behaviors for few weeks result in deleterious metabolic
consequences (impairments in glycemic control, total body fat,
abdominal fat, and inflammatory cytokine) that impact
management of diabetes and others NCDs (10). In addition,
physical inactivity-derived metabolic consequences may have
more serious consequences for diabetic individuals during the
COVID-19 outbreak, because an adequate glycemic control is
associated with a markedly lower mortality rate and disease
complications in COVID-19 patients with diabetes (3).
Moreover, the potential requirement of cocooning (a more
severe form of physical distance measures) or prolonging of
home confinement of high risk populations (11), will probably
exacerbate the deleterious effects of physical inactivity in
individuals with or at risk for diabetes.

However, the recommendation for maintaining adequate
levels of physical activity and avoiding sedentary behavior is
not always addressed in clinical practice. For example, a recent
recommendation for clinical management of diabetes during
COVID-19 does not mention the key role of physical activity for
maintaining adequate glycemic control and others comorbidities
that are highly prevalent in individuals with diabetes (12).
Therefore, the present manuscript addresses the consequences
of physical inactivity and sedentary behavior during COVID-19
pandemic in individuals with or at risk for diabetes, and the
urgent need for recommending physical activity and exercise
during and beyond the current outbreak.
DIABETES, GLYCEMIC CONTROL, AND
COVID-19 OUTCOMES

Diabetes is one of the leading NCDs that affects nearly 1 in 11
adults worldwide (9.3% of prevalence) (13). It is strongly
associated with disabling and life-threatening health
complications (e.g., cardiovascular disease, neuropathy,
nephropathy), and a poor management of the disease can
result in innumerous and serious complications (13). In this
context, nearly 4.2 million adults died from diabetes or its
complications (equivalent to one death every 8 s) in 2019 (13).
Not surprisingly, diabetes is the second most prevalent NCDs in
individuals requiring treatment for COVID-19 and is highly
October 2020 | Volume 11 | Article 584642
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correlated with disease severity (2). A meta-analyses with 24
studies (10,948 patients with COVID-19) found that diabetes
was present in 10.0% (95% CI 8.0% to 12.0%) of patients with
COVID-19, and that it was strongly correlated with risk of
disease severity (OR 2.61, 95% CI 1.93 to 3.52) (2). In
agreement, another recent meta-analysis founded that COVID-
19 patients previously diagnosed with diabetes have increased
risk of severe COVID-19 infection (OR: 2.60, 95% CI: 1.96 to
3.45) and mortality (OR 2.03, 95%CI: 1.29 to 3.20) (14). A more
recent multicenter study from a cohort of 7,337 confirmed
COVID-19 cases enrolling among 19 hospitals found that
individuals with type 2 diabetes required more medical
interventions, and had higher mortality (7.8% versus 2.7%,
adjusted HR = 1.49) and multiple organ injury than non-
diabetic individuals (3).

The current findings are even more alarming when the level
of glycemic control is taking into account (Figure 1). For
example, the above mentioned cohort also compared COVID-
19 outcomes between patients with poorly-controlled diabetes
(blood glucose >180 mg/dl) and well-controlled diabetes (blood
glucose between 70 and 180 mg/dl) and found that patients with
poorly-controlled diabetes have significant higher incidence of
poor prognostic markers (higher rates of: lymphopenia, 49.6% vs.
30.5%; neutrophil count, 19.4% vs. 10.7%; leukocyte count, 12.2%
vs. 6.3%; C-reactive protein, 59.5% vs. 47.5%; procalcitonin, 35%
vs. 24.2%; D-dimer, 55.4% vs. 35.6%; and oxygen saturation of <
95%, 22.7% vs. 12.6%), significant increase in severity (Acute
Respiratory Distress Syndrome [ARDS], 21.4% vs. 7.1%; acute
heart injury, 9.9% vs. 1.4%; acute kidney injury, 3.8% vs. 0.7%;
and septic shock, 4.7% vs. 0.0%), and higher mortality rate (well-
controlled vs. poorly-controlled diabetic adjusted HR for all-
cause mortality = 0.13, 95% CI 0.04 to 0.44) (3). In addition, the
authors also compared outcomes by matching patients 1:1 for
other comorbidities (hypertension, cardio- and cerebrovascular
disease and chronic kidney disease), and the increase in severity
Frontiers in Endocrinology | www.frontiersin.org 378
(ARDS, 14.8% vs. 7.2%; acute heart injury, 6.8% vs. 1.6%; acute
kidney injury, 3.2% vs. 0.4%), and higher mortality rate (well-
controlled vs. poorly-controlled diabetic adjusted HR for all-
cause mortality = 0.14, 95% CI 0.03 to 0.60) were maintained
despite the adjustment (3).

It is important to note that other comorbidities commonly
prevalent in individuals with diabetes (i.e.: hypertension, obesity,
cardiovascular disease and dyslipidemia) are also associated with
high risk of COVID-19 severity and/or mortality (2, 15, 16). For
example, the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) penetrates human cells through angiotensin-
converting enzyme 2 (ACE2), which is more pronounced in
adipose tissue and, consequently, in obese population (17). In
this context, it is reasonable to suggest that individuals with
diabetes should urgently intensify the metabolic control (12), as
well as the management of other comorbidities, as a primary
prevention of COVID-19.
PHYSICAL INACTIVITY DURING
COVID-19 OUTBREAK AND ITS IMPACT
ON GLOBAL BURDEN OF DIABETES
AND OTHER NCDs

The absence of specific preventive or therapeutic medical
interventions for COVID-19 may require the prolonging of
preventive measures (i.e.: social distancing, home confinement
and quarantine) by high risk populations, which include
individuals with diabetes. In addition, it has been suggested
that these high-risk populations should adhere to cocooning (a
more severe form of physical distance measures) throughout the
COVID-19 outbreak (11). However, although these preventive
measures are effective for reducing the incidence and mortality of
COVID-19 (5), they may result in negative behaviors that have
FIGURE 1 | Association between diabetes, glycemic control and COVID-19 severity and mortality.
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clinical repercussions for both diabetes and COVID-
19 management.

Preliminary results from the ECLB-COVID19 International
Online Survey showed substantial reductions in levels of physical
activity of all intensities domains (vigorous intensity: ~33.1%,
from ~39 to ~26 min/week; moderate intensity: ~33.4%, from
~32 to ~21 min/week; walking: ~34%, from ~37 to ~25 min/
week) during COVID-19 home confinement, totaling an average
reduction of ~33.5% (from ~108 to ~72 min/week) (6). A ~28.6%
(3.10 h) increase in day sitting time (from ~5.31 to ~8.41 h per
day), and a more unhealthy food consumption and meal pattern
during COVID-19 home confinement (6). Despite of the lack of
studies assessing the health impact of these behaviors alterations
during the COVID-19 pandemic, it may have important public
health implications, which would include an increase of the
global burden of diabetes and others NCDs, as well as a poor
management of COVID-19 outcomes.

It is estimated that physical inactivity, an activity level
insufficient to meet current recommendations (18), is
responsible for 7.2% (3.9% to 9.6%) of the cases of type 2
diabetes (~33.3 million cases in 2019) and 9.4% (5.1% to
12.5%) of all-cause mortality (~5.3 million deaths in 2018)
worldwide (19). Prior to COVID-19 pandemic, worldwide
prevalence of physical inactivity among the population (aged ≥
40 years) and individuals at risk for type 2 diabetes was estimated
to be 42.9% (23.4% to 57.1%) and 43.2% (23.6% to 57.6%),
respectively (19). Supposing that the prevalence of physical
inactivity during COVID-19 pandemic increased at the same
rate as total level of physical activity (~33.5%) (6), the prevalence
of physical inactivity is currently 57.3% (31.2% to 76.2%) and
57.7% (31.5% to 76.9%) among the population (aged ≥ 40 years)
and individuals at risk for type 2 diabetes, respectively. In this
context, by using population attribution factors and the known
adjusted relative risk of physical inactivity for type 2 diabetes and
all-cause mortality (19), we can estimate that physical inactivity
will be responsible for 9.6% (5.3% to 12.8%) of the cases of
diabetes and 12.5% (6.8% to 16.7%) of all-cause mortality
worldwide during the COVID-19 pandemic. Thus, the cases of
type 2 diabetes and all-cause deaths attributed to physical activity
would increase by ~11.1 and ~1.7 million during COVID-19
pandemic, respectively (Figure 2). Noteworthy, a recent study
showed that physical inactive is associated with a greater relative
risk for hospitalization for COVID-19, even after adjustment for
age, sex, obesity, smoking and alcohol consumption (relative risk
1.32, 95% CI 1.10 to 1.58) (15), suggesting that an increase in the
prevalence of physical inactivity may also result in the increase of
COVID-19 hospitalizations.

Previous studies have also showed that the maintenance of
negative behaviors (i.e.: physical inactivity, sedentary behavior,
and unhealthy food consumption) for few weeks result in
deleterious effects on metabolic (increases in insulin resistance,
total body fat, abdominal fat and inflammatory cytokines),
immune function (immunosenescence), and cardiovascular
parameters (blood pressure and heart rate increase, endothelial
function reduction, etc…) that impact the management of
diabetes and others NCDs (10, 20–22). For example, substantial
Frontiers in Endocrinology | www.frontiersin.org 479
worsening of glycemic control and reduced rate of muscle protein
synthesis has occurred in overweight and pre-diabetic older
individuals who reduced the daily walking to less than 1,000
steps per day for two weeks (23), which may be easily meet during
home confinement. In addition, the impairments in glycemic
control and rate of muscle protein synthesis were still present
after 2 weeks of resuming to baseline daily walking levels (23).

The reduction of physical activity during home confinement
may also have health consequences to individuals with diabetes
that are previously active. Studies assessing the effects of exercise
detraining in individuals with diabetes that were previously
performing regular exercise programs showed innumerous
physiological (i.e.: increase in resting heart rate and body fat,
dysregulation of insulin and glucose secretion, decrease in the
levels of GLUT-4 transporter, loss of training-induced
improvements in cholesterol and HbA1C levels) and functional
consequences (i.e.: reduction of aerobic, muscle strength,
flexibility, balance and agility performance) after short periods
of interruption of aerobic and/or resistance exercise programs
(24–29). It is important to note that the potential requirement of
cocooning (a more severe form of physical distance measures) or
FIGURE 2 | Estimated cases of diabetes and all-cause mortality attributed
for physical inactivity, before and after COVID-19 pandemic. Cases were
estimated by attribution factors, using the adjusted relative risk of physical
inactivity for type 2 diabetes and all-cause mortality (19) and the preliminary
findings of physical activity during COVID-19 home confinement (6).
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prolonging of home confinement of high risk populations (11)
will probably exacerbate the above mentioned deleterious effects
of physical inactivity, and contribute to negative psychological
effects (i.e.: quarantine duration, infection fears, frustration,
boredom, inadequate supplies) (30) in individuals with or at
risk for diabetes. In this context, the maintenance or increase of
physical activity levels, as well as the avoidance of sedentary
behavior (Table 1), should be emphasized during and beyond
COVID-19 pandemic to prevent the severity of COVID-19, as
well as to prevent the deleterious effects of physical inactivity on
the management of diabetes and others NCDs (Figure 3), which
may positively impact others syndemics (i.e.: food insecurity,
malnutrition and obesity) (31), epidemics (i.e.: obesity) (17) and
pandemics (i.e.: sedentary behavior) (32).
Frontiers in Endocrinology | www.frontiersin.org 580
PHYSICAL EXERCISE FOR MANAGING
DIABETES AND COUNTERACTING
DELETERIOUS EFFECTS OF HOME
CONFINEMENT DURING COVID-19
OUTBREAK

The benefits of behavioral interventions for promoting metabolic
and cardiovascular benefits are well established (33, 34), with the
probability that behavioral interventions are 59% more effective
than pharmaceutical treatments for reversing of metabolic
syndrome components (20, 21). Regarding to prevention and
treatment of diabetes, lifestyle interventions are recommended to
be based on a well-structured physical activity program (physical
FIGURE 3 | Consequences of physical inactivity (negative effects) and physical active/exercise (positive effects) during home confinement on cardiometabolic and
functional parameters, health and disease management, and morbidity/mortality.
TABLE 1 | Reducing sedentary behavior by WHO guidelines.

Activity Description Action

Take short active
breaks during the
day

Short bouts of physical activity add up to the
weekly recommendations;

Dancing, playing with children, and performing domestic chores (i.e.: cleaning
and gardening) and other means to stay active at home.

Follow an online
exercise class

Take advantage of the wealth of online exercise
classes;

Many of these are free and can be found on YouTube. If you have no experience
performing these exercises, be cautious and aware of your own limitations.

Walk Walking around or walking on the spot, can help
you remain active;

If you have a call, stand, or walk around your home while you speak, instead of
sitting down.

Stand up Interrupt sitting and reclining time every 30 min; Reduce your sedentary time by standing up whenever possible. During
sedentary leisure time prioritize cognitively stimulating activities (i.e.: reading,
board games, and puzzles).

Relax Meditation and deep breaths can help you remain
calm;

Sit comfortably or legs up the wall. Concentrate on your breath, trying not to
focus on any thoughts or concerns. Stay comfortable, relaxing and de-stressing.

Eat healthily and
stay hydrated

Ensure plenty of fruits and vegetables, and limit
the intake of salt, sugar and fat. Limit or avoid
alcoholic drinks;

Plan your intake. Use fresh ingredients. Be aware of portion sizes. Avoid drinking
caffeinated and energy drinks. Drinking water instead of sugar-sweetened
beverages.
Available at: https://www.euro.who.int/en/health-topics/health-emergencies/coronavirus-covid-19/technical-guidance/stay-physically-active-during-self-quarantine.
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exercise) and a healthy nutritional behavior (13), and physical
exercise is essential for improving glycemic control, insulin
signaling, blood lipids, low-grade inflammation, vascular
function, body composition and others health variables (35).

Systematic reviews with meta-analysis have showed that most
of above mentioned benefits of physical exercise can be obtained
by aerobic and/or resistance exercise programs (25, 36–39). For
example, a recent-meta-analysis of 37 studies involving 2208
individuals with diabetes showed that both supervised aerobic or
resistance exercise were effective for promoting substantial
improvements in HbA1C, total cholesterol and triglycerides;
however, only aerobic exercise improved fasting plasma
glucose and low-density lipoprotein cholesterol, while only
resistance exercise improved systolic blood pressure (37). It is
important to note that the benefits of aerobic exercise appears to
be associated with its intensity, with high-intensity exercise
inducing superior effects in HbA1c, insulin, body weight, body
mass index, VO2MAX, lipid profile, C reactive protein, interleukin
6, and systolic blood pressure when compared to low and
moderate intensities (25, 36, 38).

In this context, in order to maintain or improve the health
condition of individuals with or at risk for diabetes, current
guidelines recommends at least 150 min (30 min, 5 d/wk) of
moderate-intensity exercise (40-60% VO2MAX) or 75 min (25 min,
3 d/wk) of high-intensity exercise (60-85% of VO2MAX) per week,
in association with 2 to 3 sessions per week of resistance exercise
(40–43). Flexibility and balance training (i.e.: yoga, tai chi) are also
recommended (2-3 d/wk) mainly for older individuals (43). In
addition, in order to decrease the daily sedentary behavior, it is
also recommended to interrupt prolonged sitting every 30 min
(43). Indeed, according with recent findings, the replacement of
sedentary behavior with light intensity physical activity (100 to
1951 counts/min) might be beneficial for diabetes risk markers
Frontiers in Endocrinology | www.frontiersin.org 681
(44). As 10.5 min of light intensity physical activity is equivalent to
1 min of moderate-to-vigorous physical activity, to performing
higher volumes of light intensity physical activity is a beneficial
alternative to improve cardiometabolic health in individuals who
cannot meet the guidelines recommendations due to any reason
(45). Finally, these and others recommendations also emphasize
the importance of combining aerobic and resistance exercise to
optimize improvements on glucose control, HbA1c, blood lipids,
body composition, systolic blood pressure and liver and
pancreatic function (37, 40, 41, 46, 47).

Despite of the frequency, intensity, time and type (FITT) of
exercise recommended for individuals with or at risk for diabetes
(40, 41) (Table 2), lower frequencies and/or time (duration) of
exercise are effective. For example, high-intensity exercise
programs with a weekly time commitment 25% to 56% lower
than the minimum recommended in current exercise guidelines
showed significant improvements in blood glucose, HbA1c, lipid
profile (i.e.: total cholesterol, high-density lipoprotein and
triglycerides), blood pressure, endurance performance, body
composition in individuals type 2 diabetes mellitus (48) or
with overweight/obesity and dyslipidemia (49). Only one
session of exercise is effective to transiently reduce capillary
glycemia, insulin sensitivity, and ambulatory blood pressure in
individuals with diabetes (35, 50). In addition, the breaking up of
sedentary behavior with very-short bouts of moderate- or high-
intensity exercise throughout the day (“exercise snacks”) has
shown several health-related benefits, including improvements
in cardiorespiratory fitness (51), vascular function (52), glycemic
control (53) and muscle function (54), being suggested as an
effective strategy to prevent some deleterious effects of sedentary
behavior and unhealthy food consumption (52). Indeed, the
benefits of exercise snacks were reached by simple exercises
using body weight (e.g.: stair climbing, sit-to-stand from a
TABLE 2 | Minimal exercise frequency, intensity, time, and type recommendations for individuals at risk or with type 2 diabetes.

Modality Frequency Intensity Time Type

Aerobic At least 3 d/wk Moderate: 40% to 59% of HR reserve, 12 to 13
in the 6-20 RPE, 3 to 4 in the CR-10 or
comfortable conversation possible (Talk Test)
Vigorous: 60% to 89% of HR reserve, 14 to 17
in the 6-20 RPE, 5 to 7 in the CR-10 or
comfortable conversation not likely possible
(Talk Test)

25 to 60 min/d (at least 150
min/wk of moderate intensity
or 75 min/wk of vigorous
intensity) in bouts of 10 min
or more

Continuous activities using major muscle groups (e.g.:
walking, jogging, running, cycling, dancing, climbing
stairs, jumping jacks, skipping rope…)

Resistance At least 2-3 d/wk Moderate to vigorous intensity: 60%-80% 1-
RM, 14 to 17 in the 6-20 RPE or 5 to 7 in the
CR-10

No specific duration. 1 to 4
sets of 8 to 15 reps, with 1
to 2 min of interval between
sets, and performed in 6 to
10 exercises (1 exercise for
each major muscle groups)

Resistance based-activities (e.g.: weight lifting
exercises, body-weighted exercises [squats, push-ups,
sit-ups, abdominal crunch]…)

Balance* 2-3 d/wk No specific intensity No specific duration Activities that progressively reduce the base of support,
perturb the center of gravity, stress postural muscle
groups, and/or reduce sensory input (e.g.: tai chi
chuan, two-legged stand, semitandem stand, tandem
stand, one-legged stand, tandem walk, circle turns,
heel stands, toe stands, standing with eyes closed…)

Flexibility* 2-3 d/wk Moderate: 13 to 15 in the 6-20 RPE scale or 5
to 6 in the CR-10

No specific duration. All
major muscle groups should
be stressed

Activities that maintain or increase flexibility (e.g.: yoga,
sustained stretches)
6-20 RPE: 6 to 20 rating of perceived exertion scale; CR-10: category ratio scale. *Balance and flexibility are recommended only for older individuals (age > 65 years).
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TABLE 3 | Overview of studies assessing the effects of home-based exercise programs in individuals with diabetes.
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pancreatic beta cell function
(greater improvements in the steps
group)

gram)

Cardiorespiratory fitness; and
exercise tolerance

(Continued)
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Study/population Home-based and
comparator groups
(N/age)/Follow-up

Orientation, monitoring and follow-up Tools and measurements during
home-based intervention

Home-based exercis

Collins et al. (53)
/T2DM+PAD

Home-based: 37/35
(M/F)/66 ± 10 yr
Control: 53/20
(M/F)/67 ± 10 yr
Follow-up: 6 months

Orientation: 7-min educational video/
orientation on self-management behaviors/
instructional audiotape
Monitoring: phone calls (biweekly for 6
months)

Tools: pedometers and
questionnaire
Measurements: diary (daily
glucose, lipid, weekly blood
pressures)

Frequency: 4-5 d/wk
Intensity: not reported
Time: 50 min/session
Type: aerobic (walking)

Dadgostar et al.
(41) /T2DM

Home-based: 36 (F)/49 ± 6 yr
Supervised exercise: 38 (F)/
50± 5 yr
Follow-up: 3 months

Orientation: general information on
diabetes, self-care, diet, and exercise
(90min) + educational booklet
Monitoring: clinical visit (baseline, week 6
and week 12) + phone calls (biweekly for 6
weeks)

Tools: pedometers, elastic bands
and activity log
Measurements: not reported

Frequency: 3-5 d/wk
Intensity: moderate (gradu
2,500-30,00 to 10,000–12
day)
Time: not reported
Type: aerobic (walking) an
(elastic bands)

Guelfi et al. (50)
/Gestational DM

Home-based: 85 (F)/34 ± 4 yr
Control: 87 (F)/34 ± 4 yr
Follow-up: 3 months

Orientation: not reported
Monitoring: supervision by an exercise
physiologist at participants’ home (3 times-
a-week)

Tools: HR monitor and RPE scale
Measurements: diary (daily
nutritional intake)

Frequency: 3 d/week
Intensity: moderate (65-75
intervals of high (75-85%
Time: 20-60 min/session (
Type: aerobic (cycle ergom

Halse et al. (43)
Gestational DM

Home-based: 20 (F)/29 ± 1 yr
Control: 20 (F)/29 ± 1 yr
Follow-up: 8 months

Orientation: counseling by a diabetes
educator and dietician
Monitoring: home visit

Tools: exercise diary and RPE
scale
Measurements: capillary glucose,
food diary and questionnaires

Frequency: 5 d/wk
Intensity: progressive - mo
HRMAX) to high-intensity in
HRMAX)
Time: 25 to 45 min/sessio
Type: aerobic (cycle ergom

Karjalainen et al.
(55) /T2DM+CAD

Home-based T2DM+CAD:
32/7 (M/F)/62 ± 5 yr
Home-based CAD:???? (32/
12 (M/F)/62 ± 5 yr
Follow-up: 6 months

Orientation: not reported
Monitoring: contacted by a sports
medicine specialist or physiotherapist (1
and 3 months)

Tools: accelerometer, HR monitor
and exercise diary
Measurements: daily diary

Frequency: 5 d/wk
Intensity: 50-70% HRRESE

Time: 60 min/session
Type: aerobic and resistan

Krousel-Wood et al.
(46) /T2DM

Home-based: 37 (not
reported)/57 ± 10 yr

Control: 39
(not reported)/57 ± 10 yr
Follow-up: 3 months

Orientation: education program on
diabetes self-management (5 sessions,
2.5h)
Monitoring: clinic visit (1 per month up to
3rd month)

Tools: videotape exercise and
activity logs
Measurements: questionnaires

Frequency: 5 d/w
Intensity: low- to moderate
METs)
Time: 30 min/session
Type: aerobic and resistan

Lee et al. (44)
/T2DM

Home-based steps group:
19/21 (M/F)/54 ± 10 yr

Home-based aerobic group:
21/19 (M/F)/56 ± 8 yr

Control: 18/22
(M/F)/56 ± 9 yr

Follow-up: 3 months

Orientation: a nurse-oriented session on
how to correctly perform the program
Monitoring: phone calls (weekly)

Tools: pedometer (steps group) or
portable oximeter and RPE scale
(aerobic group)
Measurements: not reported

Frequency: 5 d/wk
Intensity: moderate (13-15
reported (steps group)
Time: 10,000 steps/day (s
30 min/session (aerobic g
Type: aerobic (steps group
aerobic group: brisk walki
or bicycling)

Marios et al. (49)/
T2DM

Tele-monitored home-based:
10/5 (M/F)/60 ± 9 yr

Non-monitored home-based
(control): 4/9
(M/F)/65 ± 8 yr

Orientation: not reported
Monitoring: phone calls (weekly)

Tools: HR monitor
Measurements: exercise training
diary

Frequency: not reported
Intensity: not reported
Time: 180 min per week
Type: aerobic (walking pro
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TABLE 3 | Continued

Home-based exercise programs Home-based exercise
improvements

requency: 3-4 d/wk
ntensity: 65-70% VO2PEAK

ime: 30 min/session
ype: aerobic (rowing ergometer)

Submaximal aerobic capacity; and
insulin‐mediated glucose extraction
and clearance

requency: 3 d/week
ntensity: moderate- (50-60% of 1RM) to
igh-intensity (70-85% of 1RM) -
rogressive
ime: not reported (2-3 sets of 8-12 reps
n 8 exercises)
ype: resistance

Muscle strength; fasting insulin;
HDL cholesterol; social-cognitive
variables; and exercise self-efficacy

requency: 3-4 d/wk
ntensity: 65-70% of VO2PEAK

ime: 30 min/session
ype: aerobic (rowing ergometer)

Submaximal aerobic capacity; and
C-reactive protein

requency: 4-6 d/wk
ntensity: moderate (adjusted to anaerobic
hreshold)
ime: 20-30 min/session
ype: aerobic (walking)

Lower incidence of cardiovascular
disease

requency: 3-5 d/wk
ntensity: moderate to vigorous
ime: 30 min/session
ype: aerobic

Exercise self-efficacy; body mass
index; muscle endurance; flexibility;
and physical activity levels

requency: 5 d/wk
ntensity: 60-75% of VO2PEAK or HRRESERVE

ime: not reported
ype: aerobic (walking) and resistance (free
eights/elastic bands)

Cardiorespiratory fitness; and body
mass index

ertion; T2DM, type 2 diabetes mellitus.
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arçalet

al.
P
hysicalA

ctivity,D
iabetes,and

C
O
VID

-19
P
andem

ic

Frontiers
in

Endocrinology
|
w
w
w
.frontiersin.org

O
ctober

2020
|
Volum

e
11

|
A
rticle

584642
Study/population Home-based and
comparator groups
(N/age)/Follow-up

Orientation, monitoring and follow-up Tools and measurements during
home-based intervention

Follow-up: 6 months
Olse et al. (45)/
T2DM

Home-based T2DM: 9 (M)/60
± 2 yr
Home-based healthy control:
8 (M)/56 ± 1 yr
Follow-up: 2 months

Orientation: not reported
Orientation: regular phone calls

Tools: HR monitor
Measurements: exercise training
diary

Plotnikoff et al. (42)
/T2DM

Home-based: 8/19 (M/F)/55
± 12 yr
Control: 8/13 (M/F)/54 ± 12
yr
Follow-up: 4 months

Orientation: one week of learning and
practicing of each exercise by supervision
of an exercise specialist
Monitoring: home visits (18 of 48 sessions)
+ clinical visits (week 2 and 10)

Tools: multigym apparatus and
dumbbells
Measurements: exercise training
logs

Scheede-Bergdahl
et al. (52) /T2DM

Home-based T2DM: 12 (M)/
59 ± 2 yr
Home-based healthy control:
9 (M)/55 ± 1 yr
Follow-up: 2 months

Orientation: not reported
Monitoring: not reported

Tools: HR monitor
Measurements: training logs

Shinji et al. (51)
/T2DM

Home-based high-
compliance: 40/24 (M/F) 58 ±
10 yr
Home-based low-
compliance: 21/17 (M/F)/54 ±
10 yr
Follow-up: 3/17 months of
intervention/incidence of
cardiovascular events

Orientation: diabetes education, health
counseling and an exercise prescription
Monitoring: phone calls

Tools: not reported
Measurements: self-reported
adherence

Wu et al. (47) /at
risk for T2DM

Home-based: 22/46 (M/F)/54
± 5 yr
Control: 16/51 (M/F)/54 ± 6
yr
Follow-up: 9 months

Orientation: educational orientation with a
physiotherapist (1.5h), and guided book
on proper diet and diabetes prevention
Monitoring: phone calls (weekly–biweekly
intervals for 3 months, reducing from 3 to
6 months and ending after 6 months)

Tools: exercise video and stepper
Measurements: body weight,
exercise training logs and
questionnaires (physical activity,
self-efficacy)

Yang et al. (48)
/T2DM

Home-based: 274/309 (M/F)/
58 ± 1 yr
Follow-up: 6 months

Orientation: education on diabetes
management and healthy lifestyle
behaviors
Monitoring: supervised session once-a-
week

Tools: not reported
Measurements: exercise training
diary

CAD, coronary artery disease; DM, diabetes mellitus; F, female; HR, heart rate; M, male; PAD, peripheral arterial disease; RPE, rating of perceived e
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chair, marching on the spot…). Other options without specific
materials include the use of items with light and moderate
weights (e.g.: rice bags, battle of water), walking inside the
house, dancing or balance exercise, and stepping over obstacles
(30). In this context, low frequencies and/or time (duration) of
exercise have several health-related benefits and should be
encourage for those individuals unable to meet the minimum
FITT recommendation.

As part of the necessary social distancing measures during
COVID-19 outbreak, the use of public spaces, athletic clubs, gyms
and health centers for practicing exercise is not recommended (or
permitted), mainly for high-risk populations. Thus, home-based
exercise training emerges as the most important potential
approach to control, maintain or increase the exercise practice
during the COVID-19 pandemic. Further, home-based training
has several potential advantages (i.e.: expanded access, individual
programs, flexible scheduling, individuals’ privacy and, an
integration with regular home routine) (55), and has been safe
and effective for individuals with diabetes (Table 3). Randomized
controlled trials assessing the benefits of home-based exercise
programs in individuals with diabetes showed positive effects on
glycemic control (56–60), lipid profile (56), body composition
(61–63), cardiorespiratory fitness (i.e. exercise capacity, maximal
oxygen uptake) (62–65) and psychological variables (62, 65). In
addition, the adherence to a home-based exercise program was
strongly associated with a reduced incidence of CVD among
individuals with type 2 diabetes (a 10-fold higher risk among
individuals who dropped out when compared with individuals
who completed the home-based exercise program) (66).

Moderate-intensity continuous aerobic exercise (3 to 5 times
per week), regulated by VO2PEAK/HRRESERVE (58, 60, 63, 65),
METs (61) or steps (59), was the most frequent modality in the
studies involving home-based training (Table 2); however,
programs with combined aerobic and resistance exercise (56,
61) or multicomponent exercise (57) were also used. Some
studies provided equipment’s to control the exercise performed
at home, such as heart rate monitor (60, 64), pedometers (56, 59,
61), potable oximeter (59), cycle and home rowing ergometer
(65, 67). However, these tools may be expensive, difficult to
administer and not suitable for all participants in unsupervised
sessions. In this sense, RPE scale, talking test or questionnaires
can be a feasible and cost-effectiveness alternative in controlling
the sessions (58, 59, 65). In addition, the use of personal
glucometers, food intake diary and body weight variables are
also alternatives to control the responses of exercise sessions in
physiological variables (58, 62, 65). It is important to emphasize
that there were no adverse events reported during the follow-up
of all home-based exercise program (57–60, 62–69), which can be
Frontiers in Endocrinology | www.frontiersin.org 984
explained by the fact that most studies provided a first orientation
session involving explanations about exercise program and/or a
complex diabetes self-management education (56–59, 61–63, 65,
70). Finally, home-based exercise training appears to be more cost-
effective than traditional exercise programs performed in centers
(71). In this context, despite the absence of social interaction, as
well as the lack of studies assessing the effectiveness in individuals
with type 1 diabetes or the safety of high-intensity exercise, home-
based exercise programs are useful, safe and effective for the
management of diabetes, especially during COVID-19 outbreak.
CONCLUSION

Despite of the lack of studies assessing the health impact of the
negative behaviors during the COVID-19 pandemic, physical
inactivity may have important public health implications,
including an increase in global burden of diabetes and other
NCDs, as well as impaired COVID-19 management. These
deleterious effects of physical inactivity can be exacerbated by
the potential requirement of cocooning or prolonging of home
confinement of high-risk populations. In contrast, physical activity
and exercise are important tools for preventing and treating
diabetes and others NCDs. In addition, home-based exercise
programs are useful, safe, and effective for the management of
diabetes, and could be widely used during COVID-19 outbreak. In
this context, there is an urgent need for recommending physical
activity/exercise, during and beyond COVID-19 outbreak, for
improving the management of diabetes, as well as to prevent the
increase in global burden of COVID-19, diabetes and others NCDs.
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Objective: Migrant workers, a marginalized and under-resourced population, are

vulnerable to coronavirus disease 2019 (COVID-19) due to limited healthcare access.

Moreover, metabolic diseases—such as diabetes mellitus (DM), hypertension, and

hyperlipidemia—predispose to severe complications and mortality from COVID-19. We

investigate the prevalence and consequences of undiagnosed metabolic illnesses,

particularly DM and pre-diabetes, in international migrant workers with COVID-19.

Methods: In this retrospective analysis, we analyzed the medical records of international

migrant workers with laboratory-confirmed COVID-19 hospitalized at a tertiary hospital

in Singapore from April 21 to June 1, 2020. We determined the prevalence of DM and

pre-diabetes, and analyzed the risk of developing complications, such as pneumonia

and electrolyte abnormalities, based on age and diagnosis of DM, and pre-diabetes.

Results: Two hundred and fouty male migrant workers, with mean age of 44.2 years

[standard deviation (SD), 8.5years], were included. Twenty one patients (8.8%) were

diagnosed with pre-diabetes, and 19 (7.9%) with DM. DM was poorly controlled with

a mean HbA1c of 9.9% (SD, 2.4%). 73.7% of the patients with DM and all the patients

with pre-diabetes were previously undiagnosed. Pre-diabetes was associated with higher

risk of pneumonia [odds ratio (OR), 10.8, 95% confidence interval (CI), 3.65–32.1; P <

0.0001], hyponatremia (OR, 8.83; 95% CI, 1.17–66.6; P = 0.0342), and hypokalemia

(OR, 4.58; 95%CI, 1.52–13.82; P= 0.0069). Moreover, patients with DM or pre-diabetes

developed COVID-19 infection with lower viral RNA levels.

Conclusions: The high prevalence of undiagnosed pre-diabetes among international

migrant workers increases their risk of pneumonia and electrolyte abnormalities

from COVID-19.

Keywords: COVID-19, diabetes mellitus, impaired glucose tolerance (IGT), international migrant worker, pre-

diabetes (pre-DM)
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INTRODUCTION

There are 164 million international migrant workers globally,
making them the world’s largest transnational migrant
population (1). Migrant workers face systemic injustices
that lead to limited access to healthcare, such as segregated
housing, inadequate education, and socioeconomic deprivation
(1–4). Moreover, effective healthcare policies designed to protect
this vulnerable patient group are challenging to formulate
because data regarding the health outcomes of this neglected
population are scarce and fragmented (1). Therefore, migrant
workers are at a heightened risk of transmission of coronavirus
2019 (COVID-19) (5).

Indeed, as of July 2, 2020, there were 41,646 migrant workers
living in dormitories diagnosed with COVID-19 in Singapore,
making up 94.4% of the 44,122 cases of COVID-19 in the country
(6). As of December 2019, there were 1.4 million international
migrant workers in Singapore (7). Close to 1 million entered
on work permits for low-wage jobs, such as 293,300 male
construction workers who live in dormitories (7), and previous
studies have found that these migrant workers are especially
susceptible to outbreaks of infectious diseases such as malaria,
enteric fevers, viral hepatitis, and tuberculosis compared to
residents (4).With large numbers of migrant workers admitted to
the healthcare system for COVID-19, this situation has provided
a unique opportunity to evaluate the general health of this hidden
population. In the course of caring for these migrant workers,
physicians searched for potential complications of COVID-19
infections, and screened for common chronic diseases, such as
diabetes mellitus, which may exacerbate COVID-19 infections.

Emerging evidence from the COVID-19 pandemic have
demonstrated that hyperglycemia on admission to a hospital
portends increased severity of disease and higher mortality (8, 9).
While diabetes mellitus (DM) is a risk factor for severe COVID-
19 (10–13), hyperglycemia itself, and not just a known history of
DM, have been shown to be associated with worse prognosis (8,
9). It has been proposed that this is because glycosylation of the
spike protein of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), the virus that causes COVID-19, modulates
its binding to the angiotensin converting enzyme receptor 2
(ACE2) on host tissue (14). Since increased glycosylation of
SARS-CoV-2 and ACE2 promotes the entry of SARS-CoV-2 into
host cells, it has been postulated that higher blood glucose levels
would lead to greater susceptibility to COVID-19 infection and
amplified disease severity (15). Moreover, SARS-CoV-2 binds
to tissues with high ACE2 expression, such as the lungs, liver,
kidneys and blood (16), and in addition to pneumonia, COVID-
19 has been reported to cause systemic complications such as
electrolyte abnormalities (17), thrombocytopenia (18), anemia
(19), leukopenia (20), and transaminitis (21). In fact, it has
been proposed that screening for hyperglycemia and prompt
blood glucose control should be mandatory for all COVID-19
cases to improve prognosis (22). Even though current guidelines
suggest routine screening for DM and pre-diabetes (also known
as impaired glucose tolerance) for adults aged 40 years and older
(23), underdiagnosis is common among Singapore residents (24).
Among Singapore residents, the prevalence of DM is 8.6%,

of which a third are unaware they have the disease (25). We
hypothesized that the prevalence of undiagnosed DM and pre-
diabetes will be higher among international migrant workers
compared to Singapore residents due to their limited access
to health care, and that this will lead to more complications
of COVID-19.

METHODS

Inclusion Criteria
This retrospective cohort study was performed in a cohort of
adult migrant workers diagnosed with COVID-19. The patients
were admitted to one of the three COVID-19 cohort wards
available in Changi General Hospital, a tertiary hospital in
Singapore, from April 21 to June 1, 2020. Patients admitted to
this ward were cared for by physicians from the Department
of Geriatric Medicine with regular advice from the Department
of Infectious Diseases and were selected for admission based
on male sex, hemodynamic stability, and no requirement for
supplemental oxygen. Inclusion criteria for the analysis were
age of 21 years old and above, a confirmed laboratory diagnosis
of COVID-19 infection using SARS-CoV-2 reverse-transcriptase
polymerase-chain reactions (RT-PCR) from nasopharyngeal
swabs and employment outside the country of origin. The
demographic data collected from their electronic medical records
were age, sex, ethnicities, and pastmedical histories. Additionally,
hemodynamic parameters (blood pressure, BP; and heart rate,
HR) on admission and discharge; new diagnoses of chronic
diseases made during hospitalization (such as hypertension,
diabetes mellitus, and hyperlipidemia); and hematological,
biochemical, and radiological abnormalities were extracted from
the medical records.

Diagnosis and Treatment of Chronic
Diseases
Patients were screened for diabetes mellitus with HbA1c or
OGTT if random blood glucose was elevated. Diagnosis of
diabetes mellitus and pre-diabetes was based on the American
Diabetic Association 2019 guidelines (23). BP was monitored
closely throughout admission. The diagnostic criterion for
hypertension was based on the Eighth Joint National Committee
(JNC 8) guidelines (26). Screening for hyperlipidemia was done if
there were clinical risk factors or presence of other cardiovascular
risk factors (27). Patients were deemed tachycardic if HR was
more than 100 beats per minute (beats/min). Hyperlipidemia
was diagnosed according to the American Heart Association
guidelines (27). Appropriate and prompt treatment was started
for newly diagnosed DM, such as metformin, glipizide and/or
linagliptin; and pre-meal capillary blood glucose measurements
with subcutaneous sliding-scale insulin.

Statistics
Statistical analysis was performed using SPSS 25 software.
Statistical significance, determined with two-tailed, unpaired
testing, was evaluated at the 0.05 level. For continuous variables
(such as age, Ct values, blood pressures, and heart rates), two-
tailed t-tests were used to compare the means of two groups,
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and single-factor ANOVA was used to compare the means of
three or more groups. For categorical variables (such as the
proportion of patients with complications like pneumonia), the
chi-square test was used to compare the proportions between
groups. Odds ratios were calculated using binomial logistic
regression. There was no funding obtained specifically for this
study. Ethics review was overseen by the Singapore Heath System
(SingHealth) Centralized Institutional Review Board (CIRB). All
data was anonymized and irreversibly de-identified to protect
patient privacy.

RESULTS

Patient Characteristics
Two hundred and fouty four patients’ electronic medical records
were reviewed. Three patients were Singapore residents and one
patient was younger than 21 years old, and their records were
excluded from the analysis. The medical records of 240 patients
were included in our study. The demographic data were collated
and analyzed based on age (Table 1) and diagnosis of DM or
pre-diabetes (Table 2). All the patients were male, and the mean
age was 44.2 years [standard deviation (SD), 8.5 years]. Our
population consists of the following ethnicities: Bangladeshi (n=
86, 35.8%), Indian (n= 70, 29.2%), Chinese (n= 66, 27.5%), Thai
(n = 12, 5.0%), and other ethnicities (n = 6, 2.5%). The mean
cycle threshold (Ct) value for the N gene was 23.9 (SD, 8.3), and
the mean Ct value for the E gene was 23.6 (SD, 8.1). The Ct value
was significantly higher in patients with DM (N gene Ct value,
30.7; SD, 4.9 and E gene Ct value, 30.8; SD, 5.1) and pre-diabetes
(N gene Ct value, 25.8; SD, 7.5 and E gene Ct value, 26.8; SD,
7.5), suggesting that lower viral RNA levels resulted in COVID-19
infection. On admission, 23 patients (9.6%) were asymptomatic,
while the rest had symptoms of rhinorrhea, sore throat, cough,
dyspnea, pleuritic chest pain, diarrhea, lethargy, and myalgia.

Screening for DM and Pre-diabetes
The prevalence of DM in our cohort is 7.9% (19 of 240 patients),
of which 73.7% (14 of 19 patients with diabetes) were newly
diagnosed. The mean serum glucose on admission, measured in
201 patients, was 7.5 mmol/L (SD, 3.0 mmol/L). Random plasma
glucose was >7.8 mmol/L in 64 patients (31.8%), of which 59
(24.5%) were not previously known to have DM. Thirty two
patients underwent OGTT, and HbA1c levels were measured in
45 patients. From the OGTT and/or HbA1c results, 14 patients
(5.8%) were newly diagnosed to have DM. All the patients with
DM had an HbA1c >7.0%, with a mean HbA1c of 9.9% (SD,
2.4%). Patients diagnosed with DM were started on appropriate
oral hypoglycemic agents such as metformin, glipizide and/or
linagliptin, as well as pre-meal capillary blood glucosemonitoring
with subcutaneous sliding-scale insulin injections. Additionally,
21 patients (8.8%) were newly diagnosed with pre-diabetes,
defined as an HbA1c between 5.7 and 6.4% and/or a 2 h serum
glucose for the OGTT between 7.8 and 11.0 mmol/L, and they
were counseled on lifestyle modifications and advised to follow
up with a primary-care physician for development of diabetes
or resolution of pre-diabetes. Patients with DM or pre-diabetes
were older (DM, 47.3 years; SD, 4.7 vs. pre-diabetes, 47.7 years;

SD, 7.8 vs. normal glucose control, 44.2 years; SD, 8.5; P =

0.0248), and had a higher prevalence of hyperlipidemia (DM,
15.8% vs. pre-diabetes, 19.0% vs. normal glucose control, 2.0%;
P = 0.0005; Table 2).

