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The discovery of insulin in 1921 represented a milestone in the treatment of diabetes.
In 1923, the Nobel Prize for Medicine was awarded for its discovery, and it is considered
one of the most valuable scientific events of the 20th century, affecting millions of people
worldwide [1-3]. Before the discovery of insulin, children diagnosed with type 1 diabetes
typically survived for less than a year after diagnosis, and those with type 2 diabetes also
faced significantly reduced life expectancy. At that time, treatment options were extremely
limited, and patients were often placed on strict diets with minimal carbohydrate intake in
an attempt to control their symptoms. While this approach could slightly prolong patients’
lives, it was not a cure and, in some cases, it led to death by starvation due to severe
caloric restriction.

Since insulin discovery, thousands of lives have been saved, and the life expectancy
of people with diabetes has been significantly extended. Since its discovery, insulin has
been continuously improved through pharmacological development and optimized for
therapeutic purposes, including the development of intermediate- and long-acting insulins,
the production of human insulin, and finally, the development of insulin analogs with
improved properties using recombinant-DNA technology [4].

Despite over a century of using insulin as a standard treatment for type 1 diabetes—with
continuing advances in diabetes research and technology, continuous glucose monitoring
and insulin administration via insulin pumps—we are far from being able to achieve a real
cure for type 1 diabetes. Moreover, in the last 15 years, the number of people diagnosed
with type 1 diabetes has increased by 45% [5,6]. Despite the rapid development of a wide
range of new drugs for the treatment of diabetes, particularly in the context of protection
from cardiorenovascular diseases, insulin remains one of the most potent therapeutic options
for patients with type 2 diabetes, and the only treatment for those with type 1 diabetes [7].
In addition, despite increasing awareness of diabetes and its devastating complications, it is
one of the leading causes of death and disability worldwide, irrespective of gender, age, and
country, and health expenditures associated with diabetes and its chronic complications will
reach more than USD 1054 billion by 2045 [8].

Although recent trends show a decline in complications among patients with type
1 diabetes—largely due to improved management practices and advancements in care tech-
nologies such as continuous glucose monitoring and modern insulin delivery systems—the
risk of microvascular and macrovascular complications remains high [9,10]. In this context,
this Special Issue aims to highlight the latest research and advances related to insulin and its
actions in a broad sense, featuring six original research articles, four review articles, and one
systematic review.
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The first research article investigated potential factors associated with post-bariatric
hypoglycemia. It is well known that post-bariatric hypoglycemia is a challenging condition
affecting the quality of life of patients after bariatric surgery [11]. In this study, risk of post-
bariatric postprandial hypoglycemia was observed over 12 months in a cohort of 24 patients
with type 2 diabetes mellitus and a body mass index of >40 kg/m? who had undergone
laparoscopic Roux-en-Y gastric bypass. All patients filled in a questionnaire based on
the Edinburgh hypoglycemia scale. The results of the study suggest that pre-existing
[-cell hyperfunction, which persists postoperatively after weight loss, and consequent
postprandial insulin values at 30 min and 6 months seem to be strong predictors for post-
bariatric hypoglycemia, while GLP-1 and glucagon values were not significantly associated
with post-bariatric hypoglycemia.

The second research article was a real-world, retrospective study of patients with type
1 diabetes using multiple daily insulin injections. The study aimed to assess overnight
glucose levels based on insulin type and timing. Nocturnal hypoglycemia is frequent, and
episodes are often prolonged for several hours, particularly in those who undertake physi-
cal activity during the day [12]. In this study, continuous glucose monitoring and insulin
injection data were collected for ten hours after dinner using the Insulclock® connected
cap. Higher glucose was observed in subjects with delayed injections, while those using
ultrarapid insulin had fewer hypoglycemic events. Those on glargine U300 had a higher
time in range than those on degludec, while use of a correction injection was associated
with a higher number of hypoglycemic events. The results of the study suggest that the
time of rapid insulin injection before dinner, insulin type, and use of correction injections
affect nocturnal glucose profiles in patients with type 1 diabetes.

The third research article was a pilot study that investigated the relationship between
the proteomics profiles of serum exosomes from normal individuals and those with obesity
and insulin resistance. The researchers identified 23 upregulated and 46 downregulated
proteins between normal individuals and those with obesity and insulin resistance. Those
affecting insulin resistance, 3-cell activation, and inflammation were upregulated in subjects
with obesity and insulin resistance compared to lean/overweight insulin-sensitive subjects.
The researchers concluded that in subjects with obesity and insulin resistance, serum
exosomal proteins can be used as biomarkers to identify the future risk of diabetes and as a
therapeutic target to prevent or slow down the progression of diabetes.

The fourth research article explores the effect of insulin and metformin on the mortality of
patients with type 2 diabetes with symptomatic COVID-19 infection. Previous observational
analyses have shown that prevalent metformin use is associated with favorable outcomes after
COVID-19 infection in adults with type 2 diabetes [13]. On the other hand, insulin treatment
is associated with increased mortality in patients with COVID-19 and type 2 diabetes [14].
In this study, the association of death with insulin and metformin therapy was weak and
could not be included in the multivariate model. However, the interaction of both drugs
with other factors, including remdesivir and low-molecular-weight heparin (metformin), age,
and C-reactive protein (insulin), modulated the odds of death. The role of metformin and
insulin in the mortality of patients with type 2 diabetes and symptomatic COVID-19 may vary
depending on a more personalized risk assessment model that includes and explores their
interactions with various patient characteristics. In contrast, most other studies examining
metformin and insulin in the context of COVID-19-related mortality lack such an exploration
of interaction effects.

The fifth research article investigated the risk factors for lower transcutaneous oxygen
pressure as a measure of microvascular circulation in the feet of patients with type 2 diabetes.
Transcutaneous oxygen pressure is an excellent prognostic tool for wound healing in the
population of diabetic patients with foot problems [15]. This study included 119 patients with



Biomedicines 2025, 13, 2207

type 2 diabetes. Those with lower transcutaneous oxygen pressure (<40 mmHg), indicating
lower tissue oxygenation and a risk of delayed wound healing, were younger; had higher
systolic blood pressure, glycated hemoglobin, fasting plasma glucose, and total and LDL
cholesterol; and smoked more frequently than those with normal transcutaneous oxygen
pressure. However, in association with other risk factors, smoking was the main predictor for
lower transcutaneous oxygen pressure in patients with type 2 diabetes. Additional efforts are
needed in everyday clinical practice to actively encourage patients with type 2 diabetes and
peripheral arterial disease to quit smoking.

The sixth research article examined the relationship between hyperglycemia and prognos-
tic value in patients with COVID-19 infection admitted to a hospital in Lithuania. Admission
hyperglycemia is a predictor of mortality in patients hospitalized with COVID-19, even in
patients without a previous history of diabetes, and hyperglycemia is also associated with in-
creased mortality in critically ill patients with COVID-19 [16,17]. This study aimed to evaluate
the association between hyperglycemia at admission with the need for invasive mechanical
ventilation and in-hospital mortality in patients without diabetes who were hospitalized for
COVID-19 infection. Over 10% of hospitalized patients had intermittent hyperglycemia at
admission (blood glucose levels > 7.8 mmol/L and <11.1 mmol/L), and those patients had
a hazard ratio of 3 for 30-day in-hospital mortality compared to those with normoglycemia
at admission.

The first narrative review comprises data from preclinical animal studies, longitudinal
cohort studies, cross-sectional studies, machine learning analyses, and randomized con-
trolled trials. It examines the role of insulin in maintaining health and preventing disease.
This review proposes an expanded view of insulin as a metabolic-socio-psychological
substance within the mitochondrial information processing framework, suggesting its
roles beyond metabolism, particularly in cooperating with mitochondria to process psy-
chosocial factors into the biological fabric, and providing new insights into the interplay
between socio-psychological factors and biological systems in chronic diseases, such as
type 2 diabetes.

The second review examines the potential impact of insulin, metformin, and glucagon-
like peptide-1-based therapies on the progression of osteoarthritis in patients with diabetes.
Evidence suggests that diabetes and osteoarthritis coexist within the same population, and
that diabetes is associated with a greater degree of osteoarthritic pain [18]. The results of this
review indicate that insulin, beyond its role in glycemic control, may potentially influence
joint health by modulating inflammatory pathways relevant to osteoarthritis. Metformin
also shows promise in mitigating osteoarthritis via its anti-inflammatory properties and
reducing inflammatory markers. Glucagon-like peptide-1-based therapies also exhibit
anti-inflammatory effects that may suppress cytokine-mediated joint inflammation and
support cartilage repair mechanisms, with beneficial effects on osteoarthritis. Targeting
common underlying mechanisms, insulin, metformin, and glucagon-like peptide-1-based
therapies have therapeutic potential in osteoarthritis.

The third review focuses on the role of basal weekly insulin in clinical practice, and
its use in patients with type 1 and 2 diabetes, by examining its safety, efficacy, and man-
ageability, and therapeutic compliance. Several new weekly insulins have been developed,
and they have demonstrated a significant decrease in blood glucose in pre-clinical studies.
Therapy with basal weekly long-acting insulin in patients with type 1 and type 2 diabetes
shows similar and better glycemic efficacy than daily basal insulin due to its association
with reduced hypoglycemia, a reduction in the number of injections, and its proven effec-
tiveness. Icodec insulin would likely be the most effective primary basal weekly insulin, as
supported by the results of the ONWARDS clinical program, due to its tolerability, safety
in terms of hypoglycemia, and increased patient compliance [19].
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The fourth review summarized the last 100 years of insulin research, from its discovery
to the insulins of the future. The discovery of insulin had a profound impact not only within
the field of diabetes but also across medicine as a whole, emphasizing the importance of
collaboration between clinicians, researchers, and pharmaceutical companies committed to
improving the lives of people with diabetes. Notably, decision of the original discover not
to commercialize or profit from their discovery enabled rapid and widespread progress in
the early years. This stands in contrast with more recent developers who have patented new
insulin formulations, potentially limiting their broader accessibility. Although a century
has passed since the discovery of insulin and significant progress has been made in diabetes
research, a true cure for type 1 diabetes—one that prevents the autoimmune destruction of
pancreatic beta cells—remains elusive. Nevertheless, ongoing advancements continue to
improve the quality of life for individuals living with the disease year after year.

The final review is a systematic review that explores the efficacy and safety of Icodec
compared to once-daily insulin analogs (Degludec U100, Glargine U100, Glargine U300, and
Detemir) in type 1 and type 2 diabetes. The review included 4347 patients with type 1 and
type 2 diabetes with glycated hemoglobin over 7%. Those treated with Icodec had a greater
probability of achieving glycated hemoglobin Alc < 7% without severe hypoglycemic
events, but with slight and statistically significant weight gain. No difference in fasting
glucose levels, time in range, and time above range was observed. Icodec demonstrated
slightly greater efficacy compared to its competitors when used in a basal-only regimen
rather than in a basal-bolus approach. While weight gain and the risk of hypoglycemia
were relatively low, they remain clinically relevant and should not be overlooked.

