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Acute and long-term disruption of glycometabolic
control after SARS-CoV-2 infection
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Patients with coronavirus disease 2019 (COVID-19) are reported to have a greater prevalence of hyperglycaemia. Cytokine
release as a consequence of severe acute respiratory syndrome coronavirus 2 infection may precipitate the onset of metabolic
alterations by affecting glucose homeostasis. Here we describe abnormalities in glycometabolic control, insulin resistance and
beta cell function in patients with COVID-19 without any pre-existing history or diagnosis of diabetes, and document glycae-
mic abnormalities in recovered patients 2 months after onset of disease. In a cohort of 551 patients hospitalized for COVID-19
in Italy, we found that 46% of patients were hyperglycaemic, whereas 27% were normoglycaemic. Using clinical assays and
continuous glucose monitoring in a subset of patients, we detected altered glycometabolic control, with insulin resistance and
an abnormal cytokine profile, even in normoglycaemic patients. Glycaemic abnormalities can be detected for at least 2 months
in patients who recovered from COVID-19. Our data demonstrate that COVID-19 is associated with aberrant glycometabolic
control, which can persist even after recovery, suggesting that further investigation of metabolic abnormalities in the context

of long COVID is warranted.

acute respiratory syndrome coronavirus 2 (SARS-CoV-2),

which can cause lethal respiratory disease'~". Preliminary
studies reported greater prevalence of hyperglycaemia in a cohort of
patients affected by COVID-19 (refs. >°); similar data were previously
reported in patients affected by SARS-CoV-1, which has been shown
to increase the levels of fasting glucose as compared to glucose lev-
els observed in patients with pneumonia unrelated to SARS-CoV-1
infection’~’. Currently, little evidence exists as to whether the effect
of SARS-CoV-2 on beta cell function is direct or indirect'*". It is
theoretically possible that SARS-CoV-2 may localize to the endo-
crine pancreas; indeed, mRNA levels of angiotensin-converting
enzyme 2 (ACE2), which is the primary SARS-CoV-2 receptor,
were found to be high in both exocrine and endocrine pancreas®”,
and immunohistochemistry as well as in situ hybridization studies
have identified SARS-CoV-1-related antigen in the pancreases of
patients who died of SARS-CoV-1 (refs. '*'*). Recently, the presence
of SARS-CoV-2 antigen in the post-mortem pancreases of patients

D iabetes is one of the more frequent comorbidities of severe

who died of COVID-19 has been reported as well'*. Moreover, stud-
ies using primary human islets demonstrated that pancreatic beta
cells are highly permissive to SARS-CoV-2 infection through ACE2
(refs. V7). Interestingly, SARS-CoV-2 also induces a cytokine storm,
an exaggerated immune response with a broad spectrum of cyto-
kine production that establishes a systemic proinflammatory milieu,
which may play a role in facilitating insulin resistance and beta cell
hyperstimulation, eventually leading to altered beta cell function
and death'®'®*. SARS-CoV-2 may also enhance the pre-existing
proinflammatory status observed in type 2 diabetes*'~** (T2D), thus
worsening patient survival and complications. The aim of this study
is to examine whether abnormalities in glycometabolic control,
insulin resistance and beta cell function are associated with COVID-
19 in patients (‘acute COVID-19’) without any pre-existing history
or diagnosis of diabetes. We also evaluated the persistence of these
abnormalities over time in patients who recovered from COVID-19
(‘post COVID-19’). Our study demonstrates the manner in which
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COVID-19-related hyperglycaemia develops and thus may aid in
determining the mechanism of disease.

Results

Increased rate of new-onset hyperglycaemia in COVID-19. We
first evaluated alterations in glycometabolic control in a cohort
of 551 patients with COVID-19 admitted to our academic centre
(ASST FBF-Sacco Milan, Presidio Sacco). A total of 151 patients
(27%) were affected by T2D with clearly abnormal levels of gly-
cated haemoglobin at hospital admission (Fig. 1a,c). Among these
151 patients, 86 had a history of diabetes, while a diabetes diagnosis
was made for the remaining 65 patients according to the American
Diabetes Association (ADA) criteria®® during their in-hospital stay
(Fig. 1a). Surprisingly, in 253 of 551 patients (46%), overt hypergly-
caemia was measured during hospitalization, while the remaining
147 patients (27%) displayed normal blood glucose levels (Fig. 1a).
Among patients who exhibited new-onset hyperglycaemia at hospi-
tal admission for COVID-19, persistent hyperglycaemia continued
to be observed in the following 6 months in nearly 35% of patients,
overt diabetes was diagnosed in ~2% of patients, and the remain-
ing 63% of patients showed remission and became normoglycaemic
(Fig. 1b). Demographic and clinical characteristics of the study pop-
ulation are reported in Table 1. Importantly, the mean time to clini-
cal improvement from COVID-19 was 14.9+0.5d for all patients,
although it was extended to 20.2+1.3d in the previously diabetic
group (Table 1). As expected, mean haemoglobin Alc (HbAlc)
levels were significantly higher in patients with established/newly
diagnosed diabetes as compared to patients with new-onset hyper-
glycaemia and normoglycaemia, and HbAlc levels did not dif-
fer between patients with normoglycaemia and patients with
new-onset hyperglycaemia (Fig. 1c), thus confirming the recent
onset of hyperglycaemia. Conversely, mean peak blood glucose lev-
els measured during the hospital stay were significantly different
among the three groups, and blood glucose levels of patients who
had established diabetes were the highest (Fig. 1d). A time-to-event
endpoint analysis showed increased mortality in patients with
established/newly diagnosed diabetes, with an increase in the haz-
ard ratio (HR) as compared to patients with normoglycaemia (HR:
2.16, confidence interval (CI): 1.27-3.67, P=0.009) and those with
new-onset hyperglycaemia (HR: 2.05, CI: 1.28-3.29, P=0.002; Fig.
le). Interestingly, patients with new-onset hyperglycaemia required
a longer in-hospital stay (Fig. 1f) and displayed a higher clinical
score at hospital admission (Fig. 1g), which was also associated with
a higher proportion of patients who had new-onset hyperglycaemia