Hypertension
The prevalence of hypertension in our cohort was 7.5% (18
of 240 patients), of which 61.1% (8 of 18 patients with
hypertension) were newly diagnosed. Eighty two patients (34.2%)
were hypertensive on admission, with a mean systolic BP of 149
mmHg (SD, 10mmHg) and amean diastolic BP of 93mmHg (SD,
9 mmHg). No patients were in hypertensive urgency, defined as a
systolic BP>180mHg and/or a diastolic BP>120mmHg. Eleven
patients (4.6%) were diagnosed with hypertension because they
were persistently hypertensive over 2 to 3 days and were started
on anti-hypertensive medications such as amlodipine, atenolol
or enalapril. Twenty seven patients (11.3%) were hypertensive
on discharge, with a mean systolic BP of 138 mmHg (SD, 10
mmHg) and a mean diastolic BP of 92 mmHg (SD, 4 mmHg).
Patients who had transient BP readings above 140/90 mmHg
were advised to follow upwith a family physician tomonitor their
BP on discharge. Patients with DM and pre-diabetes had higher
systolic (DM; 147mmHg; SD, 21 vs. pre-diabetes; 134mmHg; SD,
17 vs. normal glucose control; 129 mmHg; SD, 16; P < 0.0001)
and diastolic (DM, 93 mmHg; SD, 9 vs. pre-diabetes; 85mmHg;
SD 8 vs. normal glucose control; 83 mmHg; SD, 10 mmHg; P
< 0.0001) blood pressures and heart rates (DM; 97 beats/min;
SD, 14 vs. pre-diabetes; 92 beats/min; SD 16 vs. normal glucose
control; 86 beats/min; SD, 13; P = 0.0017) on admission, but not
on discharge (Table 2).

Hepatic, Electrolyte, and Hematological
Abnormalities
Serum sampling was undertaken in 201 patients and the results
were analyzed based on age (Table 3) and diagnosis of DM/pre-
diabetes (Table 4), and the association of hepatic, electrolyte, and
hematological complications with age and/or DM/pre-diabetes
was assessed (Table 5). The most common abnormal blood
result was deranged liver enzymes with 46 patients (23.4%)
affected, of which six (3.6%) had alanine aminotransferase levels
>two times the upper limit of normal. The incidence of severe
transaminitis was higher in patients with DM (15.8 vs. 1.5%,
P = 0.0238; Table 4).

Hematological abnormalities were also common, and six
abnormalities were observed in 44 individual patients (17.9%).
Microcytosis was found in 15 patients (7.5%); thrombocytopenia
in eight (4.0%); leukopenia in eight (4.0%); anemia in eight
(4.0%); polycythemia in four (1.99%); and macrocytosis in
one (0.5%). Of the eight patients who were anemic, five had
normocytic anemia, two had microcytic anemia, and one had
macrocytic anemia. Of the five patients who had the anemia
work-up completed, three cases were iron-deficient, one was
vitamin-B12 deficient, and one was both iron and vitamin-B12
deficient. One patient had macrocytosis without anemia and was
found to be vitamin-B12 deficient.

Lastly, the renal panels revealed electrolyte disturbances, such
as hypokalemia in 20 patients (10.0%) with a mean serum
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TABLE 1 | Demographics and clinical characteristics, stratified by age.

All ages

(n = 240)

20 to 29 years

(n = 20)

30 to 39 years

(n = 39)

40 to 49 years

(n = 120)

≥ 50 years

(n = 61)

P value

Age, mean (SD), years 44.2 (8.5) 26.2 (2.1) 33.6 (2.8) 46.4 (2.1) 52.7 (2.8) <0.0001

Ethnicity

Bangladeshi, n (%) 86 (35.8) 16 (80.0) 23 (59.0) 38 (31.7) 9 (14.8) 0.0115

Indian, n (%) 70 (29.2) 4 (20.0) 14 (36.0) 33 (27.5) 19 (31.2)

Chinese, n (%) 66 (27.5) 0 (0.0) 2 (5.1) 43 (35.8) 21 (34.4)

Thai, n (%) 12 (5.0) 0 (0.0) 0 (0.0) 3 (2.5) 9 (14.8)

Others, n (%) 6 (2.5) 0 (0.0) 0 (0.0) 3 (2.5) 3 (4.9)

Co-morbidity

Diabetes mellitus, n (%) 19 (7.9) 0 (0.0) 1 (2.6) 12 (10.0) 6 (9.8) 0.0057

Hypertension, n (%) 18 (7.5) 0 (0.0) 3 (7.7) 7 (5.8) 8 (13.1) 0.0071

Hyperlipidemia, n (%) 11 (4.6) 0 (0.0) 2 (5.1) 4 (3.3) 5 (8.2) 0.0495

SARS-CoV-2 RT-PCR statistics

N gene Ct value, mean (SD) 23.9 (8.3) 17.7 (7.3) 19.0 (8.0) 25.8 (7.7) 27.2 (6.8) <0.0001

E gene Ct value, mean (SD) 23.6 (8.1) 17.5 (6.7) 19.2 (8.5) 25.4 (7.5) 26.8 (6.6) <0.0001

Hemodynamic parameters on admission

Systolic BP, mean (SD), mmHg 131 (17) 122 (11) 128 (16) 130 (15) 138 (20) 0.0004

Diastolic BP, mean (SD), mmHg 84 (10) 79 (8) 80 (11) 84 (9) 87 (9) 0.0009

Heart rate, mean (SD), beats/min 88 (13) 87 (14) 84 (11) 88 (13) 89 (14) 0.2920

Hemodynamic parameters on discharge

Systolic BP, mean (SD), mmHg 121 (12) 115 (9) 119 (12) 122 (12) 121 (13) 0.8375

Diastolic BP, mean (SD), mmHg 80 (9) 78 (8) 77 (8) 80 (9) 79 (8) 0.3944

Heart rate, mean (SD), beats/min 82 (12) 79 (13 80 (12) 83 (12) 82 (12) 0.3303

Serum glucose, mean (SD), mmol/L 7.5 (3.0) 6.4 (1.7) 6.6 (2.6) 7.7 (3.5) 7.4 (2.2) 0.3877

Length of stay, mean (SD), days 5.3 (2.9) 4.3 (1.8) 5.2 (4.0) 5.5 (3.0) 5.3 (2.1) 0.4353

Discharge destination

Home, n (%) 47 (19.6) 1 (5.0) 4 (10.3) 31 (25.8) 11 (18.0) 0.1835

Isolation facility, n (%) 167 (69.6) 19 (95.0) 35 (89.7) 71 (59.2) 42 (68.9)

Subacute hospital, n (%) 27 (11.2) 0 (0.0) 0 (0.0) 18 (15.0) 9 (14.8)

Re-admission to hospital, n (%) 7 (2.92) 0 (0.0) 2 (5.13) 4 (3.33) 1 (1.64) 0.1569

Data are mean (standard deviations) and number of patients (percentage of total number of patients in each age group). P-values are calculated using single-factor ANOVA and

chi–square tests. RT-PCR, reverse-transcriptase polymerase-chain reaction; Ct, cycle threshold; BP, blood pressure.

potassium of 3.3 mmol/L (SD, 0.2 mmol/L), and hyponatremia
in 5 patients (2.5%), with a mean serum sodium of 130 mmol/L
(SD, 4 mmol/L). Pre-diabetes was associated with higher risk of
hyponatremia [odds ratio (OR), 8.83; 95% confidence interval
(CI), 1.17–66.6; P= 0.0342] and hypokalemia (OR, 4.58; 95% CI,
1.52–13.8; P = 0.0069; Table 5).

Radiographical Abnormalities
Two hundred and twenty six patients (94.2%) had chest X-rays
performed. Twenty patients (8.8%) were found to have infective
changes consistent with pneumonia, and six patients (2.7%) had
atelectasis. Five patients (2.2%) had lung nodules suggestive of
past or active tuberculosis. Further sputum examination did
not yield evidence of tuberculosis. Pleural thickening was found
in three patients (1.3%), and the patients reported either a
significant smoking history or previous occupational exposure
to asbestos, albeit while wearing protective equipment. Higher
risk of pneumonia was linked to pre-diabetes (OR, 10.8; 95% CI,

3.65–32.1; P < 0.0001) and age 50 years or older (OR, 3.13; 95%
CI, 1.31–8.41; P = 0.0116; Table 5).

Antibiotics and Hydroxychloroquine
Of the 34 patients with abnormalities on chest X-ray, 15 patients
(44.1%) did not receive antibiotics. Eleven patients (32.4%)
received oral amoxicillin/clavulanic acid 1 g twice a day for 7 days
and azithromycin 500mg once a day for 3 days. Five patients
(14.7%) received amoxicillin/clavulanic acid 1 g twice a day for
5 days and azithromycin 500mg once a day for 3 days; 2 (5.9%)
received amoxicillin/clavulanic acid 1 g twice a day for 7 days
and doxycycline 100mg twice a day for 7 days; and 1 (2.9%)
received amoxicillin/clavulanic acid 1 g twice a day for 7 days.
Of the 20 patients that had infective changes on their X-rays, 18
(90.0%) received empirical antibiotics, which was indicated for
bacterial co-infection.

Of the 240 patients in the cohort, two patients (0.8%) were
transferred to another ward due to worsening laboratory and
radiological results, where they received oral hydroxychloroquine
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TABLE 2 | Demographics and clinical characteristics, stratified by diagnosis of diabetes mellitus, and pre-diabetes.

All

(n = 240)

Diabetes mellitus

(n = 19)

Pre-diabetes

(n = 21)

Normal glucose control

(n = 200)

P-value

Age, mean (SD), years 44.2 (8.5) 47.3 (4.7) 47.7 (7.8) 43.5 (8.7) 0.0248

Ethnicity

Bangladeshi, n (%) 86 (35.8) 7 (36.8) 2 (9.5) 77 (38.5) 1.0000

Indian, n (%) 70 (29.2) 9 (47.4) 6 (28.6) 55 (27.5)

Chinese, n (%) 66 (27.5) 2 (10.5) 12 (57.1) 52 (26.0)

Thai, n (%) 12 (5.0) 1 (5.3) 1 (4.8) 10 (5.0)

Others, n (%) 6 (2.5) 0 (0.0) 0 (0.0) 6 (3.0)

Co-morbidity

Hypertension, n (%) 18 (7.5) 2 (10.5) 3 (14.3) 13 (6.5) 0.1058

Hyperlipidemia, n (%) 11 (4.6) 3 (15.8) 4 (19.0) 4 (2.0) 0.0005

SARS-CoV-2 RT-PCR statistics

N gene Ct value, mean (SD) 23.9 (8.3) 30.7 (4.9) 25.8 (7.5) 23.2 (8.3) 0.0062

E gene Ct value, mean (SD) 23.6 (8.1) 30.8 (5.1) 26.8 (7.5) 22.6 (8.0) 0.0006

Hemodynamic parameters on admission

Systolic BP, mean (SD), mmHg 131 (17) 147 (21) 134 (8) 129 (16) <0.0001

Diastolic BP, mean (SD), mmHg 84 (10) 92 (9) 85 (8) 83 (10) <0.0001

Heart rate, mean (SD), beats/min 88 (13) 97 (14) 91 (16) 86 (13) 0.0017

Hemodynamic parameters on discharge

Systolic BP, mean (SD), mmHg 121 (12) 127 (14) 120 (9) 120 (13) 0.0678

Diastolic BP, mean (SD), mmHg 80 (9) 82 (8) 81 (7) 78 (9) 0.1131

Heart rate, mean (SD), beats/min 82 (12) 86 (11) 84 (11) 82 (12) 0.3197

Serum glucose, mean (SD), mmol/L 7.5 (3.0) 13.8 (5.0) 9.6 (1.5) 6.4 (1.4) <0.0001

Length of stay, mean (SD), days 5.3 (2.9) 6.3 (2.3) 6.0 (3.1) 5.1 (2.9) 0.1340

Discharge destination

Home, n (%) 47 (19.6) 4 (21.1) 4 (19.0) 39 (19.4) 0.9594

Isolation facility, n (%) 167 (69.6) 14 (73.7) 14 (66.7) 139 (69.2)

Subacute hospital, n (%) 27 (11.2) 1 (5.3) 3 (14.3) 23 (11.4)

Re-admission to hospital, n (%) 7 (2.92) 1 (5.3) 0 (0.0) 6 (3.0) 0.5768

Data are mean (standard deviations) and number of patients (percentage of total number of patients in each group). P-values are calculated by comparing three groups (diabetes

mellitus, pre-diabetes, and normal glucose control) using single-factor ANOVA and chi–square tests. RT-PCR, reverse-transcriptase polymerase-chain reaction; Ct, cycle threshold; BP,

blood pressure.

400mg twice a day for 1 day then 200mg twice a day for 4
days. They did not require supplemental oxygen nor intensive
care during their admission and were discharged home. One of
the patients had pre-diabetes and the other was not diagnosed
with pre-diabetes/DM.

Lengths of Stay, Discharge Destinations,
and Re-admissions
The mean length of stay (LOS) in the acute hospital ward was
5.3 days (SD, 2.9 days), and patients with DM and pre-diabetes
were on average hospitalized for 1 day longer (6.1 days; SD, 2.7
days vs. 5.1 days; SD, 2.9 days; P= 0.0379). Seven patients (2.9%)
were re-admitted to an acute hospital within 30 days of discharge.
Two cases (0.8%) were re-admitted for complications of COVID-
19, both of whom were not diagnosed with DM or pre-diabetes,
while five cases (2.1%) were re-admitted for other reasons. Fouty
seven patients (19.6%) were discharged after testing negative for
SARS-CoV-2 on two consecutive days. For the rest of the patients,
who tested SARS-CoV-2 PCR positive during their admissions,

166 patients (69.2%) were sent to an isolation facility within
the community, and 27 patients (11.3%) were transferred to a
subacute community hospital, where they were monitored more
closely compared to isolation facilities. There were no mortalities
at 30 days. Patients with DM and pre-diabetes did not have
a significant difference in re-admission rates at 30 days and
discharge destination.

Newly Diagnosed Diseases
Thirteen patients (5.4%) reported that they had a known past
medical history on admission. Nine patients reported one co-
morbidity and four patients reported multiple co-morbidities,
which included type 2 diabetes mellitus in five patients (2.1%),
hypertension in seven patients (2.9%), and hyperlipidemia in
three patients (1.3%). Other notable past medical issues included
work-related injuries (such as hand laceration, blunt trauma to
upper limb, and vehicular trauma to knee) in three patients,
asthma and ischemic heart disease.
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TABLE 3 | Incidence of laboratory and radiographical abnormalities, stratified by age.

All ages 20 to 29 years 30 to 39 years 40 to 49 years ≥50 years P-value

Renal panel (n = 201)

Hyponatremia, n (%) 5 (2.5) 0 (0.0) 0 (0.0) 2 (1.74) 3 (4.9) 0.0557

Hypokalemia, n (%) 20 (10.0) 0 (0.0) 2 (10.0) 10 (8.7) 8 (13.1) 0.0111

Liver function test (n = 197)

Transaminitis, n (%) 46 (23.4) 3 (75.0) 5 (27.8) 22 (19.3) 16 (26.2) <0.0001

ALT >2 times ULN, n (%) 7 (3.6) 0 (0.0) 0 (0.0) 4 (3.5) 3 (5.0) 0.0527

Full blood count (n = 201)

All disorders, n (%) 44 (21.9) 0 (0.0) 3 (15.0) 29 (25.2) 12 (19.6) <0.0001

Thrombocytopenia, n (%) 8 (4.0) 0 (0.0) 0 (0.0) 7 (6.1) 1 (1.6) 0.0151

Leukopenia, n (%) 8 (4.0) 0 (0.0) 0 (0.0) 7 (6.1) 1 (1.6) 0.0151

Anemia, n (%) 8 (4.0) 0 (0.0) 0 (0.0) 5 (4.4) 3 (4.9) 0.0418

Polycythemia, n (%) 4 (2.0) 0 (0.0) 0 (0.0) 2 (1.7) 2 (3.3) 0.1834

Microcytosis, n (%) 15 (7.5) 0 (0.0) 3 (15.0) 7 (6.1) 5 (8.2) 0.0015

Macrocytosis, n (%) 1 (0.5) 0 (0.0) 0 (0.0) 1 (0.9) 0 (0.0) 0.6213

Chest X-ray (n = 226)

Infective changes, n (%) 20 (8.9) 0 (0.0) 2 (6.9) 8 (6.7) 10 (16.4) 0.0010

Atelectasis, n (%) 6 (2.7) 0 (0.0) 0 (0.0) 1 (0.8) 5 (8.2) 0.0004

Nodules, granulomata, n (%) 5 (2.2) 0 (0.0) 0 (0.0) 5 (4.2) 0 (0.0) 0.0391

Pleural thickening/scarring, n (%) 3 (1.3) 0 (0.0) 0 (0.0) 1 (0.8) 2 (3.3) 0.1268

Data are number of patients (percentage of the total number of patients tested in each group). P-values are calculated by comparing all four age groups using chi–square tests. ALT,

alanine aminotransferase; ULN, upper limit of normal.

TABLE 4 | Incidence of laboratory and radiographical abnormalities stratified by diagnosis of diabetes mellitus and pre-diabetes.

All Diabetes mellitus Pre-diabetes Normal glucose control P-value

Renal panel (n = 201)

Hyponatremia, n (%) 5 (2.5) 1 (5.2) 2 (9.5) 2 (1.2) 0.1119

Hypokalemia, n (%) 20 (10.0) 1 (5.3) 6 (28.6) 13 (8.0) 0.0236

Liver function test (n = 197)

Transaminitis, n (%) 46 (23.4) 7 (36.8) 2 (9.5) 37 (18.5) 0.0631

ALT >2 times ULN, n (%) 7 (3.6) 3 (15.8) 1 (4.8) 3 (1.5) 0.0238

Full blood count (n = 201)

Thrombocytopenia, n (%) 8 (4.0) 1 (5.3) 2 (9.5) 5 (3.1) 0.2685

Leukopenia, n (%) 8 (4.0) 0 (0.0) 3 (14.3) 5 (3.1) 0.0988

Anemia, n (%) 8 (4.0) 0 (0.0) 2 (9.5) 6 (3.7) 0.3680

Chest X-ray (n = 226)

Infective changes, n (%) 20 (8.9) 2 (10.5) 8 (38.1) 10 (5.4) 0.0001

Atelectasis, n (%) 6 (2.7) 0 (0.0) 1 (4.8) 5 (2.7) 0.6604

Data are number of patients (percentage of the total number of patients tested in each group). P-values are calculated by comparing three groups (diabetes mellitus, pre-diabetes and

normal glucose control) using chi–square tests. ALT, alanine aminotransferase; ULN, upper limit of normal.

TABLE 5 | Association between age, diabetes mellitus, and pre-diabetes with complications of COVID-19.

Diabetes mellitus P-value Pre-diabetes P-value Age ≥50 years P-value

Pneumonia, OR (95% CI) 2.07 (0.42–10.2) 0.3783 10.8 (3.65–32.1) <0.0001 3.13 (1.31–8.41) 0.0116

Hyponatremia, OR (95% CI) 4.67 (0.40–54.3) 0.2194 8.83 (1.17–66.6) 0.0342 3.57 (0.58–21.9) 0.1703

Hypokalemia, OR (95% CI) 0.64 (0.07–5.16) 1.2571 4.58 (1.52–13.82) 0.0069 1.62 (0.63–4.20) 0.3227

Transaminitis, OR (95% CI) 1.88 (0.69–5.11) 0.2206 0.339 (0.08–1.52) 1.2006 1.24 (0.62–2.50) 0.5516

Data are odds ratios (95% confidence intervals), calculated using binomial logistic regression. Diabetes mellitus and pre-diabetes are compared to normal glucose control (OR = 1).

Age 50 and greater is compared to age <50 (OR = 1). OR, odds ratio; CI, confidence interval.
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In total, 70 patients (29.2%) in the cohort were diagnosed
with either a chronic disease or another concomitant disease
during their hospitalization (Supplementary Table 1). Newly
diagnosed metabolic diseases include pre-diabetes in 21
patients (8.8%), type 2 diabetes mellitus in 14 patients (5.8%),
hypertension in eleven patients (4.6%) and hyperlipidemia in
eight patients (2.9%). The majority of the patients with chronic
diseases were previously unaware of their diagnoses: 73.7%
for diabetes mellitus, 61.1% for hypertension and 72.7% for
hyperlipidemia (Table 6).

DISCUSSION

To our knowledge, this is the first analysis that investigated the
clinical complications of COVID-19 and the associated burden
of undiagnosed chronic disease among international migrant
workers. Notably the prevalence of previously undiagnosed DM
among international migrant workers is 5.8%, which is two
times higher than the prevalence of undiagnosed DM among
Singapore residents (2.9%) (24, 25). Even though the prevalence
of hyperlipidemia (7.5 vs. 33.6%) and hypertension (5.8 vs.
21.5%) are lower in our cohort of migrant workers compared
to Singapore residents, the unawareness rates are higher among
migrant workers: 72.7 vs. 40.9% for hyperlipidemia, and 61.1
vs. 43.9% for hypertension (24, 25). Interestingly, our analysis
shows that pre-diabetes, which is more prevalent than DM in
Singapore (14.4 vs. 8.6%) (25), increases the risk of pneumonia
and electrolyte abnormalities with COVID-19, indicative of
more severe lung and kidney involvement. Pre-diabetes might
have conferred a greater risk for pneumonia and electrolyte
abnormalities than DM because, unlike patients with DM,
patients with pre-diabetes were not started on pre-meal capillary
blood glucose monitoring, subcutaneous sliding-scale insulin or
oral hypoglycemic agents to control their blood glucose levels
during their hospitalizations. Furthermore, patients with DM or
pre-diabetes contract COVID-19 with lower viral RNA levels,
which suggests a lower threshold for infection for both DM
and pre-diabetes.

Therefore, clinicians should be encouraged to screen migrant
workers for chronic diseases, in particular for DM, which
increases the risk of developing severe infections, and has
devastating systemic complications if not adequately treated
at an early stage. Moreover, public health policies targeting
migrant workers should encompass metabolic diseases, which
we found to be largely undiagnosed in the migrant community
compared to the resident population. For instance, most migrant
workers in Singapore already incur considerable debt due to
expensive fees charged by employment agencies in their home
countries and are not entitled to health care subsidies afforded to
Singapore residents (4). While employers of migrant workers in
Singapore are required to maintain medical insurance coverage
of at least $15,000 for hospitalization and day surgery costs
(28), healthcare accessibility, and affordability may be improved
through the extension of the mandatory insurance scheme to
include preventative, primary, and outpatient care. Accessible,
affordable, and appropriate heath care and insurance coverage

would ensure that both chronic and acute diseases are detected
and treated adequately.

Even though serious complications of COVID-19 were
less prevalent in our cohort, possibly due in part to the
younger demographic profile, we found significant incidental
findings such as pulmonary tuberculosis, lung nodules,
and pleural thickening on chest X-rays. As occupational
respiratory illnesses and pulmonary tuberculosis were more
prevalent among migrant workers, contributed by crowded
living conditions, high stress levels, long working hours, and
occupational exposure to hazardous substances (1, 4), our
review suggests that screening chest X-rays might be relevant
for this vulnerable population. Moreover, the COVID-19
outbreak among migrant workers also highlights the importance
of improving the living and working conditions of migrant
workers, to reduce the incidence of infective and occupational
lung disease.

Antibiotic use was also appropriate in our study. In total,
19 of 240 (7.9%) hospitalized patients in our cohort received
antibiotics for superimposed bacterial infections, which is similar
to the prevalence of bacterial coinfection among hospitalized
COVID-19 patients worldwide (29). Notably, a literature review
of studies of hospitalized COVID-19 patients determined that
while 72% of hospitalized patients received antibiotics, only 8%
had evidence of superimposed bacterial or fungal coinfection
(29). Responsible antimicrobial stewardship would prevent the
emergence of untreatable drug-resistant pathogens that could
lead to another public health emergency (30), and prompt
control of blood glucose levels may prevent overuse of antibiotics
by attenuating the effects of hyperglycemia on the severity
of COVID-19.

This review has a number of limitations. First, our cohort
of 240 migrant workers is a small subset of the population
of international migrant workers in Singapore who developed
COVID-19, and its demographics are limited to male migrant
workers aged from 21 to 65 years with mild to moderate COVID-
19 on admission. To our knowledge, this is the first analysis of
COVID-19 among hospitalized international migrant workers.
Hence, we are unable to compare our cohort to other cohorts of
international migrant workers in Singapore or in other countries.
Second, some demographic data, such as body mass index (BMI)
and length of DM in patients diagnosed before admission,
are not available from our data set. Third, another limitation
is the lack of a similar-sized comparison group consisting
of patients in the resident population. Therefore, we had to
use previously published reports to compare the prevalence of
chronic diseases. Fourth, since this is a retrospective review
based on a brief stay in an acute hospital, and the vast
majority of the patients do not have past medical records in the
Singapore health system, we are unable to ascertain if some of
the laboratory abnormalities are due to COVID-19 itself or an
underlying chronic condition (such as thalassemia trait causing
microcytosis or chronic liver disease causing transaminitis).
Moving forward, a prospective cohort study that follows up on
these patients’ laboratory abnormalities would enable us to better
understand these abnormalities. More ambitiously, a national
or international database comprising both resident and migrant
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TABLE 6 | Prevalence of chronic diseases.

All ages

(n = 240)

20 to 29 years

(n = 20)

30 to 39 years

(n = 39)

40 to 49 years

(n = 120)

≥ 50 years

(n = 61)

P-value

Pre-diabetes

Total, n (%) 21 (8.8) 1 (5.0) 2 (5.1) 9 (7.5) 9 (14.8) 0.0601

Previously known, n (%) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) Not applicable

Newly diagnosed, n (%) 21 (8.8) 1 (5.0) 2 (5.1) 9 (7.5) 9 (14.8) 0.0601

Diabetes mellitus

Total, n (%) 19 (7.9) 0 (0.0) 1 (2.6) 12 (10.0) 6 (9.8) 0.0057

Previously known, n (%) 5 (2.1) 0 (0.0) 0 (0.0) 4 (3.3) 1 (1.6) 0.1710

Newly diagnosed, n (%) 14 (5.8) 0 (0.0) 1 (2.6) 8 (6.7) 5 (8.2) 0.0329

Hypertension

Total, n (%) 18 (7.5) 0 (0.0) 3 (7.7) 7 (5.8) 8 (13.1) 0.0071

Previously known, n (%) 7 (2.9) 0 (0.0) 0 (0.0) 4 (3.3) 3 (4.9) 0.0639

Newly diagnosed, n (%) 11 (4.6) 0 (0.0) 3 (7.7) 3 (2.5) 5 (8.2) 0.0148

Hyperlipidemia

Total, n (%) 11 (4.6) 0 (0.0) 2 (5.1) 4 (3.3) 5 (8.2) 0.0495

Previously known, n (%) 3 (1.3) 0 (0.0) 0 (0.0) 2 (1.7) 1 (1.6) 0.4301

Newly diagnosed, n (%) 8 (3.3) 0 (0.0) 2 (5.1) 2 (1.7) 4 (6.6) 0.0411

Data are number of patients (percentage of total number of patients in each age group). P-values are calculated using chi–squared tests.

COVID-19 cases would enable us to determine which factors and
treatments may affect health outcomes in migrant workers with
COVID-19 infections.

In conclusion, this retrospective review demonstrates that
there is a significant burden of undiagnosed chronic diseases,
in particular metabolic diseases such as pre-diabetes and
diabetes mellitus, in migrant populations. Since many of
these chronic diseases benefit from early treatment, screening
of asymptomatic individuals should be extended to migrant
populations. Moreover, our analysis suggests that migrant
workers with DM and pre-diabetes are at a higher risk of
developing complications of COVID-19 despite having lower
viral RNA levels, alerting clinicians to consider screening for
pneumonia and electrolyte abnormalities in this vulnerable
group. Importantly, this report reinforces the public health axiom
that “a community is only as strong as its weakest link,” and public
health policies should advocate for improved living and working
conditions for neglected groups such as migrant workers, to
protect the health and well-being of all.
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Background: Coronavirus disease-2019 (COVID-19) is a growing pandemic with an
increasing death toll that has been linked to various comorbidities as well as racial
disparity. However, the specific characteristics of these at-risk populations are still not
known and approaches to lower mortality are lacking.

Methods:We conducted a retrospective electronic health record data analysis of 25,326
subjects tested for COVID-19 between 2/25/20 and 6/22/20 at the University of Alabama
at Birmingham Hospital, a tertiary health care center in the racially diverse Southern U.S.
The primary outcome was mortality in COVID-19-positive subjects and the association
with subject characteristics and comorbidities was analyzed using simple and multiple
linear logistic regression.

Results: The odds ratio of contracting COVID-19 was disproportionately high in Blacks/
African-Americans (OR 2.6; 95% CI 2.19–3.10; p<0.0001) and in subjects with obesity
(OR 1.93; 95% CI 1.64–2.28; p<0.0001), hypertension (OR 2.46; 95% CI 2.07–2.93;
p<0.0001), and diabetes (OR 2.11; 95% CI 1.78–2.48; p<0.0001). Diabetes was also
associated with a dramatic increase in mortality (OR 3.62; 95% CI 2.11–6.2; p<0.0001)
and emerged as an independent risk factor in this diverse population even after correcting
for age, race, sex, obesity, and hypertension. Interestingly, we found that metformin
treatment prior to diagnosis of COVID-19 was independently associated with a significant
reduction in mortality in subjects with diabetes and COVID-19 (OR 0.33; 95% CI 0.13–
0.84; p=0.0210).

Conclusion: Thus, these results suggest that while diabetes is an independent risk factor
for COVID-19-related mortality, this risk is dramatically reduced in subjects taking
metformin prior to diagnosis of COVID-19, raising the possibility that metformin may
provide a protective approach in this high risk population.
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INTRODUCTION

Coronavirus disease-2019 (COVID-19) caused by the severe
acute respiratory syndrome-coronavirus-2 (SARS-CoV-2) is a
growing global pandemic that has devastated Asia, Europe,
and now the United States. Its increasing death toll has
been linked to higher age and a number of comorbidities
including hypertension, obesity, and diabetes (1, 2), but
approaches to counteract this trend are still lacking. Being a
new disease, the specific patient characteristics of these at risk
populations are also only starting to emerge with studies
reported from China (3–5), Europe (6, 7) and more recently
New York (1, 2).

However, currently still very little is known about patient
characteristics in the U.S., particularly in more diverse
communities with a large proportion of Blacks/African-
Americans such as in the South. This information is especially
relevant as African-Americans have been disproportionally
affected by this pandemic across the nation (8–10) and the
prevalence of comorbidities including diabetes is very high in
these communities (11). We therefore conducted a retrospective
observational study of subjects diagnosed with COVID-19 at the
University of Alabama at Birmingham (UAB) Hospital, a tertiary
health care center in the South, aimed at identifying the patient
characteristics and factors affecting mortality especially in the
context of diabetes in this diverse cohort.
METHODS

Study Design and Participants
We conducted a retrospective analysis of de-identified
electronic health record data (EHR). The sampling method
consisted of including subjects consecutively tested for
COVID-19 between February 25, 2020 and June 22, 2020 at
UAB (Institutional Review Board protocol E160105006). To
make the results as generalizable as possible and minimize any
selection bias, completed testing within that time frame was
also the only inclusion criteria and lack of outcome data in
terms of survival was the only exclusion criteria. Subjects were
categorized as confirmed COVID-19 positive or negative based
on RT-PCR results from SARS-CoV-2 viral nucleic acid testing
in respiratory specimens. The primary outcome was mortality
and the effects of patient characteristics and comorbidities as
documented in the EHR data (including 12 months before
COVID-19 diagnosis) were analyzed. EHR data definitions for
obesity included a body mass index (BMI) of ≥30 kg/m2 and
for hypertension a systolic blood pressure of ≥140 mmHg and/
or a diastolic blood pressure of ≥90 mmHg. HbA1C was
analyzed as a continuous variable. In terms of treatment, we
focused on metformin and insulin as they were the two most
common used drugs for diabetes and reliable electronic health
record data were available. The number of subjects on other
antidiabetic medications such as sodium-glucose cotransporter
2 (SGLT2) inhibitors or dipeptidyl peptidase IV (DPPIV)
inhibitors was too small to allow for meaningful statistical
Frontiers in Endocrinology | www.frontiersin.org 297
analysis. This may have been due to the much higher costs
of these newer medications and our cohort that included
underserved communities.

Statistical Analysis
Patient characteristics and comorbidities were summarized as
mean and standard deviation (SD) for continuous variables and
frequency and proportion for categorical variables. In analysis,
age was categorized into three groups: <50, 50–70, and >70 years
old. The association with COVID-19 diagnosis was explored
utilizing a simple linear logistic regression for each of the
potential risk factors and the raw odds ratio (OR) and the 95%
confidence interval (95% CI) were calculated for the strength of
association. The associations with COVID-19 mortality for the
potential risk factors were explored with both simple linear
logistic regression for raw ORs and multiple linear logistic
regression for adjusted ORs. Potential interactions were
evaluated and removed from the multiple logistic regression
model if not significant. The sample size of this study was
determined by the available and eligible cases from EHR
between February 25, 2020 and June 22, 2020 at UAB,
including 24,722 COVID-19 negative and 604 COVID-19
positive subjects. This large sample size achieved >80% power
to detect even a very small effect (e.g., OR=1.25) in the
association of potential risk factors and contracting COVID-
19. Among COVID-19 positive subjects 67 were identified as
deceased during the study period and this sample size achieved
>80% power to detect a medium effect size (e.g., OR=2.4 or
smaller depending on the distribution of risk factors) for the
association of subject characteristics and mortality. The power
analyses were conducted with a two-sided test in a logistic
regression under the significance level of 0.05, using PASS 14
Power Analysis and Sample Size Software (NCSS, LLC. Kaysville,
Utah). The statistical analyses were conducted using SAS 9.4
(Cary, NC).
RESULTS

Subject Characteristics and Coronavirus
2019 Diagnosis
The characteristics of the 24,722 subjects who tested negative for
COVID-19 and 604 subjects who had a confirmed positive
COVID-19 test are listed in Table 1. This low positivity rate of
2.4% is most likely due to the fact that asymptomatic hospital
staff and patients coming for elective procedures were included
in this screening. To explore the association between COVID-19
diagnosis and potential risk factors, a simple logistic regression
was used. Notably, despite only representing 26% of the
population in Alabama, the number of African-Americans who
tested positive for COVID-19 was disproportionally high as
African-Americans represented 52% of those who tested
positive while accounting for only 30% of those who tested
negative. This resulted in a highly significant odds ratio (OR 2.6,
95% CI 2.19–3.10; p<0.0001) (Table 1). In contrast, only 36% of
COVID-19 positive subjects were Whites, whereas Whites made
January 2021 | Volume 11 | Article 600439
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up 56% of those who tested negative, further underlining the
racial disparity. Interestingly, 70% of all subjects diagnosed with
COVID-19 had pre-existing hypertension, 61% had obesity and
40% had diabetes and the risk of being diagnosed with COVID-
19 while suffering from any one of these comorbidities was
significantly elevated (p<0.0001) (Table 1). In the case of
diabetes, 92% of subjects also had hypertension and 74% were
obese, which may have further contributed to the increased risk
observed in this population. Overall, these results are very much
Frontiers in Endocrinology | www.frontiersin.org 398
in line with global observations and suggested that our cohort
provided a representative sample.

Characteristics and Mortality
of Coronavirus 2019 Positive Subjects
Overall mortality in COVID-19 positive individuals was 11%, but
varied a lot depending on a number of subject characteristics.
Ninety three percent of deaths occurred in subjects over the age
of 50 and male sex as well as hypertension were associated with a
TABLE 1 | Subject characteristics and COVID-19 diagnosis.

Subject characteristics Covid-19 Comparison OR (95%CI) P-value

Negative(n = 24,722) Positive(n = 604)

Age Group
<50 years 10626 (43.0%) 239 (39.6%)
50–70 years 9862 (39.9%) 245 (40.6%) 50–70 vs <50 1.10 (0.92, 1.32) 0.2798
>70 years 4234 (17.1%) 120 (19.9%) >70 vs 50–70 1.14 (0.91, 1.42) 0.2432
Race
African-American (AA) 7498 (30.3%) 311 (51.5%) AA vs White 2.61 (2.19, 3.10) <0.0001
White 13821 (55.9%) 220 (36.4%)
Other 3403 (13.8%) 73 (12.1%)
Sex
Male 10671 (43.2%) 272 (45.0%) M vs F 1.06 (0.90, 1.25) 0.4629
Female 13841 (56.0%) 332 (55.0%)
Unidentified 210 (0.8%)
Obesity
Yes 11167 (45.2%) 371 (61.4%) Y vs N 1.93 (1.64, 2.28) <0.0001
No 13555 (54.8%) 233 (38.6%)
Hypertension
Yes 11891 (48.1%) 420 (69.5%) Y vs N 2.46 (2.07, 2.93) <0.0001
No 12831 (51.9%) 184 (30.5%)
Diabetes
Yes 5865 (23.7%) 239 (39.6%) Y vs N 2.11 (1.78, 2.48) <0.0001
No 18857 (76.3%) 365 (60.4%)
Janua
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TABLE 2 | Characteristics and mortality of COVID-19 positive subjects.

Subject characteristics Mortality Comparison OR (95%CI) P-value

Alive (n = 537) Deceased (n = 67)

Age Group
<50 years 234 (43.6%) 5 (7.5%)
50–70 years 216 (40.2%) 29 (43.3%) 50–70 vs <50 6.28 (2.39, 16.5) 0.0002
>70 years 87 (16.2%) 33 (49.2%) >70 vs 50–70 2.83 (1.62, 4.93) 0.0003

Race
African-American (AA) 277 (51.6%) 34 (50.8%) AA vs White 0.84 (0.49, 1.43) 0.5262
White 192 (35.7%) 28 (41.8%)
Other 68 (12.7%) 5 (7.5%)

Sex
Male 231 (43.0%) 41 (61.2%) M vs F 1.52 (1.19, 1.72) 0.0055
Female 306 (57.0%) 26 (38.8%)

Obesity
Yes 328 (61.1%) 43 (64.2%) Y vs N 1.14 (0.67, 1.94) 0.6234
No 209 (38.9%) 24 (35.8%)

Hypertension
Yes 361 (67.2%) 59 (88.1%) Y vs N 3.60 (1.68, 7.69) 0.001
No 176 (32.8%) 8 (11.9%)

Diabetes
Yes 194 (36.1%) 45 (67.2%) Y vs N 3.62 (2.11, 6.20) <0.0001
No 343 (63.9%) 22 (32.8%)
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significantly elevated risk of death as assessed by bivariate logistic
regression analysis (Table 2). In addition, diabetes was associated
with a dramatic increase in mortality (OR 3.62; 95% CI 2.11–6.2;
p<0.0001). In fact, 67% of deaths occurred in subjects with diabetes.

We also conducted multiple logistic regression analysis with
age, race, sex, obese status, hypertension status, and diabetes
status as covariates and the adjusted odds ratios and 95% CIs are
illustrated in Figure 1. Specifically, after controlling for these
other covariates, age, sex, and diabetes emerged as the major
Frontiers in Endocrinology | www.frontiersin.org 499
factors significantly associated with COVID-19 related mortality,
suggesting that they are independent risk factors.

Characteristics and Mortality of
Coronavirus 2019 Positive Subjects
With Diabetes
Based on the identification of diabetes as an independent risk factor
for mortality in COVID-19 positive subjects, we explored potential
additional risk factors within this diabetic subgroup. Notably, higher
FIGURE 1 | Forest plot showing adjusted mortality risk in subjects with coronavirus 2019 (COVID-19). Multiple logistic regression analysis with age, race, sex, obese
status, hypertension status, and diabetes status as covariates was performed. The regression yielded a significant model (p<0.0001) with AUC of 0.79 (95% CI
0.74–0.85) and the adjusted odds ratios (OR), 95% confidence intervals (LCL-UCL) and corresponding P-values are shown.
TABLE 3 | Characteristics and mortality of COVID-19 positive subjects with diabetes.

Subject characteristics Mortality Comparison OR (95%CI) P-value

Alive (n = 194) Deceased (n = 45)

Age Group
<50 years 50 (25.8%) 2 (4.4%)
50–70 years 104 (53.6%) 20 (44.4%) 50–70 vs <50 4.81 (1.08, 21.4) 0.0392
>70 years 40 (20.6%) 23 (51.1%) >70 vs 50–70 2.99 (1.48, 6.03) 0.0022

Race
African-American (AA) 127 (65.5%) 28 (62.2%) AA vs White 0.82 (0.40, 1.68) 0.5855
White 52 (26.8%) 14 (31.1%)
Other 15 (7.7%) 3 (6.7%)

Sex
Male 91 (46.9%) 30 (66.7%) M vs F 2.26 (1.15, 4.47) 0.0187
Female 103 (53.1%) 15 (33.3%)

Obesity
Yes 144 (74.2%) 34 (75.6%) Y vs N 1.07 (0.51, 2.28) 0.8539
No 50 (25.8%) 11 (24.4%)

Hypertension
Yes 176 (90.7%) 43 (95.6%) Y vs N 2.20 (0.49, 9.84) 0.3027
No 18 (9.3%) 2 (4.4%)

Diabetes
Type 1 (T1D) 16 (8.2%) 3 (6.7%) T1D vs T2D 0.79 (0.22, 2.85) 0.7245
Type 2 (T2D) 178 (91.8%) 42 (93.3%)

Insulin in T2D
Yes 72 (40.5%) 15 (35.7%) Y vs N 0.82 (0.41, 1.64) 0.5728
No 106 (59.5%) 27 (64.3%)

Metformin in T2D
Yes 68 (38.2%) 8 (19.1%) Y vs N 0.38 (0.17, 0.87) 0.0221
No 110 (61.8%) 34 (81.0%)
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age and male sex continued to be associated with increased
mortality in the context of diabetes, while no significant difference
between type 1 (T1D) and type 2 diabetes (T2D) was observed
(Table 3). Next, we investigated the effects of diabetes treatment on
adverse COVID-19 outcome.We focused on insulin andmetformin
as the twomost commonmedications prescribed for T2D. To avoid
confounding effects from insulin being initiated for stress
hyperglycemia and from metformin being discontinued in
hospitalized patients, only medications used prior to the diagnosis
of COVID-19 were considered. Interestingly, while prior insulin use
did not seem to affect mortality risk, metformin use significantly
reduced the odds of dying (OR 0.38; 95% CI 0.17–0.87; p=0.0221).
In fact, with 11% the mortality of metformin users was comparable
to that of the general COVID-19-positive population and
dramatically lower than the 24% mortality observed in subjects
with diabetes and not onmetformin. Of note, this beneficial effect of
metformin use on adverse outcome remained even when subjects
with chronic kidney disease or chronic heart failure, classical
contraindications for metformin, were excluded from the analysis
(OR 0.17; 95% CI 0.04–0.79; p=0.0231). This makes any potential
confounding effects from skewing metformin users toward healthier
subjects without these additional comorbidities, very unlikely. To
Frontiers in Endocrinology | www.frontiersin.org 5100
further determine whether the effect might be just driven by female
sex, as one report proposed that women particularly benefit from
metformin (12), we also analyzedmales separately. Interestingly, the
odds ratio of dying remained significantly lower in male subjects on
metformin (OR 0.28; 95% CI 0.09–0.88; p=0.0286).