In conclusion, this Special Issue offers a comprehensive overview of insulin secretion
and action, as well as the development and action of insulin analogs and their impact
on glycemic control and the chronic complications of diabetes. Advances in diabetes
treatment have been numerous in the 100 years since the discovery of insulin, resulting in
extraordinary progress in the development of novel molecules to improve glucose control,
simplify insulin regimens, and enhance quality of life. However, insulin remains the only
replacement therapy for type 1 diabetes, and the data presented here may encourage and
support further research in this important field.
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Abstract: Post-bariatric hypoglycemia (PBH) is an increasingly recognized complication after metabolic
bariatric surgery (MBS). The aim of this study is to investigate potential factors associated with PBH.
A cohort of 24 patients with type 2 diabetes mellitus (T2DM) and body mass index (BMI) >40 kg/m?
who underwent laparoscopic Roux-en-Y gastric bypass (LRYGBP) was retrospectively investigated
for PBH at 12 months. PBH was defined as postprandial glucose at 120 min below 60 mg/dL. Ques-
tionnaires based on the Edinburgh hypoglycemia scale were filled out by the participants. Glycemic
parameters and gastrointestinal (GI) hormones were also investigated. Based on the questionnaires,
five patients presented more than four symptoms that were highly indicative of PBH at 12 months.
According to glucose values at 120 min, one patient experienced PBH at 6 months and four patients
experienced it at 12 months. Postprandial insulin values at 30 min and 6 months seem to be a strong
predictor for PBH (p < 0.001). GLP-1 and glucagon values were not significantly associated with PBH.
PBH can affect patients with T2DM after MBS, reaching the edge of hypoglycemia. Postprandial
insulin levels at 30 min and 6 months might predict the occurrence of PBH at 12 months, but this
requires further validation with a larger sample size.

Keywords: bariatric surgery; post-bariatric hypoglycemia; late dumping; diabetes mellitus, type 2;
Roux-en-Y gastric bypass

1. Introduction

Post-bariatric hypoglycemia (PBH) is defined as postprandial hyper-insulinemic hy-
poglycemia, which occurs 2—4 h after meal consumption, presenting with Whipple’s triad
criteria [1]. Since the implementation of metabolic bariatric surgery (MBS) unveiled the
underlying mechanisms of hypoglycemia, the term PBH superseded the age-old term of
late dumping syndrome [2]. The true prevalence of PBH is still unknown, fluctuating in the
literature from 0.1 to 25%, due to the variation in diagnostic methods and hypoglycemia
unawareness, which challenges the interpretation of symptoms. PBH is mainly associated
with laparoscopic Roux-en-Y gastric bypass (LRYGBP), but it is also reported after sleeve
gastrectomy (SG) and one-anastomosis gastric bypass (OAGB) [3]. With the advent of PBH,
clinicians have been grappling with providing a common language, and, eventually, the
American Society of Metabolic and Bariatric Surgery in 2017 and the European Society of
Endocrinology in 2024 reached a consensus and suggested guidelines for the management
of this complication. Hence, there are still severe drawbacks, such as the exact diagnostic
criteria, the cut-off values for hypoglycemia, the type of provocative test, and the lack of
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diagnostic tools for evaluating hypoglycemia symptoms, leading to a non-standardized
approach for PBH [4-6].

Metabolic bariatric surgery (MBS) is currently acknowledged as the most efficient
method for achieving not only sustainable weight loss but also optimal glycemic control,
radically changing the landscape and establishing the contemporary term of metabolic
surgery [7]. The intriguing implicated pathophysiological alterations, after the changes
in the gastrointestinal tract, have paved the way towards relentless research in order to
elucidate the underlying mechanisms, which might serve as potential pharmaceutical
targets. The gastric fundus, foregut-hindgut theory, gut microbiota, and bile acids are
only some of these recognized mechanisms, while microRNAs have appeared recently as
another potential mechanism [4,8,9]. Notwithstanding research endeavors that shed light
on the realm of MBS, its increased prevalence has led clinicians to encounter more not-well-
recognized complications, preserving the vicious cycle of obscurity and uncertainty.

Delving deeper into the pathophysiology of PBH, the exact mechanisms are still
ambiguous, while it is an even more intriguing fact that patients with obesity and type
2 diabetes mellitus (T2DM) might develop postoperative hypoglycemia, reaching the oppo-
site edge of hyperglycemia [10]. In the past, nesidioblastosis and the increased calculated
(3-cell area were considered the main culprits of PBH; however, partial pancreatectomies
did not resolve this condition, excluding this potential mechanism [11,12]. Currently,
incretins appear to have a pivotal role through positive feedback in (3-cells, resulting in
insulin hypersecretion, while the disruption of other counter-regulatory mechanisms such
as glucagon might also be implicated in PBH occurrence [13,14].

Although PBH might be considered a rare complication, it is probably underreported,
and, undoubtedly, severe PBH can have detrimental effects on quality of life, impairing cog-
nitive function and increasing mortality. Therefore, elucidating the underlying mechanisms
and implementing a standardized approach that will provide a more accurate diagnosis are
mandatory necessities that will serve as a backbone for the development of targeted phar-
maceutical agents, thereby providing more efficient treatment and prediction [5]. Findings
from a previous randomized trial among patients with obesity and T2DM who underwent
LRYGBP with or without gastric fundus resection suggested that fundus resection is not
implicated in glycemic control, which was the primary outcome of the study [8]. Among
the studied population, especially one year postoperatively, profound PBH was observed
in some patients 2 h after the oral glucose tolerance test (OGTT), and they manifested
neuroglycopenic symptoms. The aim of this study is to investigate this cohort in terms of
factors associated with PBH in patients with obesity and T2DM and suggest mechanisms
that might be implicated in this increasingly recognized complication.

2. Materials and Methods
2.1. Study Design

This is an observational cohort study with prospectively collected samples and a
retrospective interview of the patients, which was conducted in the bariatric unit of the
University Hospital of Patras in Greece and included patients with obesity and T2DM.
Initially, these patients were enrolled in a randomized clinical trial forming two inter-
vention arms: LRYGBP and LRYGBP with fundus resection [8]. The trial was registered
at clinicaltrials.gov (NCT05854875), and the results of this study have been previously
published. The total included 24 patients who were retrospectively investigated for PBH
at 6 and 12 months postoperative. These patients were selected from the registry of the
metabolic and bariatric unit and they signed informed consents. All procedures performed
were in accordance with the 1964 Helsinki Declaration, and this study was approved by
the local research and ethics committee (No. 730/10.12.2019) [15]. This cohort study was
performed following the strengthening of the criteria for reporting cohort, cross-sectional,
and case—control studies in surgery (STROCSS 2021) [16]. The primary outcome was post-
prandial glucose levels at 120 min during OGTT 12 months postoperatively. The secondary
outcomes included insulin, glucagon, GLP-1 levels, calculated (3-cell area, and insulino-
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genic index. Finally, a potential correlation of the aforementioned parameters at 6 and 12
months, with PBH at 12 months, was also investigated.

2.2. Patient Population

The studied cohort included 24 patients aged between 18 and 60 years old, with a
BMI >40 kg/m? and T2DM defined by the criteria of the American Diabetes Associa-
tion (ADA) [17]. The patients underwent LRYGBP and LRYGBP with fundus resection,
and they were evaluated preoperatively and at 6 and 12 months postoperatively. The
duration of T2DM was determined to be less than 8 years, since longer durations are
related to irreversible 3-cell function impairment and poorer postoperative recovery. All
participants were evaluated by different specialties, and behavioral and anthropometric
parameters and metabolic profiles were assessed. The exclusion criteria were gestation,
diabetes mellitus type I, alcohol or drug abuse, major depressive disorder, non-compliance
with the medical personnel’s instructions, and previous abdominal surgeries with altered
gastrointestinal anatomy.

All operations were completed laparoscopically by the same surgeon in the surgical
department of the tertiary referral hospital. Both procedures included the creation of a
small gastric pouch of 30 mL capacity, a very long biliopancreatic limb of 200 cm, and
an alimentary limb of 150 cm. Gastrojejunal anastomosis was created with a circular
stapler of 25 mm diameter after the transoral placement of the anvil with assistance from
the anesthesiologist. In the fundus resection group, the gastric body and fundus were
mobilized by dividing the gastrocolic ligament and short gastric vessels until exposing the
angle of His. A gastric fundus with dimensions of approximately £5.5 cm (width) and
£10 cm (vertical length) was removed with the use of a linear stapler [8].

One year after the end of the randomized clinical trial, these patients were contacted
and responded to a questionnaire in order to evaluate symptoms of PBH. The questionnaire
was adapted from the Edinburgh hypoglycemia scale, which consists of 11 key symptoms
associated with hypoglycemia, and they are segregated into three categories: autonomic,
neuroglycopenic, and malaise. Specifically, these symptoms include sweating, palpitation,
shaking, hunger, confusion, drowsiness, odd behavior, speech difficulty, incoordination,
nausea, and headache. This model has been externally validated and is suggested as a stan-
dardized approach for evaluating hypoglycemia symptoms [18]. Patients were considered
arbitrarily highly suspicious for PBH if they exhibited more than 4 symptoms of the Edin-
burgh scale. The imposed question was “Did you feel any of the aforementioned symptoms
1 to 3 h postprandially?” The onset of symptoms and the random self-measurement of
glucose levels during these episodes were also questioned and evaluated. All patients were
postoperatively instructed by expert dietitians to follow a diet enriched in protein with low
carbohydrates. However, the exact type of meal consumed before the occurrence of these
symptoms was not reported due to the retrospective nature of the questionnaire and the
inability of patients to reliably determine this.

2.3. Laboratory Measurements

As described in the previous publication, blood samples were collected during a
75 gr OGTT at 0, 30, 60, and 120 min. This procedure was repeated preoperatively at 6
and 12 months. The measurement of insulin and GLP-1 levels was explicitly described
previously, while these prospectively collected stored samples were also utilized for the
measurement of glucagon. These samples were in ethylene-diamine-tetra-acetic acid
(EDTA) vials, which contained 1.8 TIU (trypsin inhibitor units) of proteinase inhibitor,
aprotinin (Trasylol). They were centrifuged at 4 °C for 20 min and at 1600 RCF (relative
centrifuge force), and they were stored at —70 °C. Glucagon was measured with com-
mercial ELISA kits (Invitrogen, ThermoFisher Scientific, catalog number EHGCG), and
the minimum detectable dose was 2.5 pg/mL. The aforementioned gastrointestinal (GI)
hormones were all measured during the OGTT at 0, 30, 60, and 120 min preoperatively at 6
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and 12 months. Fasting c-peptide was calculated preoperatively at 6 and 12 months with
commercial ELISA kits and used for estimating the “calculated (3-cell area” index.