requiring oxygen support and ventilation as compared to patients
with normoglycaemia, while no difference in the need for intensive
care was reported among groups (Fig. 1h-j). An increased odds ratio
observed in hyperglycaemic patients, after adjusting for age and sex
(Fig. 1k), further confirmed the association between new-onset
hyperglycaemia and poor clinical outcomes. Additionally, patients
with established T2D required a longer hospitalization stay and
displayed worse clinical scores and respiratory parameters as com-
pared to the two other groups (Fig. 1f-j). Taken together, our data
suggest that COVID-19-associated new-onset hyperglycaemia may
predispose patients to long-term hyperglycaemia, worse clinical
outcomes and clinical scores, prolonged hospital stays and higher
demand for oxygen support or positive-pressure ventilation.

Continuous glucose monitoring demonstrated glycaemic abnor-
malities in COVID-19. To evaluate alterations in glycaemic control
not detected by fasting glycaemia, professional continuous glucose
monitoring (CGM) was performed in patients with COVID-19
(n=10) or in patients who eventually recovered from COVID-19
(n=10) and with normal fasting glucose, in healthy controls (n =15)
and in patients with T2D (n=10; Fig. 2a-h). CGM was performed
during the acute phase of COVID-19 and at 62.0+6.5d after dis-
ease onset (Table 2 and Supplementary Table 1). Demographic
and clinical characteristics of the aforementioned subgroups are
reported in Table 2. Analysis of CGM reports collected from sub-
groups showed that, in normoglycaemic patients, COVID-19 was
associated with an overall impaired glycaemic profile, as demon-
strated by a significantly longer duration of glycaemia above 140 mg
dl™! (Fig. 2a), significantly higher glycaemic area under the curve
(AUC) above 140mg dI™! (Fig. 2b) and higher mean postprandial
glycaemia at 60 min (Fig. 2c). COVID-19 was also associated with
higher glycaemic variability, as shown by higher coefficient of vari-
ability (Fig. 2e) and higher standard deviation (Fig. 2f) as compared
to healthy controls. Surprisingly, glycaemic alterations persisted
in some patients who recovered from COVID-19. Indeed, com-
pared to healthy controls, patients who recovered from COVID-19
showed a greater duration of glycaemia above 140 mg dI™* (Fig. 2a),
higher mean postprandial glycaemia at 120min (Fig. 2d), higher
mean blood glucose (Fig. 2¢) and higher nadir blood glucose (Fig.
2h). For patients who recovered from COVID-19, other parameters
such as coefficient of variability and standard deviation were similar
to those of healthy controls but different from those of patients with
acute COVID-19 (Fig. 2¢,f). Collectively, our findings suggest that
abnormal glycometabolic control occurs in patients with COVID-

>
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Fig. 1] Increased rate of new-onset hyperglycaemia in patients with COVID-19. a, Glycometabolic abnormalities in a cohort of 551 patients with COVID-
19 (acute COVID-19) at hospital admission. b, Glycaemic alterations for the hyperglycaemic group at 6 months follow-up from their hospital discharge
(post COVID-19). ¢,d, Mean HbATc levels and mean peak blood glucose levels were evaluated in patients with diabetes, new-onset hyperglycaemia

and normoglycaemia. e, Survival rates of the three groups (diabetic, new-onset hyperglycaemic and normoglycaemic) represented as time to clinical
endpoint analysis, showing an increase in mortality in the diabetic group as compared to the hyperglycaemic and normoglycaemic groups. f,g, Time to
hospital discharge and clinical score at hospital admission in the three patient groups. h-j, Rate of oxygen requirement, ventilatory support and need for
intensive care were also reported and compared in the diabetic, hyperglycaemic and normoglycaemic groups; dark grey rectangles represent individuals
with diabetes, light grey rectangles represent individuals with hyperglycaemia, and white rectangles represent individuals with normoglycaemia. k, Forest
plots comparing the odds ratio of the clinical outcomes (oxygen support, ventilatory support and need for intensive care) between the hyperglycaemic
and the normoglycaemic groups, after adjusting for age and sex. Bar plots in a and b represent the proportion of individuals with diabetes, hyperglycaemia
and normoglycaemia. Scatterplots in ¢ and d show the mean +s.e.m., the error bars represent the s.e.m., and each dot represents an individual sample
(diabetic (black; n=146), hyperglycaemic (dark grey; n=249) and normoglycaemic (light grey; n=140)). Survival curve in e represents the proportions of
individuals at risk who are still alive at regular intervals, up to 30 d from admission and stratified by glycaemic status ((diabetic (grey lines), hyperglycaemic
(blue lines) and normoglycaemic (green lines)). Bar graphs in f and g show the mean +s.e.m., and the error bars represent the s.e.m. (f. diabetic (black;
n=151), hyperglycaemic (dark grey; n=253) and normoglycaemic (light grey; n=147) groups; g: diabetic (dark grey bars; n=144), hyperglycaemic