Moreover, we again performed multiple logistic regression
analysis with metformin use, insulin use, age, race, sex, obese
status, and hypertension status as covariates and the adjusted
odds ratios and 95% CIs are shown in Figure 2. Specifically, after
controlling for other covariates, age, sex, and metformin use
emerged as independent factors affecting COVID-19 related
mortality. Interestingly, even after controlling for all these
other covariates, the likelihood of death for subjects taking
metformin for their T2D was significantly less than for those
who did not take metformin (OR 0.33; 95% CI 0.13–0.84;
p=0.0210). In this regard it is also important to note that
subjects not taking metformin did not have more severe
metabolic disease or diabetes than those on metformin as
demonstrated by comparable or even lower body mass index
(BMI) and hemoglobin A1C (HbA1C) values (Table 4).

Still, since metformin is known and used for its weight neutral
or even weight lowering properties, while improving glycemic
TABLE 4 | BMI, BG, and HbA1C of subjects with COVID-19 and T2D treated with/without metformin.

Alive Deceased P-value

Mean SD Mean SD t-test

BMI (kg/m2) Metformin use - Yes 35.2 9.4 30.9 6.9 0.2406
Metformin use - No 33.6 8.7 32.4 9.8 0.6039

HbA1C (%) Metformin use - Yes 8.0 2.6 7.3 1.3 0.4627
Metformin use - No 7.0 1.8 6.6 2.1 0.4428

BG-diagnosis
(mg/dL) Metformin use - Yes 181.4 84.6 207.3 81.0 0.5166

Metformin use - No 148.6 58.2 156.2 60.2 0.5799
BG-illness
(mg/dL) Metformin use - Yes 156.6 48.4 173.7 53.9 0.4713

Metformin use - No 143.0 33.1 147.8 51.7 0.6466
January 2021 | Volume 11 | Article
FIGURE 2 | Forest plot showing adjusted mortality risk in subjects with coronavirus 2019 (COVID-19) and T2D. Multiple logistic regression analysis with metformin
use, insulin use, age, race, sex, obese status, and hypertension status as covariates was performed and yielded a significant model (p=0.0001) with AUC of 0.77
(0.69, 0.85). The adjusted odds ratios (OR), 95% confidence intervals (LCL-UCL), and corresponding P-values are shown.
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control in T2D (13), we wondered whether these effects might
contribute to the reduced risk of COVID-19 related mortality.
However, neither BMI nor HbA1C were lower in metformin
users who survived as compared to those who died (Table 4).
While surprising, this is consistent with the notion that long-
term glycemic control does not affect COVID-19 outcome, as
recently reported (6). Also, only one subject in our cohort
experienced a hyperosmolar hyperglycemic state and ended up
surviving and there were no subjects with diabetic ketoacidosis
(DKA). Moreover, blood glucose at diagnosis and during the
illness were not significantly different in metformin-users who
survived as compared to those who died (Table 4). This further
suggests that other factors may play a more important role in
terms of the metformin effects on outcome in the context of
COVID-19 and T2D.
DISCUSSION

In summary, the findings of this study in a racially diverse
population demonstrate that diabetes is an independent risk
factor associated with increased mortality in individuals with
COVID-19, whereas metformin treatment is associated with
dramatically reduced mortality in subjects with T2D even after
correcting for multiple covariates.

Most strikingly, we found that metformin use prior to the
diagnosis of COVID-19 was associated with a ~3-fold decrease in
mortality and significantly lower unadjusted and adjusted odds
ratios in subjects with diabetes. Of note, this effect remained even
after correcting for age, sex, race, obesity, and hypertension or
chronic kidney disease and heart failure. Interestingly and in
alignment with this finding, an early report from Wuhan, China
also suggested that metformin was associated with decreased
mortality in hospitalized COVID-19 patients with diabetes in
(14). Metformin was also found to be associated with reduced
risk of early death in the French CORONADO study (6) and
most recently, it was suggested to be associated with decreased
mortality in women with COVID-19 based on a UnitedHealth
data analysis (12). The fact that such similar results were
obtained in different populations from around the world
suggests that the observed reduction in mortality risk,
associated with metformin use in subjects with T2D and
COVID-19, might be generalizable. In fact, a very recent meta-
analysis of this collective work concluded that metformin has
benefits in reducing the mortality rate from COVID-19 (15).
Furthermore, these findings underline the importance of
following general diabetes treatment and prevention guidelines
and not delaying or discontinuing any metformin treatment.
Especially during this pandemic that puts subjects with diabetes
at particularly high risk, this treatment might not only help with
diabetes management, but also reduce the risk of adverse
outcome in case of a COVID-19 infection.

At this point, the mechanisms by which metformin might
improve prognosis in the context of COVID-19 are not known.
Our findings suggest that they go beyond any expected
improvement in glycemic control or obesity as blood glucose,
Frontiers in Endocrinology | www.frontiersin.org 6101
HbA1C, or BMI were not lower in COVID-19 survivors on
metformin. Interestingly, metformin has previously been shown
to also have anti-inflammatory (16, 17) and anti-thrombotic
effects (18, 19) and excessive inflammatory responses, e.g.,
cytokine storm as well as disseminated thromboembolic events
have been recognized as deadly complications of COVID-19
infection (20–22). It is therefore tempting to speculate that by
exerting some of its anti-fibrinolytic activities (18) and inhibiting
inflammatory cytokines such as tumor necrosis factor alpha or
interleukin-6 (16, 17), suspected to play a role in the immune
response to COVID-19 (12), metformin might improve
outcome. In fact, even prior to the COVID-19 pandemic,
preadmission metformin use was found to be associated with
reduced mortality in medical and surgical intensive care patients
with T2D (23).

While diabetes has been recognized universally as one of the
major comorbidities adversely affecting COVID-19 outcome, the
factors responsible for this phenomenon are not well understood.
Of note, we found that the increased mortality risk of subjects
with diabetes persisted even after correcting for covariates such
as age, race, obesity, and hypertension, suggesting that while
these factors might contribute to a worse outcome, they cannot
fully account for it. In the CORONADO study higher glucose
levels at admission were associated with a trend toward increased
mortality (6) and in-hospital hyperglycemia contributed to worse
prognosis in a large multicenter study of patients with COVID-
19 from Wuhan (24). Consistently, we found in general slightly
higher glucose levels in subjects who died. However, neither
blood glucose levels at diagnosis nor during the illness were lower
in metformin-users, making it very unlikely that better control of
blood glucose was responsible for the improved outcome
observed in subjects taking metformin. Also, long-term
glycemic control as assessed by HbA1C did not affect mortality
in our study, in alignment with previous reports (6). Similar to
the issue with metformin, other factors such as diabetes-
associated inflammation (25) and coagulopathy (26) may
therefore play a more prominent role in this regard. In
addition, a recent report also demonstrated that pancreatic
beta cells can get infected and damaged by SARS-CoV-2 (27)
providing a potential explanation for the extremely high insulin
requirements seen in some subject with COVID-19 as well as the
development of diabetic ketoacidosis and possibly new onset
diabetes (28, 29).

Higher age and male sex were the other independent risk factors
associated with increased mortality that we found consistently
across subjects with and without diabetes. In fact, the mortality
rate in males was more than two-fold higher than in females, which
is in line with previous studies (30). Many theories have been
proposed for why this might be, including the different
concentrations of sex steroids, different fat distribution, different
level of circulating pro-inflammatory cytokines, and different innate
and adaptive immune response to viral infections (30, 31). In fact,
due to this striking sexual dimorphism, studies using anti-
androgens in COVID-19 positive men are currently ongoing. In
any case, it is encouraging that the beneficial effects of metformin
remained strong in the male subjects of our study.
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In our cohort being African-American appeared to be
primarily a risk factor for contracting COVID-19 rather than
for mortality. These findings are supported by a recent study
using an integrated-delivery health system cohort with similar
demographics (~30% Blacks/African-American), which found
that Black race was not associated with higher in-hospital
mortality than White race. This suggests that any racial
disparity observed may be more likely due to exposure risk
and external, socioeconomic factors than to biological
differences. The fact that other geographic areas (mostly with a
smaller proportion of African-Americans), did see a difference in
mortality (10), might be related to issues with healthcare access.

Limitations of the study include the size that did not allow for
any separate analyses of additional subgroups such as T1D or
subjects on other anti-diabetic drugs besides metformin. On the
other hand, the diverse community comprising a large proportion
of African-American men and women represents a unique feature
of our study. Also, the fact that in our study metformin-users did
not have lower blood glucose levels than non-users, suggested that
better metabolic control was unlikely to be responsible for the
improved outcome observed in these subjects.

Taken together, our study reaffirmed the role of the major
comorbidities associated with COVID-19 in a more diverse
population with a higher proportion of African-Americans,
demonstrated the prominence of diabetes as an independent
risk factor associated with higher mortality and revealed that
metformin use prior to a diagnosis of COVID-19 was associated
with a consistent and robust decrease in mortality in subjects
with diabetes. Future studies will have to explore how metformin
might confer these protective effects, provide a careful risk
benefit assessment and determine whether the indications for
metformin treatment should be broadened in the face of the
ongoing COVID-19 pandemic.
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The coronavirus disease 2019 (COVID-19) pandemic has recently emerged, which was
then spread rapidly in more than 190 countries worldwide so far. According to the World
Health Organization, 3,232,062 global cases of COVID-19 were confirmed on April 30th

with a mortality rate of 3.4%. Notably, the symptoms are almost similar to those of flu such
as fever, cough, and fatigue. Unfortunately, the global rates of morbidity and mortality
caused by this disease are more and still increasing on a daily basis. The rates for patients
suffering from inflammatory diseases like diabetes, is even further, due to their susceptibility
to the pathogenesis of COVID-19. In this review, we attempted to focus on diabetes to
clarify the physiological and immunological characteristics of diabetics before and after the
infection with COVID-19. We hope these conceptions could provide a better understanding
of the mechanisms involved in COVID-19 susceptibility and increase the awareness of risk
tomotivate behavior changes in vulnerable people for enhancing the prevention. Up to now,
the important role of immune responses, especially the innate ones, in the development of
the worst signs in COVID-19 infection have been confirmed. Therefore, to better control
patients with COVID-19, it is recommended to consider a history of chronic inflammatory
diseases as well as the way of controlling immune response in these patients.

Keywords: COVID-19, diabetes, ACE2, chronic inflammatory disease, immune responses
INTRODUCTION AND EPIDEMIOLOGY OF COVID-19

In December 2019, an unknown pneumonia was identified in Wuhan, China. In past years, two
pneumonia-related to coronaviruses have been appeared with the name of severe acute respiratory
syndrome coronavirus (SARS-CoV) in 2002 and as Middle East respiratory syndrome coronavirus
(MERS-CoV) in 2012, which infected nearly 8,422 and 1,600 people and resulted in 916 and 574
individuals’ death, respectively (1, 2). Chinese scientists identified new coronavirus on January 7th as
n.org March 2021 | Volume 12 | Article 5764121104
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SARS-CoV-2 (3). Afterward, the World Health Organization
(WHO) in February 2020 named it coronavirus disease 2019
(COVID-19) (4). The clinical spectrum of SARS-CoV-2 is
similar to SARS, which includes systemic infection, respiratory
tract involvement, and pneumonia associated with respiratory
failure and eventually death (5). Moreover, the most important
symptoms of this infection are fever, cough, and fatigue. COVID-19
has been rapidly spread in more than 200 countries worldwide and
the rates of its morbidity and mortality are globally increasing on a
daily basis. In this regard, WHO has reported 3,232,062 cases of
COVID-19 up to April 30th 2020 and confirmed 3.4%mortality rate
worldwide. These mortality rates vary due to geographical location,
age, and other factors in different countries (6). The comorbidity of
chronic diseases such as hypertension, diabetes, and cardiovascular
and respiratory diseases can increase the risk of severity and
mortality in a way that these susceptibilities can be associated
with the pathogenesis of COVID-19 infection. Notably, chronic
diseases have several common features such as inflammatory state,
immune response complications, and a higher susceptibility to
infectious diseases. In a systematic study performed in February
25, 2020 on 46,248 patients, the average age to be affected by
COVID-19 was shown 48 years old with the clinical symptoms of
cough (86–97%), fever (59–76%), fatigue (34–68%), and shortness
of breath (21–40%). Moreover, in terms of comorbidity, the
prevalence rates for severe COVID-19 were as follows:
hypertension (22–24%), diabetes (6–11%), cardiovascular disease
(4–7%), and respiratory system diseases (1–3%), which are higher
compared to non-severe patients (7). In another study conducted on
1,527 COVID-19 patients with chronic diseases, the comorbid
conditions were hypertension (17.1%), cardiovascular disease
(16.4%), and diabetes (9.7%) (8). In addition, on 637 MERS-CoV
patients, a 50% prevalence rate for both diabetes and hypertension
was verified (9). Out of 41 cases of COVID-19 in Wuhan-China,
20% of patients had diabetes comorbidity (10). Therefore,
comorbidity of diabetes mellitus is one of the most common
COVID-19-related death responsiveness. Since understanding the
causes of high susceptibility to COVID-19 can guide the vulnerable
population to evaluate the infection risk and sever outcomes, the
Frontiers in Endocrinology | www.frontiersin.org 2105
aim of this study is to review the role of diabetes in facilitating the
improvement of COVID-19.
DIABETES AND COVID-19

Diabetes as a complex metabolic and maybe an inflammatory
disorder is characterized by hyperglycemia. If hyperglycemia
prolongs for a long time, pro-inflammatory responses can be
triggered, especially in macrophages. This can enhance the risk of
diabetes-associated complications (such as cardiovascular and
heart diseases), and being infected and seriously ill from
infections (11). Diabetes is pathologically classified into type 1
(T1D) and type 2 (T2D). However, regardless of the type of
diabetes, the severity of illness differs according to the age,
complications, and how well it is controlled. It has been
documented that old aged patients with pre-existing
comorbidities (obesity, hypertension, heart disease, etc.),
uncontrolled diabetes, and high inflammatory factors are more
disposed to severe illness from COVID-19 and even display a high
mortality rate from it (12). However, the interaction between
diabetes and COVID-19 is reciprocal. As people with diabetes are
more susceptible to COVID-19, infection with SARS-CoV-2 also
can exacerbate the dysglycemia, inflammatory responses, and
diabetic complications such as diabetic ketoacidosis (13) and
hypokalemia, which increase the risk of being critically ill (14).

On the other hand, obesity as a general comorbidity with
diabetes, improves the systemic chronic inflammation by
affecting the both innate and adaptive immune systems as well
as the level of IL-6 and even TNF-a (15). It has been indicated
that both diabetes and obesity can prompt the cytokine storm
(16) and also impair the coagulation system and thrombotic
mechanisms (17), which are also identified in COVID-19 (18).
Therefore, infection with SARS-CoV-2 in these patients can
exacerbate the pre-existent pro-inflammatory condition, which
in turn can improve the cytokine storm as well as several organ
dysfunctions. Therefore, the following guidelines (Table 1) are
recommended to be considered in patients:
TABLE 1 | Regarding for Diabetics and people with chronic diseases before and during comorbidity with COVID-19.

Subject Description Subject Reference

Hyperglycemia Hyperglycemia can increase the risk of severe outcomes resulting from COVID-19, the length of hospitalization, and even the risk of
death, which can be reduced by glycemic control.

(19, 20)

Nutrition Due to the same nutrition of comorbidity diabetic patients with COVID-19 and other COVID-19 patients, careful attention should be paid
to nutrition, minerals, proteins, and vitamins in these patients.

(21)

Exercise Lack of exercise can reduce the immune response of these patients; therefore, a proper indoor exercise is needed to regulate and
strengthen the immune system in the patients affected by COVID-19.

(22)

Vaccination Because of similarities in the functional mechanism of both flu and COVID-19 infections, vaccination may reduce the risk of COVID-19.
This suggestion is supported by a study performed on 91,605 diabetics after the flu vaccination, and reported a reduction in the
prevalence rate of pneumonia by 55% in patients over the age of 65 years old and by 43% in those under the age of 65 years old.
COVID-19 also has some flu-like complications (such as fever, cough, and fatigue), which may be reduced to some extent by flu
vaccination.

(23–25)

Stress Stress in comorbidity diabetic patients with COVID-19 increases blood sugar level and exacerbates mortality in these patients. Therefore,
anxiety and stress should be controlled and also reduced.

(26–28)

Pancreatic
tissue

Pancreatic tissue is known as a potential target for viral in patients, leading to the impaired glucose metabolism. In COVID-19, damage
to this tissue is better to be considered.

(29, 30)
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ASSOCIATION BETWEEN ANGIOTENSIN-
CONVERTING ENZYME 2 AND COVID-19

Angiotensin-converting enzyme 2 (ACE2) is a membrane
aminopeptidase presented on the surface of cardiovascular,
kidney, intestinal, immune, and lung endothelial cells. ACE2
can degrade angiotensin II and produce angiotensin 1-7.
Angiotensin 1-7 unlike angiotensin II has anti-oxidant, anti-
fibrotic, and anti-inflammatory properties as well as vasodilatory
activity. Therefore, ACE2 can protect the lung from severe
respiratory injuries like acute respiratory distress syndrome
(ARDS) caused by COVID-19. ACE2 is also identified as a
functional receptor and target for SARS-CoV and SARS-CoV-2
(31, 32). Correspondingly, the molecular modeling has revealed
some similarities between these two coronavirus receptors (33).
Thus, one way of viral infection is the pneumonia caused by the
binding of virus to ACE2 on the surface of lung epithelial cells
(18). Throughout SARS-CoV-2 entrance, ACE2 becomes
downregulated, which consequently results in a high ACE/
ACE2 ratio contributing to the progression of pre-exciting pro-
inflammatory responses and subsequently worsen outcomes
from COVID-19 (34). Indeed, the expression of ACE2
becomes down regulated in diabetics as a consequence of the
glycosylation process, which might be considered as a
contributory factor for the severity of lung complications in
comorbidity with SARS-CoV-2 invasion (35). Likewise, the ratio
of ACE/ACE2 is found to be significantly higher in diabetics
compared to healthy controls. Moreover, the relationship among
ACE/ACE2 level and the increased blood pressure, fasting blood
glucose, serum creatinine, and hemoglobin A1c (HbA1c) has
also been demonstrated (36). As a result, it seems that there is a
correlation between ACE2 level and susceptibility to COVID-19
in diabetic, which is highly debatable, so it should be considered
in these patients.
IMMUNE CELLS IN DIABETIC PATIENTS

The balance among immune cells is essential for preserving
homeostasis and the best performance of immune responses,
however this balance can be impaired in diabetics. Several studies
have revealed the increased pathological function of TCD4 cells
in obesity, insulin resistance, and diabetes. TCD4 effector cells
can be divided into inflammatory [T helper1 (Th1) and Th17)
and anti-inflammatory (Th2 and regulatory Th (Treg)] cells with
their specific cytokine secretions (37). It has been demonstrated
that in adipose tissue and peripheral blood of diabetic patients,
CD4 cells tend to be polarized into Th1 and Th17 inflammatory
cells. However, the anti-inflammatory polarization of Th2 and its
secreted cytokines (IL-4, IL-5, and IL-13) is reduced (37, 38).
Moreover, in diabetes, it has been found that the Th1/Th2 ratio
and the level of the related cytokines (IL-4, IL-10, IL-13, and
IFN-g) become remarkably high, whereas the anti-oxidant level
decreases (39). On the other hand, it has been proved that the
increased cytokine production by Th1 (IFN-g, IL-2, TNF-a, and
Frontiers in Endocrinology | www.frontiersin.org 3106
TNF-b) and Th17 (IL-6, IL-17A, and IL-17F) in diabetics can
affect the HbA1c level (40).

Treg as a regulator of immune responses, constitutes about 5–
20% of overall CD4 cells which is characterized by CD4, CD25,
and Foxp3. Moreover, Treg plays a very essential role in
suppressing T effector cells, inflammatory responses, and
protecting against autoimmunity (41, 42). The activation of
these cells leads to the secretion of IL-10, and TGF-b as well as
the expression of co-inhibitory molecule cytotoxic T lymphocyte
antigen-4 (CTLA-4) on their surface in order to inactivate the T
effector cells. It has been shown that Treg is decreased in diabetes
(43). Furthermore, the balance between Treg and Th1 or Th17 is
very important in diabetic patients. Because, the balance between
Treg/Th17 and Treg/Th1 ratio decrease in patients suffering
from T2D (44). T CD8+ is also activated against infection and by
releasing IFN-g and TNF-a cytokines, which consequently
increases the antiviral responses. However, an elevation in the
level of T CD8+ has been verified in diabetes (45).

Gamma delta T (Tgd) cells also play an important role in
generating chronic inflammation by secreting cytokines (like
IFN-g and TNF-a) and affecting the function of other immune
cells such as macrophages, cytotoxic T lymphocytes, Th1, Th2,
Treg, and Th17 cells in the diabetics (46). It has been proved that
natural killer t (NKT) cells which produce some cytokines such
as IL-4 and IFN-g are decreased in diabetic patients. Reduction of
NKT cells leads to increase in the level of M1 macrophages,
insulin resistance, and glucose intolerance (47). In addition, the
enhancement of B cells, which play key roles in the development
of insulin resistance following the production of IgG, activations
of macrophages and T cells have been demonstrated in diabetes
(48). NK cells, as a type of immune cells are divided into the
following two subsets based on CD56 marker: dim and bright.
CD56dim NK cells have cytotoxic effects, while, CD56bright ones
are more likely to produce pro-inflammatory cytokines. In
chronic inflammatory diseases like diabetes, CD56bright NK
cells are dominant which, release more inflammatory
cytokines (49).

Changes in the myeloid cells such as macrophages,
monocytes, neutrophils, eosinophils, and basophils happen in
diabetic patients as well. It has been revealed that most
macrophages in the adipose tissue of diabetics are M1
macrophages, which play key functions during the pathological
processes by secreting TNF-a and triggering chronic
inflammation in these patients (50). Additionally, the elevation
of monocytes, as effective cells on the reduction of neutrophils
and eosinophils numbers as well as on the development of
inflammation is perceived in diabetics (51, 52). This imbalance
in the immune system of diabetics increases their susceptibility
to viral pneumonia as shown in Figure 1. An obvious pro-
inflammatory Th1 and Th17 responses was detected in the
cytokine profile of SARS patients with diabetes. Similarly a
significant increase has been identified in IFN-g and IL-17A
level in the lungs of patients infected with MERS-CoV and
diabetes (53, 54). Therefore, it seems that any imbalance in the
immune responses can increase people’s susceptibility to
viral infections.
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IMMUNE RESPONSE IN
COVID-19 INFECTION

Immune responses to COVID-19 can be divided into two phases
as follows: non-severe and severe. At non-sever response,
immune system tries to eliminate the virus by IFN-I (a/b) and
avoids the stage’s progression to the severe phase. At severe
response, inflammation arises in the lung, which may be due to
impaired IFN-I regulation. Overproduction of IFN-I increases
the penetration of neutrophils, macrophages, and inflammatory
factors into the lung, which is then followed by cytokine storm
syndrome, as well (Figure 2). Since chronic inflammation is
generated in the body of patients with chronic diseases like
diabetes, the balance of the immune system becomes dis-
regulated and the inflammatory state potentially perseveres. In
this situation, the numbers of Th1, Th17, M1 macrophage, NK
cells (most in the affected area are probably CD56bright) and their
secreted inflammatory cytokines increase. Moreover, the
negative regulation of Treg and its secreted cytokines is
decreased, which result in the loss of control and homeostasis
of immune responses. All of these can heighten the diabetic
patients’ susceptibility to severe COVID-19. On the other hand,
SARS-CoV-2 invasion to lung enhances the influx of activated
neutrophils and macrophages. An increase in the content of
activated immune cells at the site of infection and their released
inflammatory cytokines triggers cytokine storm. Subsequently,
serious pathological complications induced in the patients’ lung
can worsen the illness from COVID-19 and even terminate the
life. This phenomenon is supported by some clinical studies.
Accordingly, experimental findings of a study on patients with
severe COVID-19 infection in China showed an elevation in
neutrophils level and reduction in lymphocytes, monocytes,
eosinophils, and basophils, which are followed by a sharp
Frontiers in Endocrinology | www.frontiersin.org 4107
increase in the pro-inflammatory cytokines profile. Besides, the
B, T, NK cells, and Treg depletion have been observed in patients
compared to normal cases (55). Moreover, there was an increase
in the plasma levels of IL-2, IL-7, IL-10, GCSF, interferon
gamma-induced protein 10 (IP-10), monocyte chemoattractant
protein-1 (MCP-1), macrophage inflammatory protein 1-alpha
(MIP1-a), and TNFa in ICU patients (10). High concentrations
of IL-1b, IFN-g, IP-10, and MCP-1 in COVID-19 patients have
also been detected (10, 56). Notably, patients who were in the
ICU had higher inflammatory factors (that can be associated with
cytokine storm in severe patients) compared to other patients.
These clinical findings indicated that lymphocytopenia in
COVID-19 patients may be due to cytokine storm (IL-1, IL-6,
and TNF-a) as well as pathological effects of leukocytes and
macrophages. Overall, it can be suggested that innate immune
responses are extremely involved in COVID-19 infection and
these points can be considered for the treatment of COVID-19
patients with co-existence of other diseases to better control the
innate immune responses.
THE EFFECTS OF SOME ANTIDIABETIC
DRUGS ON COVID-19

Considering the above-mentioned main points stating that the
immune cells pattern changes to pro-inflammatory one with
high level of IL-1 and TNF-a during a long-term hyperglycemia
and regarding amplified immune responses to SARS-CoV-2
invasion in the lung of COVID-19 patients, this question arises
that whether antidiabetic drugs with anti-inflammatory, anti-
fibrotic, and anti-oxidant effects can be beneficial on prevention
from infection with SARS-CoV-2 and even suffering from severe
consequence of COVID-19.
FIGURE 1 | Immunological alteration in diabetic patients. Immune responses change during diabetices. Changes in innate immunity include: increase in the plasma
levels of macrophages, NK cells and eosinophils, as well as their secreted cytokines with a reduction in the number of neutrophils. Moreover, adaptive immunity
changes included: enhancement in Th1, Th17, TCD8+ cells, and released cytokines whereas reduction in Th2, Treg, and NKT cells.
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In this regard, several considerable theories are proposed for
ACE inhibitors (ACEIs), angiotensin II Type-I receptor blockers
(ARBs), and dipeptidyl peptidase 4 (DPP4) inhibitors (57).
Accordingly, ACEIs and ARBs are used in patients with diabetes
to prevent the risks of developing diabetes and organ failure. As a
result of taking, ACE2 becomes over-expressed in these patients
(58). Therefore, due to anti-inflammatory/anti-oxidant/anti-
fibrotic and other promising effects of ACE2, it is suggested that
the increased ACE2 may preserve them from sever outcomes of
COVID-19 infection. However, there is a fear from their
unfavorable impacts as well. Because, over-expressed ACE2 may
also facilitate infection with SARS-CoV-2 (due to its receptor
role), as displayed in Figure 3 (13).

On the other hand, DPP4 inhibitors, as effective hyperglycemic
drugs, are frequently used in diabetes. Their biological effects is not
only limited to glucose metabolism, but also the anti-inflammatory
and anti-fibrotic, impacts of DPP4 inhibitors on various cells have
also been proved (59). DPP4 is highly expressed on lung
mesothelium and various lung cells (such as alveolar cells, resident
macrophages) as well as multiple immune cell types (such as
macrophages, T cells, B/NK, and dendritic cells) (60). Thus, it is
logical to assume DPP4 effect on their functions (57). In addition,
DPP4 possesses a pro-inflammatory function by stimulating
monocytes to produce IL-6 and TNF-a. Therefore, DPP4
inhibitors can also be verified as anti-inflammatory agents (60).
Accordingly, their anti-inflammatory and protective impacts have
been confirmed in mice and human lung injuries (61). Moreover, it
is demonstrated that DPP4 inhibitors display their positive anti-
inflammatory effects by reducing the high level of pro-inflammatory
factors such as TNF-a, as well as elevating anti-inflammatory IL-10
Frontiers in Endocrinology | www.frontiersin.org 5108
in T2D patients (Figure 3) (62). Therefore, DPP4 inhibitors exert
their anti-inflammatory functions on different cell types such as
macrophages, T cells, and lung cells. In addition, it seems that DPP4
inhibitors have some anti-fibrotic effects on the lung by affecting the
proliferative and inflammatory-signaling-pathways of human
pulmonary arterial smooth muscle cells and fibroblasts (63).

As a result, considering the promising inflammatory and
immunological impacts of DPP4 inhibitors, they might be
beneficial on modulating immune and inflammatory responses in
the respiratory system of COVID-19, which are abnormally
amplified to minimize the severity of illness and its mortality rate.
On the other hand, it is suggested that DDP4 4 inhibitors could
reduce the SARS-CoV-2 internalization/replication within the
airway due to the estimated co-receptor role of DPP4 (64). In this
regard, more clinical data are required to confirm these findings.
CONCLUSION

In chronic inflammatory diseases like diabetes, the proliferation,
differentiation, distribution, and function of both the innate and
adaptive immunities become dysregulated and the immune
homeostatic balance becomes disrupted. Accordingly, these in
turn make patients more susceptible to be infected with SARS-
CoV-2, severe outcomes, and the increased mortality rate
resulted from it compared to people without it. Since the
activation of innate and adaptive immune responses plays an
essential role in severity of symptoms and the risk of mortality
from COVID-19, all efforts attempt to reduce the incidence and
FIGURE 2 | Immune response in COVID-19 infected people. The immune responses against COVID-19 infection are divided into two phases: non-severe and
severe ones. In the non-sever stage response, activated T cells and macrophages release IFN-I (a, b) to remove the virus and prevent entry to severe phase. In
the severe stage of infection, inflammation occurs in the lung which may increase the penetration of neutrophils, macrophages, Th1, Th17, B cells, and NK
(CD56bright) cells with their secreted pro-inflammatory cytokines (IL-1, IL-6, and TNF-a) into the lung. This is followed by cytokine release syndrome and
pneumonia in the lung.
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death rates. In this regard, we tried to focus on diabetes to clarify
the physiological and immunological characteristics of diabetic
patients once before and once after infecting with COVID-19.
We hope it could provide better understanding on inflammatory
mechanisms to better control the immune responses and its
consequences in COVID-19.
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Context: Diabetes mellitus was associated with increased severity and mortality of
disease in COVID-19 pneumonia. So far the effect of type 2 diabetes (T2DM) or
hyperglycemia on the immune system among COVID-19 disease has remained unclear.

Objective: We aim to explore the clinical and immunological features of type 2 diabetes
mellitus (T2DM) among COVID-19 patients.

Design and Methods: In this retrospective study, the clinical and immunological
characteristics of 306 hospitalized confirmed COVID-19 patients (including 129 diabetic
and 177 non-diabetic patients) were analyzed. The serum concentrations of laboratory
parameters including cytokines and numbers of immune cells were measured and
compared between diabetic and non-diabetic groups.

Results: Compared with non-diabetic group, diabetic cases more frequently had
lymphopenia and hyperglycemia, with higher levels of urea nitrogen, myoglobin, D-
dimer and ferritin. Diabetic cases indicated the obviously elevated mortality and the
higher levels of cytokines IL‐2R, IL‐6, IL‐8, IL‐10, and TNF‐a, as well as the distinctly
reduced Th1/Th2 cytokines ratios compared with non-diabetic cases. The longitudinal
assays showed that compared to that at week 1, the levels of IL-6 and IL-8 were
significantly elevated at week 2 after admission in non-survivors of diabetic cases,
whereas there were greatly reductions from week 1 to week 2 in survivors of diabetic
cases. Compared with survival diabetic patients, non-survival diabetic cases displayed
distinct higher serum concentrations of IL-2R, IL-6, IL-8, IL-10, TNF‐a, and lower Th1/Th2
cytokines ratios at week 2. Samples from a subset of participants were evaluated by flow
cytometry for the immune cells. The counts of peripheral total T lymphocytes, CD4+ T
cells, CD8+ T cells and NK cells were markedly lower in diabetic cases than in non-diabetic
cases. The non-survivors showed the markedly declined counts of CD8+ T cells and NK
cells than survivors.
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Coronavirus Disease 2019; T2DM, Type
related organ failure assessment; GGO,
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Conclusion: The elevated cytokines, imbalance of Th1/Th2 cytokines ratios and reduced
of peripheral numbers of CD8+ T cells and NK cells might contribute to the pathogenic
mechanisms of high mortality of COVID-19 patients with T2DM.
Keywords: type 2 diabetes mellitus, COVID-19, immune cells, cytokines, Th1/Th2 ratio
INTRODUCTION

In late December 2019, a novel viral pneumonia with an acute
severe respiratory tract illness developed in Wuhan, China, and
spread rapidly worldwide, becoming a public health emergency
of international concern (1–5). A previously unknown
coronavirus, officially named the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), with the genome
sequence closely related but distinct to severe acute respiratory
syndrome or Middle East respiratory syndrome (MERS) virus,
was first isolated as a pathogen of the Novel Coronavirus Disease
2019 (COVID-19) by the Chinese Center for Disease Control
and Prevention (2, 6, 7).

Our previous data reported the clinical and immunologic
features of severe COVID-19 pneumonia (8), indicating that
SARS-CoV-2 may primarily affect T lymphocytes, particularly
CD4+ and CD8+ T cells, resulting in a decrease in the number and
production of IFN-g by CD4+ T cells (8, 9). Other studies also
showed that T cell counts were significantly reduced in patients
with COVID-19, and the surviving T cells appeared functionally
exhausted (10). An elevated level of cytokines, such as interleukin
(IL)-1, IL-2, IL-6, IL-8, IL-10, TNF-a, and soluble IL-2R, and a
sharp inflammatory storm have been reported in patients with
severe COVID-19 by our team and other researchers (11–16).

The incidence of type 2 diabetes mellitus (T2DM) is
increasing worldwide, and diabetes is one of the leading causes
of morbidity and mortality globally among chronic diseases (17).
Among chronic comorbidities of COVID-19, diabetes had the
second highest incidence rate (7.4%–19.0%), following
hypertension (15%–30%) (18, 19). Patients with diabetes were
likely at higher risk for severe COVID-19 and mortality (20–25).
The IL-6, ferritin, C-reaction protein, and D-dimer levels were
significantly increased in patients with diabetes, suggesting that a
marked inflammatory cytokine storm was associated with a more
pejorative prognosis compared to patients without diabetes (22).
To date, the detailed effect of diabetes or hyperglycaemia on the
immune cells and immune system in patients with COVID-19
remains unclear.

Based on the retrospective study on 306 patients of COVID-
19 disease (129 with diabetes and 177 without diabetes), we first
identified that patients with diabetes showed distinct immune
characteristics from patients without diabetes, including
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markedly elevated cytokine level, reduced T-helper type 1
(Th1)/T-helper type 2 (Th2) cytokine ratios, and decreased
number of CD4+ T cells, CD8+ T cells, and natural killer (NK)
cells. What’s more, we found the elevated cytokines and declined
immune cells were associated with the mortality of COVID-19
disease with T2DM. These findings may help broaden our
understanding of the pathogenesis mechanism and relationship
between diabetes and COVID-19.
MATERIALS AND METHODS

Study Design and Participants
This single-centre, retrospective, observational study was
conducted in Tongji Hospital (Wuhan, China), which is a
designated hospital for patients with severe COVID-19
pneumonia (NTC04365634). All patients were transported
from other hospitals. Patients admitted from February 2, 2020,
to February 15, 2020, and diagnosed with COVID-19 pneumonia
according to the interim guidance of the National Health
Commission of the People’s Republic of China were enrolled
in the study (26). Laboratory-confirmed cases were identified
with positive viral RNA by real-time reverse transcription
polymerase chain reaction (RT-PCR) detection by the local
health authority or our hospital from a specimen obtained
from a throat or nasal swab. In the enrolled patients, clinical
outcomes were evaluated on March 14, 2020. The ethics
committee of Tongj i Hospita l approved the study
(TJ-C20200101). Written informed consent was waived due to
the rapid emergence of this fatal disease.

Definitions
Diabetes mellitus was diagnosed according to the standards of
the American Diabetes Association (27), which were briefly
described as fasting plasma glucose (FPG) level ≥ 7.0 mmol/L
(fasting is defined as no caloric intake for at least 8 h) or 2-h
plasma glucose level ≥ 11.1 mmol/L during oral glucose tolerance
test or with classic symptoms of hyperglycaemia or
hyperglycaemic crisis and random plasma glucose (RPG) level
≥11.1 mmol/L. The sepsis-related organ failure assessment
(SOFA) and CURB-65 scores are defined or determined using
the relative criteria (19, 28, 29). The disease severity of COVID-
19 was defined according to the Chinese management guideline
for COVID-19 (version 6.0) and described in a previous study
(26, 30).

Laboratory Procedures
Clinical laboratory assays were conducted in the Department of
Clinical Laboratory of Tongji Hospital with the certificate of
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laboratory qualification of China for the assay parameters
mentioned above in data collection.

Real-Time RT-PCR Assay for SARS-CoV-2
The methods of laboratory confirmation of SARS-CoV-2
infection have been described (5, 31). Briefly, SARS-CoV-2
RNA was extracted from throat or nasal swab samples from
suspected patients. The presence of SARS-CoV-2 was detected by
real-time RT-PCR assay at the local centres of the Chinese
Center for Disease Control and Prevention and Tongji
Hospital. The SARS-CoV-2 nucleic acid detection kit was used
according to the manufacturer’s protocol (DAAN Gene Co., Ltd.,
of Sun Yat-sen University). These diagnostic methods and
criteria were based on the recommendations of the National
Institute for Viral Disease Control and Prevention of China.

Measurements of Cytokines
According to hospital’s standard procedures, fresh blood samples
were centrifuged for 10 min at 2,000g. Serum was collected and
tested within 4–6 h. All procedures were performed under level 3
protection. Cytokines including interleukin-2 receptor (sIL-2R), IL-
1 b, IL-6, IL-8, IL-10, and TNF-a were assessed in serum samples
drawn shortly at each time points by chemiluminescence
immunoassay (CLIA) performed on a fully automated analyzer
(Immulite 1000, DiaSorin Liaison, Italy or Cobas e602, Roche
Diagnostics, Germany) for all patients according to the
manufacturer’s instructions. IL-2R kit (#LKIP1), IL-1 b kit
(#LKL11), IL-8 kit (#LK8P1), IL-10 kit (#LKXP1), and TNF-a
kit (#LKNF1) were purchased from DiaSorin (Vercelli, Italy).
IL-6 kit (#05109442 190) was purchased from Roche
Diagnostics, Germany.

Number of Peripheral Blood
Immunological Cells by Flow Cytometry
Samples from a subset of participants were evaluated by flow
cytometry for the immune cells. Fresh peripheral blood samples
were obtained from nine patients with and 11 patients without
diabetes among the patients with COVID-19 after their
agreements, and the proportions and numbers of NK, CD4+ T,
CD8+ T, and B cells and expression of cell surface markers were
studied in these patients in a short time. Flow cytometry
antibodies against human surface and intracellular molecules
were commercially available. The following antibodies were used:
BD Multitest 6-Color TBNK reagent (#644611) and BD
Trucount Tubes (#340334). It contains FITC-labeled CD3,
clone SK7; PE-labeled CD16, clone B73.1, and CD56, clone
NCAM16.2; PerCP-Cy5.5-labeled CD45, clone 2D1; PE-Cy7-
labeled CD4, clone SK3; APC-labeled CD19, clone SJ25C1; and
APC-Cy7-labeled CD8, clone SK1. The BD Trucount™ Absolute
Counting Tubes, which contain a known number of fluorescent
beads, were used for quantifying leucocyte populations. After
another two washes with PBS, cells were resuspended in 500 ml of
PBS. Among all collected events, single events were gated
between FSC-A and FSC-H. Cell debris was excluded and
intact cells were then gated from single events based on FSC-A
and SSC. Each cell population was then detected based on the
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antibody staining. All reagents were purchased from Becton,
Dickinson and Company (BD). All samples were detected using
the BD FACSCanto II flow cytometry system and analysed using
the BD FACSDiva software.

Chest Computed Tomography (CT)
and Evaluation
All chest CT data were acquired using one of the following two
commercial multidetector CT scanners: GE Medical Systems/
LightSpeed 16 (GE Healthcare, USA) and Siemens/SOMATOM
Definition AS (Siemens Healthineers, Germany). Two senior
radiologists independently reviewed chest CT images with PACS
(Tianjian Health, China). Chest CT images were independently
evaluated by two radiologists, and any disagreement in the
classification variables was resolved through consultation (32).
The distribution of lung abnormalities was mainly subpleural
(mainly involving the outer third of the lung), random
(subpleural or middle region is not preferred), or diffuse
(continuous involvement, not involving the lung segment).
Statistical Analysis
Continuous variables were presented as median and interquartile
range (IQR) and compared using the Mann-Whitney U test.
Categorical variables were expressed as numbers (%) and
compared using c2 test. Fisher’s exact test was used in the
analysis of contingency tables when the sample sizes were
small. The Kaplan-Meier method was used for the time-to-
event plot in the survival analysis. Comparisons between
groups in the survival analysis were conducted using the Cox
proportion hazards model. A P-value <0.05 (two-tailed) was
considered statistically significant. The data were analysed using
SPSS statistical software version 19.0.
RESULTS

Demographic and Clinical Characteristics
From February 2, 2020, to February 15, 2020, 306 patients with
COVID-19 pneumonia confirmed by positive nucleotide tests of
SARS-CoV-2 were enrolled in this study. According to the
T2DM criteria, 129 of 306 (42.2%) patients were diagnosed
with T2DM and 177 (57.8%) had no T2DM based on FPG or
RPG levels (27). The demographic and clinical characteristics on
admission are presented in Table 1. SOFA and CURB-65 scores,
a clinical predictive score for severity of pneumonia, were
significantly higher in patients with diabetes compared with
those in patients without diabetes. According to the criteria of
disease severity in the Chinese management guideline for
COVID-19, the proportion of critical illness cases in the
diabetic group was higher than that of the non-diabetic group
(10.9% vs. 4.5%, p<0.0001), which, together with the SOFA and
CURB-65 scores, strongly demonstrated that patients with
T2DM tended to have higher disease severity than patients
without diabetes.
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TABLE 1 | Comparing demographics, clinical scores, laboratory findings, and CT image features on admission between T2DM and non-T2DM cases among
COVID-19 patients.