2.4. Definitions and Criteria

For defining hypoglycemia, a cut-off value of 60 mg/dL was selected. Based on
the recommendations from the American Diabetes Association (ADA) and the European
Association for the Study of Diabetes (EASD), a cut-off value of 54 mg/dL is suggested
since glucose levels below this threshold are related to impaired cognitive function and
neuroglycopenic and autonomic symptoms [19]. However, we selected a slightly higher cut-
off value because patients with T2DM were investigated. Beta-cell function was assessed
with the use of the insulinogenic index, which was calculated as the ratio of insulin change
to glucose change from 0 to 30 min. The insulinogenic index mainly describes the first
phase of insulin secretion, which is remarkably associated with 3-cell function [20].

The postprandial values of glucose, insulin, glucagon, and GLP-1 were estimated with
area under the curve (AUC) using the trapezoidal method. Supposing that GI hormones
are implicated in PBH, we particularly evaluated the postprandial levels of insulin and
GLP-1 at different time points during the OGTT. Specifically, based on the literature, an
abrupt postprandial increase in insulin and GLP-1 is observed at 30 and 60 min postpran-
dially. Therefore, the postprandial levels of insulin and GLP-1 at these time points were
investigated for a potential correlation with PBH. Finally, the ratio of fasting c-peptide to
fasting glucose (ng/mL x mg/dL) was utilized to estimate the calculated 3-cell area. This
index was validated by Meier et al., and it exhibited a significant linear correlation with the
histological assessment of the 3-cell area [21,22].

2.5. Statistical Analysis

For statistical analyses, the SPSS version 20.0 statistics software package (Statistical
Package for the Social Sciences, SPSS Inc., Chicago, IL, USA) was utilized, while graphs
were generated using GraphPad Prism version 5.0 (Graph-Pad Software, Inc., San Diego,
CA, USA). For continuous parameters, the mean =+ standard error (SE) was utilized. The
non-parametric Kruskal-Wallis test was used for comparing parameters at different time
points (baseline, 6 months, and 12 months). Statistical significance was set at p T2DMO0.05
and was adjusted using the Bonferroni correction.

For the correlation of different parameters with PBH, a biserial correlation was applied,
where PBH was the dichotomous variable (0 for glucose above 60 mg/dL and 1 for glucose
below 60 mg/dL). For assessing predictors of PBH, a stepwise binary regression analysis
was used, and the aforementioned binary variable was included for PBH. Finally, receiver
operating characteristic (ROC) curves were generated to assess the reliability of predictive
factors for PBH diagnosis at 12 months.

3. Results
3.1. Baseline and Follow-Up Characteristics

Eleven male and thirteen female patients were enrolled in the cohort study, with
a mean age of 46.75 + 10.98 years. Preoperatively, the mean weight and BMI were
153.15 + 36.8 kg and 53.2 + 10.6 kg/m?, respectively. Weight loss was remarkable post-
operatively, and at 12 months, there was a significant decrease in terms of weight and
BMI: 89.43 4 18.6 kg (p < 0.05) and 30.62 + 4.81 kg/m? (p < 0.05), respectively. EWL%
was significantly increased between 6 and 12 months from 54.55 + 7.66 to 70.33 4+ 12.4
(p <0.05).

Regarding T2DM, the patients had a mean HbAlc of 7.94 £ 1.74 and c-peptide of
4.42 + 1.89 ng/mL, with a mean preoperative duration of 3.77 & 2.3 years. At 6 months,
both HbAlc and c-peptide significantly decreased (p < 0.05) and, at 12 months, they re-
mained fairly constant at 5.36 + 0.55 and 2.65 £ 1.96, respectively. Based on glucose
measurement during the OGTT, preoperatively, none of the patients presented PBH. Con-
versely, at 6 months, one patient (4%) experienced glucose levels below 60 mg/dL, and at
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12 months, the number of these patients quadrupled, reaching 16.6% (Table 1). Regarding
the preoperative diabetes treatment, only one patient was completely off anti-diabetic
medications. The other twenty-three patients were on oral medications, while seven took
insulin and four GLP-1 analogs. Postoperatively, 95% (23/24) showed complete diabetes
remission at one year without taking any medication. Only one patient from the LRYGBP
with fundus resection group experienced relapse and was re-introduced to oral medications
at one year. Finally, PBH was not associated with the type of surgery since PBH occurred
in patients from both groups.

Table 1. Baseline and follow-up characteristics of the patients.

Baseline 6 Months 12 Months
Parameters Mean + SD Mean + SD p 0-6 Mean + SD p 0-12 p 6-12
Age (year) 46.75 + 10.98
Gender (M) (F) (11) (13)
Weight (kg) 153.15 £ 36.8  104.62 + 23.66 <0.05 89.43 + 18.6 <0.05 0.173
BMI (kg/m?) 53.2 £ 10.6 36.03 + 6.05 <0.05 30.62 - 4.81 <0.05 <0.05
EWL % 54.55 + 7.66 70.33 £ 124 <0.05
HbA1lc (%) 794 +1.74 5.31 £ 0.53 <0.05 5.36 £ 0.55 <0.05 0.909
c-peptide (ng/mL) 442 +1.89 2.77 £ 0.88 <0.05 2.65+1.96 <0.05 0.503
T2DM duration (year) 377 +23
Antl—dlab?(t;li lrjr;e;lrllz?élgosr;s (insulin) 23(7) (4) 0(0) (0) 1(0) (0)
Patients with symptoms of PBH (%) 14) 3(12.5) 5(20.8)
i, 0w ca

Values are expressed as mean + SD; M (male); F (female); EWL (excess weight loss); T2DM (type 2 diabetes
mellitus); PBH (post-bariatric hypoglycemia); p 0-6 (between baseline and 6 months); p 0-12 (between baseline
and 12 months); p 6-12 (between 6 and 12 months); p < 0.05 bold for significance.

3.2. Hypoglycemia Symptoms and Edinburgh Questionnaire

The questionnaires regarding PBH were answered retrospectively by all 24 patients
enrolled in the initial randomized controlled study. Five patients presented more than four
symptoms on the Edinburgh scale and were considered highly suspicious for PBH.

Overall, the most common symptoms were autonomic, specifically sweating, palpita-
tion, and shaking comprising 25%, 33%, and 21%, respectively. Regarding neuroglycopenic
symptoms, drowsiness was the most common at 12.5%, followed by confusion at 8%, while
hunger, odd behavior, speech difficulty, and incoordination were equally presented at 4%.
Finally, as far as malaise is concerned, nausea comprised 21% and headache comprised
4%. Sweating, palpitation, shaking, and nausea were present in all five patients, which are
symptoms highly indicative of PBH (Table 2).

Regarding the time of the presentation, only one patient reported these symptoms
preoperatively; three patients reported these symptoms at 6 months, and five patients
reported them during evaluation (Table 1). None of the patients who participated in the
questionnaire reported any syncope or a random measurement of glucose value below
60 mg/dL.
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Table 2. Patients with hypoglycemia symptoms based on the questionnaires adjusted for the Edin-
burgh scale. High clinical suspicion for patients presenting above 4 symptoms.

Patients with High Clinical

Symptoms Overall Patients (1 = 24) n (%) Suspicion (1 = 5) 1 (%)
Autonomic
Sweating 6 (25) 5 (100)
Palpitation 8 (33) 5 (100)
Shaking 5(21) 5 (100)
hunger 14) 1(20)
Neuroglycopenic
Confusion 2 (8) 2 (40)
Drowsiness 3(12.5) 3 (60)
Odd behavior 14) 0(0)
Speech difficulty 14) 1(20)
Incoordination 14) 1 (20)
Malaise
Nausea 5(21) 5 (100)
headache 14) 1 (20)

3.3. Glycemic Parameters and Calculated B-Cell Area

Glycemic control was achieved from the 6th month, with patients demonstrating a
significant decrease in glucose and insulin fasting levels (Table 3; Figure 1). Specifically,
from baseline to 12 months postoperatively, glucose fasting declined from 130.54 + 51.15 to
88.13 & 21.52 mg/dL (p < 0.05), while insulin fasting remarkably decreased from 23.91 & 13.6
t09.83 + 13.36 uIU/mL (p < 0.05). Along with the glycemic improvement, (3-cell function
also witnessed an outstanding enhancement, with the insulinogenic index increasing from
0.5052 + 0.44 at baseline to 0.9862 + 1 at 6 months (p < 0.05) and 1.483 £ 1.63 at 12 months
(p < 0.05). Considering that, at 30 and 60 min postprandially, insulin demonstrates peak
secretion, these time points were evaluated and exhibited an increase in mean values, not
reaching statistical significance (p > 0.05). Based on the graph, the first and second phases
of insulin secretion were improved (Figure 1).

Table 3. Glycemic parameters and calculated (3-cell area at baseline and 6 and 12 months.

Baseline 6 Months 12 Months
Parameters Mean + SD Mean + SD p 0-6 Mean + SD p 0-12 p 6-12
Glu fasting (mg/dL) 130.54 £ 51.15 85.08 + 13.79 <0.05 88.13 4+ 21.52 <0.05 0.885
Glu 120 min (mg/dL) 225.29 +76.88 103.87 £ 39.94 <0.05 89.04 £ 47.74 <0.05 0.597
Insulin fasting (uIU/mL) 2391 +£13.6 8.52 £5.77 <0.05 9.83 +£13.36 <0.05 0.765
Insulin 30 min (uIU/mL) 55.8 +32.45 68.52 = 57.56 0.680 99.63 + 78.66 0.103 0.263
Insulin 60 min (uIU/mL) 75.36 £+ 52.64 88.53 +110.4 0.588 99.87 + 118 0.834 0.744
Insulin AUC 7927.5 £ 4530 6747.6 £+ 6688 0.177 8030 + 7550 0.836 0.433
Insulinogenic index 0.5052 £ 0.44 0.9862 £ 1 <0.05 1.483 +1.63 <0.05 0.352
Calculated p-cell area 0.035 £+ 0.01 0.032 £+ 0.012 0.869 0.03 £+ 0.02 0.228 0.321

Values are expressed as mean =+ SD; p < 0.05 bold for significance.
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Figure 1. Graphs of glucose, insulin, and GI hormones during OGTT at baseline and 6 and 12 months.

In order to investigate the theory of nesidioblastosis, the calculated (3-cell area was
evaluated 6 and 12 months postoperatively. The mean values were comparable at all

time points (p < 0.05) without showing changes in calculated (3-cell area postoperatively
(Table 3).

3.4. GLP-1 and Glucagon

GLP-1 demonstrated a significant increase postoperatively in both fasting and post-
prandial levels. Specifically, fasting levels increased from 0.78 £ 0.14 to 1.39 4 0.58 pg/mL
(p < 0.05), while GLP-1 improved its pattern secretion with peak release at 30 min post-
prandially compared with preoperatively (p < 0.05). GLP-1 AUC levels also significantly
increased from 94.72 4 19.63 to 182.77 £ 87.19 (p < 0.05) (Table 4, Figures 1 and 2).

Table 4. Gastrointestinal hormones glucagon and GLP-1 at baseline and 6 and 12 months.