(light grey bars; n=247) and normoglycaemic (white bars; n=140) groups. Stacked bar graphs in h-j represent proportions of patients requiring or not
requiring oxygen support (diabetic, n=146; hyperglycaemic, n=221; normoglycaemic, n=126), ventilatory support (diabetic, n=146; hyperglycaemic,
n=219; normoglycaemic, n=149), intensive care need (diabetic, n=143; hyperglycaemic, n=218; normoglycaemic, n=128). Log-rank (Mantel-Cox) test
(e), one-way analysis of variance (ANOVA) with Holm-Sidak correction (¢, d and f) or Kruskal-Wallis with Dunn'’s correction (g), two-sided Fisher's/
chi-squared test (h, i and j) and logistic multivariable regression (k) were used for statistical analysis. VS, ventilatory support; ICU, intensive care unit.
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19, although to a lower extent as compared to glycaemic alterations
observed in patients with T2D, and that this effect persists even
after recovery from the disease.
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Table 1| Demographic and clinical characteristics of the study population

All

Diabetic

Hyperglycaemic

Normoglycaemic

P value

n

551

151

253

147

M/F, n (%)

344/207 (62/38)

103/48 (67/33)

159/94 (65/35)

82/65 (51/49)

0.28"

Age (years) 61+0.7 67+11

BMI (kg/m?) 27+0.5 29+14

Hypertension, n 64 66 68

ACE/ARB, n 19 47 47

Time to clinical 149+0.5 20.2+1.3

improvement, d

Death, n (%) 85 (15) 42 (28)

Time to death, d MnN4+14 10.5+21

IL-6 (pg mI~") 791+74 108.2+18.7

61+0.9

27+0.7

13.6+0.6

N7+1.8

74.6+8.0

0.03%
0.17#
<0.001"
<0.007¢
<0.001*
0.0097
0.009°
0.009*
30 <0.001"
<0.001®
0.18*
25 0.002f
0.001°
0.67*#
12.8+0.8 0.001"
0.0071°
0.88*#

55+15

2711

29 () 14.(9) 0.0017

0.001%
0.86*
0.0097
0.009¢
0.009%
455+95 0.14f
0.007¢
0.38*

120+19

M, males; F, females; n, number of patients; ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker. Data are expressed as the mean +s.e.m. unless otherwise reported. ‘P Diabetes versus

hyperglycaemic; 5P Diabetes versus normoglycaemic; *P Hyperglycaemic versus normoglycaemic.

conditions and after an arginine stimulation test in the subgroup of
patients who underwent CGM. Although the arginine stimulation
test is not considered to be the standard methodology for assess-
ing beta cell function, several clinical trials have confirmed its reli-
ability and reproducibility when compared to standardized tests®.
Mean fasting insulin, proinsulin, C-peptide levels, homeostasis
model assessment of beta cell dysfunction (HOMA-B) and homeo-
stasis model assessment of insulin resistance (HOMA-IR), but not
insulin-to-proinsulin ratio, were significantly higher in patients
with COVID-19 as compared to healthy controls (Fig. 3a-f).
Interestingly, patients with COVID-19 showed significantly higher
maximal acute insulin responses to arginine (AIR,.; Fig. 3g) and
higher AUC for insulin and C-peptide in response to the arginine test
as compared to healthy controls (Fig. 3h,i). Furthermore, patients
who recovered from COVID-19 also showed significantly higher
fasting insulin levels, C-peptide levels, HOMA-B and HOMA-IR as
compared to healthy controls, with no differences observed in the
insulin-to-proinsulin ratio (Fig. 3a—f). Similarly, AIR ,, values were
significantly higher in patients who recovered from COVID-19 as
compared to healthy controls (Fig. 3g). Significantly higher AUC
values for insulin, but not for C-peptide, were found in patients who
recovered from COVID-19 as compared to healthy controls (Fig.
3h,i). Taken together, our data suggest that in patients with COVID-
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19 and in patients who have recovered from COVID-19, the hor-
mone profile is altered both under fasting conditions and after an
arginine stimulation test, which demonstrates persistent insulin
resistance, and that patients with COVID-19 display a similar hor-
monal profile to individuals with T2D (Fig. 3a-i). Collectively, signs
of beta cell hyperstimulation and aberrant functioning were evident
in patients with COVID-19, which may eventually exhaust beta cells
and lead to their demise”*.