Total T2DM Non-T2DM p value
n = 306 n = 129 n = 177

Demographics and clinical scores
Age, years 60.0(49.0–70.0) 65.0(57.0–73.0) 55.0(43.0–67.0) <0.0001
Gender, Male 174(56.9%) 81(62.8%) 93(52.5%) 0.08
SOFA score 2.0(0.0–3.0) 2.0(1.0–4.0) 1.0(0.0–2.0) <0.0001
CURB-65 score 1.0(0.0–1.0) 1.0(0.0–2.0) 0.0(0.0–1.0) <0.0001
Partial arterial oxygen pressure(mmHg) 63.9(44.7–89.8) 58.6(40.8–74.5) 74.5(48.2–117.5) 0.016
Disease severity status* . . . <0.0001
Moderate 160(52.3%) 51(39.5%) 109(61.6%) .
Severe 124(40.5%) 64(49.6%) 60(33.9%) .
Critical 22(7.2%) 14(10.9%) 8(4.5%) .

Laboratory findings
Fasting plasma glucose(mmol/L) 6.3(5.4–8.7) 9.4(7.7–13.6) 5.6(5.1–6.2) <0.0001
<7.0 174/274(63.5%) 14/110(12.7%) 160/164(97.6%) <0.0001
7.0–11.1 60/274(21.9) 56/110(50.9%) 4/164(2.4%) <0.0001
≥11.1 40/274(14.6%) 40/110(36.4%) 0/164(0.0%) <0.0001

Random plasma glucose(mmol/L) 6.7(5.7–8.9) 8.9(7.2–14.1) 6.0(5.4–6.8) <0.0001
<7.0 158(53.9%) 27(20.9%) 138(78.0%) <0.0001
7.0–11.1 94(30.7%) 57(44.2%) 37(20.9%) <0.0001
≥11.1 47(15.4%) 45(34.9%) 2(1.1%) <0.0001

White blood cell count(109/L) 5.6(4.4–8.0) 6.6(4.7–10.1) 5.1(4.3–7.2) <0.0001
>10 (ULN) 50(16.3%) 33(25.6%) 17(9.6%) <0.0001

Lymphocyte count(109/L) 0.8(0.6–1.2) 0.7(0.5–0.9) 0.9(0.7–1.3) <0.0001
<1.1 (LLN) 213(69.6%) 106(82.2%) 107(60.5%) <0.0001

ALB(g/L) 33.4(30.4–36.6) 32.4(29.6–35.8) 34.2(31.4–37.4) 0.002
≤30 (LLN) 67/303(22.1%) 38/128(29.7%) 29/175(16.6%) 0.007

LDH(U/L) 324.0(246.0–451.0) 361.0(266.3–490.8) 306.0(237.0–414.0) 0.001
>225 (ULN) 249/303(82.2%) 107/128(83.6%) 142/175(81.1%) 0.58

Total cholesterol (mmol/L) 3.5(3.0–4.0) 3.4(3.0–4.1) 3.5(3.0–4.0) 0.67
>5.18 (ULN) 7/303(2.3%) 5/128(3.9%) 2/175(1.1%) 0.11

Triglyceride (mmol/L) 1.3(1.0–1.8) 1.3(1.0–1.9) 1.3(1.0–1.8) 0.55
>1.7 (ULN) 40/139(28.8%) 21/68(30.9%) 19/71(26.8%) 0.59

urea nitrogen (mmol/L) 4.7(3.5–7.0) 5.6(3.9–9.0) 4.3(3.1–5.3) <0.0001
>8 (ULN) 56/303(18.5%) 39/128(30.5%) 17/175(9.7%) <0.0001

D-dimer (mg/ml) 1.0(0.5–2.6) 1.6(0.7–7.0) 0.7(0.4–1.6) <0.0001
≥0.5 (ULN) 215/287(74.9%) 105/124(84.7%) 110/163(67.5%) 0.001

High-sensitivity cardiac troponin I (pg/ml) 7.3(2.8–20.7) 15.6(5.2–41.5) 3.9(2.2–13.3) <0.0001
>28 (ULN) 45/218(20.6%) 32/99(32.3%) 13/119(10.9%) <0.0001

Myoglobin (ng/ml) 93.1(34.4–183.1) 128.0(59.5–244.7) 32.0(22.7–104.0) 0.003
>106 (ULN) 21/45(46.7%) 17/29(58.6%) 4/16(25.0%) 0.03

PCT(ng/ml) 0.1(0.04–0.2) 0.1(0.1–0.3) 0.1(0.03–0.2) <0.0001
≥0.05 (ULN) 186/289(64.4%) 94/120(78.3%) 92/169(54.4%) <0.0001

CRP (mg/L) 53.0(20.5–101.4) 79.6(35.3–137.5) 44.6(18.2–84.9) 0.002
≥1 301/302(99.7%) 86/86(100.0%) 215/216(99.5%) 1.000

Serum ferritin (mg/L) 885.0(488.5–1566.2) 1086.5(571.3–1809.6) 652.5(380.2–1347.1) 0.002
>300 (ULN) 137/155(88.4%) 79/82(96.3%) 58/73(79.5%) 0.001

Cytokines
IL-1B (pg/ml) 5.0(5.0–5.0) 5.0(5.0–5.0) 5.0(5.0–5.0) 0.27
≥5 (ULN) 241/242(99.6%) 106/106(100.0%) 135/136(99.3%) 1.00

IL-2R (m/ml) 740.0(528.3–1063.3) 925.5(567.5–1256.3) 676.0(475.0–911.8) <0.0001
>710 (ULN) or <223 (LLN) 130/242(53.7%) 67/106(63.2%) 63/136(46.3%) 0.009

IL-6(pg/ml) 16.4(3.9–54.4) 31.5(6.1–79.0) 12.7(2.7–35.5) 0.001
≥7 (ULN) 158/242(65.3%) 78/106(73.6%) 80/136(58.8%) 0.017

IL-8 (pg/ml) 15.1(8.8–24.3) 19.8(10.6–30.4) 12.0(8.2–21.3) <0.0001
≥62 (ULN) 18/242(7.4%) 13/106(12.3%) 5/136(3.7%) 0.012

IL-10 (pg/ml) 5.3(5.0–10.0) 6.8(5.0–14.8) 5.0(5.0–8.4) 0.001
≥9.1 (ULN) 71/242(29.3%) 42/106(39.6%) 29/136(21.3%) 0.002

TNF-a (pg/ml) 8.4(6.8–10.8) 9.2(7.1–12.5) 8.1(6.2–9.8) 0.001
≥8.1 (ULN) 134/242(55.4%) 66/106(62.3%) 68/136(50.0%) 0.06

CT image features
Distribution of pulmonary lesions . . . 0.15
Peripheral 42/185(22.7%) 11/67(16.4%) 31/118(26.3%) .
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Laboratory Parameters and Clinical
Outcomes
There were strong differences in laboratory findings on
admission between patients with diabetes and those without
diabetes (Table 1). The FPG and RPG levels were distinctly
higher in the diabetes group than in the non-diabetes group. The
peripheral lymphocyte count was significantly lower in patients
with diabetes than in those without diabetes (p<0.0001), whereas
the white and neutral cell counts were higher in patients with
diabetes than in those without diabetes, which might be related
to the higher risk of infection in patients with diabetes.
Laboratory parameters, including the serum urea nitrogen,
high-sensitivity cardiac troponin I, myoglobin, D-dimer, lactate
dehydrogenase, procalcitonin, C-reactive protein, and ferritin
levels, were markedly higher in patients with diabetes than in
those without diabetes. However, there was no significant
difference in the total cholesterol and triglyceride levels
between the diabetes and non-diabetes groups. With regard to
the lung CT features, the diabetic group showed no distinct
difference from the non-diabetic group.

Our data showed that the mortality on the 28th day after
admission in the hospital was much higher in patients with
diabetes than in those without diabetes (42.6% vs. 10.7%,
p<0.0001). As shown in Figure 1, the Kaplan-Meier survival
curves were affected by different FPG and RPG levels (Figures
1A, B). Patients with FPG level ≥ 11.1 mmol/L (p<0.0001) and
FPG level between 7 and 11.1 mmol/L (p=0.0029) showed a
greatly decreased survival compared to patients with FPG level < 7.0
mmol/L (separately) (Figure 1A). Patients with RPG level ≥ 11.1
mmol/L showed much decreased survival curves than patients with
RPG level < 11.1 mmol/L (p<0.0001) (Figure 1B). With the
increased FPG or RPG levels, the rates of death of patients with
COVID-19 were raised accordingly, thus suggesting that
hyperglycaemia might be an important risk factor for the
mortality of patients with COVID-19.

Markedly Elevated Cytokine Levels and
Decreased Th1/Th2 Cytokine Ratios in
Patients With Diabetes
Regarding the Th1 cytokines, patients with diabetes indicated
markedly higher IL-2R levels in week 1 and 2 after admission,
IL-1b in week 3, and TNF-a in week 1–3 compared to patients
without diabetes (Figure 2). As for the Th2 cytokines, the IL-6
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and IL-10 levels in patients with diabetes in week 1–3, and IL-8 in
week 1–3 were significantly higher than those in patients without
diabetes. IL-6 and IL-10 levels in the patients without diabetes
were observed to be reduced successively from week 1 to 3 and
greatly decreased at week 2 and 3 compared to that in week 1,
TABLE 1 | Continued

Total T2DM Non-T2DM p value
n = 306 n = 129 n = 177

Random 30/185(16.2%) 9/67(13.4%) 21/118(17.8%) .
Diffuse 113/185(61.1%) 47/67(70.1%) 66/118(55.9%) .

Bilateral multilobe, n 177,185(95.7%) 66/67(98.5%) 111/118(94.1%) 0.26
Ground-glass opacity (GGO), n 176/185(95.1%) 64/67(95.5%) 112/118(95.1%) 1.00
Crazy-paving pattern, n 106/185(57.3%) 37/67(55.2%) 69/118(58.5%) 0.76
Consolidation, n 152/185(82.2%) 58/67(86.6%) 93/118(78.8%) 0.24
March 2021 | Volume 12 | Article
Data are median (IQR), n (%), or n/N (%). p values were calculated by Mann-Whitney U test, c² test, or Fisher’s exact test, as appropriate. T2DM, type 2 diabetes mellitus; ALB, albumin;
TBil, Total bilirubin; DBil, Direct bilirubin; LDH, Lactate dehydrogenase; PCT, Procalcitonin; ULN, Upper limit of normal value; LLN, lower limit of normal value. * Disease severity status was
evaluated according to interim guidance of National health commission of China.
A
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FIGURE 1 | Survival curve of patients with COVID-19 affected by fasting
plasma glucose (FPG) and random plasma glucose (RPG) levels on admission.
It shows the greatly decreased survival in patients with FPG level ≥ 7.0 mmol/L
on admission compared with that in patients with FPG level < 7.0 mmol/L
(p < 0.0001) (A). It indicates the obviously decreased survival in patients with
RPG level ≥11.1 mmol/L on admission compared with that in patients with
RPG level <11.1 mmol/L (p < 0.0001) (B).
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whereas they were not reduced in patients with diabetes from
week 1 to week 3. These results indicated that patients with
diabetes had significantly elevated inflammatory cytokine Th1
and Th2 levels, which is known as a cytokine storm.

Furthermore, we used the IL-2R/IL-6 and TNF-a/IL-6 ratios on
behalf of the Th1/Th2 ratios to determine which type of T-helper
cells was dominant in the progression of COVID-19. The Th1/Th2
ratios in patients with diabetes were much lower than in patients
without diabetes through weeks 1–3 after admission, suggesting that
Th2 cells were over-activated and the imbalance of Th1/Th2
cytokines in patients with diabetes was much greater than in
patients without diabetes. Moreover, in patients without diabetes,
the IL-2R/IL-6 and TNF-a/IL-6 ratios increased greatly in week 2
compared to that in week 1 (P=0.004 and P=0.0005, respectively),
indicating that the imbalance of Th1/Th2 ratios recovered to some
degree in week 2 in patients without diabetes, while there was no
difference in patients with diabetes between week 1 and week 2.
Frontiers in Endocrinology | www.frontiersin.org 6117
Thus, patients with diabetes showed longer imbalance of Th1/Th2
than in patients without diabetes.

Greatly Increased Levels of Cytokines in
Non-Survival Diabetic COVID-19 Cases
To assess the association between the mortality of COVID-19
and the levels of cytokines, we analyzed the longitudinal
expression profiles of cytokines from week 1 to week 2 after
admission in survivors and non-survivors (Figure 3). Compared
to that at week 1, the levels of IL-6 and IL-8 were significantly
elevated at week 2 in non-survivors of diabetic cases, whereas
there were greatly reductions in survivors of diabetes at week 2
than at week 1 (P<0.05, respectively). The ratios of IL-2R/IL-6 in
diabetic non-survivors at week 2 were much declined compared
to that at week 1, whereas they were lifted greatly in non-diabetic
survivors, or there were no significant changes in the diabetic
survivors and non-diabetic non-survivors from week 1 to week 2.
A B

D E F

G H

C

FIGURE 2 | Dynamic serum cytokine levels and Th1/Th2 ratios in diabetic patients and non-diabetic patients. Dynamic changes in Th1 cytokines including IL-2R
(A), IL-1b (B), and TNF-a (C); Th2 cytokines, including IL-6 (D), IL-8 (E), and IL-10 (F), and ratios of IL-2R/IL-6 (G) and TNF-a/IL-6 (H) representing the Th1/Th2
ratios from week 1 to week 3 after admission in patients with T2DM and patients without T2DM with COVID-19 infection.
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Compared with diabetic survival patients, diabetic non-
survival cases showed distinct higher serum concentrations of
IL-6, IL-8 and TNF‐a and lower Th1/Th2 cytokines ratios
(IL-2R/IL-6 and TNF-a/IL-6) at week 2 (P<0.05, respectively),
suggesting that these higher levels of cytokines and much greater
imbalance of Th1/Th2 cytokines ratios might be involved in the
pathogenic mechanisms of mortality for diabetic COVID-19
patients. The median values of cytokines and P values of
comparing the levels of cytokines among different groups
including diabetic non-survivors, diabetic survivors, non-
diabetic non-survivors and non- diabetic survivors patients
were displayed in Supplementary Table 1.

Greatly Decreased Numbers of CD4+

T Cells, CD8+ T Cells, and NK Cells in
Diabetic Cases
Then, we examined the proportion and counts of immune cells
in the peripheral blood from nine patients with diabetes and 11
patients without diabetes among the patients with COVID-19
(Table 2 and Figure 4). It was found that absolute numbers of
total T lymphocytes were more seriously reduced in the patients
with diabetes compared to those in patients without diabetes
(448.0 vs. 962.0 × 106/L, P=0.002), while the absolute numbers of
total B lymphocytes did not differ between the two groups.
Frontiers in Endocrinology | www.frontiersin.org 7118
Furthermore, the numbers of CD4+ T cells and CD8+ T cells
were reduced below the lower limit of normal (LLN) in the vast
majority of patients with diabetes with COVID-19, and the
medians of the diabetic group were reduced more profoundly
than in the non-diabetic group (204.0 vs. 583.0 ×106/L, P=0.007
and 115.0 vs. 352 ×106/L, P=0.002, respectively). As for the NK
cell count, it could be known that a lower NK cell count was
observed in patients with diabetes compared to that in patients
without diabetes (35.0 vs 252.0×106/L, P=0.004) (Figure 4E).
Moreover, we found a greater reduction in the total absolute
numbers of T, B, and NK cells in the diabetic group than in the
non-diabetic group (P=0.002). In addition, all diabetic cases
showed a significant decrease in total T lymphocyte counts <
955 × 106/L (LLN), CD8+ T cell counts < 320 × 106/L (LLN), and
NK cell counts < 150 × 106/L (LLN). Of 9 patients with diabetes,
7 (77.8%) showed obvious broad decrease in all lymphocyte
subsets, including total B cell count < 90 × 10 6/L, CD4+ T cell
count < 550 × 106/L, and the abovementioned total T
lymphocyte, CD8+ T cell, and NK cell counts. Of these nine
diabetic patients, 3 (33.3%) eventually died, and an image of the
flow cytometry of one dead patient is shown in Figures 4A–D.
The proportion of NK cells (3.58%) obviously decreased.

Among these 20 COVID-19 patients, there were six non-
survivors including three diabetic and three non-diabetic
A B

D E F

G H

C

FIGURE 3 | Dynamic changes of serum cytokine levels and Th1/Th2 ratios in groups of diabetic non-survivors, diabetic survivors, non-diabetic non-survivors and
non-diabetic survivors from week 1 to week 2. Dynamic changes in Th1 cytokines including IL-1b (A), IL-2R (B), and TNF-a (C); Th2 cytokines, including IL-6 (D),
IL-8 (E), and IL-10 (F), and ratios of IL-2R/IL-6 (G) and TNF-a/IL-6 (H) representing the Th1/Th2 ratios from week 1 to week 2 after admission in survivors and non-
survivors with COVID-19 infection. Data shown are median (IQR). *represents P < 0.05, week 2 vs. week 1. # represents P < 0.05, non-survivors vs. survivors at
week 2 in diabetic or non-diabetic patients. DM, diabetes mellitus.
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patients and 14 survivors including six diabetic and eight non-
diabetic patients. When compared with the survivors, non-
survivors displayed the greater reductions in the absolute
numbers of total T lymphocytes, CD8+ T cells and NK cells
(P<0.05) (Figure 4F). The proportion and counts of immune
cells in the peripheral blood from six non-survivors and 11
survivors with COVID-19 were showed in Supplementary
Table 2.
DISCUSSION

Patients with COVID-19 with T2DM are likely to develop a
severe form of the disease (22). In this retrospective cohort with
306 severe patients with SARS-CoV-2 infection, including 129
patients with diabetes and 177 patients without diabetes, we
found that the patients with diabetes had much higher mortality
rates (42.6%) than patients without diabetes (10.7%) and first
proved that patients with FPG level > 7.0 mmol/L or RPG level >
11.1 mmol/L on admission have a significantly decreased chance
of survival, which profoundly indicates that diabetes or
hyperglycaemia might be a potential risk factor of fatality in
COVID-19. To further investigate the reason for this high
mortality, we reviewed the immune status of patients and
found that T2DM showed markedly reduced numbers of
immune cells, such as CD4+, CD8+ T, NK cells, and obvious
imbalance of Th1/Th2 cytokine signalling over-activated Th2 cell
function, thus aggravating the severity of COVID-19.

This study reports that patients with T2DM have higher
SOFA and CURB-65 scores than patients without diabetes,
suggesting that higher rates of multiple organ failure and fatal
pneumonia lead to higher mortality in patients with T2DM.
Diabetes, with its high morbidity and mortality, has grown to a
global health problem in recent decades, owing to increasing
Frontiers in Endocrinology | www.frontiersin.org 8119
risks of infection, cardiovascular disease, and other diseases (17).
Recently, a retrospective, multicentered study of COVID-19
found that patients with T2DM required more medical
interventions and had a significantly higher mortality rate
(7.8% vs. 2.7%) (33). The relationship between diabetes and
infection has long been recognised (34). Infections, particularly
influenza and pneumonia, are often common and more serious
in elderly patients with T2DM (35). T2DM has been recognised
as a risk factor for disease progression and mortality in SARS-
CoV, MERS-CoV, and novel SARS-CoV-2 infections (22,
36–41).

Patients with T2DM with higher plasma glucose level (FPG
level > 7 mmol/L or RPG level > 11.1 mmol/L) in our study were
demonstrated to have a greatly decreased survival compared to
patients with FPG level < 7.0 mmol/L or RPG level < 11.1 mmol/L,
separately. Similar to this conclusion, a recent study indicated that
a well-controlled blood glucose level (3.9 to 10.0 mmol/L) was
associated with markedly lower mortality rate compared to poorly
controlled blood glucose level (> 10.0 mmol/L) during
hospitalisation. A meta-analysis showed that diabetes was
associated with poor outcomes, including mortality, severity
status, acute respiratory distress syndrome, need for intensive
care, and disease progression (42). Recently, a large national
investigation in England show that type 1 and type 2 diabetes
were both independently associated with a significant increased
odds of in-hospital death with COVID-19, which supported our
conclusions furtherly (43) and BMI was identified to be
independently associated with the severity of COVID-19 in
French CORONADO study (44).

So far, there has been scarce data regarding the relationship
between glucose metabolism and immune response in patients
with COVID-19. In this study, we first presented markedly
elevated Th1 cytokine IL-2R and TNF-a levels and increased
levels of Th2 cytokines, including IL-6, IL-8, and IL-10, in
TABLE 2 | Comparing the counts and frequencies of immune cells on admission between T2DM and non-T2DM cases.

Total T2DM Non-T2DM p value
n = 20 n = 9 n = 11

Total T lymphocytes (%) 70.4(56.6–76.2) 69.0(53.7–75.7) 71.4(60.1–76.9) 0.569
Total T lymphocytes count (106/L) 640.5(396.3–1219.3) 448.0(193.0–587.0) 962.0(652.0–1,399.0) 0.002
Decreased, <955, n/N (%) 14(70.0%) 9(100.0%) 5(45.5%) 0.014
<400, n/N (%) 5(25.0%) 4(44.4%) 1(9.1%) 0.127

Total B lymphocytes (%) 17.2(8.9–19.7) 19.9(13.4–36.4) 13.3(7.9–17.5) 0.025
increased, n/N (%) 8(40.0%) 6(66.7%) 2(18.2%) 0.065

Total B lymphocytes count (10*6/L) 135.5(65.5–258.3) 72.0(27.0–261.0) 141.0(103.0–269.0) 0.239
decreased, n/N (%) 7(35.0%) 5(55.6%) 2(18.2%) 0.160

CD4+T cells (%) 39.0(27.7–50.3) 29.5(25.7–58.3) 39.5(28.6–48.9) 0.970
CD4+T cells count (106/L) 368.5(201.0–661.8) 204.0(95.0–395.5) 583.0(345.0–872.0) 0.007
decreased, n/N (%) 13(65.0%) 8(88.9%) 5(45.5%) 0.070
CD8+T cells (%) 22.2(17.3–36.5) 23.6(13.2–36.4) 21.7(20.1–37.8) 0.569
CD8+T cells count (106/L) 248.0(125.8–379.0) 115.0(38.0–238.0) 352.0(248.0–522.0) 0.002
decreased, n/N (%) 12(60.0%) 8(88.9%) 4(36.4%) 0.028
NK cells (%) 11.4(4.6–23.67) 10.3(3.5–12.3) 14.4(10.2–28.9) 0.074
NK cells count (106/L) 148.0(34.3–258.8) 35.0(7.5–99.5) 252.0(182.0–326.0) 0.004
Decreased, <150, n/N (%) 10(50.0%) 8(88.9%) 2(18.2%) 0.005
<77, n/N (%) 8(40.0%) 6(66.7%) 2(18.2%) 0.065

T+B+NK(%) 99.3(98.9–99.5) 99.3(98.9–99.4) 99.4(98.7–99.6) 0.761
T+B+NK(#) 984.5(695.3–1,693.5) 685.0(241.0–899.0) 1584.0(1016.0–1795.0) 0.002
Th/Ts 1.6(0.9–2.4) 1.8(0.7–4.8) 1.4(1.0–2.4) 0.970
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FIGURE 4 | Proportion of immune cells subsets in patients with diabetes with COVID-19. Flow cytometric analysis of B cells, NK cells, CD4+ T cells, and CD8+ T
cells from a representative patient (A–D). A series of comparisons of absolute counts of total T and B lymphocytes, CD4+ T cells, CD8+ T cells, and NK cells
between patients with diabetes (n=9) and patients without diabetes (n=11) (E), as well as between survivors (n=14) and non-survivors (n=6) (F). All data represent
median (IQR). Differences were tested using nonparametric test.
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patients with diabetes compared with patients without diabetes
among patients with COVID-19 pneumonia. Our results provide
novel evidence that the imbalance of Th1/Th2 cytokines, a
significant decrease in the Th1/Th2 cytokine ratio in patients
with diabetes, suggested the over-activation of Th2 cells, which
may account for the disturbance of the immune system, causing
poor prognosis. We furtherly found that the lifted expression
levels of cytokines were associated with the mortality of COVID-
19 patients with T2DM. Non-survivors of diabetic cases showed
the significant increases of IL-6 and IL-8 at week 2 compared to
that at week 1, whereas there were greatly reductions in survivors
of diabetes cases. The ratios of IL-2R/IL-6 in diabetic non-
survivors at week 2 were much declined compared to that at
week 1, whereas they were raised greatly in non-diabetic
survivors, and there were no significant changes in the
survivors with or without T2DM from week 1 to week 2. The
data indicated that elevated cytokines and greater imbalance of
Th1/Th2 ratios might be involved the immune pathogenic
mechanisms of COVID-19 patients with T2DM and lead to
higher mortality compared with non-diabetic patients.

To the best of our knowledge, Th2 cells typically produce IL-
4, IL-6, Il-8, IL-10, and IL-13, whereas cytokines, such as IL-1b,
IL-2R, and TNF-a, belong to the Th1 cell response. As two
extremes on a scale, Th1 and Th2 responses play different roles
and may contribute to immunopathology. Distinct from Th1 cell
pro-inflammatory function and antiviral response by stimulating
macrophages and cell-mediated immunity, Th2 cells tend to
oppose the inflammatory reaction and promote antibody
response and inhibit Th1 cell-induced antiviral function (45).
Under normal conditions, IFN-g can induce the differentiation of
Th0 cells into Th1 cells, whereas, during SARS-CoV-2 infection,
the lower level of IFN-g production would reduce the production
of Th1, resulting in further weakening of the antiviral immune
response of CD4+ T cells. In addition, T2DM is a chronic
inflammatory condition characterised by multiple metabolic
and vascular abnormalities that can affect the immune
response to pathogens (46). Both cytokine disturbances and T-
cell exhaustion in patients with diabetes indicated poor clinical
outcomes (10, 12, 16, 47–49). Hyperglycaemia and insulin
resistance promote increased synthesis of glycosylation end
products and pro-inflammatory cytokines, oxidative stress, and
adhesion molecules, which may be the underlying mechanism
that leads to a higher propensity to infections, with worse
outcomes in patients with diabetes (50). Targeting the
overexpression of IL-6 effects with a monoclonal antibody
against IL-6 receptor or using Janus Kinase inhibitors may be
particularly helpful for treatment of COVID-19 pneumonia in
diabetes in the future (51). A previous study found Th1 cytokines
including IFN-g, TNF-a, and CRP but not Th2 cytokines
appeared significantly higher in the T2DM group than in the
non-T2DM group. Unlike the above study, we found both Th1
and Th2 cytokines were greatly elevated in T2DM compared
with non-T2DM when infected with SARS-CoV-2 (52).

Our study reported that patients with diabetes present a
greatly reduced number of lymphocytes, especially the
decreased counts of peripheral CD4+ T cells, CD8+ T cells, and
Frontiers in Endocrinology | www.frontiersin.org 10121
NK cells compared to patients without diabetes in SARS-CoV-2
infections. Guo et al.’s study on viral pneumonia, such as
influenza A, adenovirus, bocavirus, human rhinovirus, and
coronavirus, but not SARS-CoV-2, revealed a higher mortality
rate in patients with lower absolute counts of CD8+ T and CD4+

T cells (53). As for COVID-19 pneumonia, T cell counts are
reduced significantly in patients with COVID-19, and the
surviving T cells appear functional exhausted (54, 55).

SARS-CoV infection can significantly reduce peripheral
CD4+ and CD8+ T lymphocyte subsets, which is related to the
onset of the disease (56). Similarly, MERS-CoV could effectively
induce apoptosis of T cells in the peripheral blood and human
lymphoid organs, involving activation pathways of extrinsic and
intrinsic apoptosis (57). Presumably, infection of epithelial cells
in the airways and subsequent replication of the virus in these
tissues might cause high levels of virus-linked apoptosis or
pyroptosis, triggering inflammatory responses marked by the
activation of pro-inflammatory cytokines or chemokines. Based
on recent clinical data obtained from COVID-19 patients,
cytokine storm, pulmonary, and endothelial dysfunction, and
hypercoagulation condition may contributes to pathogenic
mechanisms of COVID-19 patients with T2DM (58).
Hyperglycaemia can damage the hypothalamic–pituitary–
adrenal axis, resulting in high cortisol secretion. The over-
secreted cortisol might not only elevate the serum glucose level
but also suppress the immune system and immune cells, leading
to a vicious circle (59).

Our study provides distinct evidence that T2DM or
hyperglycaemia patients showed an obvious decrease in
immune cells and imbalance of TH1/Th2 cytokines, which
were associated with the high mortality of COVID-19 patients
with T2DM.
CONCLUSIONS

In COVID-19, T2DM or hyperglycaemia affected the numbers of
immune cells, including CD4+, CD8+ T cells, and NK cells, and
reduced Th1/Th2 cytokine ratios, which might aggravate the
severity of COVID-19. This study may shed light on the complex
immunological mechanisms and relationship between T2DM
and COVID-19.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethical Committee of Tongji Hospital, Tongji
Medical College, and Huazhong University of Science and
March 2021 | Volume 12 | Article 596518

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Han et al. Cytokines in Diabetic COVID-19 Patients 24
Technology. Written informed consent for participation was not
required for this study in accordance with the national legislation
and the institutional requirements.
AUTHOR CONTRIBUTIONS

All authors have been fully involved in the preparation of the
manuscript at all stages and approved it for publication. All
authors contributed to the article and approved the
submitted version.
FUNDING

This work is funded by grants from Tongji Hospital for Pilot
Scheme Project, and partly supported by the
Frontiers in Endocrinology | www.frontiersin.org 11122
Chinese National Thirteenth Five Years Project in Science
and Technology (2017ZX10202201).
ACKNOWLEDGMENTS

We thank the subjects and their families, as well as all doctors
and nurses of the Department of Infectious Diseases, Tongji
Hospital, HUST. We would like to thank Editage (www.editage.
cn) for English language editing.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fendo.2021.
596518/full#supplementary-material
REFERENCES

1. Chen N, Zhou M, Dong X, Qu J, Gong F, Han Y, et al. Epidemiological and
clinical characteristics of 99 cases of 2019 novel coronavirus pneumonia in
Wuhan, China: a descriptive study. Lancet (2020) 395:507–13. doi: 10.1016/
S0140-6736(20)30211-7

2. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, et al. A Novel Coronavirus
from Patients with Pneumonia in China, 2019. N Engl J Med (2020) 382:727–
33. doi: 10.1056/NEJMoa2001017

3. Holshue ML, DeBolt C, Lindquist S, Lofy KH, Wiesman J, Bruce H, et al. First
Case of 2019 Novel Coronavirus in the United States. N Engl J Med (2020)
382:929–36. doi: 10.1056/NEJMoa2001191

4. Silverstein WK, Stroud L, Cleghorn GE, Leis JA. First imported case of 2019
novel coronavirus in Canada, presenting as mild pneumonia. Lancet (2020)
395:734. doi: 10.1016/S0140-6736(20)30370-6

5. Huang C,Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical features of patients
infected with 2019 novel coronavirus in Wuhan, China. Lancet (2020)
395:497–506. doi: 10.1016/S0140-6736(20)30183-5

6. TanW, Zhao X,Ma X,WangW, Nui P, XuW, et al. A novel coronavirus genome
identified in a cluster of pneumonia cases -Wuhan, China 2019-2020. China CDC
Weekly (2020) 2:61–2. doi: 10.46234/ccdcw2020.017

7. Lu R, Zhao X, Li J, Niu P, Yang B, Wu H, et al. Genomic characterisation and
epidemiology of 2019 novel coronavirus: implications for virus origins and
receptor binding. Lancet (2020) 395:565–74. doi: 10.1016/S0140-6736(20)
30251-8

8. Chen G, Wu D, Guo W, Cao Y, Huang D, Wang H, et al. Clinical and
immunological features of severe and moderate coronavirus disease 2019. J
Clin Invest (2020) 130:2620–9. doi: 10.1172/JCI137244

9. Chen T, Wu D, Chen H, Yan W, Yang D, Chen G, et al. Clinical
characteristics of 113 deceased patients with coronavirus disease 2019:
retrospective study. Bmj (2020), 368:m1091. doi: 10.1136/bmj.m1091

10. Diao B, Wang C, Tan Y, Chen X, Liu Y, Ning L, et al. Reduction and
Functional Exhaustion of T Cells in Patients With Coronavirus Disease 2019
(COVID-19). Front Immunol (2020) 11:827–7. doi: 10.3389/fimmu.
2020.00827

11. Channappanavar R, Perlman S. Pathogenic human coronavirus infections:
causes and consequences of cytokine storm and immunopathology. Semin
Immunopathol (2017) 39:529–39. doi: 10.1007/s00281-017-0629-x

12. Mehta P, McAuley DF, Brown M, Sanchez E, Tattersall RS, Manson JJ, et al.
COVID-19: consider cytokine storm syndromes and immunosuppression.
Lancet (2020) 395:1033–4. doi: 10.1016/S0140-6736(20)30628-0

13. Vaninov N. In the eye of the COVID-19 cytokine storm. Nat Rev Immunol
(2020) 20:277–7. doi: 10.1038/s41577-020-0305-6
14. Zeng Z, Yu H, Chen H, Qi W, Chen L, Chen G, et al. Longitudinal changes of
inflammatory parameters and their correlation with disease severity and
outcomes in patients with COVID-19 from Wuhan, China. Crit Care
(London England) (2020) 24:525. doi: 10.1186/s13054-020-03255-0
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Introduction: Diabetes mellitus (DM) is one of the most common comorbidities among
patients with coronavirus disease 2019 (COVID-19) which may exacerbate complications
of this new viral infection. Metformin is an anti-hyperglycemic agent with host-directed
immune-modulatory effects, which relieve exaggerated inflammation and reduce lung
tissue damage. The current systematic review aimed to summarize the available evidence
on the potential mechanism of action and the efficacy of metformin in COVID-19 patients
with DM.

Methods: A systematic search was carried out in PubMed/Medline, EMBASE, the
Cochrane Controlled Register of Trials (CENTRAL), and Web of Science up to July 30,
2020. The following keywords were used: “COVID-19”, “SARS-CoV-2”, “2019-nCoV”,
“metformin”, and “antidiabetic drug”.

Results: Fourteen studies were included in our systematic review. Three of them were
observational with 6,659 participants. Decreasing insulin resistance, reduction of some
inflammatory cytokines like IL-6 and TNF-a, modulation of angiotensin-converting enzyme
2 (ACE2) receptor, and improving neutrophil to lymphocyte ratio are some of the potential
mechanisms of metformin in COVID-19 patients with DM. Nine out of fourteen articles
revealed the positive effect of metformin on the prognosis of COVID-19 in diabetic or even
non-diabetic patients. Moreover, different studies have shown that metformin is more
effective in women than men.

Conclusions: The use of metformin may lead to improve the clinical outcomes of patients
with mild to moderate SARS-CoV-2, especially in diabetic women. Further observational
studies should be conducted to clarify the effects of metformin as a part of the treatment
strategy of COVID-19.

Keywords: metformin, diabetes mellitus, SARS-CoV-2, COVID-19, 2019-nCoV, systematic review
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INTRODUCTION

In late December 2019, a cluster of patients with pneumonia was
referred to hospitals in Wuhan city, Hubei province, China (1).
Further clinical investigations showed that a novel coronavirus
called Severe Acute Respiratory Syndrome Coronavirus-2
(SARS-CoV-2) caused the disease, COVID-19 (2). Rapidly,
COVID-19 affected almost all countries and territories
worldwide, so that the World Health Organization (WHO)
declared it as a pandemic on March 11, 2020 (3). As of late
February 2021, more than 112 million prevalent numbers and
above 2.5 million deaths were due to affecting by SARS-CoV-2
(4). Some pharmacologic therapeutic approaches like
chloroquine, lopinavir/ritonavir, favipiravir, and tocilizumab
have been used in clinical practice without any proven effect
(5), while some drugs such as remdesivir have shown some
effects on reducing time to recovery (6). Seniors, patients with
preexisting diseases including hypertension, diabetes, coronary
heart disease, and chronic obstructive pulmonary disease are at a
higher risk of morbidity and mortality of COVID-19 (7).

Based on findings of a study on diabetic patients compared to
controls, inflammatory responses and levels of inflammation-
related biomarkers are higher among patients with diabetes
mellitus (DM), which suggests considering DM as a major risk
factor in the progression and prognosis of SARS-CoV-2 (8). DM is
one of the most common comorbidities among COVID-19 patients,
which leads to the intensive care unit (ICU) admission in 14%-32%
of cases (9). Different potential mechanisms were mentioned for
severity and increased risk of COVID-19 in patients with DM,
including upregulation of angiotensin-converting-enzyme-2
(ACE2) expression (10), increased interleukin-6 (IL-6) expression
(11), and decreasing CD4-positive T-cells in diabetic patients with
Mediterranean Eastern respiratory syndrome coronavirus (MERS-
CoV) (12) that may have the similar mechanism with COVID-19.

Metformin is a well-known antidiabetic drug, which showed
immunomodulatory effects by phosphorylation of adenosine
monophosphate (AMP)-activated protein kinase in animal
models (13). A large-scale observational study showed that
metformin reduced the mortality of chronic lower respiratory
diseases significantly compared to the overall population (14).

This systematic review aimed to determine the potential
efficacy of metformin in COVID-19 and the underlying
mechanism of action in patients with preexisting DM.
METHODS

This systematic review was according to the “Preferred Reporting
Items for Systematic Reviews and Meta-analyses” (PRISMA)
statement (15).

Search Strategy
A systematic search was carried out in the literature from the
following bibliographical databases: PubMed/Medline,
EMBASE, the Cochrane Controlled Register of Trials
(CENTRAL), and Web of Science up to July 30, 2020. The
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following search terms were used: “COVID-19”, “SARS-CoV-2”,
“2019-nCoV”, “metformin”, and “antidiabetic drug”. Lists of
references of selected articles and relevant review articles were
hand-searched to identify further studies. There were no
restrictions on publication date and type of article but only
studies written in English were selected.

Study Selection
All potentially English relevant articles were screened in two stages
for eligibility. In the first stage, two reviewers independently
reviewed titles and abstracts and chose those fitting selection
criteria for full-text evaluation. Discrepancies were discussed with
a third reviewer. In the second stage of assessment with full-text
evaluation, all types of studies except reviews that discussed the
effect of metformin in different stages of the COVID-19 and
represented its mechanism were considered by the same authors.
Disagreements and technical uncertainties were discussed and
resolved between review authors.

Data Extraction
The following variables were extracted from all included studies: first
author, year of publication, type of study, country/ies where the study
was conducted, viral entrance pathway of SARS-CoV-2, mechanism
of action of metformin against COVID-19, other effective drugs with
the role of them, Possibility of using metformin in COVID-19
treatment and target society. In three analytic studies the extracted
data included: study population (number of cases with metformin
and number of controls without metformin), mean age (both in
metformin and no-metformin group), COVID-19 diagnosis
technique (clinical and confirmed diagnosis), and the effect of
metformin on outcomes (effect on the duration of hospitalization,
the effect on in-hospital death, and effect on poor prognosis). Two
authors independently extracted the data from the selected studies.
The data was jointly reconciled, and disagreements were discussed
and resolved between review authors.
RESULTS

The selection process of articles is shown in Figure 1. Fourteen
articles were included and classified into the followings: three
commentaries (16–18), six letters to the editor (19–24), three
observational studies (25–27), one personal view (28), and one
research prospective study (29) (Table 1). Two of the three
observational studies were conducted in China and one in the
USA. The total population of the observational articles was 6,659.
History of exposure, clinical symptoms, imaging findings, and
laboratory assessments was included in clinical diagnosis. Also,
PCR or immunoglobulin (Ig)-M and IgG tests were used to
confirm the diagnosis (Tables 1 and 2).

Possibility of Using Metformin in COVID-19
Treatment
Nine out of fourteen articles showed the efficacy of metformin on
COVID-19 that not only can be continued in diabetic patients as an
anti-hyperglycemic drug but also may be offered in non-diabetics as
March 2021 | Volume 12 | Article 645194
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a part of treatment protocol (17–19, 21, 23, 25–27, 29). Three
articles did not provide a definitive opinion on the use of metformin
for therapeutic purposes (16, 22, 24), and two articles reported that
metformin should not be used in patients with SARS-CoV-2
infection (20, 28) (Table 3). Among these articles, Bramante et al.
(25) by designing a retrospective cohort analysis study noticed that
metformin has sex-specific effects and is useful for diabetic or obese
women. Chen et al. (26) reported the positive effect of metformin in
the course of the disease, whereas this effect was not statistically
significant. On the contrary, Bornstein et al. (28) reported that
metformin should not be used in patients with severe symptoms of
COVID-19, but it is not contraindicated in patients with mild or
moderate symptoms.

Effect of Metformin on Clinical Outcomes
Duration of hospitalization, in-hospital death, and poor prognosis
(progression to severe or critical illness) was discussed as major
Frontiers in Endocrinology | www.frontiersin.org 3126
outcomes in three retrospective analytical studies. Luo et al. (27)
and Chen et al. (26) did not report any significant effect of
metformin on the duration of hospitalization. Furthermore,
according to Luo et al. study (27), there was no significant
relationship between metformin and poor prognosis. For in-
hospital death, Luo et al. (27) represented a significant decrease
in the metformin group and Bramante et al. (25) reported this
significant effect only in women. On the other hand, the article by
Chen et al. (26) did not represent any significant relationship
between the administration of metformin and in-hospital
mortality reduction. More details on the three mentioned
studies are available in Table 2.

Potential Mechanisms of Metformin and
Other Drugs Against SARS-CoV-2
The suggested mechanisms of action for metformin within the
fourteen included papers can be classified into some major
Records identified through databases (n=67)

PubMed/Medline: 18

Embase: 38

Cochrane: 1

Web of science: 10

Records after duplicates removed (n=43)

Title and abstract of records 

screened

(n=43)

Excluded irrelevant

(n=20)

Full-text articles assessed 

for eligibility

(n=23)

Studies included

(n=12)

Excluded irrelevant 

Reason for exclusion:

Review articles (n=5)

Focus on other anti-hyperglycemic drugs 

such as novel antidiabetic drugs and insulin 

therapy (n=3)

Focus on interaction between metformin and 

other drugs (n=1)

Focus on deep molecular mechanism and 

Phenotypic characteristics (n=1)

An RCT that was not published yet (n=1)

Hand-searching 
(n=2)

Studies included
(n=14)
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gnineercS
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FIGURE 1 | Flow chart of study selection for inclusion in the systematic review.
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TABLE 2 | Detailed characteristics and statistical information of three retrospective analytical studies.

Authors Study population Age (mean)4 COVID-19 diagnosis technique Outcome

Used
metformin

Did not
use

metformin

total Metformin
group

No
metformin

group

Clinical diagnosis Confirmed
diagnosis

Effect on
duration of

hospitalization

Effect on in-
hospital death

Effect on poor
prognosis

Luo et al. 104 179 283 63 65 History and clinical
symptoms.
Imaging (CT scan)
Laboratory
assessment

Nuclear acid
test or IgM-
IgG test

No significant
effect1

Significantly
decreased
OR:0.21 (0.06-
0.73)
P-value:0.02

–

Bramante
et al.

2333 3923 6256 73 76 – PCR – Significantly
decreased in
women2

OR:0.792
(0.640-0.979)
P-value:0.031

–

Chen
et al.