Baseline 6 Months 12 Months
Gastrointestinal Hormones
Mean £ SD Mean £ SD p 0-6 Mean & SD p 0-12 p 6-12
Glucagon fasting (pg/mL) 7.71 £2.62 7.96 + 2.48 0.637 7.26 +2.05 0.502 0.266
Glucagon AUC 948.25 +£307.9  971.19 4 250.52 0.406 911.68 4 252.5 0.933 0.375
GLP-1 fasting (pg/mL) 0.78 +£0.14 1.14 £ 0.48 <0.05 1.39 +£0.58 <0.05 0.184
GLP-1 AUC 94.72 + 19.63 156.25 + 43.1 <0.05 182.77 + 87.19 <0.05 0.650

p < 0.05 bold for significance.
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Figure 2. Bar graphs of GLP-1 and glucagon AUC levels at baseline and 6 and 12 months. **** p < 0.0001.

Glucagon fasting and postprandial levels during OGTT did not show a significant
change from baseline to 6 or 12 months (p > 0.05). Based on the graphs, fasting and AUC
levels followed the same pattern, experiencing a slight increase at 6 months and returning
to preoperative levels without achieving statistical significance at 12 months (p > 0.05)
(Table 4, Figures 1 and 2).

3.5. Correlations and Predictive Factors

According to the biserial correlation, postprandial insulin levels at 30 and 60 min—at 6
and 12 months postoperatively—were significantly positively related to the binary variable
of glucose 120 min at 12 months (0 for glucose > 60 mg/dL and 1 for glucose < 60 mg/dL),
meaning that increasing values at these time points were associated with PBH. Conversely,
GLP-1 levels at these time points were not associated with PBH (Table 5).

The high correlation coefficient between the binary glucose variable at 12 months
postoperatively and postprandial insulin at 30 and 60 min at 6 months postoperatively was
an unexpected and interesting finding. In order to investigate whether the postprandial
levels of insulin at 6 and 12 months could be a useful marker for PBH, a stepwise binary
regression analysis was performed in order to determine the strongest predictive factor
from the aforementioned parameters. The results of the analysis indicated that postprandial
insulin levels at 30 min and 6 months might be a strong predictor for PBH at 12 months
(p <0.001). The rest of the tested variables did not show a similar potential and were
excluded from the model (Table 6).

The final step was validating the accuracy of the postprandial insulin levels at 30 min
and 6 months as a potential prognostic marker. The validation was assessed by generating
ROC curves. The positive result was the occurrence of PBH. The ROC curves revealed that
insulin at 30 min at 6 months was a sensitive and reliable biomarker since its calculated
AUC value was the highest at 0.933 (Figure 3). The rest of the tested biomarkers showed
lower values of AUC, as depicted in Figure 3. Therefore, this reinforces the potential use of
insulin at 30 min and 6 months as a potential PBH prognostic biomarker.

14



Biomedicines 2024, 12, 1671

“(Tp/3w 09 MO2q
10§ T pue Tp /3w 09 9A0qe 10§ () [SYFUOW g J& UL ()Z] 3 S[2AS] 9500N[3 JO [qeLIEA SNOWOIOYDIP) (7] ZIN[S 1D {(Pa[re}-g) [9A9] 10" U3 J& JULDYTUSIS ST UONL[LIO)) .,

€C foré foré €C €C €C €C ford ford N
¥€L0 192°0 8110 09%°0 69€0 LOV'0 65€°0 760 (parre3-z) 315 09 ¢l 1d1D
! SL0°0— ¥ 0— Gee0— 910 £61°0 810~ 00C°0— 910°0— UOL[aLI0D) UO0SIed ]
€C foré €T €C €C €C €C foré €C N
¥€4°0 0480 6es0 ¥12°0 £86°0 62€0 162°0 9040 (parre-) 815 0€ ¢l 1d1D
GZ0'0— 1 [era N} 0€T0— 692°0— $00°0— €120 0£0°0— €800 UOTe[al10D) UosIes |
€C ford €T €C €C €C €C €T €C N
192°0 0480 0000 £T€0 1290 0000 0000 0000 (porre-z) 815 09 ¢l urnsup
¥ 0— [eran\} 1 #x T80 F1C0— 601°0— #x 9€6°0 *x 898°0 #7690 UOL[aLI0D) UO0SIed ]
€C foré ford €C €C €C €C foré €C N
8110 6650 0000 8S¥0 6690 0000 0000 S00°0 (parre-z) 815 0€™ L urmnsug
GeC0— 0€T0— #4780 1 €910~ G80'0— G290 «x LSL°0 #8950 UORR[ALI0D) UOSIed]
€C €T ford €C ¥ ¥C ¥ ¥T €C N
09%°0 $120 £T€0 8S¥0 G6£0 96€°0 08%°0 7960 (porre-) 815 099 1d1D
910 6920— FIT0— €91°0— 1 2810 181°0— 161°0— 010°0— UOLe[a1I0D) U0SIed ]
€C €T ford €C ¥ ¥C ¥ ¥T €C N
69€0 £86'0 1290 6690 S6€°0 ¥2e0 w0 SLL0 (parre3-g) 31s 0€9 1d1D
L61°0 $00'0— 601°0— G80°0— 810 ! 01T0— UT0— €90°0— UORR[AII0D) UOSIed]
€C €T €T €T ¥ 4 ¥ ¥ ford N
L0¥0 62€°0 0000 0000 96€°0 ¥2€0 0000 2000 (parre-) 815 099 urnsuy
810~ €120 #x 9€6°0 #9290 181°0— 0120~ 1 *x €C8°0 #0090 UOTe[a110D) U0SIed |
€C ford ford €C ¥ ¥C ¥ ¥T €C N
65€°0 16270 0000 0000 0870 0 00070 0000 (parre3-g) 815 0€™9 ™ urnsug
0020— 0£0°0— *x 8980 #x LGL0 1S1°0— Ur0— #x €280 1 #x 60£°0 UOKE[aLI0D) UO0SIed ]
€C foré €T €C €C €C €C €T €C N
760 9040 0000 S00°0 7960 GLL0 2000 0000 (parres-z) 815 ([ARALIEETS)
910'0— €800 #7690 #8950 0100— €90°0— #0090 *x 6040 1 UOe[a110D) UosIes |
09 ¢L L1 0€ ¢ Ld1D 09 L utnsug 0€ ¢L urmsug 09 9 1d1D 0€79 11D 09 9 urnsug 0€™9 urnsuy 0cL ZInS e

“SUFUOW ZT e UIW )ZT 3e 9s0on[3 Jo a[qerrea Areurq sy} Yy3im sisjowrered Jo UOTJe[o1I00 [eLISSI] *G d[qeL

15



Biomedicines 2024, 12, 1671

Table 6. Stepwise binary regression analysis and excluded variables.

Model Summary
Model R R? Adj R? SEE R? Change F Change Sig. F Change ?
1 0.7092 0.502 0.479 0.30454 0.502 21.193 0.000
Excluded Variables
. Partial Collinearity Statistics
Sig.
Model 1 BetaIn t '8 Correlation Tolerance
Insulin_12_30 0.074b 0.306 0.763 b 0.068 0.428
Insulin_12_60 0.319 b 1.029 0.316 P 0.224 0.246
Insulin_6_60 0.057° 0.207 0.838° 0.046 0.328

The dependent variable is the categorical variable of postprandial glucose at 120 min and postoperative 12 months
(Cat Glu12 120). Only postprandial insulin at 30 min and 6 months is calculated as a prognostic biomarker (*).
The rest of the tested parameters have no prognostic potential ().
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Figure 3. ROC curves for postprandial insulin values and AUC levels. The proposed early PBH

biomarker (Insulin_6_30) shows the highest AUC value. The rest of the postprandial insulin levels

tested show lower values of AUC.

4. Discussion

The aim of this study was to investigate PBH in a cohort of patients with T2DM and
obesity after LRYGBP and identify potentially involved mechanisms that could serve as
tools for predicting the occurrence of this complication. Postprandial insulin levels are
associated with the presence of PBH; in particular, insulin levels at 30 min during OGTT at
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6 months might be used as a predictor for PBH. Conversely, postprandial levels of GLP-1
and glucagon, as well as the calculated (3-cell area, are not significantly related to PBH.
The type of surgery is not associated with PBH, further supporting our previous findings,
which showed that fundus resection is not implicated in glycemic control [8].

Although PBH has been recognized as a complication of MBS for several years, its
true incidence is not yet determined. From studies utilizing continuous glucose monitoring
(CGM), this incidence increases from 25 to 75%, while after provocative tests, namely
the OGTT and mixed meal test, it is estimated to be between 19 and 30% [23,24]. On
the basis of our findings, 16% of the patients presented postprandial glucose levels below
60 mg/dl after 12 months, and 20% had symptoms highly indicative of PBH according to the
retrospective questionnaire evaluation. However, it is interesting to note that only patients
with T2DM were included, which contradicts some observational studies that propose
preoperative T2DM as a protective factor for PBH [23]. The mean duration of preoperative
T2DM in our cohort was 3.7 years, and, most probably, the irreversible damage of 3-cells
had not occurred. As a result, after LRYGBP and gastrointestinal anatomy alterations,
(3-cell function was restored, and glycemic control was achieved. In line with this notion,
Raverdy et al. suggested that PBH after LRYGBP occurs in patients with higher pre-existing
beta-cell functions, as estimated via the insulinogenic index, when insulin sensitivity is
restored in relation to weight loss, which more succinctly explains our findings [22]. The
mean preoperative insulinogenic index of the four patients of the cohort who presented
PBH was 0.654, and it showed a remarkable four-fold increase at 12 months, reaching 2.5,
which is far higher than the mean value of the insulinogenic index of the cohort, as depicted
in Table 3. This indicates that after, achieving weight loss and improving insulin sensitivity,
[-cell function is restored, and patients with an inherent increased (-cell function will
demonstrate increased values of the insulinogenic index.

Another demanding part of PBH diagnosis is the objective report of the symptoms and
the diagnostic methods used. It is well known that PBH can present without any symptoms,
resulting in the term “hypoglycemia unawareness”, as demonstrated mainly from studies
using CGM [23,25]. Furthermore, the lack of clinical tools is a severe drawback for assessing
PBH. Many studies investigating PBH have implemented the Sigstad score, which is a false
approach because this score is used for detecting early dumping syndrome [26]. In line
with this notion, a recently published study found that the Sigstad score is not a reliable or
valid method for detecting late dumping syndrome after MBS [27]. Perhaps, the Edinburgh
hypoglycemia scale test and instructions for patients with respect to measuring blood
glucose levels whenever they present these symptoms would be a more rational approach.