Changes in the secretome are detected after COVID-19. Given
the reported higher cytokine levels in SARS-CoV-2-infected
patients”~, we evaluated the cytokine profile (that is, secretome)
in the serum of patients with COVID-19 or in those who recovered
from COVID-19 who had also undergone CGM and an arginine
stimulation test. To this end, we performed a multiplexed immuno-
assay analysis using a Luminex reader, which measures 17 distinct
analytes including cytokines and other secreted proteins. Of the 17
analytes assessed, 10 cytokines (interleukin (IL)-1p, IL-4, IL-6, IL-7,
IL-8, IL-10, IL-13, granulocyte-colony stimulating factor (G-CSF),
macrophage inflammatory protein-1 beta (MIP-1p) and tumour
necrosis factor (TNF)) were found to be significantly upregulated
in the serum of patients with COVID-19 as compared to healthy
controls (Fig. 4a-n and Supplementary Table 2). Notably, 10 of 17
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Fig. 2 | Continuous glucose monitoring demonstrated glycaemic abnormalities in patients with COVID-19. a-h, Duration of glycaemia measured above
140 mg dI~' (@), AUC of glycaemia levels above 140 mg dI~" (b), mean postprandial glycaemia at 60 min (¢), mean postprandial glycaemia at 120 min (d),
coefficient of variability (e), standard deviation (f), mean glycaemia values (g) and nadir blood glucose (h) in healthy controls, in patients with COVID-19
(acute COVID-19), in patients who recovered from COVID-19 (post COVID-19) and in patients with T2D. Data are depicted using box plots and whiskers
where the upper and lower bounds of the boxes represent the interquartile ranges. The horizontal line inside each box reflects the median, and the
whiskers indicate minimum and maximum values. Each dot represents an individual sample (controls (blue), COVID-19 (maroon) and post COVID-19
(moss)). Ordinary one-way ANOVA test with Bonferroni correction was used when applicable for calculating statistical significance between all groups.
Data are representative of n=12 samples for controls, n==8 (except for e; n=7) for acute COVID-19, n= 38 for post COVID-19 and n=10 for patients with

T2D. T2D group (grey) was not included in the statistical analysis and is shown for visual comparison only. a.u., arbitrary units.

analytes examined (IL-1f, IL-2, IL-4, IL-7, IL-8, IL-10, IL-13, IL-17,
G-CSF and interferon (IFN)-y) were also increased in the serum
of patients who recovered from COVID-19 (Fig. 4a-n). Similar to
the pattern observed in patients with COVID-19, several analytes
were found to be upregulated in the sera of patients with T2D (Fig.
4a-n). A reduction in IL-6 and interferon gamma-induced protein
10 (IP-10) levels was observed in the sera of patients who recov-
ered from COVID-19 as compared to healthy controls (for IP-10)
and compared to those who had active COVID-19 (for IL-6 and
IP-10; Fig. 4d,n). Some of the aforementioned cytokines (that is,
IL-2, IL-17 and IFN-y) appeared exclusively upregulated in patients
who recovered from COVID-19 as compared to healthy controls
(Fig. 4b,il). Moreover, an overall inflammatory score appeared
increased in patients with COVID-19 and in those who recovered
from COVID-19 (Supplementary Fig. 1a). Inflammatory score cor-
related with the HOMA-IR, confirming the inflammatory origin of
COVID-19-associated insulin resistance (Supplementary Fig. 1b).
Altogether, our data demonstrate an altered secretome in patients
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with COVID-19 and in patients who recovered from COVID-19
(post COVID-19), with an overall increase in many serum cyto-
kine levels but with a different profile from that which is observed
in patients with T2D. Overall, CGM, the hormonal profile and the
secretome showed many differences in patients with COVID-19, in
those who recovered from COVID-19 and in patients with T2D as
compared to controls (Fig. 5a-c).

To mechanistically understand whether elevated peripheral lev-
els of cytokines have a clinical impact on glycometabolic control, we
evaluated data retrieved from our patient database and observed that
patients with pre-existing diabetes had higher peripheral levels of
IL-6 at hospital admission as compared to normoglycaemic patients,
but not compared to new-onset hyperglycaemic patients (Table 1).
In new-onset hyperglycaemic patients with COVID-19, peripheral
IL-6 levels correlated with fasting glucose levels (Supplementary Fig.
2a). Interestingly, among patients with new-onset hyperglycaemia, 39
showed particularly elevated peripheral IL-6 levels, and thus received
tocilizumab as adjuvant therapy to reduce the COVID-19-associated
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Table 2 | Demographic and clinical characteristics of subgroups analysed for the CGM and arginine tests

All Controls Acute COVID-19  Post COVID-19 T2D P

n 35 15 10 10 10

M/F, n 21/14 10/5 4/6 7/3 6/4 0.241
0.9¢
0.9*
0.36
0.65%
0.9v

Age, years (mean+s.e.m.) 459421 472431 43.0+47 46.9+3.8 50.7+39 0.841
0.99%
0.90*
0.80°
0.53¢
0.96v

Smoking, n 4 4 0 0 1 0121
0.12°
0.61*
0.9
0.9%
0.9v

Familiality T2D, n 13 8 2 3 4 0.21°
0.41°
0.68#
0.9
0.62¢
0.9v

BMI (mean +s.e.m.) 234+0.6 23.3+06 24.8+21 224415 27.2+03 0.72¢
0.94°
0.014#
0.53"
0.40¢
0.020v