43 77 120 62 67 Clinical symptoms,
exposure, imaging
findings

NGS,
fluorescent
RT-PCR

No significant
effect3

No significant
effect
OR:0.62 (0.17-
2.20)
P-value:0.456

No significant
effect
OR:2.49 (0.92-
6.76) P-
value:0.074
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COVID-19, Coronavirus disease 2019; Ig, immunoglobulin; CT, computed tomography; OR, odds ratio; RT-PCR, real-time polymerase chain reaction; NGS, next generation sequencing.
1) Duration of hospitalization was 21 days in metformin group while it was 19.5 days in no-metformin group.
2) In overall population metformin was not significantly effective. OR: 0.904 (0.782-1.045); P-value: 0.173
3) Duration of hospitalization was 24 days in metformin group while it was 23 days in no-metformin group.
4) The total mean age in studies were 64.2, 74.8 and 65.2 respectively.
TABLE 1 | Characteristics of all included studies.

Title of article Author Year Country Type of study

Metformin, neutrophils and COVID-19 infection Dalan et al.
(16)

2020 Singapore Commentary

Metformin in COVID-19: A possible role beyond diabetes Sharma et al.
(17)

2020 India Commentary

Is metformin ahead in the race as a repurposed host-directed therapy for atients with
diabetes and COVID-19?

Singh et al.
(9)

2020 India Commentary

COVID-19 and Diabetes Mellitus: May Old Antidiabetic Agents Become the New
Philosopher’s Stone?

Penlioglu
et al. (23)

2020 Greece Letter to the editor

COVID-19 and diabetes: Is metformin a friend or foe? Ursini et al.
(24)

2020 Italy Letter to the editor

Metformin use amid coronavirus disease 2019 pandemic Kow et al.
(22)

2020 Malaysia and UK Letter to the editor

Metformin and COVID-19: A novel deal of an old drug El-arabey
et al. (19)

2020 Egypt and China Letter to the editor

A proposed mechanism for the possible therapeutic potential of Metformin in COVID-
19

Esam et al.
(21)

2020 Iran Letter to the editor

Comment on ‘‘Should anti-diabetic medications be reconsidered amid COVID-19
pandemic?’’

Cure et al.
(20)

2020 Turkey Letter to the editor

Metformin Treatment Was Associated with Decreased Mortality in COVID-19 Patients
with Diabetes in a Retrospective Analysis

Luo et al.
(27)

2020 China Retrospective
analysis

Observational Study of Metformin and Risk of Mortality in Persons Hospitalized with
COVID-19

Bramante
et al. (25)

2020 USA Retrospective
cohort analysis

Clinical Characteristics and Outcomes of Patients With Diabetes and COVID-19 in
Association With Glucose-Lowering Medication

Chen et al.
(26)

2020 China Retrospective
analysis

Practical recommendations for the management of diabetes in patients with COVID-
19

Bornstein
et al. (28)

2020 Switzerland, Germany, UK,
Italy, Singapore, USA, Netherlands,
France, Australia,
Brazil, Spain, China

Personal view

Metformin and SARS-CoV-2: mechanistic lessons on air pollution to weather the
cytokine/thrombotic storm in COVID-19

Menendez
et al. (29)

2020 Spain Research
perspective
UK, United Kingdom; USA, United States of America; COVID-19: Coronavirus disease 2019; SARS-CoV-2, Severe acute respiratory syndrome coronavirus 2.
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categories. First, El-Arabey et al. (19) and Kow et al. (22)
mentioned that weight reduction might have moderate
protective effects against SARS-CoV-2, especially in the elderly.
Second, adenosine monophosphate-activated protein kinase
(AMPK) pathways that can affect the expression of ACE2, the
receptor for SARS-CoV-2, is another pathway that can be
modulated by metformin (17, 23–25). The articles by
Penlioglou et al. (23), Sharma et al. (17), and Bramante et al.
(25) mentioned protective roles of metformin by different
mechanisms such as a reduction in insulin resistance (23),
improving ACE2 stability (17), balancing renin-angiotensin-
aldosterone system (17), modulation of ACE2 receptor (25),
and controlling blood glucose levels (25). However, Ursini et al.
(24) suggested that overexpression of ACE2 as a result of the
AMPK pathway can put diabetic patients at higher risk of
affecting by SARS-CoV-2. Third, high production of lactate
and lactic acidosis due to metformin might be another
potential mechanism for the high rate of infection in patients
using metformin (20, 22, 28). Fourth, anti-inflammatory effects
of metformin can protect patients administrating metformin
from SARS-CoV-2 in different ways like inhibition of cytokine
storms (18, 27, 29), inhibition of IL-6 crisis (18), and modulation
of gut microbiota composition (18). Fifth, reduction of
neutrophil count and improving neutrophil to lymphocyte
ratio is another mechanism of metformin against COVID-19
in patients with preexisting diabetes mellitus (16, 25). In addition
to these main mechanisms, metformin can play roles in
protecting from or predisposing diabetic patients to SARS-
CoV-2 infection in other various pathways, including
reduction of vitamin B12 and immunosuppression (22),
inhibition of PI3K/AKT/mTOR pathway (17), reducing
thrombosis formation (25), prevention of lung damage and
fibrosis (21, 27), interruption of the endocytic cycle due to
decreasing acidity of endosomes and lysosomes (21), and
reduction of some inflammatory cytokines like IL-6 (18, 25,
26) and TNF-a (25). Table 4 shows the mechanisms of
metformin and other drugs on SARS-CoV-2 infection in
diabetic patients.
Frontiers in Endocrinology | www.frontiersin.org 5128
DISCUSSION

In the present work, most of the evaluated studies have shown
that the use of metformin in the treatment regimen of diabetic
and non-diabetic patients with COVID-19 is beneficial. Only two
studies found that metformin should not be used in severe forms
of the COVID-19, however, they did not prohibit its use in
moderate to mild cases of infection.

COVID-19 is associated with poor prognosis and increased
mortality rate in patients with DM. Also, diabetes management
in patients suffering from COVID-19 is a great clinical challenge.
Most of the studies evaluated in the current systematic review
point to the beneficial effect of metformin in the treatment of
COVID-19 patients with diabetes. Metformin as an agent of
host-directed therapy can modulate immune mechanisms and
therefore might prevent progression to acute respiratory distress
syndrome (ARDS). Since there are some metabolic similarities
between COVID-19 and DM such as hyperglycemia, oxidative
stress, and pro-inflammatory cytokines, it is not unreasonable to
expect that metformin with effects such as decreasing the levels of
inflammatory cytokines IL-6 and TNF-alpha as well as
increasing IL-10, an anti-inflammatory cytokine can play a
beneficial role in reducing the complications of COVID-19 in
patients with DM (30). Metformin induces the formation of M2
macrophages and T-regulatory as well as CD8 memory T cells
which in turn minimize the inflammatory reactions (31).
However, some studies have suggested not using this
medication in the COVID-19 treatment protocol. In fact, in
patients suffering from heart failure, respiratory distress, sepsis
or renal impairment use of metformin should be stopped due to
the risk of lactic acidosis (28). Of course, it should be noted that
the risk of acidosis following the use of metformin is not very
high, however, it should be considered, especially in hospitalized
patients. Another issue to be considered is that metformin
reduces intestinal absorption of vitamin B12 and lowers serum
vitamin B12 concentrations in some metformin-treated patients.
Due to the role of vitamin B12 in regulating the immune system
its deficiency may negatively affect the cellular immune
TABLE 3 | Possibility of using metformin in COVID-19 treatment.

Author Possibility of using metformin in COVID-19 treatment suggested for/not suggested for

Dalan et al. May Uncertain
Sharma et al. Yes Not mentioned
Singh et al. Yes Suggested: Patients with diabetes and COVID-19
Penlioglu et al. Yes Suggested: Patients with or without diabetes
Ursini et al. May Uncertain
Kow et al. May Uncertain
El-arabey et al. Yes Suggested: Elderly, obese and diabetics
Esam et al. Yes Suggested: patients in acute, chronic and recovery phases of COVID-19
Cure et al. No Not suggested in diabetics
Luo et al. Yes Both diabetics and non-diabetics
Bramante et al. Yes in women Diabetic or obese women
Chen et al. Yes but not strongly recommended Not mentioned
Bornstein et al. No (in patients with severe symptoms of COVID-19) Not Suggested:

patients with severe COVID-19 symptoms
Mendez et al. Yes Suggested: patients with severe COVID-19
COVID-19, Coronavirus disease 2019.
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TABLE 4 | Suggested potential mechanisms of action of metformin and other drugs on Severe Acute Respiratory Syndrome-Coronavirus-2 (SARS-CoV-2).

Author Suggested
viral

entrance
pathway of

SARS-
CoV-2

Suggested mechanism of action of metformin on COVID-19. Other effective
drugs

Role of other dugs

El-arabey
et al.

Not
mentioned

Reduction of weight and pneumonia in elderly, obese and diabetic patients. Not mentioned Not mentioned

Mendez
et al.

Not
mentioned

Preventing ROS/CRAC mediated IL-6 release, preventing cytokine and
thrombotic-like storms, ameliorate immunometabolism- related inflammation
thus alleviating ARDS.

CM4620 might
be useful.

CM4620 is a direct inhibitor of CRAC
channel.

Singh
et al.

Not
mentioned

Anti-inflammatory properties: induction of AMPK, anti-oxidant role by altering
activity of catalase and superoxide dismutase, altering composition of gut
microbiota to reduce inflammation. Collectively combating cytokine storm and
preventing excessive rise in IL-6.

Not mentioned Not mentioned

Penlioglou
et al.

Not
mentioned

Reduction in insulin resistance in infected subjects by AMPK, reduction in
liver fibrosis and also protective role on liver.

Pioglitazone Anti-inflammatory, improving liver injury

Ursini
et al.

ACE2 acts
as docking
site for
SARS-CoV-
2

AMPK Increases ACE2 expression and stability thus promoting SARS-CoV-2
infection.
Optimal management of glucose levels and the immune-modulation
properties of metformin may result on a beneficial effect on patients’
outcome.

Not mentioned Not mentioned

Kow et al. Not
mentioned

Only modest weight reduction (may not be the main mechanism to protect
against, if any, toward mortality from COVID-19), metformin-induced vitamin
B12 deficiency may weaken immune system (patients should undergo routine
B12 monitoring). Metformin may cause lactic acidosis.

Not mentioned Not mentioned

Sharma
et al.

ACE2 acts
as docking
site for
SARS-CoV-
2

AMPK Increases ACE2 expression. AMPK increases ACE2 stability by
phosphorylation. This could lead to decreased binding with SARS-CoV-2 due
to steric hindrance. Metformin prevents the detrimental sequelae of
imbalance RAS by causing activation of ACE2 through AMPK signaling.
Inhibition of P13k/AKT/mTOR pathway. Prevention of viral replication and
pathogenesis through inhibition of mTOR pathway. Activated AMPK
potentiates expression of certain genes with known antiviral properties such
as IFNs, OAS2, ISG15, and MX1 while inhibiting inflammatory mediators like
TNF-alpha and CCL5. Role of metformin in optimal control of T2DM, for both
chronic and transient cases, might help in the treatment of COVID-19.

2-DG Inhibition of glycosis

Esam
et al.

Endocytosis Metformin increases endosomal and lysosomal pH through acting directly on
V-ATPase as proton pumping or acidifier compartment, and eNHEs as
proton leaking or alkalizing compartment on the endosomal membrane and
subsequently interferes with the endocytic cycle. Metformin is a strong base
drug (pKa= 12.4) which might enhance the pH of the acidic vesicles
containing viruses. Metformin can reverse established lung fibrosis.

Not mentioned Not mentioned

Dalan
et al.

Not
mentioned

Metformin can reduce neutrophil count and neutrophil to lymphocyte ratio in
patients with diabetes.
Metformin can reduce NETs formation in diabetics and prediabetes patients.
Metformin can reduce neutrophil and macrophage infiltration in hyperoxia
induced lung injury (described in neonatal rats).

Not mentioned Not mentioned

Bornstein
et al.

ACE2 acts
as docking
site for
SARS-CoV-
2

Metformin can cause lactic acidosis. 1. ACEi and
ARB

2. statins

1) Could protect against severe lung injury
following infection
2) administration is not recommended but
statins should not be discontinued
because of the long-term benefits and the
potential for tipping the balance toward a
cytokine storm by rebound rises in IL-6
and IL-1b if they were to be discontinued.

Luo et al. Not
mentioned

Metformin can modulate immune mechanisms that relieve cytokine storms
and exaggerated inflammation to reduce lung tissue damage.

Chinese
traditional
medicine such
as Lianhua
Qingwen
capsules

Not mentioned

Bramante
et al.

ACE2 acts
as docking
site for

Metformin decreases levels of TNF-a and IL-6, and boosts levels of IL-10,
significantly more in females than males.
ACE2 receptor modulation (via AMPK) improved neutrophil to lymphocyte

Beta 2 agonists
(used in
asthmatics)

IL-10 boosting and TNF-a decreasing in
asthmatics

(Continued)
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responses and thereafter facilitates infection from COVID-19
(32, 33). So, routine monitoring of vitamin B12 is suggested in
metformin-treated patients.

Ursini et al. speculated that metformin synergistically with ACEi
or ARBs may theoretically result in increasing ACE2 availability in
the respiratory tract thus promoting Coivid-19 (24).

Nevertheless, it has been shown that poorly controlled blood
glucose levels make patients prone to experience more
complications or in-hospital death due to COVID-19. In other
words, hospitalized patients with COVID-19 and diabetes had a
longer length of stay in the hospital than patients without
diabetes (34). Metformin by enhancing the activity of existing
insulin and reducing hepatic glucose production exerts its
glucose-lowering effect. That’s why it does not generally cause
hypoglycemia in patients with or without diabetes (27).
However, since the effects of host-directed therapy agents such
as metformin on the virus itself are limited, we do not expect a
reduction in the hospitalization period and the time it takes for
the patient to be free of the virus (27). Luo et al. (27) and Chen
et al. (26) findings are consistent with this theory. However, it has
been proposed that metformin may have an inhibitory effect on
the virus, by increasing insulin sensitivity (35).

The next issue is the more effective effects of metformin in
women compared to men (25, 36). Also, metformin causes a
greater reduction in TNF-a and IL-6 in women (36–38). The
article by Mackey et al. suggests that this might be due to a higher
secretion of TNF-a from mast cells in response to inflammation
in women (39). Moreover, Klein et al. claim that sex hormones
and epigenetic changes of the Y chromosome may be responsible
for the sex-specific effects of metformin (40). Also, Li et al.
proposed that although metformin increases the expression of
ACE2 in both sexes equally, the subsequent inflammatory
response can be different between men and women, which can
Frontiers in Endocrinology | www.frontiersin.org 7130
also have a relation to the sex-specific benefits of metformin (41).
Last, of all, metformin can increase the levels of IL-10, an anti-
inflammatory cytokine, in women more than men (42, 43).
According to the above, it is proven that Metformin is more
beneficial in women with DM and COVID-19 compared to
similar men.

The beneficial effects of metformin to reduce the duration of
hospitalization, in-hospital death and poor prognosis are
controversial. Since the studies performed in these cases are
limited, evidence may not be sufficient to confirm or deny the
adequacy of metformin in reducing these complications in
patients with diabetes suffering from COVID-19.

The current study has been limited with a lack of clinical trials
and the number of cohort studies. So we couldn’t design a meta-
analysis study. Furthermore, only the efficacy of metformin is
discussed in our study, and the effects, mechanisms,
complications, and interactions of other diabetic and non-
diabetic drugs that may use in combination therapy in diabetic
patients have not been studied.
CONCLUSIONS

According to the current knowledge, it can be concluded that the
use of metformin can have beneficial effects on COVID-19,
especially in diabetic patients, while more studies such as
retrospective analysis of COVID-19 diabetic cohorts are
suggested to be conducted. These beneficial effects of
metformin should be considered, especially among female
patients. On the other side, in the case of hospitalized patients
with severe symptoms of COVID-19 and underlying diseases, the
possibility of adverse effects of metformin like lactate acidosis
should be taken into account.
TABLE 4 | Continued

Author Suggested
viral

entrance
pathway of

SARS-
CoV-2

Suggested mechanism of action of metformin on COVID-19. Other effective
drugs

Role of other dugs

SARS-CoV-
2

ratio, decreased glycemia (via AMPK), mast cell stabilization, decreased
thrombosis, and improved endothelial function.

Chen et al. ACE2 acts
as docking
site for
SARS-CoV-
2

Metformin can reduce IL-6. Not mentioned Not mentioned

Cure et al. Penetration
to
ACE2 at low
pH

Metformin increases lactate production. 1. Insulin
2. Dapagliflozin

1) Lowers ADAM-17 activation and thus
reduces ACE2 level.
Increases NHE activation.
Both reducing possibility of virus adhering
cell.
2) Lowers lactate levels.
ROS, reactive oxygen species; CRAC, calcium release-activated channel; ARDS, acute respiratory distress syndrome; ACE2, angiotensin-converting enzyme 2; 2-DG, 2-deoxy-D-
glucose; RAS, renin-angiotensin-aldosterone system; mTOR, mammalian target of rapamycin; IL, interleukin; IFN, interferon; TNF, tumor necrosis factor; CCL5, chemokine ligand 5;
T2DM, type 2 diabetes mellitus; V-ATPase, Vacuolar ATPase; eNHE, endosomal Na+/H+ exchanger; NET, neutrophil extracellular traps; ACEi, angiotensin-converting enzyme inhibitor;
ARB, angiotensin receptor blocker; NHE, Na+/H+ exchanger.
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This retrospective study examined changes in fasting blood glucose (FBG) levels during
hospitalization and their effect on risk of death for Coronavirus disease 2019 (COVID-19)
patients without previously diagnosed diabetes. A model with low- and high-stable
pattern trajectories was established based on a longitudinal change in FBG levels. We
analyzed FBG trajectory-associated clinical features and risk factors for death due to
COVID-19. Of the 230 enrolled patients, 44 died and 87.83% had a low-stable pattern
(average FBG range: 6.63–7.54 mmol/L), and 12.17% had a high-stable pattern (average
FBG range: 12.59–14.02 mmol/L). There were statistical differences in laboratory findings
and case fatality between the two FBG patterns. Multivariable logistic regression analysis
showed that increased neutrophil count (odds ratio [OR], 25.43; 95% confidence interval
[CI]: 2.07, 313.03), elevated direct bilirubin (OR, 5.80; 95%CI: 1.72, 19.58), elevated
creatinine (OR, 26.69; 95% CI: 5.82, 122.29), lymphopenia (OR, 8.07; 95% CI: 2.70,
24.14), and high-stable FBG pattern (OR, 8.79; 95% CI: 2.39, 32.29) were independent
risk factors for higher case fatality in patients with COVID-19 and hyperglycemia but no
history of diabetes. FBG trajectories were significantly associated with death risk in
patients with COVID-19 and no diabetes.

Keywords: fasting blood glucose trajectory, COVID-19, glycemic control, SARS-CoV-2, longitudinal change
Abbreviations: FBG, fasting blood glucose; COVID-19, coronavirus disease 2019; OR, odds ratio; CI, confidence interval;
GBTM, group-based trajectory modeling; DBIL, direct bilirubin.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by severe acute
respiratory syndrome coronavirus 2, has become a major threat
to global health since it was first reported in December 2019. As
of February 16, 2021, more than 100 million cases of COVID-19
have been confirmed worldwide, resulting in more than 2.4
million deaths (1). Pneumonia is the main clinical
manifestation of COVID-19. Mild cases may have no obvious
symptoms, whereas severe cases may involve severe respiratory
distress syndrome, septic shock, or multiple organ dysfunction
syndrome (2).

It is well-known that hyperglycemia and poor glycemic
control are established risk factors for most infectious diseases
(3, 4), including severe acute respiratory syndrome (5) and
Middle East respiratory syndrome (6). Hyperglycemia is
detrimental to the control of viremia and inflammation and
aggravates morbidity and mortality in patients. Previous studies
have shown that stress hyperglycemia due to an acute blood
glucose disorder can occur in patients with COVID-19, even in
those without a previous diagnosis of diabetes. Furthermore, it
has been confirmed that hyperglycemia is an independent poor
prognostic factor for COVID-19 with or without pre-existing
diabetes (7, 8).

Long-term hyperglycemia may induce abnormal coagulation
function, endothelial dysfunction, and inflammatory cytokine
overproduction caused by abnormal immune activation (9, 10).
Therefore, blood glucose control is necessary for recovery from
infectious diseases. Evidence indicates that poor glycemic control
in patients with COVID-19 is associated with a higher risk of
complications or case fatality (11–13). However, these studies, in
which fasting blood glucose (FBG) was presented in the form of
an initial value at admission or as a mean value during
hospitalization, have primarily focused on patients with pre-
existing diabetes. Moreover, they did not consider longitudinal
change in FBG related to COVID-19. Therefore, in this study, we
aimed to examine the association between longitudinal change in
COVID-19-related abnormal FBG and outcome for patients with
COVID-19 who without a previous diagnosis of diabetes.
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MATERIAL AND METHODS

Study Design and Participants
This retrospective study was conducted in three hospitals in Wuhan,
China, namely, Wuhan Union Hospital, Wuhan Union West
Hospital, and Wuhan Red Cross Hospital, all of which had been
mandatorily designated to treat patients with COVID-19. Ethical
approval was granted by the Institutional Ethics Committees of
Wuhan Union Hospital (No. 0036). No patients or medical staff
participated in the study design or statistical analysis.

A total of 1,474 adult patients with a laboratory-confirmed
diagnosis of COVID-19 had been admitted to one of the three
hospitals between January 14 and February 25, 2020. A diagnosis
of COVID-19 was laboratory-confirmed in accordance with the
interim guidance formulated by the World Health Organization
(14). We excluded 1,244 patients based on the following
exclusion criteria: (i) previous diagnosis of diabetes; (ii) admission
FBG <6.1 mmol/L (impaired fasting glucose was defined as
FBG >6.1 mmol/L according to the World Health Organization
guidelines (15); (iii) FBG measured less than three times during
hospitalization. Finally, 230 patients with COVID-19 were included
in the analysis. A patient selection flowchart is presented in Figure
1. All patients were followed up until discharge or in-hospital death.

Data Collection
Information derived from demographic data, clinical
manifestations, comorbidities, laboratory findings during
hospitalization, and final outcomes (discharge or death) of all
enrolled patients was acquired retrospectively from the admission
records of the relevant departments. Comorbidities included
chronic obstructive pulmonary disease, asthma, hypertension,
chronic cardiac disease, anemia, chronic kidney disease, chronic
hepatic disease, cerebrovascular disease, and malignant disease, all
of which had been diagnosed using standard criteria. Laboratory
findings included complete blood count, coagulation profile, renal
and liver function, and inflammation markers.

Clinical management was standardized and appeared to be
similar across the three hospitals, comprising antiviral therapy;
symptomatic and supportive treatment; empirical antimicrobial
FIGURE 1 | Flowchart of patient selection.
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therapy as appropriate to prevent or treat secondary infections;
and oxygen support, in accordance with the Diagnosis and
Treatment Plan for COVID-19 issued by the National Health
Commission of People’s Republic of China (6th Edition) (16).
Hypoglycemic therapy included oral hypoglycemic medications
and insulin injections. Patients were discharged at the discretion
of the attending physician after a standard prescribed set of
discharge criteria had been met, according to the aforementioned
Diagnosis and Treatment Plan (16).

Measurement of FBG
The timing and frequency of FBG monitoring varied from
person to person, depending on hyperglycemia severity, and
patients with severe hyperglycemia had more frequent FBG
surveillance accordingly. In our study, we collected FBG data
on at least three occasions during hospitalization, including at
admission and at discharge. All blood samplings had been
conducted under fasting conditions (overnight fasting for at
least 8 hours). Serum concentrations of FBG had been
measured using an automatic biochemical analyzer (AU5800
Analyzer; Beckman Coulter, Brea, CA).

Statistical Analysis
FBG trajectories were modeled using group-based trajectory
modeling (GBTM) for all enrolled participants with the FBG
measured more than three times, using SAS Proc Traj program.
GBTM, a form offinite mixedmodel, is applied to longitudinal data
to identify sharing common potential development trajectories of
group using maximum likelihood estimation, which has been
increasingly applied in clinical research (17, 18). One advantage
of GBTM is that its trajectories are not restricted to a single pattern
since GBTM does not assume a single functional form of
population, that is, it allows for group trajectories to rise, fall, or
remain stable. Optimal trajectory numbers in GBTM cannot be
selected and identified in advance; however, they can be identified
according to superior and inferior models in the process of
Frontiers in Endocrinology | www.frontiersin.org 3135
statistical analysis (17, 19). After exploring various numbers of
potential trajectories and the polynomial orders of each trajectory,
the optimal trajectory model was selected, which had the smallest
Bayesian information criterion value. Moreover, the number of
observed objects in each trajectory was guaranteed to account for at
least 5% of the total number of cases, and the average posterior
probability of each trajectory was >70% (18). Finally, two FBG
trajectories were obtained in this study (Figure 2). The optimal
FBG trajectory model was a polynomial order 2,0 model. Patients
were categorized as having either “low-stable pattern” or “high-
stable pattern” and two patient groups were formed accordingly.

Descriptive statistics were used to describe patient baseline data.
Categorical variables are presented as numbers with percentage
proportions, and continuous variables are expressed as mean ±
standard deviation, if they were normally distributed, or as median
(interquartile range [IQR]), if they were non-normally distributed.
Proportions for categorical variables were compared using the c2
test, Cochran-Mantel-Hensel c2 test, or Fisher’s exact test. All
laboratory data are presented as average concentrations based on
measurements during hospitalization, including at admission and at
discharge. The optimal cut-off value was determined using Youden’s
index. In the descriptive analysis, the characteristics of the data were
compared according to survival status and trajectory classes.

We conducted univariable and multivariable logistics
regression analysis to identify factors correlating with case
fatality, whose variables were screened using least absolute
shrinkage and selection operator (LASSO) regression analysis
to avoid overfitting for the large number of variables. A Kaplan-
Meier survival curve was plotted to determine the relationship
between the FBG patterns and the final outcomes. Linear mixed
model was used to describe the relationship between changes in
FBG levels and COVID-19 survivors and non-survivors. We
analyzed the association between reduction in FBG level during
hospitalization and prognosis using logistical regression. Pearson
correlation coefficient was used to evaluate the correlation between
glycemic variations and the evolution of biochemical parameters.
FIGURE 2 | Fasting blood glucose trajectories with low-stable and high-stable patterns based on longitudinal change in fasting blood glucose.
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R software (version 3.6.3) was used to calculate Pearson’s
correlation coefficient, and other analyses were conducted using
SAS version 9.4 software.
RESULTS

Demographics and Clinical Features of
Patients
From January 14 to February 25, 2020, 1,474 patients with confirmed
COVID-19 had been admitted to the aforementioned three
hospitals. After excluding 309 patients with a previous diagnosis of
diabetes, 742 with an FBG <6.1mmol/L at admission, and 193 whose
FBG had beenmeasured less than three times during hospitalization,
a total of 230 patients were retrospectively enrolled in final analysis
(Figure 1). All of these patients had hyperglycemia during
hospitalization (average FBG, 7.70 mmol/L).

The baseline data and clinical features of all patients are
shown in Table 1. The median age of these patients was 63 (IQR,
54–70) years, and 139 (59.13%) were men. Among the 230
patients, 44 (19.13%) died during hospitalization. Compared
with survivors, there were more elderly patients (63.64% vs.
35.48%, P = 0.0006) among non-survivors. Moreover, non-
survivors were more likely to present expectoration (55.00% vs.
37.58%, P = 0.0444), have a history of malignant disease (15.00%
vs. 4.46%, P = 0.0165), and require invasive mechanical
ventilation (IMV) (38.64% vs. 4.84%, P < 0.0001).

In terms of treatment, the use of antibiotic (90.91% vs.
72.58%, P = 0.018), corticosteroid (59.09% vs. 36.02%, P =
0.0050), and hypoglycemic therapy (13.64% vs. 2.69%, P =
0.0022) was more common among non-survivors than
survivors, whereas the use of traditional Chinese medicine
(63.44% vs. 31.81, P = 0.0001) and antihypertensive medicine
(23.12% vs. 6.82%, P = 0.0263) was more common in survivors
than in non-survivors. There were no significant differences in
the use of antiviral (P > 0.9999) and lipid-lowing therapy (P =
0.6350) between survivors and non-survivors.

The results of relevant laboratory examinations are shown in
Table 1. We found that, compared with survivors, non-survivors
weremore likely to have abnormal routine blood test results, elevated
hepatic and renal biochemical indicators, hypoproteinemia, and
coagulation function disorders. The FBG in non-survivors
(median, 9.35; IQR, 8.13–11.97) were higher than those in
survivors (median, 6.49; IQR, 5.92–7.52; P < 0.0001).

FBG Trajectories of Patients
The study population was categorized based on two observed
trajectories of FBG during hospitalization. These trajectories were
based on FBG levels and changing patterns (Figure 2): 87.83% (n
= 202) of patients with sustained abnormal but relatively low FBG
levels (categorized as “low-stable pattern”, in which the mean FBG
levels ranged from 6.63 to 7.54 mmol/L during hospitalization),
and 12.17% (n = 28) of patients with sustained high FBG levels
(categorized as “high-stable pattern”, in which the mean FBG
levels ranged from 12.59 to 14.02 mmol/L during hospitalization).
The proportion of non-surviving patients with a high-stable
Frontiers in Endocrinology | www.frontiersin.org 4136
pattern was 38.64%, which was found to be considerably higher
than that of survivors (5.91%; P < 0.0001) (Table 1).

Clinical Features Between Patients With
Low- or High-Stable FBG Patterns
The clinical features concerning all patients with low- or high-
stable FBG patterns are presented in Supplementary Table 1.
Compared with patients having the low-stable pattern, those
with the high-stable pattern were found to be older (median age,
69.50 vs 63.00 years; P = 0.0359) and to have a malignant disease
(17.39% vs. 5.17%, P = 0.0265). There were no statistically
significant differences in terms of onset symptoms and
comorbidities, except for the presence of malignant disease,
between the low- and the high-stable pattern groups. However,
individuals with the high-stable pattern were more likely to
accept IMV treatment throughout their whole course than
those with the low-stable pattern (28.57% vs. 8.91%, P =
0.0021). Furthermore, in patients with the high-stable pattern,
the use of corticosteroid (64.29% vs. 37.13%, P = 0.0061) and
hypoglycemic therapy (39.29% vs. 0, P < 0.0001) was more
common than in those with low-stable pattern.

Laboratory findings indicated several differences between the
two FBG pattern groups. The high-stable pattern group had
higher blood cell and neutrophil counts than the low-stable
pattern group (96.43% vs. 69.31%, P = 0.0026; 96.43% vs.
54.95%, P < 0.0001, respectively), but lower platelet, lymphocyte,
and monocyte counts (53.57% vs. 14.85%, P < 0.0001; 57.14% vs.
22.77%, P = 0.0001; 21.43% vs. 3.96%, P = 0.0001, respectively).
Compared with patients in the low-stable pattern group, those in
the high-stable pattern had a higher level of direct bilirubin (DBIL)
(64.29% vs. 37.13%, P = 0.0061), a higher prothrombin time
(57.14% vs. 33.85%, P = 0.0005), and a lower level of total
protein (60.71% vs. 20.79%, P < 0.0001). In addition, 92.59% of
patients in the high-stable pattern group had a high C-reactive
protein level, which was significantly higher than in patients in the
low-stable pattern group (58.88%, P = 0.0007). The survival
analysis showed that the high-stable pattern was significantly
associated with increased case fatality (Figure 3).

Factors Associated With Case Fatality
The number of deaths (n = 44) in our study was relatively low
and the number of variables included in this analysis was
relatively large; therefore, the LASSO model (Supplementary
Figure 1), in combination with clinical relevance, was used to
screen the variables for logistic regression analysis. Age, sex,
neutrophil count, lymphocyte count, eosinophil count, DBIL,
prealbumin, creatinine, uric acid, prothrombin time, and FBG
trajectory patterns were selected for univariable logistic
regression analysis. Univariate logistic regression analysis
showed that older age; lymphopenia; eosinophilia; an increased
neutrophil count; elevated DBIL, prealbumin, creatinine, and
uric acid; prolonged prothrombin time; and the high-stable FBG
pattern were associated with higher case fatality (Table 2).

Multivariable logistic regression analysis showed that increased
neutrophil count (OR, 25.43; 95% CI: 2.07, 313.03; P = 0.0115),
elevated DBIL (OR, 5.80; 95% CI: 1.72, 19.58; P = 0.0047), elevated
March 2021 | Volume 12 | Article 640529
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TABLE 1 | Baseline clinical characteristics and laboratory findings concerning patients with COVID-19 and hyperglycemia without previous diagnosis of diabetes.

Variables All patients (n = 230) Non-survivor (n = 44) Survivor (n = 186) P-value

Age, years
Median, (IQR) 63.00 (54.00, 70.00) 69.00 (61.00, 73.50) 62.00 (52.00, 69.00) 0.0016
≤65, n (%) 136 (59.13) 16 (36.36) 120 (64.52) 0.0006
>65, n (%) 94 (40.87) 28 (63.64) 66 (35.48)

Sex
Female, n (%) 91 (39.57) 14 (31.82) 77 (41.40) 0.2426
Male, n (%) 139 (60.43) 30 (68.18) 109 (58.60)

Onset symptoms
Fever, n (%) 183/218 (83.94) 31/41 (75.61) 152/177 (85.88) 0.1067
Pharyngalgia, n (%) 8/201 (3.98) 2/38 (5.26) 6/163 (3.68) 0.6475
Fatigue, n (%) 100/206 (48.54) 21/39 (53.85) 79/167 (47.31) 0.4618
Muscular soreness, n (%) 42/203 (20.69) 12/38 (31.58) 30/165 (18.18) 0.0661
Cough, n (%) 158/210 (75.24) 27/40 (67.50) 131/170 (77.06) 0.2076
Expectoration, n (%) 84/205 (40.98) 22/40 (55.00) 62/165 (37.58) 0.0444
Hemoptysis, n (%) 6/202 (2.97) 0 6/164 (3.66) 0.5965
Dyspnea, n (%) 81/204 (39.71) 19/40 (47.50) 62/164 (37.80) 0.2612
Rhinorrhea, n (%) 3/202 (1.49) 1/40 (2.50) 2/162 (1.23) 0.4861
Nausea, n (%) 17/203 (8.37) 3/38 (7.89) 14/165 (8.48) > 0.9999
Vomiting, n (%) 14/203 (6.90) 2/38 (5.26) 12/165 (7.27) >0.9999
Stomach ache, n (%) 4/203 (1.97) 1/39 (2.56) 3/164 (1.83) 0.5770
Diarrhea, n (%) 29/204 (14.22) 6/40 (15.00) 23/164 (14.02) 0.8741
Poor appetite, n (%) 36/203 (17.73) 4/39 (10.26) 32/164 (19.51) 0.1738
Headache, n (%) 11/202 (5.45) 1/40 (2.50) 10/162 (6.17) 0.6964
Delirium, n (%) 0 0 0 0.3593
Chest distress, n (%) 66/204 (32.35) 17/40 (42.50) 49/164 (29.88) 0.1260
Non-symptoms, n (%) 0 0 0 0.1260

Comorbidity
Chronic obstructive pulmonary disease, n (%) 3/198 (1.52) 1/40 (2.50) 2/158 (1.27) 0.4938
Asthma, n (%) 3/198 (1.52) 0 3/158 (1.90) >0.9999
Hypertension, n (%) 74/202 (36.63) 15/40 (37.50) 59/162 (36.42) 0.8989
Chronic cardiac disease, n (%) 27/201 (13.43) 4/40 (10.00) 23/161 (14.29) 0.4768
Anemia, n (%) 1/197 (0.51) 1/40 (2.50) 0 0.2030
Chronic kidney disease, n (%) 9/197 (4.57) 3/40 (7.50) 6/157 (3.82) 0.3908
Chronic hepatic disease, n (%) 5/197 (2.54) 0 5/157 (3.18) 0.5852
Cerebrovascular disease, n (%) 6/197 (3.05) 2/40 (5.00) 4/157 (2.55) 0.6034
Malignant disease, n (%) 13/197 (6.60) 6/40 (15.00) 7/157 (4.46) 0.0165

Respiratory support
Invasive mechanical ventilation, n (%) 26/230 (11.30) 17/44 (38.64) 9/186 (4.84) <0.0001

Treatment
Traditional Chinese medicine, n (%) 132/230 (57.39) 14/44 (31.81) 118/230 (63.44) 0.0001
Antiviral therapy, n (%) 210/230 (91.30) 40/44 (90.91) 170/186 (91.40) <0.9999
Antibiotic therapy, n (%) 175/230 (76.09) 40/44 (90.91) 135/186 (72.58) 0.0180
Corticosteroid, n (%) 93/230 (40.43) 26/44 (59.09) 67/186 (36.02) 0.0050
Intravenous immunoglobin, n (%) 58/230 (25.22) 12/44 (27.27) 46/186 (24.73) 0.7270
Antihypertensive medicine, n (%) 46/230 (20.00) 3/44 (6.82) 43/186 (23.12) 0.0263
Lipid-lowering therapy, n (%) 11/230 (4.78) 1/44 (2.27) 10/186 (5.38) 0.6350
Hypoglycemic therapy, n (%) 11/230 (4.78) 6/44 (13.64) 5/186 (2.69) 0.0022

Laboratory findings
Fasting blood glucose, mmol/L
Median, (IQR) 6.79 (6.05, 8.49) 9.35 (8.13, 11.97) 6.49 (5.92, 7.52) <0.0001
Low-stable, n (%) 202/230 (87.83) 27/44 (61.36) 175/186 (94.09) <0.0001
High-stable, n (%) 28/230 (12.17) 17/44 (38.64) 11/186 (5.91)

White blood cell count, ×109 /L 0.0002
≤5.6, n (%) 63/230 (27.39) 2/44 (4.55) 61/186 (32.80)
>5.6, n (%) 167/230 (72.61) 42/44 (95.45) 125/186 (67.20)

Red blood cell count, ×1012 /L 0.1443
≤4.0, n (%) 129/230 (56.09) 29/44 (65.91) 100/186 (53.76)
>4.0, n (%) 101/230 (43.91) 15/44 (34.09) 86/186 (46.24)

Platelet count, ×109 /L <0.0001
≤136, n (%) 45/230 (19.57) 23/44 (52.27) 22/186 (11.83)
>136, n (%) 185/230 (80.43) 21/44 (47.73) 164/186 (88.17)

Neutrophil count, ×109 /L <0.0001
≤4.7, n (%) 92/230 (40.00) 2/44 (4.55) 90/186 (48.39)

(Continued)
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TABLE 1 | Continued

Variables All patients (n = 230) Non-survivor (n = 44) Survivor (n = 186) P-value

>4.7, n (%) 138/230 (60.00) 42/44 (95.45) 96/186 (51.61)
Lymphocyte count, ×109 /L <0.0001
≤0.7, n (%) 62/230 (26.96) 33/44 (75.00) 29/186 (15.59)
>0.7, n (%) 168/230 (73.04) 11/44 (25.00) 157/186 (84.41)

Monocyte count, ×109 /L <0.0001
≤0.2, n (%) 14/230 (6.09) 10/44 (22.73) 4/186 (2.15)
>0.2, n (%) 216/230 (93.91) 34/44 (77.27) 182/186 (97.85)

Eosinophil count, ×109 /L <0.0001
≤0.01, n (%) 23/230 (10.00) 13/44 (29.55) 10/186 (5.38)
>0.01, n (%) 207/230 (90.00) 31/44 (70.45) 176/186 (94.62)

Basophil count, ×109 /L <0.0001
≤0.01, n (%) 38/230 (16.52) 7/44 (15.91) 31/186 (16.67)
>0.01, n (%) 192/230 (83.48) 37/44 (84.09) 155/186 (83.33)

Total bilirubin, µmol/L <0.0001
≤12.3, n (%) 113/230 (49.13) 9/44 (20.45) 104/186 (55.91)
>12.3, n (%) 117/230 (50.87) 35/44 (79.55) 82/186 (44.09)

Direct bilirubin, µmol/L <0.0001
≤4.6, n (%) 137/230 (59.57) 7/44 (15.91) 130/186 (69.89)
>4.6, n (%) 93/230 (40.43) 37/44 (84.09) 56/186 (30.11)

Alanine aminotransferase, U/L 0.4284
≤23.3, n (%) 25/230 (10.87) 3/44 (6.82) 22/186 (11.83)
>23.3, n (%) 205/230 (89.13) 41/44 (93.18) 164/186 (88.17)

Aspartate aminotransferase, U/L 0.0313
≤27.2, n (%) 61/230 (26.52) 6/44 (13.64) 55/186 (29.57)
>27.2, n (%) 169/230 (73.48) 38/44 (86.36) 131/186 (70.43)

Alkaline phosphatase, U/L 0.0014
≤53, n (%) 44/228 (19.30) 1/44 (2.27) 43/184 (23.37)
>53, n (%) 184/228 (80.70) 43/44 (97.73) 141/184 (76.63)

Glutamyl transpeptidase, U/L 0.9278
≤27.3, n (%) 53/228 (23.25) 10/44 (22.73) 43/184 (23.37)
>27.3, n (%) 175/228 (76.75) 34/44 (77.27) 141/184 (76.63)

Total protein, g/L <0.0001
≤58.6, n (%) 59/230 (25.65) 23/44 (52.27) 36/186 (19.35)
>58.6, n (%) 171/230 (74.35) 21/44 (47.73) 150/186 (80.65)

Globulin, g/L 0.4592
≤30.5, n (%) 95/230 (41.30) 16/44 (36.36) 79/186 (42.47)
>30.5, n (%) 135/230 (58.70) 28/44 (63.64) 107/186 (57.53)

Prealbumin, mg/L <0.0001
≤100.6, n (%) 37/210 (17.62) 24/44 (54.55) 13/166 (7.83)
>100.6, n (%) 173/210 (82.38) 20/44 (45.45) 153/166 (92.17)

Albumin, g/L <0.0001
≤33.8, n (%) 163/230 (70.87) 44/44 (100.00) 119/186 (63.98)
>33.8, n (%) 67/230 (29.13) 0 67/186 (36.02)

Total bile acid, µmol/L 0.0695
≤3.5, n (%) 95/228 (41.67) 13/44 (29.55) 82/184 (44.57)
>3.5, n (%) 133/228 (58.33) 31/44 (70.45) 102/184 (55.43)

Creatinine, µmol/L <0.0001
≤111, n (%) 203/230 (88.26) 24/44 (54.55) 179/186 (96.24)
>111, n (%) 27/230 (11.74) 20/44 (45.45) 7/186 (3.76)

Blood Urea Nitrogen, mmol/L <0.0001
≤8.2, n (%) 174/230 (75.65) 14/44 (31.82) 160/186 (86.02)
>8.2, n (%) 56/230 (24.35) 30/44 (68.18) 26/186 (13.98)

Uric acid, µmol/L 0.0001
≤428, n (%) 217/230 (94.35) 36/44 (81.82) 181/186 (97.31)
>428, n (%) 13/230 (5.65) 8/44 (18.18) 5/186 (2.69)

Creatine kinase, U/L 0.0002
≤83, n (%) 108/214 (50.47) 11/44 (25.00) 97/170 (57.06)
>83, n (%) 106/214 (49.53) 33/44 (75.00) 73/170 (42.94)

D-dimer, µg/mL <0.0001
≤0.97, n (%) 84/223 (37.67) 2/43 (4.65) 82/180 (45.56)
>0.97, n (%) 139/223 (62.33) 41/43 (95.35) 98/180 (54.44)

Prothrombin time, s <0.0001
≤14.3, n (%) 158/223 (70.85) 13/43 (30.23) 145/180 (80.56)

(Continued)
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creatinine (OR, 26.69; 95% CI: 5.82, 122.29; P < 0.0001),
lymphopenia (OR, 8.07; 95% CI: 2.70, 24.14; P = 0.0002), and
high-stable FBG pattern (OR, 8.79; 95% CI: 2.39, 32.29; P = 0.0011)
were independent risk factors for higher case fatality in patients with
COVID-19 with hyperglycemia but with no history of diabetes
(Table 2). Finally, FBG levels were higher and tended to increase
during hospitalization in non-survivors more than in survivors (P <
0.001, Supplementary Figure 2).