The optimal diagnostic approach for the diagnosis of PBH has not yet been determined
by clinicians. From provocative tests, the mixed meal test appears as a more preferred
method because it resembles an ordinary meal. Conversely, OGTT, which was also used
in this cohort, can result in PBH in 70% of RYGB patients, with small differences between
symptomatic and asymptomatic patients, rendering OGTT less useful in confirming the
diagnosis [5]. Although the documented glucose values in the studied cohort were after
OGTT, the type of meal before the onset of symptoms was unknown when patients filled
out the questionnaires. The lack of information was a major drawback because it can affect
the occurrence of PBH. Specifically, meals with a high carbohydrate load are the main
culprits for PBH and should be replaced with small meals enriched in protein and fiber [1].
Finally, CGM over the course of 3 days and during normal meals is more sensitive and is
perhaps the most promising method [28]. Nevertheless, more evidence is required based
on the recent guidelines of the European Society of Endocrinology [8].

Delving deeper into the pathophysiology, the most compelling theory revolving
around PBH is the exaggerated insulinotropic response, resulting in overwhelming hy-
poglycemia [29]. This increased postprandial insulin secretion is attributed to elevated
(3-cell sensitivity during hyperglycemia, while concurrently blunted insulin suppression
is witnessed when glucose falls below fasting levels [30-32]. In our study, postprandial
insulin levels at 30 and 60 min and 6 months or 12 months were significantly associated
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with postprandial glucose values below 60 mg/dL. Specifically, postprandial insulin levels
at 30 min at 6 months might be used as a predictive factor for PBH at 12 months, although
this should be validated in a larger sample. Turning to details, the mean values of post-
prandial insulin levels at 30 min experienced by the four patients with PBH, at baseline, 6
months, and 12 months were 74.25, 164.82, and 209.25 ulU/mL, respectively, showing a
remarkable postoperative increase when insulin sensitivity and glucose homeostasis were
restored. Whether this is a result of an increase in pre-existing 3-cell function that was
restored after weight loss or dysregulation in 3-cell response requires more investigation
since many factors are implicated.

Apart from insulin’s action, its secretion is also closely related to enteroinsular axis
activity, which is mediated by incretins GLP-1 and GIP. Particularly, postprandial GLP-1
levels are significantly positively associated with insulin secretion, bolstering the fact that
incretin contributes to enhanced (3-cell function postoperatively [3,33]. Utilizing more
evidence about PBH, patients who experience hypoglycemia after RYGBP are reported to
have enhanced GLP-1 responses to meal ingestion compared with asymptomatic RYGB
individuals [34]. In our study, fasting and postprandial GLP-1 levels were remarkably
improved at 6 and 12 months, and they were most probably the main culprits that led
to optimal glycemic control and T2DM remission in the study cohort. Supposing that
GLP-1 contributes to insulin secretion, we hypothesized that postprandial GLP-1 levels
at 30 min, where the maximum secretion is observed, depending on the values, could
be involved in PBH at 12 months. Nevertheless, GLP-1 levels at 30 min and even at
60 min could not be used, surprisingly, as predictors for PBH at 12 months based on
binary regression analysis. Furthermore, from the biserial correlation, the aforementioned
parameters were not significantly related to PBH, creating controversy regarding their role
in PBH. Therefore, according to our findings, an inherent pre-existing 3-cell function with
insulin hypersecretion seems to be a prerequisite for PBH rather than GLP-1 levels alone.

Apart from incretins and insulin, the disruption of counter-regulatory mechanisms,
such as glucagon, might be implicated in PBH, increasing the frequency of these episodes [35].
While glucagon is normally released in response to hypoglycemia, stimulating hepatic
glucose output, after RYGBP, the postprandial glucagon response among patients with
and without hypoglycemia is identical, indicating a dysregulated a-cell response to hypo-
glycemia [36]. Particularly in T2DM patients, the paracrine control of a-cell glucagon is
jeopardized, resulting in a-cell insensitivity, increased fasting glucagon levels, and blunted
postprandial glucagon suppression [37]. In our study, postprandial glucagon levels did
not significantly change. However, fasting and postprandial levels were slightly decreased
at 12 months compared with 6 months, showing a gradual improvement in a-cell sen-
sitivity. Moreover, from the biserial correlation, glucagon levels at any time point were
not correlated with the PBH, exhibiting a more limited role. Hence, the attenuation of
counter-regulatory mechanisms in T2DM patients, together with the significant changes
that occurred after RYGBP, create complex interactions that require further investigation.
Finally, based on a recently published study, glucagon’s insulinotropic role is witnessed
after MBS, which is mediated through the GLP-1 receptor on [3-cells, further complicating
glucagon action [38].

A while after the turn of the millennium, Service et al. published a landmark study in
order to explain PBH, and they suggested the increased calculated (3-cell area after RYGBP
as the main culprit because nesidioblastosis characteristics were observed in specimens
from patients undergoing partial pancreatectomy for PBH [12,39]. However, the theory
of nesidioblastosis was steadily abandoned because the removal of islet cells via partial
pancreatectomy did not entirely resolve hypoglycemia. On the other hand, it was observed
that 3-cell nuclear diameter was increased with respect to BMI, and this was preserved
together with (3-cell hyperfunction after RYGBP. In line with this notion, we evaluated
calculated (3-cell area, as indicated by Meier et al., and no significant changes were observed
postoperatively. Moreover, the calculated 3-cell area was not associated with PBH in the
biserial correlation. Therefore, according to the literature and our findings, pre-existing
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-cell hyperfunction, which persists after weight loss, is probably the key leverage point
for PBH [40,41].

Although these findings can be considered intriguing, there are several major limita-
tions, requiring a cautious interpretation of the results. First and foremost, PBH was not
the primary endpoint or one of the secondary endpoints of the initially designed random-
ized controlled study. PBH was mainly observed at twelve months after RYGBP through
patients reporting symptoms of hypoglycemia or low glucose values, and this guided us
in retrospectively evaluating these patients even though the samples were prospectively
collected. Regarding the provocative test used, OGTT might not be the most ideal because
it overdiagnoses PBH. Furthermore, except for the small sample size of the study cohort,
which severely weakens our findings, the postoperative time period of one year is also
not the most appropriate, since the physiological changes after MBS stabilize after one
year, enabling us to safely study the involved mechanisms. Another major limitation
of this study was the lack of data regarding the type of meal these patients consumed
when they completed the questionnaire; this is because the consumption of meals with
low carbohydrate and high protein levels is the cornerstone for avoiding PBH. Hence,
the laboratory values of glucose below 60 mg/dl were documented after OGTT for all
patients. Other than these severe limitations, the study cohort only included patients with
T2DM and investigated several mechanisms implicated in PBH. Despite the small sample
size, the potential predictive value of postprandial insulin levels at 6 months for PBH
and 12 months and the role of GLP-1 and glucagon revolving around PBH are valuable
findings, providing insights in a not yet clearly elucidated field. In any case, PBH cannot
be easily investigated due to hypoglycemia unawareness and the inability to objectively
report patients’ symptoms.

5. Conclusions

According to our findings, pre-existing 3-cell hyperfunction, which persists postopera-
tively after weight loss and might lead to increased postprandial insulin levels, is associated
with PBH. Moreover, the postprandial insulin levels at 30 min and 6 months might be
used as a predictive factor for PBH at 12 months, while GLP-1 and glucagon levels are not
associated with PBH among patients with diabetes after LRYGBP. The predictive role of
insulin can raise awareness among clinicians to adequately prepare for and inform patients
to avoid the devastating effects of PBH; this should be validated using a larger sample size.
Future research should aim to investigate the implicated mechanisms with well-designed
studies, while clinical tools for objectively assessing PBH should also be validated.
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Abstract: Background: A study to assess the glucose levels of people with type 1 diabetes (T1D)
overnight, based on the insulin type and timing. Methods: A real-world, retrospective study of
T1D, using multiple daily insulin injections. Continuous glucose monitoring and insulin injection
data were collected for ten hours after dinner using the Insulclock® connected cap. Meal events
were identified using the ROC detection methodology. The timing of the rapid insulin, second
injections, and the type of insulin analogs used, were evaluated. Results: The nocturnal profiles
(n =775, 49 subjects) were analyzed. A higher glucose AUC of over 180 mg/dL was observed in
subjects with delayed injections (number; %; mg/dL x h): —45-15 min (n=136; 17.5%, 175.9 £ 271.0);
—15-0 min (n = 231; 29.8%, 164.0 £ 2 37.1); 0 + 45 min (n = 408; 52.6%, 203.6 + 260.9), (p = 0.049).
The use of ultrarapid insulin (FiAsp®) (URI) vs. rapid insulin (RI) analogs was associated with less
hypoglycemia events (7.1 vs. 13.6%; p = 0.005) and TBR70 (1.7 + 6.9 vs. 4.6 £ 13.9%; p = 0.003).
Users of glargine U300 vs. degludec had a higher TIR (70.7 vs. 58.5%) (adjusted R-squared: 0.22,
p <0.001). The use of a correction injection (n = 144, 18.6%) was associated with a higher number
of hypoglycemia events (18.1 vs. 9.5%; p = 0.003), TBR70 (5.5 + 14.2 vs. 3.0 £ 11.1%; p = 0.003), a
glucose AUC of over 180 mg/dL (226.1 £ 257.8 vs. 178.0 = 255.3 mg/dL x h; p = 0.001), and a lower
TIR (56.0 £ 27.4 vs. 62.7 +29.6 mg/dL x h; p = 0.004). Conclusion: The dinner rapid insulin timing,
insulin type, and the use of correction injections affect the nocturnal glucose profile in T1D.

Keywords: ultrarapid insulin; second-generation basal insulin; nocturnal hyperglycemia; nocturnal
hypoglycemia; connected insulin pen cap

1. Introduction

Maintaining a safe and stable blood glucose level during the night is crucial for people
with type 1 diabetes (T1D). Determining the appropriate pre-dinner rapid insulin and
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basal insulin to adequately control both postprandial and nocturnal glucose can be a daily
challenge, with a high level of uncertainty. Many factors, which are difficult to measure
and predict, can affect the nocturnal glycemic profile, one of them being exercise during
the day [1]. The safety and quality of life of individuals with T1D are clearly impacted by
these factors [2].

Insulin regimens requiring multiple daily injections (MDIs) impose a considerable
burden on people with T1D [3]. Previous studies have shown that the timing of prandial
insulin injection can affect postprandial glucose levels [4,5]. However, these studies were
conducted in laboratory settings or relied on self-reported insulin injection times and doses.
Notably, a large percentage of people with T1D do not follow the recommended prandial
insulin injection timing, which can result in different glucose dynamics and increase both
postprandial excursions and nocturnal hypoglycemia risk [6].

Manufacturers recommend injecting regular human insulin 30-45 min before starting
a meal, 15 min in the case of rapid insulin (RI) analogs, and at the start of a meal or within
20 min for second-generation (“ultrarapid”) insulin (URI) [7,8]. There is limited scientific
evidence on the nocturnal glucose profile depending on the timing and type of pre-dinner
rapid insulin injections. However, connected insulin pens and caps can now automatically
track continuous glucose monitoring (CGM) data, as well as the dose and exact time of
insulin injections [9]. This is a promising development, as it can help people with T1D
to manage their blood sugar levels more effectively and, ultimately, reduce the risk of
complications [10].