Hypertension (%) 1 1 0 0 5 0.9t
0.9°
0.022%
0.9
0.032¢
0.032v

Time after first symptom, d (mean+s.e.m.) 34.0+57 - 229+41 62.0+3.2 - <0.001

Baseline clinical score (mean+s.e.m.) 31+0.3 - 37+03 20+0.0 - <0.00T

Therapies, n

0.55
0.06'
0.9
0.33°
0.001
0.9

Hydroxychloroquine

=

Antiviral

Monoclonal antibody
Steroids

LMWH

Antibiotics

a 00 2 O w Ww
N O O O O O
N O 2 O W N
N O O O O

o O O O O O

Diabetes-associated therapies, n
Metformin 0 0 0 0 6 =
Others 0 0 0 0 0 =
No therapies 0 0 0 0 4 -

LMWH, low-molecular-weight heparin. 'P Controls versus acute COVID-19; *P Controls versus post COVID-19; #P Controls versus T2D; ‘Acute COVID-19 versus post COVID-19; ¢ Acute COVID-19 versus
T2D; ¥ Post COVID-19 versus T2D.
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Fig. 3 | Persistent insulin resistance and beta cell dysfunction are evident in patients with COVID-19. a-f, Mean fasting insulin (a), mean fasting
proinsulin (b), fasting insulin-to-proinsulin ratio (¢), fasting C-peptide levels (d), HOMA-B (e) and HOMA-IR (f) are shown for healthy controls, for
patients with COVID-19 (acute COVID-19), for patients who recovered from COVID-19 (post COVID-19) and for patients with T2D. g-i, AIR,..., (8) and
mean AUC of insulin and C-peptide after arginine test (h and i) are shown for healthy controls, for the acute COVID-19 group or for the post-COVID-19
group, and for individuals with T2D. Data are depicted using box plots and whiskers where the upper and lower bounds of the boxes represent the
interquartile ranges. The horizontal line inside each box reflects the median, and the whiskers indicate minimum and maximum values. Each dot represents
an individual sample (controls (blue), COVID-19 (maroon) and post COVID-19 (moss). Ordinary one-way ANOVA test with Bonferroni correction was
used when applicable for calculating statistical significance between all groups. Data are representative of n=15 (except for e; n=10) samples analysed
for controls, n=10 (except for e; n==8) for acute COVID-19, n=10 (except for e; n=7) for post COVID-19 and n=10 (except for g; n=7) for individuals
with T2D. T2D group (grey) was not included in the statistical analysis and is included for visual comparison only.

inflammation. Patients with tocilizumab-treated COVID-19 who had  not receive tocilizumab (Supplementary Fig. 2b). This exploratory
new-onset hyperglycaemia showed a greater reduction in glycaemic  study requires further investigation to confirm a link between cyto-
levels at the time of hospital discharge compared to patients who did  kine levels and glycometabolic abnormalities.
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Fig. 4 | Changes in the secretome are detected long after recovery from COVID-19. a-n, The peripheral levels of 14 circulating cytokines (IL-16, IL-2, IL-4,
IL-6, IL-7, IL-8, IL-10, IL-13, IL-17, G-CSF, MIP-1B, IFN-y, TNF and IP-10) were assessed by a Luminex assay using the sera of healthy controls, patients with
COVID-19 (acute COVID-19) and patients who recovered from COVID-19 (post COVID-19) and patients with T2D. Data are represented as scatterplots
showing the mean +s.e.m. Each dot represents an individual sample (controls (blue), COVID-19 (maroon) and post COVID-19 (moss)). Statistical
significance was determined by unpaired Kruskal-Wallis test. Data are representative of n=14 (except for n; n=4) samples analysed for controls, n=9
(except for n; n=5) for patients with acute COVID-19, n=10 (except for n; n=_8) for patients post COVID-19 and n=10 for patients with T2D. T2D group
(grey) was not included in the statistical analysis and is shown for visual comparison only.

Discussion

It has recently become evident that a mutual interplay between
COVID-19 and diabetes exists, involving a complex pathophysi-
ological feature underlying hyperglycaemia and overall glyco-
metabolic distress'>*-*. Indeed, clinical evidence has suggested
that COVID-19 may severely reduce life expectancy in patients
with T2D**-*. In our study, we demonstrated the presence
of new-onset hyperglycaemia, insulin resistance and beta cell
hyperstimulation in patients with COVID-19 without a history
of diabetes. This effect appears to be mediated by the abnor-
mal secretome, which remained altered long after remission of
the disease. While metabolic alterations have been described
as consequences of other viral infections'®"!, COVID-19 may
induce an inflammatory state resembling that which is observed
in T2D*****¢ but which is more exacerbated; in the long term,
these effects may lead to beta cell exhaustion and worsening of
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diabetes caused by islet hyperstimulation and glucose toxicity"*.
Indeed, newly hyperglycaemic patients treated with tocilizumab
showed a significant reduction in glycaemic levels at the time of
their discharge from the hospital as compared to patients who
did not receive tocilizumab. The negative results of the latest
placebo-controlled trial with tocilizumab, which enrolled mod-
erately ill hospitalized patients, suggest that our results are possi-
bly metabolic/endocrine related rather than disease related’’. The
percentage of patients with hyperglycaemia is surprisingly high
among patients admitted to the hospital for COVID-19-related
pneumonia. Patients without a history or diagnosis of diabetes
and admitted to the hospital with normal glycated haemoglobin
showed varying degrees of glycometabolic impairment and beta
cell dysfunction. This is notable in view of the elevated mortality
rates that we and others have observed in patients with COVID-
19 who presented with hyperglycaemia®***>%*,
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Fig. 5 | Evidence of glycometabolic, hormonal and secretome abnormalities in patients with COVID-19. a-¢, Comparative schematic/analysis showing
abnormalities in CGM (a), insulin levels (b) and secretome profile (c) in patients with COVID-19 (acute COVID-19), in those who recovered from COVID-
19 (post COVID-19) and in patients with T2D, demonstrating similarities with those found in patients with T2D. Data in ¢ are represented as colour-coded
values showing the average of serum cytokine mean-normalized levels in each group, normalized across groups.