The Relationship Between a Reduction
in the FBG Level During Hospitalization
and Prognosis
Among the 230 patients, 11 (4.78%) who had been treated with
hypoglycemic therapy were all in the high-stable pattern group.
There were no statistically significant differences in terms of patient’s
outcomes for those treated with or without hypoglycemic therapy in
Frontiers in Endocrinology | www.frontiersin.org 7139
the patients with a high-stable pattern (P = 0.7011). In 146 patients
(63.48%), including 9 patients who died, final FBG levels prior to
discharge or death decreased relative to their on-admission FBG,
whereas 84 patients (36.52%), including 35 who died, had increased
final FBG relative to their on-admission FBG. Patients with
decreased FBG had a lower risk of death compared to those with
increased FBG (OR, 0.092; 95% CI: 0.041, 0.205; P < 0.0001).

In Supplementary Figure 3, we present the results of
associations between the glycemic variations and the evolution
of biochemical parameters. There were several statistically
significant correlations between the glycemic variations and
routine blood tests, liver and kidney function, and coagulation
indicators; however, Pearson’s correlation coefficients (r) were all
very small (all r < 0.4) suggesting that the strength of these
relationships was weak.
DISCUSSION

In this study, we analyzed clinical characteristics and outcomes
in relation to 230 patients with COVID-19 and abnormal FBG
but without a previous diagnosis of diabetes. In preliminary
study, we found that FBG ≥7.0 mmol/L at admission could
predict the risk of 28-day mortality in patients with COVID-19
without previous diagnosis of diabetes (7). It has also been
reported that at-admission hyperglycemia (at-admission
glycemia ≥7.78 mmol/L) is a major and independent risk
factor associated with a poor prognosis in people hospitalized
for COVID-19 (20). However, much of our understanding of
FBG levels in patients with COVID-19 has been derived from
cross-sectional data. In this study, we investigated changes in
FBG in hospitalized patients throughout the course of their
treatment for COVID-19. This current study extended those
findings to demonstrate that not only is at-admission glycemia
TABLE 1 | Continued

Variables All patients (n = 230) Non-survivor (n = 44) Survivor (n = 186) P-value

>14.3, n (%) 65/223 (29.15) 30/43 (69.77) 35/180 (19.44)
International Normalized Ratio <0.0001
≤1.1, n (%) 141/223 (63.23) 13/43 (30.23) 128/180 (71.11)
>1.1, n (%) 82/223 (36.77) 30/43 (69.77) 52/180 (28.89)

Activated partial thromboplastin time, s <0.0001
≤40.2, n (%) 164/226 (72.57) 19/43 (44.19) 145/183 (79.23)
>40.2, n (%) 62/226 (27.43) 24/43 (55.81) 38/183 (20.77)

Thromboplastin time, s 0.0123
≤16.5, n (%) 164/218 (75.23) 26/43 (60.47) 138/175 (78.86)
>16.5, n (%) 54/218 (24.77) 17/43 (39.53) 37/175 (21.14)

Fibrinogen, g/L 0.0568
≤4.1, n (%) 124/226 (54.87) 18/43 (41.86) 106/183 (57.92)
>4.1, n (%) 102/226 (45.13) 25/43 (58.14) 77/183 (42.08)

C-reactive protein, mg/L <0.0001
≤21.4, n (%) 83/224 (37.05) 0 83/180 (46.11)
>21.4, n (%) 141/224 (62.95) 44/44 (100.00) 97/180 (53.89)

Erythrocyte sedimentation rate, mm/h 0.6486
≤22, n (%) 10/91 (10.99) 2/14 (14.29) 8/77 (10.39)
>22, n (%) 81/91 (89.01) 12/14 (85.71) 69/77 (89.61)
M
arch 2021 | Volume 12 | Articl
Data are median (IQR) or n (%). P-values were calculated using c2 test, Cochran–Mantel–Haenszel c2 test, Fisher’s exact test or Wilcoxon rank-sum test, as appropriate.
IQR, interquartile range.
FIGURE 3 | Survival analysis between low-stable and high-stable pattern
trajectories.
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important, but also that certain populations, such as patients
with high-stable FBG patterns, were more likely to have
consistently high FBG levels, placing them at higher risk of a
poor outcome than those with low FBG levels.

We observed heterogeneous FBG patterns in patients with
COVID-19 during their entire hospitalization period. We
identified two distinctive trajectories, namely, low-stable and
high-stable patterns. The average FBG level ranged from 6.63
mmol/L to 7.54 mmol/L in patients with the low-stable pattern,
whereas the average FBG level ranged from 12.59 mmol/L to 14.02
mmol/L in patients with the high-stable pattern. This finding
indicated that patients with a high-stable pattern fulfilled
diagnostic criteria for diabetes, which involve a patient having
classic symptoms of hyperglycemia or a hyperglycemic crisis and a
random plasma glucose level ≥200 mg/dl (11.1 mmol/L) (21). Our
study findings showed that corticosteroid therapy was associated
with patient outcomes and the FBG trajectory. It is known that
corticosteroids can induce hyperglycemia, which results from
impairment of multiple pathways affecting carbohydrate
metabolism. Glucocorticoids cause hepatic insulin resistance,
resulting in increased hepatic glucose output and induce
peripheral insulin resistance, which predominantly reflects
insulin action in skeletal muscle (22). The American Diabetes
Association defined stress-induced hyperglycemia as >140 mg/dl
(7.77 mmol/L) in patients with no previous diagnosis of diabetes
(23). Although many patients have multiple episodes of abnormal
FBG during hospitalization, it remains unclear whether a patient
should be diagnosed with type 2 diabetes, considering the
possibility of stress hyperglycemia and the effect of medications
on blood glucose. In a prospective cohort study, discrete FBG
trajectories were significantly associated with subsequent risk of
myocardial infarction and cancer in individuals without diabetes
(24, 25). In addition to diabetes, changes in FBG may also play a
Frontiers in Endocrinology | www.frontiersin.org 8140
key role in the development of other diseases. Moreover, the FBG
data were more accessible than other laboratory indicators and the
relationship between FBG trajectories and disease, except diabetes,
was also more closely investigated.

Individuals with the high-stable pattern were more likely to have
abnormal laboratory data in relation to including inflammatory cell
counts (neutrophil, lymphocyte, and monocyte counts), serum liver
and kidney function indicators, and coagulation function indicators
than those with the low-stable pattern (Supplementary Table 1). A
previous study revealed that hyperglycemia (12 mmol/L), regardless
of the level of insulin, activated the coagulation cascade (13). In our
study, 89.29% of the patients with the high-stable pattern had high
D-dimer levels, which was consistent with the results reported in
the aforementioned studies. Moreover, patients with systemic
inflammatory response syndrome tend to be hyperglycemic (26).
One clinical trial reported that hyperglycemia also enhanced
coagulation and reduced neutrophil degranulation in patients
during systemic inflammation (27). These results further
support our findings.

The findings of our analysis indicated that participants with a
high-stable FBG pattern had a higher risk of death. These
findings provide a novel insight into the long-term patterns of
FBG change and highlight that, among patients with COVID-19
without diabetes, there are heterogeneous FBG trajectories. To
our knowledge, no prior study has examined the potential effect
of FBG trajectories on the risk of death in patients with COVID-
19 and with no prior diagnosis of diabetes. Similarly, it has been
reported that severe hyperglycemia after admission is a strong
predictor of death among patients with COVID-19 not requiring
intensive care unit admission (28), which is consistent with our
results. A recent study found that patients who had higher
average glucose during their first week of hospitalization were
more likely to have comorbidity and abnormal laboratory
TABLE 2 | Univariable and multivariable analyses for death concerning all study patients.

Univariable analysis OR (95% CI) P-value Multivariable analysis OR (95% CI) P-value

FBG trajectories Low-stable Ref
High-stable 10.02 (4.24, 23.67) <0.0001 8.79 (2.39, 32.29) 0.0011

Age, years ≤65 Ref
>65 3.18 (1.61, 6.30) 0.0009

Sex Female 0 (ref)
Male 1.51 (0.75, 3.04) 0.2447

Neutrophil count, ×109 /L ≤4.7 0 (ref)
>4.7 19.69 (4.63, 83.71) <0.0001 25.43 (2.07, 313.03) 0.0115

Direct bilirubin, µmol/L ≤4.6 0 (ref)
>4.6 12.27 (5.16, 29.18) <0.0001 5.80 (1.72, 19.58) 0.0047

Creatinine, µmol/L ≤111 0 (ref)
>111 21.30 (8.15, 55.65) <0.0001 26.69 (5.82, 122.29) <0.0001

Prothrombin time, s ≤14.3 0 (ref)
>14.3 9.56 (4.52, 20.20) <0.0001

Lymphocyte count, ×109 /L ≤0.7 16.24 (7.38, 35.75) 8.07 (2.70, 24.14) 0.0002
>0.7 1 (ref) <0.0001

Uric acid, µmol/L ≤428 0 (ref)
>428 8.04 (2.49, 26.00) 0.0005

Prealbumin, g/L ≤100.6 14.12 (6.22, 32.07)
>100.6 1 (ref) <0.0001

Eosinophil count, ×109 /L ≤0.01 0 (ref)
>0.01 7.38 (2.98, 18.31) <0.0001
March 2021 | Volume 12 | Article
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markers, and were at greater risk of severe pneumonia, acute
respiratory distress syndrome, and death (29). Our data further
confirmed that higher FBG during the entire hospitalization was
independently correlated with death. Our findings indicate that a
patient’s FBG is a more sensitive marker of metabolic balance.

Results of our multivariable logistic regression analysis also
showed that increased neutrophil count, elevated DBIL and
creatinine, and lymphopenia were independently associated
with case fatality in patients with COVID-19 and no prior
diagnosis of diabetes (Table 2). In addition, our findings
suggest that non-survivors of COVID-19 were more likely to
accept IMV treatment than survivors. Moreover, a higher
proportion of patients with the high-stability FBG pattern
received IMV treatment than those with the low-stability
FBG pattern.

Our findings provide direct evidence to support recent
suggestions that regularly monitoring FBG in patients with
COVID-19 is of significance in terms of public health, and for
clinical diagnosis and treatment. One recent study reported that
continuous glucose monitoring was more sensitive than HbA1c
and fasting glucose measurements in detecting dysglycemia in a
Spanish population without diabetes; therefore, continuous
blood glucose monitoring could facilitate screening and
prompt treatment in patients with suspected dysglycemia (27).
We recommend that more attention should be paid to the
trajectories of the FBG pattern throughout the disease course
rather than focusing particularly on one single measurement. It
has been previously reported that well-controlled blood glucose
levels and maintaining glycemic variability within 3.9–10.0
mmol/L is associated with a significant reduction in composite
adverse outcomes and death among patients with COVID-19
with type 2 diabetes (11). A retrospective study of 2,748 medical
patients in an intensive care unit showed that blood glucose levels
exceeding the upper and lower limits of the normoglycemic range
(4.4–6.1 mmol/L) sustained over time, a high amplitude variation,
and a high entropy of blood glucose time series were independently
associated with hospital mortality (30). Therefore, these findings
suggest that sustained high levels or a high amplitude variation of
FBG might not be beneficial for patients with COVID-19.

Nevertheless, hypoglycemic therapy, especially insulin
treatment, has remained controversial for patients with COVID-
19. No significant difference was found between patients treated
with hypoglycemic therapy and those who were not in the high-
stable pattern group in this study, which may be due to the smaller
number of patients included. However, our data showed that
reducing the FBG level during hospitalization may improve
prognosis, suggesting that a decreased FBG may be a protective
factor. One study reported that, among 25 patients with glycemic
levels >7.7 mmol/L, 10 patients treated without insulin infusion
had a higher risk of severe disease, including increased mortality,
compared with 15 patients treated with insulin infusion (13).
However, insulin treatment has been reportedly associated with
increased mortality in patients with COVID-19 and type 2 diabetes
(31). However, randomized controlled studies involving tight
glycemic control have reported increased incidences of
hypoglycemia when targeting normoglycemia (32). Moreover, a
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clear association has been found between the occurrence of
hypoglycemia and increased mortality in critically ill patients
(32), possibly due to a lack of timely changes in medication or
dose adjustment. Thus, regular FBGmonitoring is vital for assisting
clinicians in making treatment adjustments. For critically ill
patients or those with severe sepsis, the recommended strategy
for glycemic control is that insulin therapy should be started when
blood glucose exceeds 180 mg/dl (10 mmol/L), with a goal of
maintaining blood glucose between 144 and 180 mg/dL (8–10
mmol/L) using insulin, as necessary (33, 34). Although there are no
data regarding optimal glycemic targets for inpatients with
COVID-19, it is clear that extreme FBG levels can lead to poor
outcomes, and that continuous blood glucose monitoring and
timely and appropriate blood glucose control may contribute to
positive patient outcomes.

Due to its retrospective design and the unprecedented scale of
the COVID-19 pandemic, this study had several limitations.
First, this was a retrospective study. Second, out study comprised
a small number of participants. Because the FBG measurement
time was not regular and repeat FBG examinations might have
been scheduled according to the change in the patient’s
condition. Third, HbA1c data, used for the assessment of
glycemic status before admission, were missing; therefore, we
could not distinguish whether elevated FBG levels corresponded
to stress hyperglycemia or to a previous history of diabetes.
Fourth, the data lacked external validation.

In conclusion, in this study, we identified two FBG
trajectories and found that these patterns were significantly
associated with the risk of death in patients with COVID-19
without diabetes. Monitoring FBG trajectories may provide an
important approach to assist clinicians in assessing disease
conditions and in adjusting medication or dosages. Future
research needs to explore the key risk factors associated with
elevated FBG trajectories.
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Supplementary Figure 1 | Variables selection using LASSO regression model.
(A) Tuning parameters (l) selection in LASSO model used 10-fold cross-validation
viaminimum criteria. (B) LASSO coefficient profile of 42 clinical features (age, sex, 8
treatments, and 32 laboratory indices).

Supplementary Figure 2 | Relationship between changes in fasting blood
glucose levels and the monitoring time in survivors and non-survivors.

Supplementary Figure 3 | Visual correlation matrix of glycemic variations and
the evolution of biochemical parameters. This figure provides a visual representation
of the respective correlations as measured using Pearson’s correlation coefficients
(r), based on P = 0.05. The color-intensity signal indicates correlation strength,
whereas the blue and red colors indicate strong positive and negative correlations,
respectively. * <0.05. (A) The metrics (columns) represent biochemical parameters
in blood routine test. (B) The metrics (columns) represent biochemical parameters in
hepatic and renal function tests. (C) The metrics (columns) represent biochemical
parameters in coagulation function test.
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The pandemic of coronavirus disease (COVID-19), caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), has involved more than one hundred million
individuals, including more than two million deaths. Diabetes represents one of the most
prevalent chronic conditions worldwide and significantly increases the risk of hospitalization
and death in COVID-19 patients. In this review, we discuss the prevalence, the
pathophysiological mechanisms, and the outcomes of COVID-19 infection in people with
diabetes. We propose a rationale for using drugs prescribed in patients with diabetes and
some pragmatic clinical recommendations to deal with COVID-19 in this kind of patient.

Keywords: COVID-19, SARS-CoV-2, coronavirus, diabetes, chronic conditions, review
INTRODUCTION

In early December 2019, the first pneumonia cases of unknown origin were identified inWuhan, the
capital city of Hubei province. The novel pathogen was an enveloped RNA-beta-coronavirus-2
named Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), with phylogenetic
similarity SARS-CoV (1). Initially, the outbreak was reported starting from a zoonotic
transmission in live animal and seafood market. It soon became apparent that efficient person-
to-person transmission was also occurring (2). The disease has rapidly spread fromWuhan to other
areas. By March 11, 2020, the WHO (World Health Organization) declared the pandemic status (3).
Globally, up to February 3, 2021, there have been 103.201.340 confirmed cases of COVID-19,
including 2.237.636 deaths, reported to COVID-19 Dashboard by the Center for Systems Science
and Engineering (CSSE) at Johns Hopkins University.

Considering the rapid spread and high mortality rate of COVID-19, it is necessary to evaluate the
possible risk factors affecting the progression of disease in COVID-19 patients (4).

The pandemic has involved millions of persons, and their related chronic conditions could have
prognostic and therapeutic implications. One of the essential chronic conditions is, without any
doubt, diabetes for its impact on hospitalization, mortality, and economic burden. To date, about
half a billion people have diabetes worldwide, and the number will increase by 25% in 2030 and 51%
in 2045 (5). The prevalence is estimated to be 9.3% (463 million people), rising to 10.2% by 2030 and
10.9% by 2045 (5). According to various studies, the prevalence of diabetes in COVID-19 patients
ranged from 5% to 36%. Considering that diabetes is one of the most important comorbidities in
n.org March 2021 | Volume 12 | Article 6094701144
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SARS patients, it is necessary to clarify all the aspects concerning
the links between the two conditions to offer the scientific and
clinical community those elements useful to face this pandemic
in the best possible way. An extensive search of SCOPUS,
PubMed, and CENTRAL was performed using the following
string “(SARS-Cov-2 OR COVID-19) AND (diabetes OR
hyperglycemia)”. The hand-searching of principal generalist
and infectious disease Journals was carried out as well. This
review aimed to summarize the special aspects of COVID-19
infection in people with diabetes and the relation between
diabetes and COVID-19 in epidemiology, pathophysiology,
prognosis, and therapeutics to provide practical and clinical
recommendations approaching diabetic patients during
this pandemic.
PREVALENCE OF DIABETES AND ITS
CLINICAL SEVERITY IN PATIENTS
WITH COVID-19

Emerging data suggest that COVID-19 is common in patients
with diabetes, hypertension, and cardiovascular diseases (CVD),
even if the prevalence rate changed in different studies and
country-wise data (6). The rates of type 2 diabetes in subjects
affected by SARS-CoV-2 vary, depending on the median age, the
severity of illness, the location of the study population, and the
method of testing.

Table 1 shows a synthesis of various studies from an extensive
search on bibliographic citation databases (7–16) that explored
the prevalence of diabetes according to the type of study,
population, sample size, age, sex, and prevalence of diabetes,
hypertension, and obesity.

Data show that the prevalence of diabetes and sex differences
(with a higher prevalence of men than women), increases
according to the increase of median age. A similar trend
regarded hypertension. Current evidence indicates that fatality
rates are higher in men than in women. A report on April 23,
2020, from the Italian National Institute of Health, shows that of
Frontiers in Endocrinology | www.frontiersin.org 2145
23.188 deaths from COVID-19 infection in Italy, approximately
70% were in men (17). Besides, our previously published data in
elderly inpatients (18, 19) have shown a higher prevalence of
diabetes in men than women. This evidence might explain the
higher prevalence of diabetes in elderly patients affected by
COVID-19. It could justify an exclusively epidemiological
association between diabetes and COVID-19 and not the
virus’s ability to affect diabetic patients specifically.

There are two other aspects to consider: how much does
diabetes affect clinical severity? Since its relationship to, how
does obesity? Some data might clarify these issues.

Firstly, U.S.A. Centers for Disease Control and Prevention
reported data for laboratory-confirmed SARS-CoV-2 infections
in the United States from February 12 to March 28, 2020. Data
regards 7,162 subjects with completed case information and
revealed a prevalence rate for diabetes of 6%, 24%, and 32%,
for non-hospitalized, hospitalized but not requiring intensive
care unit (I.C.U.) admission vs hospitalized in the I.C.U.,
respectively (20). In Italy, a diabetes prevalence of 17% was
reported in patients admitted to intensive care units for severe
COVID-19 (16). Recent data confirmed the findings mentioned
above, outlining a diabetes prevalence of 18.3% in English people
with severe COVID- 19 requiring critical care treatment (high
dependency unit or intensive care unit) (21). Other study showed
a significant prevalence of diabetes (30.05% vs 19.57%) in dead
patients compared to survivors in ICU wards in Spain (22).
Moreover, Du and colleagues reported a prevalence of 35.3% of
diabetes in Wuhan’s ICU patients (23). In summary, diabetes
resulted associated with a dramatic increase in mortality (OR
3.62; 95% CI 2.11–6.2; p<0.0001) and emerged as an independent
risk factor even after correcting for age, race, sex, obesity, and
hypertension (24).

Secondly, prevalence rates of diabetes (31.8% vs 5.4%) and
obesity (39.8% vs 14.5%) were more significant in the
hospitalized vs non-hospitalized subgroups, respectively (12).
Additionally, a BodyMass Index (B.M.I.) >40 was among the risk
factors most predictive of the need for hospitalization (OR 6.2,
95% CI, 4.2-9.3) (12). In addition, obesity represented by B.M.I.
has still increased the mortality (obesity class I HR 1.23; obesity
TABLE 1 | Prevalence of type 2 diabetes, hypertension and cardiovascular disease in various studies on COVID-19 patients.

Authors Type of study Population N of
patients

Age
(median)

Female
(%)

Diabetes
(%)

H.T.N.
(%)

Obesity
(%)

Liang W. et al. (7) Retrospective study Chinese 1590 NR 42.7 8.2 16.9 NR
Singh et al. (8) Systematic Review Chinese 2209 40-57 41.7 11.0 21.0 NR
Yang et al. (9) Meta-analysis Chinese 46.248 49.6 43.5 8.0 17.0 NR
Wu Z. et al. (10) Retrospective study Chinese 72314 NR NR 7.3 6.0 NR
Richardson S. et al. (11) Case Series North American 5700 63.0 39.7 33.8 56.6 41.7
Petrilli et al. (12) Cross-sectional analysis North American 4103 52.0 49.5 15.0 24.0 30.1
Mandeep et al. (13) Observational multicentric

database
North American,
European,
Asian

8910 49.0 40.0 14.3 26.3 NR

Onder et al. (14) Retrospective study Italian 355 79.5 30.0 35.5 NR NR
COVID-19 Registry Italian 481 80.0 29.4 33.9 7.3 NR
Surveillance group (15)
Grasselli et al. (16) Retrospective case-series Italian 1043 63.0 28.0 17.0 49.0 NR
Marc
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class II HR 1.81) (25). Severe obesity (BMI ≥ 35 kg/m2),
increasing age, and male sex are independently associated with
mortality and need for intubation and increasing oxygen
requirements during hospitalization (26). An analysis of 124
consecutive I.C.U. admissions in a single center in Lille, France
from February 27 to April 5, 2020, revealed higher obesity rates
and severe obesity among SARS-CoV-2 patients, relative to
historical no SARS-CoV-2 controls. In this observational study,
the frequency of obesity was 47.5% compared to 25.8% in a
control group of I.C.U. individuals with the non-SARS-CoV-2
illness. In subjects affected by obesity, the requirement for
intubation and mechanical ventilation was higher (27).

Moreover, obesity increases the risk of hypoventilation
syndrome in I.C.U. patients and it can lead to respiratory
failure when ARDS is present (28–33). The likely mechanisms
that explain these effects are poorly understood, but mechanical
and inflammatory factors might contribute. At the same time, we
have shown that obesity (especially the visceral type) is
associated with low levels of adiponectin, which could be the
link to explain the increased cardiovascular risk in patients who
present the association between obesity and COVID-19 (34–36).
Finally, according to Crouse et al., 74% of diabetic patients were
obese, which may have contributed further to the increased risk
observed in this population (24). Given the known
epidemiological relationship above mentioned, both conditions’
coexistence can be considerate a “cumulative” risk factor for
disease severity.
DIABETES AS A RISK FACTOR OF
WORST OUTCOMES

In general, people with diabetes are at higher risk of developing
complications because of infection, particularly viral one. The
differences in response are likely the result of the degree of viral
load, host immune response, age of the patient, and presence of
comorbidities. The higher risk of mortality and complications
among people with diabetes was similar in the two other recent
coronavirus outbreaks, the SARS and the Middle East respiratory
syndrome (MERS) (37). Type 2 diabetes is associated with low-
grade chronic inflammation induced by the excessive visceral
adipose tissue. This inflammatory condition affects the
homeostatic glucose regulation and peripheral insulin
sensitivity. Chronic hyperglycemia and inflammation can
determine an abnormal and ineffective immune response (37).

Diabetic patients with COVID-19 are at higher risk of being
in an excessively hypercoagulable state and uncontrolled
inflammation responses, which may contribute to a poorer
outcome (38).

In particular, a known history of diabetes and a fasting plasma
glucose ≥ 7.0 mmol/l before steroid treatment were independent
predictors of death with an increased risk (odds ratio) of 3.0 and
3.3, respectively (39).

In a recent study on 132 patients with type 2 diabetes, a
negative linear correlation between SaO2 and HbA1c was found.
At the same time, there was a positive linear correlation between
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serum ferritin, C-Reactive Protein, Fibrinogen, and Erythro-
Sedimentation Rate levels and HbA1c, especially with HbA1c ≥
7.5% (40).

Developing data also suggest that COVID-19 patients with
diabetes are more often associated with severe or critical disease
with a percentage ranges from 14-32% in different studies
(41–45).

Wu et al. (46) reported a hazard ratio (H.R.) of 2.34 (95% CI,
1.35 to 4.05; p=0.002) for the acute respiratory syndrome
(ARDS) in a sample of 201 diabetic patients with COVID-19.

However, in their meta-analysis (n=46,248), Yang et al.
reported that the odds ratio (OR) of severe COVID-19 was not
significantly higher in people with diabetes (OR, 2.07; 95% CI,
0.89 to 4.82), unlike hypertension (OR, 2.36; 95% CI, 1.46 to
3.83) (9).

The lower prevalence of diabetes might explain this finding,
and the lower age of the populations studied. Another meta-
analysis of 9 studies from China (n=1936) by Chen et al. found a
significant association between COVID-19 severity and diabetes
(OR, 2.67, 95% CI; 1.91 to 3.74; p<0.01) (47). Curiously, the
prevalence of non-survivors was also higher in diabetic subjects
with COVID-19 (42, 48, 49). Also, a summary report of 44,672
patients of COVID-19 from the Chinese Center for Disease
Control and Prevention reported a case fatality rate (C.F.R.) of
2.3% (1023 deaths among 44,672 confirmed cases). In any case,
the C.F.R. was as high as 7.3% in patients with diabetes and 6.0%
in hypertension (50).

However, conflicting data exist. Indeed, in univariate analysis
of 191 patients with COVID-19, Zhou et al. (48) found that
diabetes had an OR of 2.85 (95% CI, 1.35 to 6.05; p<0.001) for in-
hospital mortality. Nevertheless, the association of diabetes and
mortality was no longer significant after a multivariate regression
analysis showing an independent and positive relationship with
age, SOFA score, and D-Dimer levels.

In 174 consecutive patients confirmed with COVID-19, data
between diabetics and non-diabetics were compared according to
signs and symptoms, laboratory findings, and chest computed
tomography. Patients with diabetes had no significant differences
in gender and age, less fever (59.5% vs 83.2%), more nausea and
vomiting (16.7% vs 0%), and higher mortality (16.7% vs 0%) in
comparison with patients without diabetes.

The absolute counts of neutrophils and some inflammation-
related biomarkers’ serum levels are much higher than those
without diabetes, such as IL-6, serum ferritin, E.S.R., C.R.P, and
D-dimer. Beyond that, the absolute count of lymphocytes, red
blood cells, and haemoglobin level was significantly lower in the
diabetes group than in the non-diabetes group. It is crucial to
outline that the levels of enzymes such as L.D.H., a-
hydroxybutyrate-dehydrogenase, A.L.T., and G-GT, indicating
the injury of myocardium, kidney, and liver were even higher in
patients with diabetes than patients without diabetes. These data
provide a clue that the injure of organs was much more severe in
the diabetics group than those without diabetes (38).

Finally, even when chest computed tomography (C.T.)
imaging of COVID-19 patients with or without diabetes was
compared, the latter showed more severe pathological changes
March 2021 | Volume 12 | Article 609470
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than the former. To confirm this, the diabetes group presented
higher C.T. imaging scores in comparison with the non-diabetes
group (38).

Proposal of Pathogenetic Mechanisms
There are several specific factors and mechanisms by which
diabetes predisposes to infections in general and may increase
susceptibility or risk and severity of SARS-CoV-2 disease.
Potential mechanisms that may enhance the susceptibility for
COVID-19 diabetics include the role of hyperglycemia, higher
affinity cellular binding, and efficient virus entry, decreased viral
clearance, diminished T cell function, increased susceptibility to
hyper-inflammation, cytokine storm syndrome, and presence of
CVD (51).
THE ROLE OF HYPERGLYCEMIA

The susceptibility to SARS appears to be primarily dependent on
the spike’s affinity to bind host ACE2 receptors (ACE2r) in target
tissues in the initial viral attachment step (52).

ACE2r has been confirmed recently as the SARS-CoV-2
internalization receptor causing COVID- 19, in concert with
the host’s TMPRSS2 membrane protease that primes the spike S
protein of the virus to facilitate its cell entry (53).

A possible explanation for a link between hyperglycemia and
ACE2r levels in the severity of COVID- 19 disease could be the
potential changes in glycosylation of the ACE2r and
glycosylation of the viral spike protein.

Both possibly resulting from uncontrolled hyperglycemia
may alter the viral spike protein binding to ACE2r and the
degree of the immune response to the virus (54). Elevated
glycemia levels can directly increase glucose concentrations in
airway secretion (55). According to Brufsky, potentially, in
uncontrolled hyperglycemia, high and aberrantly glycosylated
ACE2r in the lung, nasal airways, tongue, and oropharynx could
also serve as increased SARS-CoV-2 viral binding sites, thus
leading to a higher trend to COVID-19 infection and a more
severe form of the disease (54). This indicates the presence of
stress hyperglycemia (i.e., a temporary increase in blood sugar in
patients with A1C <6.5% after acute illness or surgery) (56),
which may have a worse outcome in acute illness, compared to a
previously diagnosed diabetes. Given that stress hyperglycemia
patients have observed similar worse results in the previous
meta-analysis, this finding is not unexpected (57, 58). Stress
hyperglycemia was one of the poor prognostic factors and had
been associated with a significant increase in respiratory failure
and death in subjects with SARS (59).

Glycemic control could reduce levels of glycosylated ACE2r
target in the lung. In this way, the number of glycosylated viral
binding sites decreases, possibly ameliorate inflammation and
symptoms of COVID-19 disease (54). ACE2r is expressed not
only in type I and II alveolar epithelial cells in the lungs and
upper respiratory tract, but also in several other locations like the
heart, endothelium, renal tubular epithelium, intestinal
epithelium, and pancreas (54).
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Within the pancreas, ACE2 expression has been described in
acinar cells and within subsets of islet cells. In preclinical studies,
gain and loss of ACE2 function reveal physiological and
pharmacological roles for ACE2, both dependent and
independent of Angiotensin (1-7), which may antagonize the
actions of angiotensin II in glucose control and cell function,
renal physiology, blood pressure, atherosclerosis and
amelioration of experimental diabetes (60, 61).

An acute viral respiratory infection has been linked to the
rapid development of transient insulin resistance, both in
otherwise healthy euglycemic normal weight or overweight
individuals (62).

This link suggested a mechanism of transient hyperglycemia
induced by a temporary inflammation of the pancreas’ islet cells
by SARS-CoV through SARS-CoV binding to the ACE2r present
on islet cells, resulting in a transient insulin-dependent diabetes
mellitus, which resolved with the resolution of disease (63).

Hyperglycemia may also affect pulmonary function, such that
it is exacerbated by influenza virus-induced respiratory
dysfunction in patients with diabetes. In animal models of
disease, diabetes is associated with numerous structural
changes to the lung such as augmented permeability of the
vasculature and a collapsed alveolar epithelium (64).

Until a short time ago, whether D.M. was causally linked to
ACE2r expression levels in the lung in humans was unknown.
Rao et al., by a phenome-wide Mendelian randomization study,
explored diseases that may be causally linked to increased ACE2
expression in the lung, showing that diabetes was causally
associated with increased lung ACE2 expression (65).

Despite a possible role of TMPRSS2 in the viral pathogenicity,
little information is available about the regulation or
dysregulation of TMPRSS2 expression or activity by glucose in
the context of experimental or clinical diabetes. In patients with
diabetes, higher circulating glucose levels will result in a higher
percentage of glycated haemoglobin. SARS-CoV-2 surface
proteins seem to bind to and potentially impair the heme
molecule within red blood cells. In this way, a separation of
iron from the molecule to form a porphyrin occurs, determining
in red blood cells less oxygen and carbon dioxide carriage,
thereby generating cell death and intense inflammation in
the lung.

Because patients with diabetes and older people have more
glycated haemoglobin, they may be preferentially affected by
SARS-CoV-2 binding and dissociation of iron from heme to
form porphyrins, and another receptor (CD147 or basigin)
might be involved (66).
IMPAIRED T-CELL FUNCTION AND
INCREASED SUSCEPTIBILITY TO
HYPERINFLAMMATION

The activation of proinflammatory cytokines or chemokines
causes infected cells apoptosis or necrosis and triggers
inflammatory responses, which leads to the recruitment of
inflammatory cells. Through interferon-gamma (I.F.N)
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production, CD4 T helper (Th1) cells are involved in regulating
antigen presentation against intracellular pathogens such as
CoV. The recruitment of neutrophils and macrophages is
induced by Th17 cells by producing interleukin-17 (IL-17),
IL-21, and IL-22 (67).

SARS-CoV-2 increases apoptosis of lymphocytes (CD3, CD4,
and CD8 T cells) and infects circulating immune cells leading
to lymphocytopenia.

Lower T cell function diminishes the inhibition of innate
immune system resulting in the secretion of high amounts of
inflammatory cytokines. This phenomenon is called “cytokine
storm” (68). Neutrophil chemotaxis, the intracellular killing of
microbes, and phagocytosis were inhibited by diabetes. In the
beginning, a delay in the activation of Th1 cell-mediated
immunity and a late hyper-inflammatory response is often
observed in diabetics (69).

In line with this evidence, in patients with COVID-19, the
number of CD4+ and CD8+ T cells are low. However, a higher
proportion of highly pro-inflammatory Th17 CD4+ T cells,
along with elevated cytokine levels was present. It is possible to
speculate that patients with D.M. may have weakened anti-viral
I.F.N. responses, and the delayed activation of Th1/Th17 may
accentuate inflammatory responses (51).

Several cytokines are increased in COVID-19 infection. At
baseline, cytokines such as TNF, IL-1, and IL-6 are more active in
diabetics and subjects affected by obesity. Therefore, it is believed
that SARS-CoV-2 infection may enhance the cytokine response
of such patients, thereby exacerbating the cytokine storm that
seems to cause multiple organ failure in COVID-19 (33, 70).

The baseline proinflammatory state found in diabetes and
obesity may serve to exacerbate this. Diabetes occurs in part
because the increase of activated innate immune cells in
metabolic tissues leads to the overproduction of inflammatory
mediators, especially IL-1b and TNFa, which can promote
systemic insulin resistance and b cell damage (9).
THERAPEUTICAL CONSIDERATIONS

Metformin
In preclinical studies, metformin exerts anti-inflammatory action
and reduces circulating biomarkers of inflammation in people
with T2D (71). However, there is scant information about the
immunomodulatory actions of metformin in the context of
coronavirus infection. Recent data showed that the use of
metformin significantly reduced the odds of dying. People tested
positive who were taking metformin had an 11% risk of dying,
which was the same as the general COVID-19 population and
dramatically lower than 24% mortality of subjects with diabetes
not taking metformin. Interestingly, even after correcting for
insulin use, age, race, sex, obese status, and hypertension status,
the likelihood of death in subjects with T2D taking metformin was
significantly lower than those who did not take metformin (OR
0.33; 95% CI 0.13–0.84; p=0.0210) (24).

Anyway, metformin should be used with caution in unstable
hospitalized patients and should be discontinued in people with
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concomitant sepsis or severe impairment of hepatic and renal
function (72). If vomiting or poor oral intake occurs, metformin
may also be stopped. Due to the level of blood sugar, the dosage
of sulfonylureas and insulin may have to be changed (6).
GLP-1R AGONISTS

GLP-1R agonists exert broad anti-inflammatory actions in
animals with experimental inflammation and reduce
biomarkers of systemic inflammation in human subjects with
T2D and people with obesity (73). It is well known that the most
severe form of COVID-19 is the Acute Respiratory Distress
Syndrome characterized by the highest levels of inflammatory
cytokines known as “Cytokine Storm” which hurts alveolar
epithelial cells in the lung, inactivates pulmonary surfactant
resulting in the formation of the hyaline membrane and lung
parenchyma breakdown.

Different preclinical studies showed that GLP-1R agonists
attenuate pulmonary inflammation, reduce cytokine production
and preserve lung function inmice and rats with experimental lung
injury (74, 75) through the stimulation of pulmonary vasodilator
like atrial natriureticpeptide and facilitationof surfactant proteinA.
GLP-1R agonists exert the repression of the proinflammatory
cytokine, the stimulation of eNOS/sGC/PKG signaling and cause
the inactivation of the NF-kB signaling. In addition, in the LPS-
induced acute lung inflammatory injury mouse model, liraglutide
attenuates the expression of key inflammasome components, such
as thioredoxin-interacting protein (TxNIP) significantly increased
after the administration of lipopolysaccharide (L.P.S.) along with
cytokines and chemokine genes (73).

These beneficial effects could identify GLP-1-based drugs as
fundamental tools for treating COVID-19 patients with or
without diabetes. Although GLP-1 safely lowers blood glucose
of ventilated patients with critical illness in short term studies,
there is still insufficient safety and experience in using GLP-1R
agonists in critically ill patients, and it is impossible to make
treatment recommendations for the use of these drugs in new
coronavirus infection (76).

In our opinion, GLP-1R agonists must not be suspended if
previously prescribed. Moreover, further studies need to evaluate
the beneficial effect as the first prescription in diabetes patients
with COVID- 19.
DIPEPTIDYL PEPTIDASE-4 (DPP4)

Recently, coronavirus’s relationship to cellular type-II
transmembrane protein DPP4, also known as adenosine
deaminase complexing protein 2 or cluster of differentiation 26
(CD26), has generated a great interest. Just as ACE-2 is the
receptor for SARS CoV and SARS CoV2, DPP4 acts as the
receptor for MERS-CoV. Whether the use of DPP4 inhibitors
(DPP4i) can reduce MERS-CoV’s viral entry has aroused great
interest. In vitro study, sitagliptin, vildagliptin, and saxagliptin
did not prevent the coronavirus from entering the cell (74).
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Briefly, DPP4i seem to increase inflammation in type 2
diabetes via catalytic and noncatalytic mechanisms. It is crucial
to outline that the enzymatic activity of DPP4 causes the cleavage
and may affect the function of several chemokines, cytokines,
and growth factors (37).

However, in patients with type 2 diabetes, the effects of DPP4
inhibition on the immune response is controversial and not
completely understood. A meta-analysis showed that DPP4
inhibitor treatment does not increase significantly upper
respiratory tract infections. Compared with placebo or active
comparator treatment, risks of respiratory infection for DPP4i
were all comparable. The initiation of a DPP4 inhibitor was not
associated with an increased risk of respiratory tract infections.
On the contrary, anti-inflammatory and anti-adipogenic effects
have been related to the use of DPP4 inhibitors and GLP-1
receptor analogues (37). In fact, gliptins can preserve endothelial
function by their reported anti-inflammatory, anti-oxidant, and
potentially protective effects on the vascular system, which are
beneficial aspects in the fight against COVID-19 (77).
INSULIN

Insulin exerts anti-inflammatory actions in humans and reduces
biomarkers of inflammations in hospitalized individuals with a
critical illness. Among available agents for the treatment of acute
disease complicated by diabetes, insulin has been the most
extensively used agent in human subjects with bacterial or viral
infections and in hospitalized critically ill patients. Most
hospitalized patients with COVID-19, especially those with
respiratory distress, would require insulin.

However, there is little information surrounding the potential
benefits or risks of insulin in the context of acute coronavirus
infection (75, 76). On the other hand, one should consider the
importance of maintaining a reasonable glycemic control in this
patient. This statement may be remarkably faithful to the light of
recent evidence that showed, in a sample size offifty-nine patients,
that insulin infusion is beneficial for achieving glycemic targets
and improving outcomes in patients with COVID-19 (78).
SGLT2-INHIBITORS

Sodium-glucose cotransporter-2 inhibitors (SGLT2i) are
demonstrated to have cardiovascular and renal benefits in
addition to its anti-diabetic effects (79). Clinical experiments
showed that the combined use of SGLT2i and ACEI/ARB
significantly increases intrarenal ACE2 expression, which may
be closely related to improving cardiac and renal function (80).
However, the increased ACE2 may be detrimental to patients
infected with the coronavirus infection 2019 (COVID-19), which
is found to invades cells via the entry receptor of ACE2. Besides,
SGLT2i induced natriuretic effect may also increase the risk of
acute kidney injury and affect hemodynamic stability during
systemic infection (81). SGLT2i have been reported to prevent
the release of various proinflammatory cytokines such as IL 6.
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Besides, SGLT2i lead to an increase in the ACE-2 levels, which
leads to greater production of the angiotensin 17, which is a
potent vasodilator, anti-oxidant, and anti-fibrotic, which helps in
the prevention of acute respiratory distress syndrome (ARDS)
and alleviating cytokine storm (82). This may have a putative
role in COVID-19 patients with myocarditis and adverse cardiac
remodeling. SGLT2i also downregulates the expression of
inflammatory genes and reduces oxidative stress, leading to
cardiorenal dysfunction’s amelioration (83).
A.C.E. INHIBITORS/A.R.B.S

In the absence of further evidence of risk or benefit, the American
Heart Association, the American College of Cardiology, and the
American Society of Hypertension have recommended that
people continue treatment with their usual antihypertensive
therapy ACE-inhibitors or ARBs (84). According to a recent
study (13), the use of A.C.E. inhibitors in COVID-19 patients,
was associated with lower mortality after hospital discharge (no
association was found for the use of A.R.B.s). Whether there is an
immunosuppressive state, the presence or absence of
hyperlipidemia or diabetes mellitus and the race or ethnic
group were not independent predictors of death in the hospital.
STATINS

Besides their lipid-lowering activity, statins exert pleiotropic
effects on inflammation and oxidative stress, contributing to
their beneficial impact on cardiovascular diseases. Statins
modulate the immune response at different levels, including
immune cell adhesion and migration, antigen presentation,
and cytokine production.