Insulin therapy adherence can be influenced by socioeconomic factors, treatment
complexity, and fear of hypoglycemia [11,12]. Errors in insulin administration, such as bolus
omissions and delays, can prevent optimal glycemic control [13]. This can negatively impact
the quality of life of people with diabetes and increase the risk of morbidity, mortality, and
hospitalization [14].

Although it is recommended to administer the prandial bolus injection at least 15 min
before mealtimes [15], it may not always be feasible in real life. Fortunately, URI is avail-
able, which can improve postprandial dynamics, even when injected after the meal has
started. Our previous study, which focused on postprandial glucose dynamics, confirmed
a reduction in both immediate hyper- and late hypoglycemia by using URI in a real-life
setting [6].

Second-generation basal insulin (BI) analogs have been developed to help people with
T1D face daily challenges. These analogs, such as insulin glargine 300 U/mL (Gla-300)
and insulin degludec (IDeg), have a longer and flatter profile, with less variability [16].
However, randomized clinical trials have not consistently detected significant differences
between the two insulins, using the CGM methodology [17]. In an MDI regimen, the
different effects on the glucose profile caused by the two basal insulins are more easily
observed during the night [18].

People with diabetes often administer additional (correction) insulin doses to immedi-
ately offset postprandial peaks [19]. Excessive correction frequently leads to postprandial
hypoglycemia due to the “stacking insulin effect” [20].

Insulclock® is an innovative small cap designed to be easily attached to disposable
insulin pens. Its primary function is to accurately record crucial information, such as the
date, time, duration, and dose of insulin injections [21]. This recorded data is seamlessly
integrated with other pertinent health metrics, including glucose levels from CGM devices
or glucometers, dietary intake, and physical activity, through the user-friendly Insulclock®
app. Patients are able to access and review the comprehensive data collected, enabling
them to effectively monitor their health trends and patterns. Moreover, this information
can be securely shared with their healthcare providers, facilitating collaborative analysis
and personalized treatment plans. Notably, a multicenter randomized controlled trial
has demonstrated the positive impact of the system on glycemic control and variability,
adherence to insulin treatment, and overall quality of life for individuals with T1D and
inadequate control [10].
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The current study aimed to analyze the nocturnal glucose profile in people with T1D
using MDIs, according to the timing of dinner rapid insulin and the type of rapid and basal
insulin used.

2. Materials and Methods
2.1. Design

A retrospective study was carried out using anonymous, real-world data from the
Insulclock® electronic database, from six participating centers in Spain. These centers were
the Hospital General de Segovia in Segovia, Cruces University Hospital in Barakaldo, Hos-
pital Arquitecto Marcide in Ferrol (A Coruna), Hospital Universitario Central de Asturias
in Oviedo, Hospital Universitario 12 de Octubre in Madrid, and Hospital Universitario
Infanta Sofia in San Sebastian de los Reyes.

At the beginning of the Insulclock® use, all participants provided written informed
consent, allowing Insulcloud S.L. to collect and use their anonymized and tabulated data
for scientific purposes. The study adhered to the ethical principles in the Declaration of
Helsinki and was approved by the Research Ethics Committee of the Hospital General de
Segovia in Segovia, Spain, before any study-related activities were undertaken.

2.2. Population and Database

The study analyzed data from consecutive T1D participants, who started using the
Insulclock® connected insulin pen cap [21] from January to June 2022. The type of insulin
used was not an inclusion criterion. The analysis focused on overnight periods, consisting
of ten hours starting at dinner time, and included data from continuous glucose monitoring
(CGM) and insulin injections. Only dinner glycemic excursions, starting with a glucose
level between 70 mg/dL (3.9 mmol/L) and 250 mg/dL (13.9 mmol/L), and with 10 h data
after dinner initiation, were included in the analysis.

The Glucose Rate Increase Detector (GRID) algorithm was employed to identify
dinner times, by analyzing excursions in glucose levels between 19 to 23:59 h [22]. The
algorithm estimates the rate of change in glucose levels from CGM data. It identifies
glucose excursions by looking for a gradient > 95.4 mg/dL/h (5.3 mmol/L/h) for two
consecutive readings within 30 min, or >90 mg/dL/h (5.0 mmol/L/h) for three consecutive
readings within 45 min, when the CGM signal is >129.6 mg/dL/h (7.2 mmol/L). The GRID
algorithm has high specificity to detect meal-related glucose excursions and has been
clinically validated for use with Automated Insulin Delivery (AID) systems and MDIs [23].

It is worth noting that all patients had been previously using CGM (Freestyle Libre2®),
as part of their usual diabetes care.

2.3. Outcomes

This study assessed the impact of the rapid insulin injection timing, by comparing
three groups of nocturnal glucose profiles based on when the injection was administered in
relation to the start of the post-dinner rise in glucose levels (PE). The groups were: injections
45 to 15 min before (—45/—15), injections within 15 min before the PE onset (—15/0), and
injections given from the start of the rise to 45 min after (0/+45).

The glucometrics and thresholds used to describe the glycemic dynamics during the
analyzed nighttime periods were in line with the recommendations in the “Continuous glu-
cose monitoring and metrics for clinical trials: an international consensus statement” [24].

To assess the magnitude of overnight hyperglycemia, we conducted a calculation of
the area under the curve (AUC) for glucose levels surpassing the recommended upper
limit of 180 mg/dL (10 mmol/L).

Hypoglycemic events are defined as periods when glucose levels are below 70 mg/dL
(3.9 mmol/L) for more than 15 min. Two variables are used to quantify hypoglycemia: the
percentage of overnight periods with a hypoglycemic event, and the time spent below the
range of 70 mg/dL (3.9 mmol/L) (TBR70) in regard to glucose.
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The time spent within the recommended target range of 70-180 mg/dL (3.9-10.0 mmol /L)
(TIR) during the nighttime period was also assessed.

The differences in nocturnal glycemic profiles, according to the insulin type used, were
evaluated. The study compared the two second-generation Bl analogs, glargine 300 U/mL
vs. insulin degludec, and the first-generation rapid insulin analogs (lispro, aspart, and
glulisine) (RI) vs. second-generation “ultrarapid” insulin (URI) analogs (Fiasp®, Novo
Nordisk, Denmark).

Additionally, the administration of a second injection (correction dose) 1-5 h after the
first rapid insulin dose at dinner was also evaluated.

2.4. Statistical Analyses

Statistical analyses were performed using SPSS software, version 25.0 (Chicago, IL,
USA). The level of statistical significance was set at a bilateral p < 0.05. Continuous variables
were described by the mean and standard deviation (SD), when normally distributed, or
by the median, interquartile range (IQR), when not normally distributed. Categorical
variables were described by the number of valid cases and percentages. Comparisons of
the proportions and/or frequency distributions were performed with the Chi-square test,
Mann-Whitney, Kruskal-Wallis, or the ANOVA test, as appropriate, with the post-hoc
Bonferroni correction.

Logistic and linear regression models were used to assess predictors of events of
glucose under 70 mg/dL (3.9 mmol/L), time below the range of glucose 70 mg/dL
(3.9 mmol/L) (TBR70), glucose AUC over 180 mg/dL, and time in range 70-180 mg/dL
(3.9-10.0 mmol/L) (TIR), depending on timing of injection, use of a second injection,
rapid and basal insulin type and pre-dinner glucose level. Simple regression models
were first performed, and those variables reaching statistical significance were included
in the multivariable regression models (forward selection). In the multivariable model, a
p-value < 0.05 was considered significant. Those variables with a variance inflation factor
>5 were removed from the models.

3. Results
3.1. Population

A total of 775 night periods were included, for 49 participants, 45.51 £ 13.2 years old,
28 of whom were women (57.1%).

Table 1 summarizes the clinical characteristics and baseline glucometrics of the in-
cluded population, both overall and according to the type of rapid and basal insulin used.

Table 1. Demographic and clinical characteristics and glucometrics data of study participants.

Glargine

U300 Degludec P URI RI r —45/—15 min —15/—0 min 0/+45 min r
N (%) 16 33% 33 67% 22 45% 27 55%
Events 775 273 35.2% 502 64.8% 306  39.5% 469 60.5% 136 17.5% 231 29.8% 408
TIR (%) 63.4£28 70.7 £25 58.5 £ 30 <0.001 61.1 £30 61.7 £28 0.96 61.9 £29 64.2 £27 59.7 £30 0.26
T](%,EZO 33+£118 3.55 £ 12 3.38 £12 0.81 1.7+7 4.6+ 14 0.003 42414 3.0£11 34£11 0.67
Low
glucose 111 10.62 11.35 075 7.1 13.6 0.005 11.0 95 0.63
events
(%)
AUC70
(mg/dL 119 + 496 134 & 526 112 4- 486 0.49 41 £ 200 171 £ 640 0.04 148 £ 540 96 + 435 124 £ 552 0.34
x h)
AUC180
(mg/dL 186 £ 256 134 £ 218 215+ 270 <0.001 204 + 266 175 £+ 248 0.36 176 £+ 271 164 £+ 237 204 + 260 0.049
x h)
Average
glucose 165 4 42 154 £ 38 159 + 44 <0.001 170 £ 42 162 £ 43 0.01 163 & 44 162 £ 40 167 43 0.38
value

AUCY0, a glucose area under the curve under 70 mg/dL (3.8 mmol/L); AUC180, a glucose area under the curve
over 180 mg/dL (10 mmol/L); RI, rapid insulin analogs; TBR, time below range; TIR, time in range; URI, second-
generation (“ultrarapid”) analog; second-generation basal insulin (BI), insulin glargine 300 U/mL (glargine U300)
and insulin degludec.
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3.2. Nocturnal Glucose Dynamics Depending on the Rapid Insulin Injection Timing

The distribution of the analyzed night times, according to the dinner rapid insulin injec-
tion times, was as follows: —45/—15 injections accounted for 17.5% (n = 136), —15/0 injections
for 29.8% (n = 231), and 0/+45 injections for 52.6% (n = 408).

Figure 1 displays the nocturnal glucose dynamics, depending on the dinner prandial
insulin injection time.
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Figure 1. Nighttime glucose dynamics depending on the rapid insulin injection time.

The nocturnal high glucose excursion (glucose AUC of over 180 mg/dL [10 mmol/L])
results showed statistically significant differences between the groups, being higher in sub-
jects with delayed rapid insulin injections 0/+45 min, (number, %, mg/dL x h): -45-15 min
(n=136,17.5%, 175.96 = 271.0); —15-0 min (n =231, 29.8%,164.0 = 237.1); 0+45 min (n = 408,
52.6%, 203.6 £ 260.9); overall p = 0.049 (Figure 2).
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Figure 2. Nighttime glucose AUC of over 180 mg/dL [10 mmol/L] depending on the rapid insulin
injection time.
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The rate of nocturnal hypoglycemic events did not differ according to the timing of the
rapid insulin injection, mean £ SD: —45-15 min, 11.0 & 0.3; -15-0 min, 9.5 £ 0.3; 0 + 45 min,
12.0 + 0.3 (p = 0.630).