In this study, we observed glycaemic alterations not only in the
acute phase of COVID-19 but also long after remission of the dis-
ease. We acknowledge that our study has limitations: firstly, we rec-
ognize the potentially inadequate sample size, which may limit the
conclusions that can be drawn from these data. A sample of 551
patients may allow for reasonable power for the study, but the sub-
group analysis may be underpowered because of the small sample
size. We further acknowledge that the participants included in this
subgroup analysis displayed lower age and body mass index (BMI)
as compared to patients included in the entire study. Participant
recruitment into study groups was performed consecutively as
patients were admitted to the hospital, and recruitment was thus
devoid of any bias; indeed, no statistical differences were evident
when comparing demographic parameters within the subgroups.
Furthermore, due to increased morbidity and mortality associated
with COVID-19 in older patients, the average age of patients eligible
for and included in this study was lower than that of the general
population. Lastly, patients were recruited from a single, large aca-
demic hospital (ASST FBF-Sacco Milan, Presidio Sacco), such that
the study results may be subject to hospital selection bias.

Interestingly, one of the major findings of our work is that CGM
allowed for detection of alterations in glucose homeostasis not oth-
erwise detectable by self-measurement of fasting blood glucose™.
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In accordance with this observation, we also reported alterations in
the hormone profile, both at basal levels and after stimulation test-
ing, with higher insulin, proinsulin and C-peptide levels in patients
with COVID-19 (acute COVID-19) and in patients who recovered
from COVID-19 (post COVID-19) as compared to healthy con-
trols. Our observations further indicate that COVID-19 disrupts
insulin signalling and beta cell function, in addition to the previ-
ously reported long-term effects on cardiovascular, neurological
and renal function®*°.

Our data suggest that a proinflammatory milieu initiated by a
cytokine storm, in which IL-6 plays a primary albeit not exclusive
role, induces insulin resistance and beta cell dysfunction as shown
for T2D*"*. Any bias associated with pharmacologic therapy can
likely be excluded, because few patients received steroids and
hydroxychloroquine during the course of the disease. To conclude,
in the present study, we showed that the cytokine profile in the sera
of patients with COVID-19 and survivors is markedly different from
that of controls and that the observed hyperglycaemia, insulin resis-
tance and beta cell dysfunction might be due to the proinflamma-
tory milieu initiated by a cytokine storm. This study demonstrates
that SARS-CoV-2 induces insulin resistance and disrupts proper
beta cell function, which can result in clinically evident hypergly-
caemia detectable even in the post-acute phase. Our findings sug-
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gest the persistence of aberrant glycometabolic control long after
recovery from the disease. This persistence should be investigated
in larger cohort and its effect on clinical symptoms and sequalae
should be carefully addressed.

Methods

Study design and outcomes. All research studies and analysis reported in this
paper were performed in accordance with the local Ethical Research Committee
of Milan (Comitato Etico Milano Area 1), which granted the study approval (no.
2020/ST/167). The written informed consent and ethical committee approval
covered all experimental analysis performed and reported in this study.