Statins also interfere with ACE2 signaling. After initial entry
through ACE2, SARS-CoV-2 down-regulates ACE2 expression,
possibly facilitating the initial infiltration by innate immunity
cells and causing an unopposed angiotensin II accumulation,
leading to organ injury.

Furthermore, in COVID-19 infection, statins’ lipid-lowering
action could treat the hyperlipidemia associated with the use of
protease-inhibitor-based antiretroviral and immunosuppressive
drugs. The hepatic isoenzyme CYP3A4 metabolizes simvastatin
and, to a lesser extent, atorvastatin. Concomitant administration of
CYP3A4 inhibitors such as ritonavir and cobicistat, currently used
in COVID-19, could increase the risk of muscle and liver toxicity.

Therefore, starting with a lower dose of statin and monitoring
creatine kinase and transaminases would be advisable (85).

Moreover, the same problem occurs with azithromycin. The
same study above mentioned (13) pointed out the statins as an
independent protective factor for survival to hospital discharge.
CLINICAL CONSIDERATION

Data reported in our review support the notion that diabetes
should be considered as a risk factor not only for increased
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susceptibility to infection but also for a rapid progression and
bad prognosis of COVID-19. Therefore, according to
pathophysiological consideration, people with diabetes should
be paid more intensive attention to the importance of
glycosylation of both the viral spike protein and ACE2r.

This consideration argues for better glycemic control in patients
with hyperglycemia at hospital admission. Pre-diabetes and
diabetes are potential mechanisms to slow the spread of COVID-
19 and reduce symptoms and improve outcomes. We know that
blood glucose control is essential for patients with COVID-19 and
those without the disease. Nevertheless, hyperglycemia is still a
powerful predictor of the prognosis of hospitalized Covid-19
patients. Besides, Covid-19 patients with hyperglycemia,
compared with subjects normoglycemia, showed a higher
cumulative incidence of serious diseases. In addition, optimal
blood glucose control mediated by insulin infusion can improve
the prognosis of hospitalized Covid-19 and hyperglycemic patients
(78). Patients with mild infections, and regular oral doses can
continue routine hypoglycemic drugs. However, in today’s world,
with an unprecedented pandemic, the treatment of diabetes
presents challenges. In most places, people are confined to “closed
areas”, exercise opportunities are limited, and they cannot take
regular walks and visit gyms or swimming pools. Due to the
unpredictability and social nature of the disease, mental stress is
also great. Do not move as well as social immobility. Alterations in
the daily routine affect dietary intake as well. Stress could lead to
inappropriate eating. All these factors may lead to uncontrolled
glycemia or worsening status of comorbid diseases (e.g.,
hypertension) and predispose the patients to complications like
other types of infections, hyperosmolar coma, ketoacidosis, and
even acute cardiovascular or cerebrovascular events (6).

In this sense, telemedicine could come to assistance. In a
Cochrane review, Flodgren and colleagues analyzing 21
randomized controlled trials of 2768 patients with diabetes
showed that a significant reduction of HBA1c by -0.31%
(p < 0.001) was present in patients on telemedicine in
comparison with controls (86). In a recent systematic review
and meta-analysis which included patients with type 2 diabetes
mellitus and type 1 diabetes mellitus Timpel and colleagues
showed that there was a mean reduction in HbA1c levels in
type 1 (-0.12 to -0.86%) and type 2 diabetes patients (-0.01% to
-1.13%) included in the telemedicine intervention group (87).

According to this view, it is possible to summarize measures
for good health in patients with diabetes:
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• Diabetics need to maintain a regular diet.
• According to the American Diabetes Association (88),

exercises should be continued at home.
• Physical activity improves blood glucose control in type 2

diabetes (aerobic exercise increases muscle glucose uptake up
to fivefold through insulin-independent mechanisms),
reduces cardiovascular risk factors, contributes to weight
loss. Adults affected by type 2 diabetes should ideally
perform both aerobic and resistance exercise training for
optimal glycemic and health outcomes (89).
Structured lifestyle interventions including at least 150 min/

week of physical activity and dietary changes are recommended
to promote weight loss of 5%-7% and to prevent or delay the
onset of type 2 diabetes in people at high risk and with pre-
diabetes.

• Regular intake of ACE2-inhibitors and other antihypertensive
and anti-diabetic drugs (including GLP1-R agonists) and, if
necessary, insulin is important and should be emphasized for
the best blood pressure glucose control.

• Telemedicine can be beneficial in these times. Patients can
consult their physicians via telemedicine, who can give
appropriate advice about treatment (90).

In conclusion, COVID-19, due to its heterogeneity, can be
considered a systemic disease as it is more than a single-organ
disease (4). The association with diabetes makes the whole
condition at a higher risk of poor outcomes. For this reason,
from now on, diabetes care has to include a careful, holistic
evaluation of all the patients affected by COVID-19.
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Coronavirus disease 2019 (COVID-19), which was named by the World Health
Organization (WHO) in February 2020, has quickly spread to more than 200 countries
around the world and was declared as a global pandemic in March 2020. The severity of
the disease makes it more prone to severe symptoms and higher mortality rates in
patients, especially those who are with comorbidities, including high blood pressure,
cardiovascular disease, obesity, and diabetes, increases the concern over the
consequences of this pandemic. However, initial reports do not clearly describe
whether diabetes itself or associated comorbidities or treatment strategies contribute to
the severe prognosis of COVID-19 infections. Various clinical trials are being conducted on
glucose-lowering agents but to date, there is no standard treatment protocol approved for
COVID-19 cases with pre-existing diabetes. This review is aimed to decipher the potential
risk factors of COVID-19 involved from existing evidence. Identification of a novel
therapeutic strategy could be beneficial for combating SARS-CoV-2, which might be
dreadful to debilitating people who have diabetes.

Keywords: Diabetes mellitus, COVID-19, SARS-CoV-2, cytokine storm, glycemic control
INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the cause for coronavirus disease
2019 (COVID-19), has infected more than 126 million people in the world and over 2.76 million
deaths have been reported worldwide at the time this review was written (1). This virus is a new
enveloped beta-coronavirus with a single stand that shares 82% of genomic similarities with human
SARS-CoV, the virus responsible for the SARS pandemic in 2003 (2). SARS-CoV-2 has a higher
reproduction rate compared to other beta-coronaviruses such as SARS-CoV and Middle East
Respiratory Syndrome (MERS-CoV), indicating a greater risk for global health (3). The COVID-19
outbreak has caused a much higher number of deaths (2.76 million total deaths until March 28th,
2021) than the other coronavirus respiratory syndromes (8096 cases with 774 total deaths for
2003 SARS outbreak while the 2012 MERS outbreak has 2519 confirmed cases with 866 total
deaths) (1, 4, 5). As the number of confirmed cases and death increasing exponentially, using
epidemiological data to characterize COVID-19 patients could help to control the spread and also
for the development of interventions for the disease. The characteristic of a respiratory virus is
multi-organ damage and lungs, heart and kidneys are often the major affected organs.

Studies found that having one or more comorbidities is linked to the increased severity of
COVID-19. In a systematic review and meta-analysis with a total number of 46248 confirmed cases,
n.org April 2021 | Volume 12 | Article 6027351154
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data showed that hypertension and diabetes are the most
common comorbidities among COVID-19 patients (6).
Generally, personal history of diabetes or newly diagnosed
diabetes was ascertained in medical records or a self-reported
diagnosis with the defined diagnostic criteria according to the
WHO diagnostic criteria: fasting plasma glucose ≥ 7.0 mmol/L
(≥126 mg/dL) or 2-h plasma glucose ≥ 11.1 mmol/L (≥ 200 mg/dL)
or HbA1c ≥ 48 mmol/mol (6.5%) (7, 8). Studies also found that
older age, hypertension, obesity, diabetes, cardiovascular disease,
and chronic obstructive pulmonary disease are most commonly
observed in patients with severe COVID-19 and those who died
(9, 10). People with diabetes have a higher risk of viral infection
in previous respiratory disease (11). Although diabetes does not
seem to increase the risk for COVID-19 in some regions in
Europe such as Italy (12), the risk for COVID-19 associated with
diabetes is increased in most parts of the world as well as the
mortality rates.

However, whether diabetes per se or together with the
concomitant comorbidities contribute to the worse prognosis
remains to be fully uncovered. Therefore, this review aims to
highlight potential risk factors in patients with COVID-19
comorbid with diabetes. We will also discuss the specific
therapeutic strategies being used for people who have both
COVID-19 and diabetes.
POTENTIAL RISK FACTORS OF COVID-19

Age and Gender
COVID-19 morbidity and mortality are higher in older and male
individuals. In a systematic literature review and meta-analysis of
13 studies including a total number of 3027 COVID-19 patients
and in aged patients over 65, Zheng et al. reported a greater risk
of mortality and more comorbidities such as hypertension,
diabetes also greatly affecting the prognosis of the COVID-19
(13). Data from an Israeli study of 5769 recovered patients
showed that younger individuals, not only are less likely to
have severe COVID-19 requiring ICU and hospitalization but
have an average faster recovery rate from SARS-CoV-2 infection
(14). In a large Chinese case study of a total of 72314 patients, the
fatality rate of the overall case is 2.3% but it was increased by up
to 14.8% in patients aged 80 and older (15). The prevalence of
diabetes is increased with age both in the general population and
in patients with COVID-19. Patients with COVID-19 and
diabetes have an older average age than those without diabetes.
In one retrospective study involving 904 patients with COVID-
19 (136 with diabetes), patients with diabetes were at least more
than 10 years older compared to that of non-diabetic patients (7).
Another study including a matched population of patients with
and without diabetes found that survivors were much younger
than non-survivors and older age (more than 70 years) is an
independent predictor of severity of COVID-19 such as in-
hospital death (16).

A preliminary study showed an overall even distribution of
SARS-CoV-2 infections between men and women (51% versus
47%, respectively) (17). However, the fatality rates are 2-fold
Frontiers in Endocrinology | www.frontiersin.org 2155
higher in males than females (18). What’s more, the sex
distribution of recovering cases was 36% and 65% for males
and females, respectively (19). Another study concluded that
male and age serve as risk factors for poorer outcomes in
COVID-19. There was a 12-fold higher risk in patients aged 80
years and older than those 50-59 years old and men have twice
the risk as women (20). In a recent risk assessment for the
COVID-19 confirmed cases from European Union/European
Economic Area (EU/EEA) countries and the United Kingdom
(UK), data described that the male-to-female ratio overall was
0.9, with more males than females admitted to hospital, requiring
intensive care or respiratory support and also dying (21).

High Blood Pressure
High blood pressure (hypertension) is the most common
comorbidity in severe COVID-19 patients (22). Studies
speculated that SARS-CoV-2 might directly bind to
angiotensin-converting enzyme 2 (ACE2) to enter target cells
(23). ACE2 is widely expressed in the upper airways, lung, heart,
liver, kidney, ileum, testis and brain and it plays an important
role in anti-inflammatory responses (24–26). Recent studies have
investigated the link between disease severity in COVID-19
patients with hypertension and their medical therapy. In a
clinical trial of 3017 hospitalized COVID-19 patients, data
showed that 53% were hypertensive. Besides, the mortality
rates among patients on angiotensin-converting enzyme
inhibitors (ACEI) and angiotensin receptor blockers (ARBs)
treatment were lower compared to other anti-hypertensive
drugs. These results were supported by another Chinese study
that there was a lower rate of severe diseases and a lower rate of
the inflammatory response in COVID-19 patients treated with
ACEI and ARBs versus patients treated with other
antihypertensive agents (27). However, some in vitro and
animal studies have demonstrated that ACEI and ARBs
increased the expression of ACE2, and those drugs could
facilitate the infection of target organs and exacerbate COVID-
19 disease progression (28, 29). Moreover, the detailed
relationship between ACEI and the renin-angiotensin system
(RAS) in humans is not yet clearly understood (30). In recent
systematic reviews and meta-analysis studies, data showed that
hypertension is one of the major comorbidities in COVID-19
fatal cases (31) and COVID-19 patients with hypertension have a
significantly increased mortality risk (32) and also a higher risk
of ICU admission (33).

Cardiovascular Disease
A high prevalence of the cardiovascular disease has been
observed in patients with COVID-19 (34) and clinical studies
have also reported the association between COVID-19 and
cardiovascular disease (35). Pre-existing cardiovascular disease
was believed to be linked with poorer outcomes and increased
risk of death in COVID-19 patients. Other studies have also
observed higher troponin concentration in patients with more
severe COVID-19 (36). Although the predominant clinical
symptoms of COVID-19 is viral pneumonia (37–39), COVID-
19 can also cause cardiovascular complications such as
myocardial injury, myocarditis, acute coronary syndrome
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(ACS), heart failure, arrhythmias, sudden cardiac arrest,
coagulation abnormalities and thrombosis (40–43). A case
study in South Korea reported that a COVID-19 patient was
diagnosed as acute myocarditis and this patient presented very
high levels of cardiac troponin I and N-terminal (NT) pro B-type
natriuretic peptide (NTproBNP), the two most sensitive clinical
biomarkers for myocardial injury (44), although no SRAS-Cov-2
genomes from myocardial biopsy samples were observed (45).

Recently, several cases of stress-induced cardiomyopathy with
COVID-19 have been reported, while the past medical histories
of these patients were unremarkable (45–47). The postulated
underlying mechanism is that COVID-19 pneumonia decreased
systemic oxygenation supply and while it inversely increased
cardiac demand, immune dysregulation and electrolyte
imbalance (48).

In summary, these findings suggest that cardiovascular
disease is not only a common symptom of COVID-19 but also
a risk factor for poor prognosis. Although we do not understand
the mechanisms underlying COVID-19-related cardiovascular
disease, this could be largely attributable to systemic
inflammation based on the available clinical findings.

Obesity
Obesity is now being recognized as a risk factor for severe
outcomes and the death of COVID-19. Evidence from around
the world suggesting obese people are at greater risk of becoming
seriously ill from COVID-19, means there must be an extra
reason to take on obesity (49, 50). Importantly, a study of 4103
patients with COVID‐19 disease in New York reported that the
most important clinical features leading to hospital admission
were aged (over 65 years) and obesity itself, more than
hypertension, cardiovascular disease or diabetes (51). In this
study, body mass index (BMI, >40 kg/m2) is one of the strongest
hospitalization risks for COVID-19 positive patients. This
finding was consistent with the results from the CORONADO
study. It was found that in people with diabetes hospitalized for
COVID-19, BMI (>40 kg/m2) was independently associated with
the severity of COVID-19 but not long-term glycemic control
assessed by HbA1c (8). Multiple underlying mechanisms are
accounted for this association. Firstly, the alteration of
respiratory performance and impaired lung perfusion may be
due to abdominal fat (52) and intravascular disseminated
coagulation (53). Secondly, pre-existing comorbidities such as
hypertension and diabetes are prothrombotic conditions (54, 55)
that contribute to worse prognosis in COVID-19 patients. This
was supported by a Germany autopsy study that found that deep
venous thromboembolism was observed in 7 of 12 patients and
pulmonary embolism was the direct cause of death for 4 patients
(56). Finally, obesity is often linked with inadequate and
excessive immunological responses and chronic inflammation
which could rapidly mediate disease progression to multi-organ
failure in severe COVID-19 patients (57).

Furthermore, another explanation is based on the findings
that SARS-CoV-2 has a high affinity for human ACE2. And
ACE2 is much highly expressed in adipose tissue compared to
that in the lung, major SARS-CoV-2 target tissue and obese
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individuals have more adipose tissue, therefore an increased
ACE2‐expressing cell numbers and consequently a larger
amount of ACE2 (58). ACE2 was believed to be the receptor
for the entry of SARS-CoV-2 into host cells (59).

Inflammation
Higher levels of inflammatory markers in the blood (such as
C-reactive protein and ferritin), an increased neutrophil-to-
lymphocyte ratio and increased serum levels of inflammatory
cytokines and chemokines have been associated with COVID-19
disease severity and death (51, 60). The cytokine profiles in
severe COVID-19 patients are similar to those in cytokine release
syndromes, with increased production of cytokines such as
interleukin (IL)-6, IL-7 and tumor necrosis factor (TNF) and
also CXC-chemokine ligand 10 (CXCL10) (61). Studies have
reported that inflammatory infiltration was observed in the lung,
heart, kidney, spleen, and lymph nodes (62–64). Several reports
have also observed higher concentrations of C-reactive protein,
IL-6, IL-10, ferritin, leukocytes and lower lymphocyte percentage
in severe COVID-19 patients compared to that of non-severe
patients (65, 66). A low-grade systemic and chronic
inflammation was often observed in diabetes. Thus, a
dysregulated inflammatory innate and an adaptive impaired
immune response consequently occur in diabetic patients.
Therefore, a more severe disease in COVID-19 patients with
diabetes may be the result of a cytokine storm, in which the
patient’s immune system fights against SARS-CoV-2 and inflicts
compromised damage on its organs. Several studies have
reported that COVID-19 patients with diabetes have higher
lymphopenia incidence and increased proinflammatory
biomarkers than those without diabetes (67, 68). Moreover,
increased inflammation such as elevated IL-6 and TNF levels
were also observed in obese patients, thus favors COVID-19
disease progression, and worsens the lung and heart functions
(69). Therefore, obesity is also an important predisposing factor
for this phenomenon.

Hyperglycemia-the Importance of
Glycemic Control
Diabetes is characterized by impaired glucose homeostasis
resulting from insulin resistance or deficiency. As we know,
diabetes is a well-established risk factor and predictor for
elevated morbidity and mortality in various diseases such as
cardiovascular diseases, cancer, and infection diseases (70–73).

In a cohort of 1561 patients with COVID-19 in two hospitals
from Wuhan, those with diabetes are more likely to require an
intensive care unit (ICU) admission or to die (16). In a centered,
retrospective study, Yang et al. demonstrated that among cases
with a poor outcome, in a group of 32 non-survivors of 52 ICU
patients, 7 (22%) had diabetes (74). Data from a British
hospital including 10926 COVID-19 related death in a cohort
of 17278392 adults showed that the risk of death is
much higher in those with uncontrolled diabetes (20). Other
studies also described that there was a worse outcome in
COVID-19 patients is diabetes (75), therefore, result in more
hospitalizations, more admission for ICU and more death (33).
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As we know, the virulence of some pathogens is increased
during the hyperglycemic environment. It was reported that
phagocytosis and chemotaxis are impaired and the production of
T cells and neutrophils in response to infection is also reduced in
diabetes (76). Generally, the immune response is damaged in
diabetic COVID-19 patients with poor blood glucose control.
Among the COVID-19 patients with diabetes, higher incidences
of neutrophilia and lymphopenia are observed in those with
higher levels of blood glucose concentration (67). Recently,
several studies have shown that impaired pulmonary function
significantly correlates with blood glucose levels (77, 78).
Therefore, the vulnerability to respiratory infections is
increased along with reduced pulmonary capacity. This might
be another factor that diabetes is more commonly observed in
severe COVID-19 patients. Moreover, in a total of 663 COVID-
19 patients’ study, type 2 diabetes was found to be associated
with no improvement in patients with COVID-19 and type 2
diabetes patients were prone to developing into severe and
critical condition of COVID-19 and having a poorer
therapeutic effect. Furthermore, having a severe and critical
condition and decreased lymphocyte count were independent
risk factors associated with poor therapeutic effects in COVID-19
patients with type 2 diabetes (79). Interestingly, in a population-
based cohort study with diagnosed type 1 and type 2 diabetes in
England, Holman found that increased COVID-19-related
mortality was associated not only with cardiovascular and
renal complications of both types of diabetes but also
independently with glycemic control and BMI (80).

A recent study reported that COVID-19 patients with diabetes
and uncontrolled hyperglycemia (defined as two or more blood
glucose > 180 mg/dL within any 24-hour period with an HbA1C <
6.5% or no HbA1C testing during hospitalization) were associated
with longer hospitalization and higher mortality (81). Studies also
found that higher blood glucose concentration at admission was
associated with the poorer primary outcome. In a retrospective
analysis of 85 COVID-19 patients, Iacobellis et al. reported that
hyperglycemia on the first day of admission is the best predictor of
radiographic imaging, regardless of pre-existing diabetes (82).
Furthermore, hyperglycemia during treatment was a risk factor
for death in patients with severe COVID-19 (83). In a
retrospective multi-center study including COVID-19 patients
hospitalized in Spain, it was found that hyperglycaemia (>180
mg/dL) is a strong predictor of all-cause mortality in non-critically
hospitalized COVID-19 patients regardless of diabetes history
(84). Thus, glucose testing and glycemic control are important
to all COVID-19 patients even without pre-existing diabetes, as
most COVID-19 patients are prone to glucose metabolic
disorders. This is because the ACE receptors where SARS-CoV-2
binds to enter target cells are also expressed in pancreatic b cells
(24). This could induce acute impairment of insulin secretion and
b cell destruction resulting in de novo diabetes development.

In summary, uncontrolled glycemic at admission and
hospitalization exacerbate poor outcomes of COVID-19 patients.
In COVID-19 patients with hyperglycemia, therapeutic strategies
combined with glycemic control should be considered to reduce
the risk of severe outcomes and mortality.
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THERAPEUTICS-TREATMENT SPECIFIC
TO PATIENTS HAVING BOTH COVID-19
AND DIABETES
Medical teams should ensure sufficient glycemic control in
COVID-19 patients with diabetes. This requires full
consideration of all potential complications the therapies may
generate which will be used for those patients.

Insulin treatment is a general therapy for both types of
diabetes. However, insulin therapy should be decided based on
the severity of COVID-19 and those patients should be intensely
monitored, although this treatment has been recommended in
severe COVID-19 patients with diabetes (85). One study found
that poorer clinical outcomes in patients treated with insulin
compared with those under metformin treatment (7). Despite
better outcomes reported in diabetic patients with COVID-19 on
metformin, this drug should be discontinued if patients with
respiratory distress, renal dysfunction, or heart failure due to
acidosis (85). In the CORONADO study, Cariou et al. reported
that the use of metformin was lower in patients who died and
other therapies such as insulin treatment, renin–angiotensin–
aldosterone system (RAAS) blockers, b-blockers and loop
diuretics were associated with death on day 7. They believed
this finding could be attributed to the underling comorbidities
and diabetic complications in people who died because these
patients were received more frequent treatment including insulin
and other multiples drugs (8). A recent study reported
significantly higher postprandial glycemic fluctuations and
exposure to hyperglycemia were observed among patients with
COVID-19 followed by continuous glucose monitoring (86).
Thus, continuous blood glucose monitoring should also be
included during the treatment process.

Sodium-glucose transporter 2 inhibitors should also be
treated with caution due to their adverse effects such as
ketoacidosis and impaired fat metabolism (87). Besides, Care
should also be taken with the use of glucagon-like receptor-1
(GLP-1R) analogues since they may cause diarrhea, nausea,
vomiting and headaches (88). In a recent multicenter, case-
control, retrospective, and observational study, sitagliptin, an
oral and highly selective dipeptidyl peptidase 4 (DPP4) inhibitor,
was used as an add-on therapy to the standard of care in patients
with type 2 diabetes and COVID-19. Sitagliptin treatment was
found to be associated with reduced mortality, an improved
clinical outcome and a greater number of hospital discharges in
this study (89). These beneficial effects may be attributed to the
shared disease pathophysiology pathways in coronavirus
infections and type 2 diabetes. DPP4 and ACE2, two major
coronavirus receptor proteins, are well-established transducers
of metabolic signals and pathways regulating inflammation,
cardiorenal physiology, and glucose homeostasis. Moreover,
glucose-lowering drugs such as the DPP4 inhibitors, widely
used in type 2 diabetes patients, are known to modify
the biological activities of multiple immunomodulatory
substrates (90).

As we know, it is a multistep process for virus infection.
Researchers have proposed several targets to treat COVID-19.
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The beneficial effects of ACEI and ARBs for kidney and heart in
diabetes have already been proven (91). However, as stated
above, for COVID-19 patients with diabetes, the use of ACEI
and ARBs for those patients should be carefully discussed based
on the context of the individuals.

Glucocorticoids are known to cause hyperglycemia in patients
with or without pre-existing diabetes. However, it has been used
for the treatment of severely ill patients to suppress the very high
levels of cytokines and c-reactive peptides which are often
observed in those patients, although they can exacerbate
insulin resistance, reduce insulin sensitivity and cause severe
hyperglycemia. No studies have found that they could decrease
mortality or slow viral clearance in clinical.
CONCLUSIONS

Patients with COVID-19 and diabetes are at greater risk for more
severe infections, poorer prognosis and much higher mortality
compared to those patients without diabetes. The grave prognosis
and the risk factors for patients with diabetes are well linked with
older age, sex, high blood pressure, cardiovascular disease, obesity,
inflammation and hyperglycemia. All those factors contribute to the
increased risk of getting severely ill in those individuals. It is a great
Frontiers in Endocrinology | www.frontiersin.org 5158
challenge for blood glucose management in COVID-19 patients
because it requires more detailed strategies for medical team
integration and fully considerations of all possible complications
and death.

It is also clear that the relationship between diabetes and
COVID-19 is tightly linked together and it requires more
research to fully uncover the specific mechanisms of SARS-
CoV-2 such as how SARS-CoV-2 impairs the pancreatic
islets, deteriorates insulin homeostasis and induce de novo
diabetes development.
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Shwu-Huey Yang 4,5,6*
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School of Medicine, College of Medicine, Taipei Medical University, Taipei, Taiwan, 3 School of Public Health, Taipei Medical

University, Taipei, Taiwan, 4 School of Nutrition and Health Sciences, Taipei Medical University, Taipei, Taiwan, 5Nutrition

Research Center, Taipei Medical University Hospital, Taipei, Taiwan, 6 Research Center of Geriatric Nutrition, College of
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Introduction: The aim of this study was to explore the impact of diabetes

self-management and HbA1c affected by the COVID-19 pandemic and the epidemic

prevention work.

Methods: This quasi-experimental study collected a pooled data from a

randomized-control study between February and May 2020 in which 114 participants

who presented type 2 diabetes were recruited. The intervention group had health

coaching and usual care, whereas the control had usual care only. The main outcome

variables of this observation study were the change of HbA1c, physical activity, and

eating out behavior within this time interval.

Results: We found that the eating out behavior of both groups had decreased, and

if a health coach helped the patients set physical activity goals in the two groups, the

physical activity behavior will not be impacted due to the pandemic.

Conclusions: While every country is focusing on COVID-19 pandemic prevention,

especially when strict home quarantine measures and social distancing are adopted,

reminding and assisting chronic patients to maintain good self-management behavior

may lessen the social and medical system burdens caused by the deterioration of

chronic conditions due to the excessive risk prevention behavior and the epidemic

prevention work.

Trial Registration: www.isrctn.com, identifier number: ISRCTN14167790, date: 12

July, 2019.
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INTRODUCTION

In December 2019, the new coronavirus disease (COVID-19)
first broke out in China and spread around the world quickly
in just a few months, killing tens of thousands of people (1, 2).
Until now, even though millions of vaccine doses have been
administered worldwide, there are still tens of thousands of new
cases increasing every day, and many countries are still adopting
varying degrees of pandemic prevention measures, such as strict
restrictions on people going out and home quarantine (3). Many
countries have adopted anti-pandemic measures to close schools
and public entertainment venues, and they also encourage people
to stay at home as much as possible to reduce the risk of disease
transmission. The rapidly spreading and uncontrolled pandemic
situation and strong anti-pandemic measures have not only
caused huge pressure on medical staff, made people feel anxious
and panicked, but also affected people’s healthy living habits (4,
5). These changes also impact people with chronic diseases where
their original lifestyles and self-management have disrupted.

Taiwan has made quite remarkable pandemic prevention
results in this pandemic (6). Until March 2021, there were
only about 1,007 confirmed cases and 10 deaths with no new
confirmed local cases for over a month (1). As early as January
2020, Taiwan initiated stricter border control measures and
put in place quarantine measures, as well as requiring people
to wear masks when taking public transportation and control
hospital access and visits. Although Taiwan did not implement a
lockdown to combat the COVID-19 outbreak, during this period,
it still experiences a significant drop in economic activity, with a
number of companies allowing employees to work from home,
many tourist attractions closed, and people feeling hesitated to
go out. This may also affect chronic patients’ willingness to have
regular visits to the doctor and maintain healthy living habits.
In fact, the number of outpatients and inpatients at all levels
of hospital has declined significantly, about 14% lower than the
same period last year (7).

In October 2019, we launched a diabetes health coaching
program at Cathay General Hospital in Taipei, and it ended
in August 2020. We tested the effectiveness of coaching on
healthy lifestyle habits and mental health of diabetic patients in
a randomized controlled trial. However, in the first few months
of the COVID-19 pandemic, we found that the behavior of the
participants seemed to be affected by the pandemic, such as
avoiding going to hospital for regular screening and making
regular visits, reducing outdoor physical activity, and changing
eating habits, and in turn interfered with the validity of the
research. Indeed, other countries also faced similar behavior
changes when stricter lockdown measures were imposed (8–
11). However, there are not many studies on impact of chronic
patients during the pandemic, and most of them are still focused
on related studies that chronic diseases increase the mortality
and the risk of death from COVID-19 (12–14). Therefore, we

Abbreviations: COVID-19, Corona virus disease-2019; ICF, International

Coaching Federation; ACC, Associate Certified Coach; HbA1c, Hemoglobin A1c;

SMBG, Self-monitoring blood glucose; IRB, Institutional Review Board; SD,

Standard deviation; IQR, Inter-Quartile Range; CI, Confidence Interval.

intended to probe into the data to determine whether the
pandemic would really affect the self-management behavior and
health status of chronic patients, and to realize the possible
impact of our health coaching program in the first few months
of the pandemic. It may be one of the limitations of our original
study program.

In this study, our aim was to observe the behavioral impact
of the COVID-19 pandemic on diabetes patients and the
interference with our original health coaching study. Data were
collected for analysis between February and May 2020, when
Taiwan was affected by the pandemic the most, and we especially
focused on those indicators that might be affected by the
pandemic situation and anti-pandemic measures.

MATERIALS AND METHODS

This quasi-experimental study originated from a 6-month long,
single-blinded coaching intervention program. This two-armed,
randomized-control trial was endorsed by the Institutional
Review Board (IRB) of Cathay General Hospital. The two groups
were: (1) coaching intervention every month on top of diabetes
shared care or (2) diabetes shared care only. Data were collected
at the baseline and at the end of 3- and 6-month intervention.

In this study, we gathered a pooled data between February and
May 2020. It meant that the data comprised the 3- and 6-month
follow-up patients. This paper was focused on the effect of risk
perception behavior under COVID-19 pandemic; in other words,
the data were not intended to validate the effectiveness of our
intervention. In total, there were 18 patients in the intervention
group and 13 in the control group, who had the 6-month follow-
up. The period from February to May was chosen since the
first confirmed COVID-19 diagnosis occurred in Taiwan on
January 21, and various anti-pandemic measures were launched
in February. During this period, every hospital had launched
numerous anti-pandemic control measures in accordance with
government policies, such as access control and limiting inpatient
visits. In May, the pandemic prevention measures were gradually
relaxed, and on May 10, it had reached a record of no new local
cases for a month. Therefore, we believed that the period from
February toMaywas when people in Taiwan began to feel anxious
about the COVID-19 pandemic and gradually felt relieved.

Study Procedure
Study Population and Recruitment
Participants were recruited from a medical center—Cathay
General Hospital in Taipei, Taiwan, which is one of the highest
levels of hospital accreditation in Taiwan. The first author
screened potential patients with type 2 diabetes mellitus from the
hospital database, randomly assigned them to the intervention
group and the control group, and then two physicians who
specialize in endocrine and metabolic disorders recruited them
separately. To be considered for inclusion, only patients, between
20 and 75 years old, who were diagnosed with type 2 diabetes
for at least 1 year and had an HbA1c of 7.0% or greater for the
past 6 months, exhibiting no clinically significant depression or
cognitive impairment were recruited. Patients in the intervention
group were informed of the coaching program whereas the
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patients in the control group were informed of pre-posted survey.
Upon gathering signed informed consent, the health coach then
started interviews and data collection. Participant enrolment was
carried out from October 2019 to February 2020.

Sample Size
A total of 47 participants in each group was required to establish a
clinically meaningful difference in coaching intervention, defined
as a 1% between-group difference in HbA1c and standard
deviation of 1.7, with a probability of a type I error of 0.05 and
a power of 80%. Factoring in a 20% dropout rate, we aimed at
recruiting 60 in each study group.

Intervention
A detailed description of our health coaching intervention has
previously been published (15). The coaching was provided by
a single coach who had over 120 h certified coach training and
received the International Coach Federation’s (ICF) Associated
Certified Coach (ACC) credential and a master’s degree in public
health. Patients in the intervention group had an initial face-
to-face session, together with baseline measurement, and then
was offered telephone coaching sessions monthly for 6 months.
In the first session, the coach asked each participant to set
his or her 6-month HbA1c goal and the first behavior change
goal. The behavior goal must be one of the behaviors related
to diabetes self-management, including physical activity, healthy
diet, medical adherence, and/or regular self-monitoring blood
glucose (SMBG). If a patient had more than one behavior
change goal, the coach would ask him or her to prioritize the
goals. The goal had to be designed to follow the “SMART” rule
(i.e., specific, measurable, attainable, realistic, and timely). The
coach would then record the goals set by the patient and the
content of the coaching for follow-up and analysis. It made us
to explore possible clues about patients’ health behaviors affected
by pandemic from the qualitative record.

Each patient in the control group would only receive a face-to-
face coaching session and baseline measurement at the baseline
without having any coaching call at all. Coaching also helped
patients in the control group set a behavior change goal and
encouraged them to carry it out. Both the intervention and
control groups received diabetes health education and usual
care based on the diabetes shared care network program of
Cathay General Hospital. The diabetes health education was
conducted by diabetes educators. All participants were allowed
to contact diabetes educators to ensure acquiring adequate
educational resources.

Outcome Measures
In this study, we collected variables which might be associated
with or affected by COVID-19 pandemic and prevention policy.
Hence, our outcome variables included HbA1c, physical activity,
and eating out behavior.

HbA1c was measured using the patients’ blood test when
they had regular visits. Physical activity was assessed using the
Godin leisure-time physical activity scale (16, 17). It marked the
number of days in a week the patients did vigorous, medium and
light physical activities. After weighing and summing up each

level of physical activity, the higher the figure the more physical
activities the patients did. The number of times eating out per
week, which also included take-away food, was collected from
the coaching record. Physical activity and health diet goal setting
were also collected from the coaching record, and both of these
two variables were binary variables.

The sociodemographic variables included gender, age,
educational level, employment status, diabetes history, and basic
SMBG habit (times per week).

Statistical Analysis
Chi-square tests or t-tests were used to assess differences in
sociodemographic factors, health behaviors, and HbA1c between
the two groups. Paired t-test was used to assess the difference
in HbA1c, physical activity, and eating out behavior for each
group, and t-test was also used to assess the difference of pre-post
differences between the two groups. We used Mann-Whitney
U-test and Wilcoxon signed-rank test to assess the sub-group
differences in intervention and control group and the pre-post
differences under each sub-group.

Fisher’s exact test and Mann-Whitney U-test were used to
assess difference between those patients dropped from regular
visits in the intervention and control groups, and the difference
between normal patients and dropped patients within the
intervention and control group.

All tests were analyzed at a 95% significance level (p < 0.05).
The analyses were conducted using PASW 20.0 software for
Windows (SPSS, Chicago, IL).

RESULTS

Baseline Data
Between October 2019 and February 2020, two physicians had
invited 158 potential patients to participate and eventually a
total 114 subjects were enrolled in the study randomly. Between
February and May 2020, outcome measures were available for
54 patients (95% of the 57 patients) in the intervention group
and for 50 patients (88% of the 57 patients) in the control group
(Figure 1). In total, nine participants did not return regularly or
ask family members to take prescription to avoid coming to the
hospital, but no one withdrew from the study.

The demographic characteristics of the study groups are listed
in Table 1. Of 114 participants, 48.2% were female, mean age
was 62.2 years (SD = 8.73), 37.7% had a bachelor’s degree or
higher, 48.2% was retired, mean years of diagnosed diabetes
was 13.5 years (SD = 7.66), mean HbA1c was 8.3% (SD =

1.08), and average 2.2 times of SMBG per week (SD = 2.29).
There was no significant difference between these two groups
in baseline characteristics, and there was also no significant
difference between those patients who skipped their regular visits
(gender, p = 0.667; age, p = 0.730; educational level, p = 0.217,
employment status, p= 0.738, and diabetes history, p= 0.730).

Possible Effect of COVID-19 Pandemic
Overall, between February and May, the coaching intervention
was associated with a significant decrease of 0.49% (CI = 0.24–
0.75, p < 0.01), and a non-significant increase of 0.05% (CI =
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FIGURE 1 | Flow diagram of participants: recruitment, intervention

and follow-up.

−1.12 to 0.29, p = 0.648) in HbA1c level was observed in the
control group (Table 2). Both pre-test and post-test in HbA1c
level between two groups were non-significant, but the difference
of pre-post test was significant different between two groups
(p= 0.002).

Both the intervention and control groups were associated
with a non-significant increase in physical activity, but the
intervention group had a significantly more physical activity
than the control group at baseline. Then we assessed the
difference between different physical activity behavior change in
the intervention group and the control group. Those patients
with coaching intervention and chose to set physical activity
goal had a significant increase in medium of nine points in
physical activity indicator (IQR = 18.0, p = 0.007) (Table 3). On
the contrary, patients in the intervention group without setting
physical activity goal had a significant decrease (IQR = 3.0, p =

0.016). However, the pre-test data also showed those patients who
did not make the choice of setting a physical activity goal had a
significantly better physical activity habit in both the intervention
group and the control group.

In this study, health diet goal setting was about more balanced
and healthy diets for the diabetes patients, rather than simply
decreasing the number of times to eat out. Both the intervention
and control groups had a significant decrease in the number
of times of eating out in a week. However, the decrease in
the frequency of eating out behavior was associated with the

TABLE 1 | Demographic characteristics and baseline value of study groups.

Demographic characteristics

N (%)

p-value

Intervention

group

(n = 57)

Control

group

(n = 57)

Gender 0.851

Male 30 (52.6) 29 (50.9)

Female 27 (47.4) 28 (49.1)

Age, years (mean ± SD) 61.28 ± 9.75 63.22 ± 7.50 0.242

Educational level 0.361

Junior high school or

below

11 (19.3) 16 (28.1)

Senior high school 20 (35.1) 24 (42.1)

University 19 (33.3) 12 (21.1)

Master’s degree or above 7 (12.3) 5 (8.8)

Employment status 0.574

Employed 31 (54.4) 28 (49.1)

Retired 26 (45.6) 29 (50.9)

Diabetes history (years,

mean ± SD)

13.73 ± 7.73 13.16 ± 7.65 0.708

HbA1c (%, mean ± SD) 8.38 ± 1.29 8.14 ± 0.96 0.260

Physical activity points

(mean ± SD)

13.42 ± 14.12 9.32 ± 12.80 0.139

SMBG (times per week,

mean ± SD)

2.37 ± 2.40 2.04 ± 2.19 0.439

TABLE 2 | Effect of COVID-19 pandemic to diabetes health coaching intervention

program and health behaviors according to paired t-test and t-test.

Pandemic effect

(mean ± SD)

p-value

Intervention

group

(n = 54)

Control

group

(n = 50)

HbA1c, %

Pre-test 8.40 ± 1.29 8.19 ± 0.96 0.189

Post-test 7.99 ± 1.00a,b 8.24 ± 1.10 0.248

Physical activity points

Pre-test 13.19 ± 14.10 8.28 ± 9.82 0.048*

Post-test 15.22 ± 11.70 10.30 ± 10.28 0.113

Frequency of eating out in a week, times

Pre-test 6.26 ± 5.66 5.75 ± 5.74 0.635

Post-test 4.49 ± 4.34a 4.10 ± 5.14a 0.686

*p < 0.05.
aSignificant difference between pre-post within the same group.
bSignificant difference in difference between groups.

healthy diet goal setting while those without healthy diet goal
have non-significant decrease in the number of times.

There were non-significant of the baseline characteristics
between follow-up patients and those who skipped hospital
visits during the intervention, and it was the same as in the
control group.
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TABLE 3 | The different between goal setting subgroups and coaching effects under COVID-19 pandemic.

Physical activity goal setting

Intervention group

(n = 54)

Control group

(n = 50)

Yes

(n = 22)

No

(n = 32)

p-value Yes

(n = 19)

No

(n = 31)

p-value

Physical activity points

Pre-test [MD(IQR)] 0 (10.0) 21.0 (24.0) <0.001*a 0 (10.0) 9.0 (18.0) <0.001*

Post-test [MD(IQR)] 18.0 (14.0) 18.0 (24.0) 0.451 6.0 (15.0) 12.0 (21.0) 0.451

Pre-post difference

[MD(IQR)]

9.0 (18.0)*b 0 (3.0)* <0.001* 0 (7.0)* 0 (8.25) 0.712

Healthy diet goal setting

Yes

(n = 38)

No

(n = 16)

p-value Yes

(n = 43)

No

(n = 7)

p-value

Frequency of eating out in a week, times

Pre-test [MD(IQR)] 5.0 (10.0) 5.5 (12.0) 0.915 6.0 (12.0) 0 (6.0) 0.094

Post-test [MD(IQR)] 4.0 (8.0) 5.5 (7.0) 0.335 5.0 (10.0) 0 (4.0) 0.070

Pre-post difference

[MD(IQR)]

0 (2.25)* 0 (0.0) 0.242 0 (2.0)* 0 (1.0) 0.869

*p < 0.05.
aAnalyzed with Mann-Whitney U-test.
bAnalyzed with Wilcoxon signed-rank test.

DISCUSSION

In this study, we found that between February and May, the

COVID-19 pandemic might cause the decrease in the patients’
physical activity and eating out behavior. However, if any

patient had set behavior change goal and even had follow-up
communication, they were less affected by pandemic. Overall,
the intervention group had the decrease in HbA1c by an average

of 0.49% in these 3 months. Since the physical activity habit
and healthy diet had considerable effect on blood control,
helping patients maintain these good habits might be even more
important during the COVID-19 pandemic.

In both the intervention and control groups, patients who
originally had poorer physical activity habits were more likely
to set change goals in coaching during pretest; however, patients
with telephone coaching tracking, the effect of the change was
significantly better. If the goal of physical activity habit change
was not set, those who had better physical activity habits might
reduce the amount of physical activity due to the pandemic. It
was clear that they might need someone to help them make an
appropriate decision to maintain good physical activity habit.
Health coaching might have served an effective way to maintain
or improve physical activity habit. Some studies have confirmed
that health coaching can indeed help diabetes patients improve
physical activity habits (18–20).

We also found that during the pandemic, the frequency of
eating out was decreased among most of the subjects. Although
the difference between the two groups was non-significant,
patients who had set diet improvement goals had a significantly
lower number of times eating out. Most diabetes health

education, nutrition counseling, and health coaches provide
guidance on dietary changes for diabetics mainly with dietary
choices rather than eating out behavior, and these interventions
also seemed to be indirectly affecting eating out habits (21, 22).
Reducing the number of eating out means that patients have
more chances to prepare their own food, but how to eat healthy
is still the main issue.