The time below the glucose range of 70 mg/dL (3.9 mmol/L) (TBR70) showed similar
results (mean + SD): —45-15 min, 4.2 + 13.7%; —15-0 min, 3.0 + 10.7%; 0 + 45 min,
3.4 £11.7% (p = 0.674).

3.3. Analysis According to Dinner Ultrarapid Insulin Use

The nocturnal glucose AUC of over 180 mg/dL and TIR 70-180 did not reach sta-
tistically significant differences between URI vs. RI use (mean =+ SD): 175.3 &+ 248 vs.
204 £ 266 mg/dL x h (p = 0.366) and 61.7 & 28.3 vs. 61.1 & 30.8 mg/dL x h (p = 0.968).

The use of URI vs. RI was associated with a lower TBR70 (1.7 4+ 6.9 vs. 4.6 + 13.9%;
p = 0.003) (Figure 3) and less hypoglycemia events (7.1 vs. 13.6; p = 0.005) (Supplementary
Figure S1).

p =0.003

4.5

3:5

2.5

1.5

0.5

Time below range of glucose 70 mg/dL (TBR70) (%)

Ultrarapid insulin (URI) Rapid insulin (RI)

Figure 3. Time below the range of glucose 70 mg/dL (3.9 mmol/L) (TBR70) according to the use of
ultrarapid insulin (URI) vs. rapid insulin (RI) analogs.

3.4. Analysis According to the Second-Generation Basal Insulin Type

Figure 4 describes the post-dinner and nocturnal glucose dynamics depending on the
second-generation BI type.

Statistically significant differences were not detected regarding the type of second-
generation Bl used on the unadjusted glucometrics describing the nocturnal high glucose
excursions (glucose AUC of over 180 mg/dL [10 mmol/L]), nocturnal hypoglycemic events,
the time below the range of 70 mg/dL (3.9 mmol/L) (TBR70) in regard to glucose, nor the
time in range 70-180 mg/dL (3.9-10.0 mmol/L) (TIR).

However, the multivariable logistic regression model, which included the timing of
the injection, the BI type, and the pre-dinner glucose level, identified the use of Gla-300 as
independently associated with a higher TIR 70-180 during the night (adjusted R-squared:
0.22, p < 0.001).

27



Biomedicines 2024, 12, 1600

240

220

200

180

160

140

Glucose (mg/dL)

120

100

80

Time (hours)

Figure 4. Nighttime glucose dynamics depending on the second-generation basal insulin type used
(degludec vs. glargine U300).

3.5. Analysis According to the Use of a Second Insulin Injection (Correction Dose)

A second (correction) injection 1-5 h after the first rapid insulin dose at dinner was
detected in 18.6% of the analyzed overnight periods (n = 144). This practice was asso-
ciated with a higher number of hypoglycemia events (18.1 vs. 9.5%; p = 0.003), TBR70
(5.5 +£14.2 vs. 3.0 £ 11.1%; p = 0.003), a glucose AUC of over 180 mg/dL (226.1 £ 257.8 vs.
178.0 £ 255.3 mg/dL x h; p =0.001), and a lower TIR (56.0 &= 27.4 vs. 62.7 £ 29.6 mg/dL
x h; p =0.004).

3.6. Multivariable Analysis

The multivariable logistic regression model (Supplementary Table S1), which included
the timing of the injection, the use of a second injection, and the rapid and basal insulin
type, confirmed the following;:

e  The use of a URI was independently associated with a reduced risk (—52%) of glucose
events < 70 mg/dL (3.9 mmol/L) (adjusted R-squared: 0.017; p = 0.003), and with a
lower (—64%) TBR70 (adjusted R-squared: 0.016; p = 0.003);

e Not adding a second (correction) injection after dinner was independently associated
with:

O A reduction in overnight hypoglycemia: —47% glucose events < 70 mg/dL),
adjusted R-squared: 0.017, p = 0.003, and —61% TBR70 (adjusted R-squared:
0.016; p = 0.003);

O Areduction in overnight hyperglycemia: —21% glucose AUC of over 180 mg/dL
(adjusted R-squared: 0.017; p < 0.001);

O  More time in the recommended glucose range 70-180 mg/dL (TIR): +6.7%
(62.7 = 29.6 mg/dL vs. 56.0 & 27.4) (adjusted R-squared: 0.048; p < 0.001).

Additionally, using glargine U300 instead of degludec was associated with a higher
TIR (70.7 vs. 58.5%, +12.2%) after adjustment according to the baseline glucose before
dinner (adjusted R-squared: 0.22; p < 0.001).

4. Discussion

Individuals diagnosed with T1D are advised to maintain a stable and safe blood
glucose level during nocturnal hours, striving to avoid both hyperglycemia and hypo-
glycemia. The timing of prandial pre-dinner rapid insulin administration and the use of
an “ultrarapid’ insulin analog have been identified in our study as factors contributing to
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improved glucose control overnight. Additionally, our findings suggest that the use of Gla-
300, a second-generation basal insulin, as opposed to degludec, is associated with a greater
likelihood of achieving the recommended glucose levels during the nocturnal period.

Several studies have been conducted to determine the effect of prandial insulin timing
on postprandial glucose dynamics [4,15]. However, less scientific evidence is available
evaluating the relationship between the recommended timing for pre-dinner prandial
insulin injections and the nocturnal glucose profile beyond the postprandial period. A
study comparing preprandial vs. postprandial insulin glulisine in patients initiating a basal—-
bolus regimen for type 2 diabetes showed that nocturnal hypoglycemia rates were higher
in the postprandial administration group [19]. Another randomized, open-labeled, cross-
over trial found no statistically significant differences in nighttime hypoglycemic episodes
between insulin aspart administered before or after meals in children and adolescents with
T1D [25]. The PRONTO-T1D study in patients with type 1 diabetes showed that the rate
of hypoglycemia was significantly lower for mealtime ultrarapid lispro (URLi) compared
to post-meal URLi in the late postprandial period (>4 h after the meal) [26]. The data
presented in this report showed higher nocturnal glucose (AUC of over 180 mg/dL) in
subjects with delayed pre-dinner rapid insulin injections.

The use of second-generation rapid insulins, also known as ‘ultrarapid” insulins, such
as fast-acting insulin aspart (Fiasp®) and insulin ultra-rapid lispro (URLi), has been shown
to improve postprandial glucose dynamics [27,28]. There is limited scientific evidence on
how the type of rapid insulin injection before dinner affects the overall nighttime glucose
profile, especially in people with T1D who are following an MDI regime. In the PRONTO-
T1D CGM substudy, mealtime URLi decreased the nighttime TBR70 mg/dl compared
with mealtime lispro [24]. However, the same study pointed out increasing glucose levels
from evening to early morning in the group administered with mealtime URLi [24]. A
meta-analysis of randomized controlled trials comparing faster-acting insulin aspart (Fiasp)
to insulin aspart in people with diabetes mellitus showed that the nocturnal hypoglycemic
episodes were not different [29].

Similarly, second-generation BI analogs, with longer, flatter, and less variable profiles,
are currently available for use in the T1D population [16]. The studies comparing insulin
degludec and insulin glargine 300 U/mL have shown conflicting results regarding their
stability, variability, and clinical outcomes in the T1D population [17,30]. The present results
indicate that, after adjusting according to the baseline glucose before dinner, using glargine
U300 instead of degludec was associated with a higher TIR (70.7 vs. 58.5%, +12.2%). Our
recently published study showed improved nocturnal CGM glucometrics with glargine
300 in comparison to IDeg-100 in patients with T1D in a real-world setting [18]. The present
analysis supports these results.

According to a research study, a substantial number of individuals with T1D add a
corrective insulin injection at least once a week, with 57% of adults and 65% of children
reporting the need for it [3]. In the present study, 18.6% of the participants administered a
corrective insulin dose following their evening meal. However, refraining from this practice
could have a substantial impact on reducing overnight hypoglycemia and hyperglycemia,
consequently leading to enhanced safety, glycemic control, and overall quality of life.

The necessity to validate and quantify the impact of insulin injection timing and type
on glycemic control in real-world scenarios using CGM data, alongside the automatically
recorded insulin dose and timing information, is crucial. Connected insulin pens and caps
provide an opportunity to assemble this information and provide a more accurate picture
of nocturnal glucose levels [9]. This study’s main strengths lie in its real-world nature and
the methodology used, which includes CGM and connected insulin pen cap data. However,
its limitations include the fact that the meal content was not analyzed, which could have
influenced the results. Additionally, it is important to note that the detection of glucose
excursions relied on CGM data obtained from sensors in interstitial fluid, rather than on
direct capture in relation to the beginning of the action of ingestion. There is a delay in
detecting increases in glucose levels in interstitial fluid compared to glucose levels in the

29



Biomedicines 2024, 12, 1600

blood, especially during periods of rapid change [31]. Additionally, there is a delay between
food ingestion and the appearance of glucose in the bloodstream. Previous studies have
indicated that both delays typically average around ten minutes each [32]. Therefore, to
calculate the actual time at which intake began based on the hyperglycemic excursion data
from CGM data used in the present study, at least 10-20 min should be added. The absence
of analysis according to the insulin dose could be taken as a limitation. However, the study
research work hypothesis starts by assuming that the dose selection is made depending on
the carbohydrate counting and carbohydrate/insulin ratio and insulin sensitivity factor
previously set for every subject, as per the standard of care.

5. Conclusions

Delayed rapid insulin injection before dinner is frequent and causes hyperglycemia
overnight. A considerable number of people with T1D add a second (correction) rapid
insulin injection after dinner. It significantly increases both overnight hypoglycemia and
hyperglycemia. The utilization of ‘ultrarapid” insulin has shown promise in reducing the
risk of nocturnal hypoglycemia. It is recommended that second-generation “ultrarapid’
insulins for individuals with T1D are considered to potentially optimize glucose control.
However, further research is required to determine the optimal timing of insulin injections
and the impact of different insulin types on nighttime glucose levels.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biomedicines12071600/s1, Figure S1: Rate of hypoglycemia
events < 70 mg/dL; Table S1, Multivariable regression model results.
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Abstract: Objective: Circulating exosome-enriched extracellular vesicles (EVs) have drawn consid-
erable importance in obesity-related insulin-resistance (IR). We sought to compare the proteomics
profile of serum exosomes from normal individuals and those with obesity and IR. Methods: We iso-
lated serum exosomes from male subjects with obesity and insulin resistance (Ob-IR, HOMA-IR > 2.0)
and lean/overweight insulin-sensitive (Normal (N), HOMA-IR < 2.0) individuals. The differential
protein expression between the two groups was detected by a label-free quantitative mass spectrome-
try analysis followed by GO annotation and ingenuity pathway analysis (IPA). Results: We identified
23 upregulated and 46 downregulated proteins between Ob-IR and N groups. Some of these proteins
are involved in altering insulin signaling (VPS13C, TBC1D32, TTR, and ADIPOQ), inflammation
(NFkB and CRP), and B-cell proliferation/activation (IGLV4-69, IGKV1D-13, and IGHV4-28). GO
analysis revealed that the differentially expressed proteins (DEPs) are mainly involved in regulating
immune cell activation and are located in extracellular space. IPA analysis showed that top molecules
mediating IR, inflammation and B-cell activation were upregulated in Ob-IR subjects compared to
N subjects. Conclusions: Serum exosomal proteins can be used as biomarkers to identify the future
risk of diabetes and a therapeutic target to prevent or slow down the progression of diabetes in
high-risk individuals.