Data from patients admitted for SARS-CoV-2 acute infection at ASST
FBF-Sacco Milan, Presidio Sacco, from 1 February 2020 to 15 May 2020 were
collected. Confirmed COVID-19 was defined as detection of SARS-CoV-2 by
RT-PCR in respiratory samples. Patient baseline clinical score was defined on the
basis of a modified ordinal score comprising seven major points as follows and as
previously reported*: (1) not hospitalized with resumption of normal activities;
(2) not hospitalized, but unable to resume normal activities; (3) hospitalized,
not requiring supplemental oxygen; (4) hospitalized, requiring supplemental
oxygen; (5) hospitalized, requiring non-invasive mechanical ventilation; (6)
hospitalized, requiring invasive mechanical ventilation or extracorporeal
membrane oxygenation; and (7) death. All clinical data were extracted from patient
electronic medical reports with regard to baseline demographic distributions,
clinical data, laboratory data, management and outcome data (Table 1). Glycaemia
levels were evaluated for each patient at three different time points: admission to
the emergency room, in-hospital stay and discharge from hospital. HbA1c levels
during in-hospital stays were also recorded where available. Patients were classified
as having previously known diabetes based on a known history of diabetes or
based on an antidiabetic drug regimen. Patients were classified as having newly
diagnosed diabetes based on the ADA criteria®. Patients were classified as
hyperglycaemic based on a blood glucose measurement recorded between 100 and
199mg dl™* or two blood glucose measurements of >100mg dl~' and <126 mg dI-.
Patients were classified as normoglycaemic in the absence of a previously known
history of diabetes or hyperglycaemia, as well as if they displayed normal levels
of glycaemia and HbA1c according to the ADA criteria’. Groups of consecutive
patients with COVID-19 or patients who recovered from COVID-19 infection,
based on the clinical evaluation by the Infectious Disease and Respiratory Division
of ASST FBEF-Sacco Milan and based on a prior positive COVID-19 test, and
who were normoglycaemic with no history of diabetes or IFG (impaired fasting
glucose) or IGT (impaired glucose tolerance), were enrolled within the original
group of 551 patients and compared with a paired group of healthy controls. We
also included a small group of patients with T2D as a further control. Patients
with T2D were treated with metformin and/or were following dietary restrictions.
Patients underwent glucose monitoring using a retrospective professional CGM
device (‘Continuous glucose monitoring’) and an intravenous arginine acute
stimulation insulin secretion test’ (‘Hormone level assessment’). Inclusion criteria
were defined by recruitment of male and female participants, aged >18 years and
<80 years with normoglycaemia, no history of diabetes or IFG/IGT and no use of
drugs with known effects on glucose metabolism. Exclusion criteria were: age <18,
a history of diabetes or IFG or impaired glucose tolerance IGT, use of drugs with
known effects on glucose metabolism and pregnancy.

Continuous glucose monitoring. A group of participants among normoglycaemic
individuals including healthy controls (n=12), patients with COVID-19 (n=8)
and patients who recovered from COVID-19 (n=38) enrolled within the original
group of 551 patients, underwent complete glycaemic profiling via 7-d professional
retrospective CGM (Medtronic Envision Pro CGM, Medtronic Minimed). The
system consists of a fully calibrated device composed of an EC-approved Envision
Sensor, Envision Recorder, Envision Pro Application and CareLink Pro Software.
Both patients and clinical site staff were blinded to CGM results during the study.
Patient informed consent on CareLink Software for Professional CGM Systems
was obtained for each registration. Mean blood glucose, estimated HbA ¢, peak
and nadir blood glucose, time above 140 mg dI~!, AUC above 140 mg dI™' limit,
mean postprandial glycaemia values at 60 and 120 min, standard deviation and
coefficient of variability values were evaluated during the registration period.

Hormone level assessment. Insulin and C-peptide secretion was determined
using an intravenous arginine stimulation test as previously described'*. An
intravenous catheter was inserted into the antecubital vein of the patient’s arm. The
sampling catheter was kept patent by slow infusion of 0.9% saline when not used.
Baseline samples were taken at 0 min. A maximal stimulating dose of arginine
hydrochloride (5g) was then injected intravenously for 45s. Samples were taken

at +2, +5, +10 and +30 min. For fasting glucose, AIR,,,, was determined as the
mean of the three highest insulin values from minutes 2, 5 and 10 subtracted

from the baseline insulin. The fasting insulin-to-proinsulin ratio was calculated

as an index of beta cell function as previously described”. Insulin resistance was
calculated using the HOMA-IR formula: fasting insulin (mIU ml™") fasting glucose
(mmol 17')/22.5)*°. HOMA-B index was calculated using the following formula:

20 X fasting insulin (pIU ml~")/fasting glucose (mmol ml™") — 3.5. (ref. *').
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Inflammatory score. Each plasma cytokine value was stratified into quintiles to
determine cut-off points and assign a score ranging from 0, which was assigned to
the lowest quintile, to 4, which was assigned to the highest quintiles™.

Biochemical analyses. Fasting serum samples of patients and controls were
collected at the designated time points and frozen at —80 °C for biochemical
evaluation. Baseline levels of the analytes G-CSFE, IFN-y, IL-1f, IL-2, IL-4, IL-5,
1L-6, IL-7, IL-8, IL-10, IL-12, IL-13, IL-17A, MCP-1, MIP-1p, TNF and IP-10 were
assessed in the sera of patients and controls by a magnetic microsphere-based
Bio-Plex Pro Human Cytokine 17-plex immunoassay (M5000031YV) on a
Bio-Plex 200 system (both from Bio-Rad) according to the manufacturer’s
instructions. Serum proinsulin (Mercodia, 10-1118-01) and HbA1c (Aviva Systems
Biology, OKEH00660) levels at baseline were assessed by ELISA using commercial
kits according to the manufacturers’ recommendations. Basal glycaemia was
assessed using a colorimetric assay (Life Technologies, EIAGLUC) on serum
samples collected in tubes containing potassium oxalate/sodium fluoride. Finally,
serum samples obtained from participants who underwent an arginine stimulation
test were collected at each arginine test time point (T0-T4) and were evaluated for
insulin, C-peptide and glucagon concentrations using the Bio-Plex Pro Human
Diabetes 10-Plex Assay kit (171A7001M) and a Bio-Plex 200 reader (Bio-Rad)
according to the manufacturer’s instructions.