Since early 2020, only a very small number of studies have
specifically focused on the changes in living habits of people with
type 2 diabetes during the pandemic, and the results of these
studies seem to be inconsistent. A study in Spain found that
people with type 2 diabetes have increased their intake of both
vegetables and unhealthy snacks and decreased their physical
activity during the lockdown (23). However, a study in India
found that due to the lockdown policies, work pressure is reduced
and it has helped people with type 2 diabetes improve their
medication adherence and physical activity at home, thereby
improving their blood sugar control (24). It seems that the
changes in healthy lifestyle caused by the pandemic are varied
in different countries (25), but many scholars still suggest that
effective home physical activity and healthy eating strategies
should be developed to help chronic patients maintain their
health status (26, 27). During this period, telephone coaching
or counseling can be a suitable and effective method as well
(28, 29), and many studies have even confirmed the effectiveness
of telephone coaching before the pandemic (30, 31). Therefore,
our study results indeed verify that behavioral coaching should
help people with type 2 diabetes maintain a good lifestyle
during the pandemic and even continue to improve their blood
sugar control.
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Health coaching may effectively strengthen communication
between doctors and patients, and at the same time strengthen
sociopsychological support (32, 33). Of course, it may also
help patients reduce unnecessary or excessive risk perception,
strengthen their sense of responsibility of self-management, and
encourage patients to regular visit the hospital for normal follow-
ups to track diabetes and maintain appropriate healthy living
habits according to the recommendations of the doctor (34,
35). Because of the lockdown and preventive measures, people’s
lifestyle and daily habits have changed. For example, instead of
swimming and going to the gym people have switched to outdoor
sports such as jogging and cycling (36); moreover, people often
prepare their own food rather than eating out. However, before
the pandemic, making changes in behavior and habits was already
quite difficult, and now the imposed restrictions have made
effective behavior coaching and guidance even more important.
Hence, it is inadequate to rely on normal health education
alone (37). Although the COVID-19 pandemic in Taiwan has
gradually eased compared with other countries, making the result
of this study less clear, we believe that in other countries where
the pandemic is more serious, patients with chronic diseases
who fail to maintain healthy lifestyle and regular follow-ups
will create a huge burden to the society and medical system in
the future. Therefore, given that the pandemic is expected to
continue for some time, more rigorous interventional studies are
still needed.

In this study, of those patients who dropped from regular
visits, it seemed that there was no significant difference in
patients’ characteristics between the two groups. Although this
might be because the sample observed in this study was not large
enough, it could be interpreted that there were fewer patients
in the hospital and more people chose not to visit the hospital
during the pandemic. This is consistent with the findings of
some studies (11, 38), which means that during the epidemic,
it is still important to assist chronic patients to maintain
regular visits.

This study has several strengths. First, this is one of the few
studies done on health behavior changes in patients with chronic
diseases in Taiwan during the pandemic. Although this study
is not specifically designed to explore the behavior changes of
Taiwanese people under the pandemic and has some limitations
due to our statistic method, it can still reflect to a certain
degree the effect of the pandemic at that time. Second, this
article is specifically for the observation in the early months
of the pandemic. Few studies were able to promptly explore
the changes in people’s living habits at the beginning of the
chaos. Therefore, even if the interpretation of the research results
is relatively limited, it can still provide valuable observations
and discoveries.

Of course, this study has some limitations. First, since we
pooled data with two different follow-up periods, it was not
possible to accurately compare the pure effect of coaching on
themaintenance of diabetes self-management on patients. Hence,
detecting the pure difference of HbA1c was also unsuitable.
Second, since this study was orientated from a behavior
intervention study which focused on patients with type 2 diabetes
rather than an observational study; therefore, it had fewer study

samples than observational studies and did not compare with
a healthy control group. It made the evidence less strong from
this quasi-experimental study and had lower reproducibility than
normal well-designed observational studies, but we believe it still
has considerable reference value when a future outbreak occurs,
especially in the early stage of the pandemic, since it can happen
too suddenly for people to have a well-designed and rigorous
study specifically focusing on the change of the lifestyle of chronic
patients under the pandemic, especially at the initial stage.

According to the result of this study, here are some
applications. First, during the pandemic prevention period,
policy makers should also pay attention to the communication
need of chronic patients to lessen excessive risk avoidance
by actively offering counseling and intervention programs
instead of passively handing out patient guides or providing
health education. The pandemic has drastically changed people’s
lifestyles, so how to assist patients in adjusting and maintaining
healthy living habits during the pandemic is still an important
issue. People’s lifestyles have changed considerably after the
outbreak; therefore, assisting people in implementing a healthy
lifestyle can reduce the impact of lifestyle changes. For example,
we can especially promote some physical activities that are
suitable for the home environment, introduce healthy cooking
ways, encourage chronic patients for regular screening and
visits, or use telemedicine to handle the current status of
patients. Second, good communication and establishing a good
relationship with patients can encourage patients to use the
correct channels to obtain pandemic-related information more
effectively and resolve patients’ queries; hence, it can avoid risky
behaviors, especially skipping regular hospital visits. We believe
that if the COVID-19 pandemic does continue to spread for
some time, these works may avoid the accidental deterioration
of chronic disease control due to pandemic situation and
pandemic prevention and will be very pivotal for medical system,
government of all countries and the world.
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Background:We investigated if the concentration and “rangeability” of cystatin C (CysC)
influenced the prognosis of coronavirus disease 2019 (COVID-19) in patients suffering
from, or not suffering from, type 2 diabetes mellitus (T2DM).

Methods: A total of 675 T2DM patients and 572 non-T2DM patients were divided into
“low” and “high” CysC groups and low and high CysC-rangeability groups according to
serum CysC level and range of change of CysC level, respectively. Demographic
characteristics, clinical data, and laboratory results of the four groups were analyzed.

Results: COVID-19 patients with a high level and rangeability of CysC had more organ
damage and a higher risk of death compared with those with a low level or low rangeability
of CysC. Patients with a higher level and rangeability of CysC had more blood
lymphocytes and higher levels of C-reactive protein, alanine aminotransferase, and
aspartate aminotransferase. After adjustment for possible confounders, multivariate
analysis revealed that CysC >0.93 mg/dL was significantly associated with the risk of
heart failure (OR = 2.231, 95% CI: 1.125–5.312) and all-cause death (2.694, 1.161–
6.252). CysC rangeability >0 was significantly associated with all-cause death (OR =
4.217, 95% CI: 1.953–9.106). These associations were stronger in patients suffering from
T2DM than in those not suffering from T2DM.

Conclusions: The level and rangeability of CysC may influence the prognosis of COVID-
19. Special care and appropriate intervention should be undertaken in COVID-19 patients
with an increased CysC level during hospitalization and follow-up, especially for those
with T2DM.
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INTRODUCTION

In late December 2019 in Wuhan City (China), many patients
with undefined pneumonia were reported to be infected with a
novel coronavirus. The latter was named “severe acute
respiratory syndrome coronavirus 2” (SARS-CoV-2) (1–3). The
disease that SARS-CoV-2 causes was named “coronavirus
disease 2019” (COVID-19). The pandemic of COVID-19 has
now infected over 170 million people worldwide until June of
2021 (4).

Kidney involvement is frequent in COVID-19; >40% of cases
have abnormal proteinuria at hospital admission (5). Acute
kidney injury (AKI) has been observed in 3%–15% of COVID-
19 patients (6) and ≤25% in critically-ill COVID-19 patients (7).
Greater possibility can be presented for AKI among patients with
severe acute respiratory distress syndrome (ARDS), which
necessitates invasive mechanical ventilation, especially for older
patients or those with comorbidities such as hypertension or type
2 diabetes mellitus (T2DM) (8). Recent studies have suggested
that acute renal damage can occur in the early stages of COVID-
19, which is associated with death (5, 9, 10).

Xu G and colleagues stated that preexisting renal disease
can be associated with an increased risk of adverse outcomes
(adjusted hazard ratio of 2.0 (95% confidence interval (CI), 1.32–
3.15)) for hospitalized patients (5). That study emphasized
that AKI and severe kidney disease are independent risk
factors for a poor prognosis of COVID-19, but included
indices representing deterioration of renal function - rapid
development of urea nitrogen and creatinine in this study.
However accumulating evidence has shown that these
biomarkers are suboptimal to detect kidney disease in early
stages (11).

In the past decade, various studies have been proposed in
measuring the serum level of certain biomarkers for early
diagnosis of AKI (12), among which major attention has been
drawn to cystatin C (CysC) (13). CysC is an early diagnostic
biomarkers of AKI in different settings. Evidence points out that
it is present approximately 2 days before the clinical syndrome of
AKI develops (14), which has been shown to be useful in
diagnosing AKI and predicting its outcomes (15).

Whereas the contribution of CysC and changes in the level of
CysC with respect to outcomes in COVID-19 patients are
poorly understood.

Like many countries, China has an aging population, and an
increasing population of T2DM patients. The latter are more
likely to develop COVID-19 and have worse clinical outcomes in
comparison with COVID-19 patients not suffering from T2DM
(16). We hypothesized that CysC and changes in the levels of
CysC are associated with worse organ function and a higher risk
of death in COVID-19 patients.

We focused on COVID-19 patients with T2DM and
investigated the association between CysC and changes in
CysC levels with regard to clinical outcomes. Moreover, we
investigated whether the relationship between CysC and
changes in CysC levels and COVID-19 prognosis differed
between T2DM and non-T2DM patients.
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METHODS

Ethical Approval of the Study Protocol
This was a retrospective study conducted in Wuhan Third
Hospital (Wuhan, China). The study protocol was approved by
the Ethics Committees of Wuhan Third Hospital.

Study Population and Data Collection
We considered all consecutive patients with severe COVID-19
admitted toWuhan Third Hospital between January 11 to March
1, 2020. All patients were diagnosed based on the
recommendations (fifth edition) set by the National Institute
for Viral Disease Control and Prevention in China. Patients were
included in this study if they met the following requirements: (1)
18 years of age or older; (2) had a contact history with patients
diagnosed with COVID-19 and presented with the typical
features of COVID-19 on computed tomography (CT); (3) a
positive result for the nucleic acids of SARS-CoV-2 on the
polymerase chain reaction test.

Exclusive criteria of this study: (1) missing data on renal
chemistries (creatinine, urea nitrogen, CysC), important clinical
covariates such as inflammation indicator, liver function, and
hospital treatment; (2) had end-stage kidney disease (ESKD), (3)
had prior kidney transplant; (4) had <2 serum CysC levels during
admission; (5) with elevated glucose (fasting blood glucose ≥6.1
mmol/L or random glucose ≥11.1 mmol/L) from the nondiabetic
group; and (6) type 1 diabetes. A total of COVID-19 patients
were included in the current study.

Demographic characteristics, clinical information, laboratory
test results, and clinical-outcome data were obtained using
data collection forms from electronic medical records. The
duration of disease onset to hospital admission and hospital
discharge or death was recorded. Information recorded included
demographic data, medical history, underlying comorbidities,
laboratory findings (e.g., random blood glucose on admission,
CysC level duration of hospital stay), and drugs (e.g., insulin and
antihyperglycemic agents). Fasting plasma glucose (FPG) was
measured for all patients during hospitalization. Comorbidities,
including diabetes, cerebral diseases, cardiovascular diseases, and
chronic renal diseases were defined as documented history in the
admission notes. Cerebral diseases refer to cerebral infarction,
epilepsy, Alzheimer’s disease, and Parkinson’s disease.
Cardiovascular diseases refer to hypertension, coronary heart
disease, arrhythmia, cardiomyopathy, and heart failure. Chronic
renal diseases refer to chronic renal insufficiency, chronic renal
failure, chronic nephritis, and nephrotic syndrome.

Definitions
We encountered many difficulties in justifying requests for some
tests during the outbreak of COVID-19. Oral glucose tolerance
tests to diagnose T2DM and glycosylated hemoglobin were not
routinely requested since they were considered low priorities for
COVID-19 patients, making the diagnosis of new onset T2DM
impossible. We therefore included patients with known T2DM
history in the diabetes group and excluded patients with elevated
glucose (fasting blood glucose ≥6.1 mmol/L or random glucose
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≥11.1 mmol/L) from the nondiabetic group to make the analysis
more coherent. The severity of kidney injury was denoted by the
CysC level, which was measured upon hospital admission.
Changes in renal function were defined as “CysC rangeability”,
which was calculated as the difference in the CysC level between
the time of hospital admission and the highest CysC level
recorded during hospitalization. “Severe inflammation” was
defined as the highest neutrophil:lymphocyte ratio >6.11
during hospitalization (17). “Liver injury” was defined as
degree of alanine transaminase (ALT) ≥the upper limit of
normal. ALT was selected to represent liver injury rather than
aspartate transaminase (AST) due to the more predominant
extra-hepatic sources of AST rendering it less liver-specific
(18). “Heart failure” was defined as clinical symptoms (e.g.,
breathlessness, ankle swelling, and fatigue) are present with the
level of N terminal pro B type natriuretic peptide (NT-proBNP)
>300 pg/mL during hospitalization (19).

Statistical Analyses
Continuous variables are presented as the mean ± SD if they have
a normal distribution or median (lower quartile, upper quartile)
value if they do not have a normal distribution. The Shapiro–
Wilk test was used to test for normality. Categorical variables are
presented as numbers and percentages. Differences in parameters
among groups were analyzed using the Student’s t-test for
variables with a normal distribution. The Mann–Whitney U-
test was employed for continuous variables with a non-normal
distribution, and the Chi-square test was used for categorical
variables. Logistic regression models were used in univariate
analyses and multivariate analyses to determine the prognostic
value of the CysC level. Multivariate analyses were adjusted for
significant baseline variables and the factors closely related to the
outcome of patients with cardiovascular disease (e.g., age, sex,
severe pneumonia, serum level of albumin, blood glucose, and
log-BNP).
RESULTS

Characteristics of Hospitalized Patients
With COVID-19
A total of 1247 COVID-19-associated hospitalized adults from
Wuhan City formed the study cohort. The median age was 63
(interquartile range, 51–70) years. Also, 9.4% of the COVID-19
patients were diagnosed with severe pneumonia and 48% were
men. There were 675 patients with T2DM and 572 patients did
not have T2DM. Severe pneumonia was diagnosed in 8.6% of
non-T2DM patients and 10.2% of T2DM patients (Table 1).

The entire cohort was divided into two groups according to
T2DM or the absence of T2DM. Laboratory testing comprised
routine hematology, organ function (heart, liver, kidney),
coagulation function, and infection indicators (Table S1).
Compared with the non-T2DM patients, patients with diabetes
were older and were more likely to have cerebral diseases
and cardiovascular disease, and the prevalence of severe
inflammation and liver injury in hospital was higher in T2DM
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patients. Neither severe pneumonia, heart failure in hospital, nor
other comorbidities were significantly different between patients
with T2DM and those without. Patients with T2DM also had a
shorter duration of hospital stay (DoHS). T2DM contributed to
the prevalence of all-cause death (Table 1).

Characteristics of T2DM Patients and
Non-T2DM Patients According to the
CysC Level
T2DM and non-T2DM patients were divided into two groups
according to the CysC level at a cut-off of 0.93 mg/dL.

Among T2DM patients with CysC >0.93 mg/dL, we noted a
higher prevalence of severe pneumonia, heart failure, all-
cause death, and older age than those in T2DM patients with
CysC ≤0.93 mg/dL. The difference in the number of men,
comorbidities (cerebral diseases, cardiovascular diseases,
chronic renal diseases, and pulmonary diseases), severe
inflammation, diabetes duration, medicine control for diabetes,
glucocorticoid use, and DoHS between these two groups was not
significant (Table 2).

Among non-T2DM patients with CysC >0.93 mg/dL, we
noted a higher prevalence of men, heart failure, and older age
than those in T2DM patients with CysC ≤0.93 mg/dL. The
difference in the prevalence of comorbidities (cerebral diseases,
cardiovascular diseases, chronic renal diseases, and pulmonary
diseases), severe pneumonia, glucocorticoid use, DoHS, liver
injury, and severe inflammation between these two groups was
not significant (Table 2).

The difference in routine hematology, indicators of organ
function (heart, liver, kidney), coagulation function, and
infection indicators between these two groups with T2DM or
without T2DM are shown in Table S2.

Characteristics of T2DM Patients and
Non-T2DM Patients Grouped by
CysC Rangeability
T2DM patients and non-T2DM patients were divided into two
groups according to CysC rangeability.

Among T2DM patients with CysC rangeability >0, we noted a
higher prevalence of severe pneumonia, severe inflammation,
liver injury, and older age than T2DM patients with CysC
rangeability ≤0. The difference in the number of men, DoHS,
diabetes duration, medicine control for diabetes, glucocorticoid
use, comorbidities (cerebral diseases, cardiovascular diseases,
chronic renal diseases, and pulmonary diseases), heart
failure, and death between these two groups was not
significant (Table 3).

Among non-T2DM patients with CysC rangeability >0, we
documented a higher prevalence of severe pneumonia,
DoHS, and older age than those with CysC rangeability ≤0.
The difference in the prevalence of glucocorticoid use,
comorbidities (cerebral diseases, cardiovascular diseases,
chronic renal diseases, and pulmonary diseases), liver injury,
severe inflammation, and heart failure between these two groups
was not significant (Table 3).
June 2021 | Volume 12 | Article 642452
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The difference in routine hematology, heart, organ function
(liver, kidney), coagulation function, and infection indicators
between these two groups of T2DM and non-T2DM patients is
shown in Table S3.

Association Between the CysC Level and
Organ Dysfunction and All-Cause Death as
Classified by T2DM
Multivariate logistic analysis for organ dysfunction and all-cause
death showed that if CysC ≤0.93 mg/dL was employed as a cut-
off, then CysC >0.93 mg/dL was associated significantly with a
risk of heart failure (odds ratio (OR) = 2.231, 95% CI: 1.125–
5.321) and all-cause death (2.694, 1.161–6.252), but not with
severe inflammation (1.142, 0.769–1.695) or liver injury (1.072,
0.871–1.672) (Figure 1).

Using CysC ≤0.93 mg/dL as a cut-off, then CysC >0.93 mg/dL
was associated with an increased risk of heart failure (OR = 2.962,
95% CI: 1.006–8.724) and all-cause death (5.585, 2.328–13.397),
but not with severe inflammation (0.997, 0.980–1.701) or liver
injury (0.854, 0.711–1.514) for T2DM patients. The relationship
betweenCysC>0.93mg/dLandsevere inflammationor liver injury
was not significant in the non-T2DM group. CysC >0.93 mg/dL is
Frontiers in Endocrinology | www.frontiersin.org 4172
associated with heart failure (4.357, 1.132-10.874), but adjusted by
age, prevalence of severe pneumonia, as well as serum levels of
albumin, glucose, and log NT-proBNP, the association between
CysC >0.93 mg/dL and heart failure was not significant in the
non-T2DM group (Figure 1).

In T2DM patients adjusted by age, prevalence of severe
pneumonia, as well as serum levels of albumin, glucose, and
log NT-proBNP, there was a significantly increased contribution
of CysC >0.93 mg/dL to all-cause death (OR = 4.059, 95% CI:
1.045–14.340) in women but not in men. Using a cut-off of CysC
≤0.93 mg/dL, then CysC >0.93 mg/dL did not show an obvious
link to severe inflammation, liver injury, or heart failure in men
or women (Figure 2).

Association Between CysC Rangeability
and All-Cause Death Classified by T2DM
Compared with patients with CysC rangeability ≤0, those
with CysC rangeability >0 had a high correlation with all-cause
death (OR = 4.217, 95% CI: 1.953–9.106). For T2DM patients,
there was a significantly increased contribution of CysC
rangeability >0 to all-cause death (OR = 5.585, 95% CI: 2.328–
13.397) (Figure 3).
TABLE 1 | Characteristics of hospitalized patients with COVID-19.

Variables Total Non-T2DM T2DM p
(n = 1247) (n = 572) (n = 675)

Age 63 (51, 70) 66 (55, 72) 61 (47.5, 68) <0.001
Men 598 (48) 270 (47) 328 (49) 0.53
Severe pneumonia, n (%) 118 (9.4) 49 (8.6) 69 (10.2) 0.285
CysC baseline, mg/L 0.93 (0.77, 1.14) 0.96 (0.79, 1.19) 0.9 (0.74, 1.12) <0.001
Hospital stays (days) 15 (11, 17) 16 (14, 17) 14 (11, 17) 0.003
Glucocorticoid use 0.362
0 (no) 1123 (90%) 520 (91.0) 603 (89.3)
1 (yes) 124 (10.0) 52 (9.0) 72 (10.7)

Comorbidities
Cerebral diseases, n (%) 0.003
0 (no) 1193 (95.7) 561 (98) 632 (93.6)
1(yes) 54 (4.3) 11 (2.0) 43 (6.4)
Cardiovascular diseases, n (%) 0.045
0 (no) 761 (61.0) 373 (65.2) 388 (57.5)
1 (yes) 486 (39.0) 199 (34.8) 287 (42.5)
Chronic renal diseases, n (%) 0.576
0 (no) 1221 (97.9) 565 (98.8) 656 (97.2)
1 (yes) 26 (2.1) 7 (1.2) 19 (2.8)

Complications during hospitalization
Liver injury, n (%) 0.02
0 (no) 989 (79) 486 (85) 503 (75)
1 (yes) 258 (21) 86 (15) 172 (25)
Heart failure, n (%) 0.318
0 (no) 1203 (96) 548 (96) 655 (97)
1 (yes) 44 (4) 24 (4) 20 (3)
Severe inflammatory, n (%) <0.001
0 (no) 1057 (85) 516 (90) 541 (80)
1 (yes) 190 (15) 56 (10) 134 (20)
All-cause death, n (%) <0.001
0 (no) 1191 (96) 572 (100) 619 (92)
1(yes) 56 (4) 0 (0) 56 (8)
June 2021 | Volume 12 | Article
Data are reported as mean ± SD, median (IQR) or number and percentage. T2DM, type 2 diabetes mellitus; NT-proBNP, N terminal pro B type natriuretic peptide; CysC, cystatin C; BNP,
brain natriuretic peptide. Severe inflammation was defined as the highest neutrophil:lymphocyte ratio >6.11 during hospitalization; liver injury was defined as a level of alanine transaminase
>40 U/L at any time during hospitalization; and heart failure was defined as clinical symptoms present with the level of NT-proBNP >300 pg/mL during hospitalization.
642452

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Yang et al. Cystatin C Effect on COVID-19 Patients
TABLE 2 | Characteristics of T2DM patients and non-T2DM patients according to the CysC level.

Variables Total CysC ≤ 0.93 mg/dl CysC ＞ 0.93 mg/dl p
T2DM N = 675 N = 344 N = 331

Age, y 61 (47.5, 68) 56 (41, 65) 63 (55, 71) <0.001
Men, n (%) 328 (49) 165 (48) 163 (49) 0.798
Severe pneumonia, n (%) 69 (10.2) 14 (4.1) 55 (16.6) <0.001
Hospital stays (days) 14 (11, 17) 14 (11, 17) 14 (10.5, 18) 0.842
Diabetes duration, y 4 (1, 7) 4 (0.5, 6) 4 (1, 7) 0.305
Medicine control for diabetes 0.310
No medication, n (%) 405 (60) 219 (63.7) 186 (56.2)
Oral medication, n (%) 205 (30.5) 96 (28.0) 109 (33.0)
Insulin, n (%) 83 (12.3) 39 (11.4) 41 (13.2)
Glucocorticoid use 0.271
0 (no) 603 (89.3) 306 (89.0) 297 (89.7)
1 (yes) 72 (10.7) 38 (11.0) 34 (10.3)

Comorbidities
Cerebral diseases, n (%) 0.376
0 (no) 632 (93.6) 324 (94.1) 308 (93.1)
1 (yes) 43 (6.4) 20 (5.9) 23 (6.9)
Cardiovascular diseases, n (%) 0.051
0 (no) 388 (57.5) 206 (59.9) 182 (55.0)
1 (yes) 287 (42.5) 138 (40.1) 149 (45.0)
Chronic renal diseases, n (%) 0.056
0 (no) 656 (97.2) 565 (98.8) 656 (97.2)
1 (yes) 19 (2.8) 9 (2.6) 10 (3.0)

Complications during hospitalization
Liver injury, n (%) 0.332
0 (no) 503 (75) 260 (76) 243 (73)
1 (yes) 172 (25) 84 (24) 88 (27)
Heart failure, n (%) 0.033
0 (no) 655 (97) 339 (99) 316 (95)
1 (yes) 20 (3) 5 (1) 15 (5)
Severe inflammatory, n (%) 0.952
0 (no) 541 (80) 275 (80) 266 (81)
1 (yes) 134 (20) 69 (20) 65 (19)
All-cause death, n (%) <0.001
0 (no) 619 (92) 334 (97) 285 (86.1)
1 (yes) 56 (8.0) 10 (3.0) 46 (13.9)
Non-T2DM N = 572 N = 290 N = 282
Age 66 (55, 72) 60 (48, 67) 70 (62, 77) <0.001
Men, n (%) 270 (47) 120 (41) 150 (53)
Severe pneumonia, n (%) 49 (8.6) 18 (6.2) 31 (11.0) 0.034
Hospital stays (days) 16 (14, 17) 16 (14, 17) 16 (13, 18) 0.317
Glucocorticoid use 0.298
0 (no) 520 (91.0) 261 (90.0) 259 (91.8)
1 (yes) 52 (9.0) 29 (10.0) 23 (8.2)

Comorbidities
Cerebral diseases, n (%) 0.062
0 (no) 561 (98) 284 (97.9) 277 (93.6)
1 (yes) 11 (2.0) 6 (2.1) 5 (1.7)
Cardiovascular diseases, n (%) 0.058
0 (no) 373 (65.2) 195 (67.0) 178 (63.1)
1 (yes) 199 (34.8) 95 (33.0) 104 (36.9)
Chronic renal diseases, n (%) 0.268
0 (no) 565 (98.8) 286 (98.6) 279 (98.9)
1 (yes) 7 (1.2) 4 (1.4) 3 (1.1)

Complications during hospitalization
Liver injury, n (%) 0.896
0 486 (85) 246 (85) 240 (86)
1 86 (15) 44 (15) 42 (14)
Heart failure, n (%) 0.003
0 548 (96) 285 (98) 263 (93)
1 24 (4) 5 (2) 19 (7)
Severe inflammatory, n (%) 0.937
0 516 (90) 258 (89) 248 (88)

(Continued)
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TABLE 2 | Continued

Variables Total CysC ≤ 0.93 mg/dl CysC ＞ 0.93 mg/dl p
T2DM N = 675 N = 344 N = 331

1 56 (10) 32 (11) 34 (12)
All-cause death, n (%) 1
0 602 (100) 301 (100) 301 (100)
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Data are reported as mean ± SD, median (IQR) or number and percentage. T2DM, type 2 diabetes mellitus; NT-proBNP, N terminal pro B type natriuretic peptide; CysC, cystatin C; BNP,
brain natriuretic peptide. Severe inflammation was defined as the highest neutrophil:lymphocyte ratio >6.11 during hospitalization; liver injury was defined as a level of alanine transaminase
>40 U/L at any time during hospitalization; and heart failure was defined as clinical symptoms present with the level of NT-proBNP >300 pg/mL during hospitalization.
TABLE 3 | Characteristics of T2DM patients and non-T2DM patients grouped by CysC rangeability.

Variables Total CysC rangeability ≤ 0 CysC rangeability ＞ 0 p
T2DM N = 675 N = 407 N = 268

Age, years 61 (47.5, 68) 56 (41, 65) 63 (55, 71) <0.001
Men, n (%) 328 (49) 193 (47.4) 135 (50.4)
Severe pneumonia, n (%) 69 (10.2) 12 (2.9) 57 (21.3) <0.001
Hospital stays (days) 14 (11, 17) 14 (10, 17) 14 (11, 18) 0.071
Diabetes duration, y 4 (1, 7) 4 (1,6) 5(2, 7) 0.293
Medicine control for diabetes 0.237
No medication, n (%) 405 (60.0) 248 (61.0) 157 (58.6)
Oral medication, n (%) 205 (30.5) 130 (32.0) 75 (28.0)
Insulin, n (%) 83 (12.3) 56 (13.7) 27 (10.0)
Glucocorticoid use 0.112
0 (no) 603 (89.3) 361 (88.6) 242 (90.3)
1 (yes) 72 (10.7) 46 (11.4) 26 (9.7)
Comorbidities
Cerebral diseases, n (%) 0.237
0 (no) 632 (93.6) 380 (93.3) 252 (94.0)
1 (yes) 43 (6.4) 27 (6.7) 16 (6.0)
Cardiovascular diseases, n (%) 0.549
0 (no) 388 (57.5) 232 (57.0) 156 (58.3)
1 (yes) 287 (42.5) 175 (43.0) 112 (41.7)
Chronic renal diseases, n (%) 0.576
0 (no) 656 (97.2) 395 (97.0) 261 (97.4)
1 (yes) 19 (2.8) 12 (3.0) 7 (2.6)
Complications during hospitalization
Liver injury, n (%) 0.033
0 (no) 503 (75.0) 365 (89.7) 224 (83.6)
1 (yes) 172 (25.0) 42 (10.3) 44 (16.4)
Heart failure, n (%) 0.685
0 (no) 655 (97) 396 (97.3) 259 (96.6)
1 (yes) 20 (3) 11 (2.7) 9 (3.4)
Severe inflammation, n (%) 0.035
0 (no) 541 (85) 392 (96.3) 249 (92.9)
1 (yes) 134 (20) 15 (3.7) 19 (7.1)
All-cause Death, n (%) <0.001
0 (no) 619 (92) 395 (97.1) 224 (83.6)
1 (yes) 56 (8) 12 (2.9) 44 (16.4)
Non-T2DM N = 572 N = 372 N = 200
Age 66 (55, 72) 60 (48, 67) 70 (62, 77) <0.001
Men, n (%) 270 (47) 176 (45.6) 105 (48.6) 0.477
Severe pneumonia, n (%) 49 (8.6) 15 (3.9) 34 (17) <0.001
Hospital stays (days) 16 (14, 17) 16 (9, 17) 16 (14, 18) 0.004
Glucocorticoid use 0.380
0 (no) 520 (91.0) 337 (90.5) 183 (91.5)
1 (yes) 52 (9.0) 35 (9.5) 17 (8.5)
Comorbidities
Cerebral diseases, n (%) 0.479
0 (no) 561 (98) 365 (98.1) 196 (98.0)
1 (yes) 11 (2.0) 7 (1.9) 4 (2.0)
Cardiovascular diseases, n (%) 0.067
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TABLE 3 | Continued

Variables Total CysC rangeability ≤ 0 CysC rangeability ＞ 0 p
T2DM N = 675 N = 407 N = 268

0 (no) 373 (65.2) 234 (62.8) 133 (66.5)
1 (yes) 199 (34.8) 138 (37.2) 67 (33.5)
Chronic renal diseases, n (%) 0.078
0 (no) 565 (98.8) 368 (98.9) 197 (98.5)
1 (yes) 7 (1.2) 4 (1.1) 3 (1.5)
Complications during hospitalization
Liver injury, n (%) 0.387
0 (no) 486 (95) 318 (85.5) 168 (84.0)
1 (yes) 86 (15) 54 (14.5) 32 (16.0)
Heart failure, n (%) 0.754
0 (no) 548 (96) 358 (96.3) 190 (95.0)
1 (yes) 24 (4) 14 (3.7) 10 (5.0)
Severe inflammation, n (%) 0.325
0 (no) 516 (90) 341 (90.9) 180 (89.0)
1 (yes) 56 (10) 34 (9.1) 22 (11.0)
All-cause death, n (%) 1
0 (no) 602 (100) 301 (100) 301 (100)
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Data are reported as mean ± SD, median (IQR) or number and percentage. T2DM, type 2 diabetes mellitus; NT-proBNP, N terminal pro B type natriuretic peptide; CysC, cystatin
C; BNP, brain natriuretic peptide. Severe inflammation was defined as the highest neutrophil:lymphocyte ratio >6.11 during hospitalization; liver injury was defined as a level of
alanine transaminase >40 U/L at any time during hospitalization; and heart failure was defined as clinical symptoms present with the level of NT-proBNP >300 pg/mL during
hospitalization.
A B

C D

FIGURE 1 | The association between CysC and organ dysfunction and all-cause death classified by T2DM. (A) The association between CysC and severe
inflammation classified by T2DM. (B) The association between CysC and liver injury classified by T2DM. (C) The association between CysC and heart failure
classified by T2DM. (D) The association between CysC and all-cause death classified by T2DM. Severe inflammation was defined as the highest NLR
>6.11 during hospitalization; liver injury was defined as a level of ALT >40 U/L at any time during hospitalization; and heart failure was defined as the highest
level of NT-proBNP>300 pg/mL during hospitalization. Adjusted by age, severe pneumonia, serum albumin, blood glucose, log NT-proBNP baseline. T2DM,
type 2 diabetes mellitus; CysC, cystatin C; NLR, neutrophil-to-lymphocyte ratio; ALT, alanine aminotransferase; NT-proBNP: N terminal pro B type
natriuretic peptide.
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For T2DM patients adjusted by age, prevalence of severe
pneumonia, as well as serum levels of albumin, glucose, and log
NT-proBNP, there was a significant contribution of CysC
rangeability >0 to all-cause death for men (OR = 4.699, 95%
CI: 1.604–13.767). Notably, this association was increased
significantly for women (OR = 13.514, 95% CI: 1.398–
30.675) (Figure 4).
DISCUSSION

We found that CysC >0.93 mg/dL and CysC rangeability >0 were
independently associated with mortality among COVID-19-
associated hospitalized adults with T2DM, and that CysC
Frontiers in Endocrinology | www.frontiersin.org 8176
rangeability contributed a greater risk for in-hospital death
than a single concentration of CysC. More importantly, when
classified by sex, this association was stronger in women.
Notably, we also observed these associations in patients with
mild pneumonia, and all causes of death were contributed
by T2DM.

No studies have looked at the association between CysC level
and all-cause death in COVID-19-associated hospitalized adults,
or the effect of a combination of T2DM and sex.

CysC is an endogenous biomarker of renal function. It can be
used to indirectly assess the glomerular filtration rate (20), which
has been shown to be useful in diagnosing AKI and predicting its
outcomes (15). But there remain a few controversial issues, a
study by Hamed HM et al. in 2013 included 32 critically ill
A B

FIGURE 2 | The association between CysC and organ dysfunction and all-cause death in diabetes population classified by sex. (A) The association between CysC
and organ dysfunction and all-cause death in the male diabetes population. (B) The association between CysC and in the female diabetes population. Severe
inflammation was defined as the highest NLR >6.11 during hospitalization; liver injury was defined as a level of ALT >40 U/L at any time during hospitalization; and
heart failure was defined as the highest level of NT-proBNP>300 pg/mL during hospitalization. Adjusted by age, severe pneumonia, serum albumin, blood glucose,
log NT-proBNP baseline. T2DM, type 2 diabetes mellitus; CysC, cystatin C; NLR, neutrophil-to-lymphocyte ratio; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; NT-proBNP, N terminal pro B type natriuretic peptide.
FIGURE 3 | The association between CysC rangeability and all-cause death classified by T2DM. CysC rangeability (changes in renal function) calculated as the
difference in the CysC level between the time of hospital admission and the highest CysC level recorded during hospitalization. Adjusted by age, severe pneumonia,
serum albumin, blood glucose, log NT-proBNP baseline. T2DM, type 2 diabetes mellitus; NT-proBNP, N terminal pro B type natriuretic peptide.
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children who were at risk for developing AKI with a high rate of
multi-organ system failure (34.4%) and mortality (62.5%) (21).
The study concluded an opposite perspective that CysC is a poor
biomarker for diagnosing acute kidney injury. Why the
conclusion of this study is different from other studies which
included adult patients is uncertain (13, 15, 22), but one reason
may be that these children were all critically ill patients with a
high incidence of multiple organ dysfunction and death, but the
use of glucocorticoids as treatment was not mentioned, however
glucocorticoid use can affect serum CysC levels (11). And Hamed
HM’s study included neonatal patients whose minimum age is 1
month. Whereas in a review study, Jason H and colleagues
concluded that the pathophysiology of neonatal AKI is unique
and can be affected by high plasma renin activity, high renal
vascular resistance, low baseline GFR, ongoing tubular
development, and nephrogenesis (23). Furthermore, compared
with older adults with diminishing nephron mass, children’s
ongoing growth, greater renal reserve, and superior renal
regenerative potential make AKI in children and adults very
different (24). Finally, children have unique comorbidities,
of which there are no adult equivalents. Comorbidities may
affect the course and management of their AKI, such as
bronchopulmonary dysplasia, patent ductus arteriosus, and
necrotizing enterocolitis (25). Our study included adults with a
median age of 63 (interquartile range [51, 70]), and we also analyzed
the data of glucocorticoid use and found that glucocorticoid use
showed no difference between the T2DM group and non-T2DM
group. The difference of glucocorticoid use between low and high
CysC groups and low and high CysC-rangeability groups was also
no statistically significant. Thus, considering CysC as a superior
biomarker of renal function is reasonable in our study.

CysC is produced in nucleated cells, and is influenced less by
reduced muscle mass, acute/chronic illness, and nutritional status
than creatinine (26). CysC has been found to be a sensitive serum
marker of the glomerular filtration rate and a stronger predictor
than creatinine as a risk factor of cardiovascular events and all-cause
death in older patients (26). Some studies have suggested that a high
Frontiers in Endocrinology | www.frontiersin.org 9177
serum level of CysC is associated with the severity and poor
prognosis of cardiovascular disease (27), neurodegeneration (28),
chronic kidney disease (29), AKI (30), and chronic liver disease (31)
in critically ill ICU patients (32) as well as the general population
(33). Thus, CysC could be a molecular marker in serum for
predicting a poor prognosis of various acute and chronic diseases.

Since the COVID-19 pandemic, increasing numbers of studies
have been devoted to discovering its clinical features and the organ
damage it causes. Some studies have shown that organ (heart, liver,
kidney) function is impaired in SARS-CoV-2-infected patients
(7, 34–36). Moreover, the outcome of COVID-19 patients is
associated with organ damage. An observational study from
South Korea by Kim YL and colleagues showed that COVID‐19
patients with severe AKI had fatal outcomes (37). Kim YL and
colleagues used the rapid development of urea nitrogen and
creatinine to evaluate the deterioration of renal function, but not
the more stable biomarker CysC. Our study is the first to focus on
CysC and CysC rangeability to observe the impact on organ
function and mortality in COVID-19 patients.

Researchers have observed that SARS-CoV-2 can directly infect
the kidney and cause renal impairment. In an autopsy study, Victor
and colleagues quantified the SARS-CoV-2 load in the organs and
tissues of 22 patients who had died from COVID-19. They found
that the highest number of SARS-CoV-2 copies/cells was detected in
the respiratory tract, with lower levels in the kidney, heart, liver,
brain, and blood. Those findings indicate that the kidneys are
among the most common targets of SARS-CoV-2 (35).

RNA enrichment for transmembrane serine protease 2,
angiotensin-converting enzyme 2, and cathepsin L are considered
to facilitate SARS-CoV-2 infection. The RNA of genes is enriched in
multiple kidney cell types from fetal development through to
adulthood. Such enrichment may promote SARS-CoV-2-
associated kidney injury (38, 39).

CysC is one of the most reliable parameters of renal function in
the general population. Thus, upon SARS-CoV-2 infection, kidney
injury can be reflected in the CysC level. Chen X and coworkers
studied CTs of the chest in the first week of COVID-19 and CysC
FIGURE 4 | The association between CysC rangeability and all-cause death in T2DM patients. CysC rangeability (changes in renal function) calculated as the
difference in the CysC level between the time of hospital admission and the highest CysC level recorded during hospitalization. Adjusted by age, severe pneumonia,
serum albumin, blood glucose, log NT-proBNP baseline. T2DM, type 2 diabetes mellitus; NT-proBNP, N terminal pro B type natriuretic peptide.
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levels. They showed that COVID-19 patients with a high CysC level
showed more progressive lung lesions on CT. A predictive value of
the CysC level upon hospital admission to disease progression was
observed rather than dynamic changes (40). Also, COVID-19
severity was closely related to death. We not only found that the
CysC level was associated with in-hospital death from COVID-19,
we also observed that the change in CysC level during
hospitalization was important for predicting death.

Feldman EL and collaborators discovered that T2DM worsened
COVID-19 but was also an independent risk factor for severe
pneumonia and a poor prognosis (41), data that are in
accordance with our results. T2DM can be defined as the
phenotype of hyperglycemia that manifests a group of common
metabolic disorders. The metabolic disorders related to T2DM
cause secondary pathophysiological changes in multiple organs
and tissues, and result in various complications that contribute to
the morbidity and mortality associated with T2DM (41).

The pathophysiology of SARS-CoV-2 infection is not completely
understood. However, studies have demonstrated that SARS-CoV-2
can trigger severe inflammation in certain organs and cause tissue
tropism, and shares the same features of chronic inflammation and
multi-organ damage observed in T2DM (41). SARS-CoV-2
infection causes intense acute responses to hyperglycemia,
inflammation, and tissue damage that are also observed in
T2DM. T2DM is characterized by impaired glycemic regulation,
chronic low-grade inflammation, slowly progressive multi-
organ damage, as well as microvascular (neuropathy, chronic
kidney disease) and macrovascular (cerebrovascular disease)
complications. Acute COVID-19-associated adverse responses
may overlap with glucose instability, preexisting inflammation,
and multi-organ damage in T2DM patients and, eventually,
worsen outcomes (41). Increased CysC level in COVID-19
patients complicated with AKI is also an indicator for the early
detection of diabetic nephropathy in T2DM. Thus, monitoring
change in the CysC level may be important for assessing COVID-
19 progression.

The CysC level upon hospital admission was strongly
associated with death in women, but not in men, in our study.
Although the relationship between CysC rangeability and death
was not sex-specific, a greater contribution was observed in
women than in men. This result may have been because the
CysC level is significantly higher in men than that in age-
matched women (42), and because if men and women have
the same level of CysC, women tend to have worse kidney
function. Wang Y and coworkers showed that SARS-CoV-2
infection can aggravate kidney injury in patients with chronic
kidney disease (43). Therefore, renal injury in patients with
chronic renal disease should be monitored.

Our study had four main limitations. First, it was a single-
center observational study, so the generalizability of our results is
limited. Second, this study was retrospective. Third, multiple
tests for renal function were carried out at different times for
each patient. Fourth, biases may have occurred due to the
increased number of tests in patients with renal injury. Finally,
serum CysC levels are affected by thyroid disease, glucocorticoid
use, and obesity (11). However, due to the emergency situation,
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thyroid diseases were not included in our disease data, and
thyroid function of patients in our study were not assessed.
Our complication status of T2DM was also deficient.
CONCLUSIONS

CysC may influence the progression and prognosis of COVID-
19, and an increased risk of severe complications and death may
be seen with COVID-19 patients suffering from T2DM.
Attention should be paid to COVID-19 patients with a high
level of CysC and CysC rangeability, especially those with
T2DM. The exact mechanism underlying CysC-related changes
in the course of COVID-19 merit further investigation.
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