Statistical analysis. Continuous variables are presented as means with standard
errors, and categorical variables are presented as proportions. We used
independent sample ¢-tests to compare continuous variables and a chi-squared
test/Fisher’s exact test to compare categorical variables. For multiple comparisons,
one-way or two-way ANOVA followed by Bonferroni post hoc test between

the group of interest and all other groups was used, when applicable. Spearman
correlation analysis was performed to assess relations among mortality and other
population characteristics. A log-rank test was used to compare survival curves.
Two-tailed P values of less than 0.05 were considered statistically significant.
Multivariable logistic regression was used to model the relationships between
risk factors and clinical outcomes (Stata version 12; StataCorp). Age and sex
were included in the multivariable logistic regression analysis performed for each
clinical outcome. A log-rank (Mantel-Cox) test was used in the time to clinical
endpoint analysis among groups (GraphPad Prism version 8.4.3; GraphPad
Software). Spearman’s correlation was used to examine the association between
glycaemia and peripheral IL-6 levels. Two-tailed P values of less than 0.05 were
considered statistically significant. Microsoft Excel version 16.30 was used to
generate graphs related to Fig. 5b.

Power analysis. Sample size was set at 15 in the control group and 10 in the other
subgroups, to provide the study with 80% power to detect a difference of at least
15% in the mean AUC insulin response to 5g intravenous arginine between the
groups, with a significance level of =0.05, given that the mean AUC insulin
response observed in participants with normal glucose tolerance undergoing an
arginine test is 1,083 + 132 pmol I (ref. ©*).

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
Source data are provided with this paper. All other data that support the findings of
this study are available from the corresponding author upon request.
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Extended Data Fig. 1| Insulin resistance and high inflammatory score are evident in patients with COVID-19. a, Inflammatory score assessed in patients
with COVID-19 (Acute COVID-19), in patients who recovered from COVID-19 (Post COVID-19), in patients with T2D and in healthy controls.

b, Correlation between HOMA-IR and inflammatory score (IS) in patients with COVID-19. Spearman'’s correlation analysis was performed. Red line reflects
the best linear fit relationship between these variables (IS and HOMA-IR) with p and r represent two-sided Spearman rank-correlation tests. Data in

(a) are expressed as boxes and whiskers where the upper and lower bounds of the boxes represent the interquartile ranges. The horizontal line inside each
box reflect the median and the whiskers indicate minimum and maximum values. Each dot represents an individual sample (Controls (blue), COVID-19
(maroon) and post-COVID-19 (moss)). Ordinary one-way ANOVA test with Bonferroni correction was used when applicable for calculating statistical
significance between all groups. Data in (a) are representative of n=15 samples analyzed for controls, n=9 for Acute COVID-19, n=10 for Long COVID-19
and n=10 for patients with T2D. T2D group (shown in grey) is included for visual comparison only, ie it was not included in the statistical analysis though.
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Extended Data Fig. 2 | Correlation between IL-6 and glucose and effect of tocilizumab on the latter in newly hyperglycemic patients with COVID-19.

a, Correlation between blood glucose and peripheral IL-6 levels in new-onset hyperglycemic patients with COVID-19 and (b) Reduction in glycemic levels
expressed as delta between admission vs. discharge in new-onset hyperglycemic patients with COVID-19 and those treated or untreated with Tocilizumab.
Red line shown in (a) reflects the best linear fit relationship between these variables (IL-6 levels and Blood glucose levels) with p and r represent two-sided
Spearman rank-correlation tests. Data in (b) are represented as scatter dot plots showing the mean+SEM. Each dot represents an individual sample
(COVID-19 treated with Tocilizumab (black), and COVID-19 untreated with Tocilizumab (grey)). Statistical significance was determined by unpaired t test

with welch correction.

NATURE METABOLISM | www.nature.com/natmetab


http://www.nature.com/natmetab

nature research

Last updated by author(s): May 7, 2021

Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see our Editorial Policies and the Editorial Policy Checklist.

=
Q
—
C
=
)
=
(D
W
Q)
QO
=
(@)
o
=
)
o
[}
=
>
(@]
(2]
c
3
3
Q
=
S

Statistics
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Data exclusions  no data were excluded from the analysis.
Replication The experiments were done on 2 subgroups and were successfully replicated on the control group.
Randomization  Allocation of samples/subjects was random.

Blinding Data analysis was not blinded since the experiment was based on quantitative measurements.
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Population characteristics A detailed description of clinical, demographic characteristics of the study participants are provided in the method section of
the manuscript and in Tables 1, 2 and S1.

Recruitment Controls selection was based on the recruitment of healthy-conscious individuals who have a negative test for COVID-19 and
a negative clinic as per evaluation of the Infectious Disease and Respiratory Division of ASST FBF-Sacco Milan. Those controls
have no previous history for diabetes, thus no bias selection was evident in our scientific conclusions. Similar methodology
was used for recruiting patients with COVID-19 and those who recovered from COVID-19 following the aforementioned
guidelines as stated in details in our method section.

Ethics oversight The ethical approval was granted by Local Ethical Research Committee of Milan (Comitato Etico Milano Area 1), which was
already mentioned in the method section of our manuscript and here is the full address: c/o ASST FBF Sacco - P.O. L. Sacco,
Via G.B. Grassi n. 74, 20157 Milano
tel. 02 3904.3518/3522/2094
mail: comitato.etico@asst-fbf-sacco.it

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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