Keywords: obesity; insulin resistance; diabetes; proteomics

1. Introduction

The ever-rising worldwide prevalence of obesity and endocrine co-morbidities like
insulin resistance (IR) makes it a public health problem [1,2]. Obesity-related IR has
been a great challenge to clinicians and researchers due to the multifactorial nature of its
pathogenesis affecting early diagnosis and effective therapeutic interventions [3]. Given
that obesity and IR are vastly studied, it is known that multiple integrative approaches
are needed to understand their complex biochemical and pathophysiological mechanisms.
Obesity-related IR is a major risk factor for the development of type 2 diabetes (T2D), but
the underlying mechanisms by which obesity-related IR progresses to T2D remains unclear.
Moreover, glucose tolerance tests and hyperinsulinemic and euglycemic clamp studies
are needed to confirm IR. However, these tests are not performed routinely to identify
individuals with a high risk for developing T2D.
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Recently, exosomes or extracellular vesicles (EVs) have been proven to act as paracrine
communicators between cells, which has attracted the attention of many scientists. Exo-
somes play important roles in cell-cell communication and participate in several patho-
physiological processes [4]. Exosomes are small extracellular membrane vesicles that are
secreted by cells and contain proteins, lipids, and nucleic acids that can be taken up by other
cells. They have been widely studied for their role as biomarkers or in the pathogenesis of
various diseases.

Regarding obesity and its co-morbidities, several lines of evidence suggest that exo-
somal cargos, in particular, microRNAs, are altered in the plasma and/or adipose tissue
(AT) of humans and are shown to participate in the development of IR (reviewed in [5]).
However, only a few studies have shown that the protein cargo of exosomes are also
altered in obesity. For example, Ge et al. have shown that circulating exosomes from
non-diabetic individuals with obesity showed lower levels of omentin 1 which has been
shown to be a mediator linking IR with 3-cell function [6]. Another study has shown that
transforming growth factor beta 1 (TGFBI) in circulating EVs may facilitate monitoring
the T2D status in obese patients, and EV-mimecan (aka osteoglycin) may be useful to track
visceral obesity [7]. Proteomics analysis of exosomes from mouse plasma has revealed an
upregulation of two proteins (immunoglobulins) and downregulation of 10 proteins (14-3-3
protein isoforms, proteasome subunits, and others) in mice with diet-induced obesity [8].
Proteomics analysis has also been performed in adipocytes of human subjects which re-
vealed that changes in proteins related to lipid metabolism and unfolded protein response
discriminate insulin-resistant and insulin-sensitive individuals with unequal adiposity [9].
In addition to serving as a biomarker, the exosomal proteomics profile may also reveal
the therapy response. For example, in a recent study, plasma exosomal proteomics cargo
has been shown to alter in response to lifestyle interventions in adolescents with hepatic
steatosis [10].

Research on exosome proteomes in obesity-related IR is still in its early stages, and
more studies are needed to fully understand the role of exosomal cargo proteins as biomark-
ers or therapeutic targets to prevent/manage T2D in humans. Our study aims to investigate
the differential expression of serum exosomal proteins in normal subjects (N) and individu-
als with obesity and IR. Using the label-free quantitative mass spectrometry (MS)-based
proteomic approach, we analyzed the differential expression of serum exosomal proteins in
N and Ob-IR groups.

2. Methodology
2.1. Study Design and Subjects

In this study, serum samples from 4 male subjects with obesity and IR and 4 lean/overweight
insulin-sensitive men were used for exosome isolation. All blood samples for serum
isolation were obtained while subjects were in a fasting state. The following inclusion and
exclusion criteria were applied while choosing the subjects for the study. Inclusion criteria.
(1) Age 19 to 75; (2) lean/Over-weight insulin sensitive: BMI between 20-29.9 kg/m? and
no insulin resistance (HOMA-IR < 2.0); obesity and insulin resistance: BMI 30-55 kg /m?
and with HOMA-IR > 2; and (3) subjects should be on a stable dose of any medications
for at least two months. Exclusion Criteria. (1) Patients currently taking NSAIDs more than
3/week on a prescription basis or taking a daily dose of NSAID; (2) history of diabetes
and patients taking diabetes medications as these drugs may alter adipose tissue metabolic
functions; (3) history of uncontrolled hypertension defined as >160 systolic and 95 diastolic
on medication; (4) history of renal disease with GFR < 60; (5) history of hepatic failure or
AST/ALT > three times the normal range; (6) patients with active cancer within the last
2 years except for skin cancers; (7) patients with acute illness needing hospitalization within
the last 2 months; (8) patients with acute inflammation; (9) patients with cardiovascular
events such as myocardial infarction, stroke, amputation, unstable angina within the last
six months; (10) pregnancy; and (11) presence of psychosis, suicidal ideations, untreated
major depression, dementia and history of stimulant dependence/substance abuse. The
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study was approved by the Institutional Review Board at the VA Nebraska-Western Iowa
Health Care System (NWIHCS). All participants gave informed consent.

2.2. Isolation of Exosomes

The ultracentrifugation (UC) method has been widely used for proteomics analysis
of exosomes because it provides high-purity exosomes. We isolated exosomes using the
UC method as reported earlier with slight modifications [11]. Briefly, 1.5 mL of the serum
samples was centrifuged at 2000 x g for 15 min at 4 °C. Supernatant was diluted 1:3 volumes
in sterile phosphate-buffered saline (PBS) and centrifuged at 2000 x g for 30 min at 4 °C.
The supernatants were centrifuged at 10,000 x g for 45 min at 4 °C to remove larger vesicles.
Prior to ultrafiltration, samples were filtered through a 0.45 pm filter. The supernatant was
centrifuged at 100,000 x g for 2 h at 4 °C using a Beckman ultracentrifuge. The pellet was
resuspended in PBS, filtered again (0.45 pm) and centrifuged at 100,000x g for2h at 4 °C.
The pellet (containing exosomes) was resuspended in PBS, aliquoted and kept at —80 °C
until further use.

2.3. Nanoparticle Tracking Analysis

An aliquot of freshly isolated exosomes or samples stored at 4 °C overnight was used
for nanoparticle tracking analysis (NTA) to determine the size distribution of exosomes
using the NanoSight NS300 (Malvern, Malvern, UK) with a 405nm laser instrument.
Samples were analyzed using the basic control settings: infusion Rate, 20 pL/min; detection
threshold, 5; and camera level, 10-15. Data were analyzed using the NTA 3.0 software.

2.4. Electron Microscopic Imaging of Exosomes

Morphologies of exosomes were determined using the transmission electron microscopy
(TEM) Electron microscopic studies were carried out at the University of Nebraska Medical
Center’s electron microscopy core facility using FEI Tecnai G2 Spirit transmission electron
microscope (Field Electron and Ion Company, Hillsboro, OR, USA) operated at 80 kv.

2.5. Label-Free Quantitative Mass Spectrometry and Data Analysis

Serum exosomes were lysed using the RIPA buffer (J62524.AE, Thermo Fisher Sci-
entific, Waltham, MA, USA) containing protease and a phosphatase inhibitor cocktail
(78444, Thermo Fisher Scientific). For proteomics analysis, 50 pg of protein per sample from
four biological replicates per group was taken and the detergent was removed by chloro-
form/methanol extraction. The protein pellet was re-suspended in 100 mM ammonium
bicarbonate and digested with MS-grade Pierce trypsin (Thermo Fisher scientific, Waltham,
MA, USA) overnight at 37 °C following reduction with 10 mM DTT at 56 °C for 30 min
and alkylation using 50 mM iodoacetamide at RT for 25 min. Peptides were cleaned with
PepClean C18 spin columns (Thermo) and were re-suspended in 2% acetonitrile (ACN)
and 0.1% formic acid (FA). Each sample containing 500 ng of protein was loaded onto trap
column Acclaim PepMap 100 75 pm x 2 cm C18 LC columns (Thermo Scientific™) at a
flow rate of 4 uL/min and then separated with a Thermo RSLC Ultimate 3000 (Thermo
Scientific™) on a Thermo Easy-Spray PepMap RSLC C18 75 um x 50 cm C-18 2 pm column
(Thermo Scientific™). A step gradient of 4-25% solvent B (0.1% FA in 80% ACN) from 10 to
100 min and 25-45% solvent B for 100 to 130 min at 300 nL/min was used at 50 °C with a
155 min total run time. Eluted peptides were analyzed using a Thermo Orbitrap Exploris
480 (Thermo Scientific™) mass spectrometer in a data-dependent acquisition mode. A
survey full scan MS (from m/z 350-1200) was acquired in the Orbitrap with a resolution
of 60,000. The Normalized AGC target for MS1 was set as 300% and the ion filling time
as 25 ms. The most intense ions with charge states 2-6 were isolated in 3 s cycle and
fragmented using the higher-energy collisional dissociation (HCD) fragmentation method
with a 30% normalized collision energy detected at a mass resolution of 15,000 at 200 m/z.
The AGC target for MS/MS was set as 50% and the ion filling time set to auto for 30 s with
a 10 ppm mass window. Protein identification was performed by searching MS/MS data
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against the swiss-prot Homo sapiens protein database downloaded in December 2022 using
the in-house PEAKS X + DB search engine. The search was set up for full tryptic peptides
with a maximum of two missed cleavage sites. Acetylation of protein N-terminus and
oxidized methionine were included as variable modifications and carbamidomethylation
of cysteine was set as fixed modification. The precursor mass tolerance threshold was set at
10 ppm and the maximum fragment mass error was 0.02 Da. The significance threshold
of the ion score was calculated based on a false discovery rate of <1%. Quantitative data
analysis was performed using progenesis QI proteomics 4.2 (Nonlinear Dynamics, Waters
Corporation, Milford, MA, USA). Proteomics data have been deposited to the MassIVE
repository, a member of the ProteomeXchange Consortium (PXD045735).

2.6. Western Blot Analysis

Exosome lysates were subjected to SDS-PAGE under reducing and heat-denaturing
conditions using Bis-Tris Plus Mini Protein Gels (4-12%, NW04125BOX, Thermo Fisher
Scientific) and MOPS SDS Running Buffer (B000102, Thermo Fisher Scientific). Then, the
proteins were transferred to the 0.2 um PVDF membrane (ISEQ00010, Millipore, Burlington,
MA, USA) using the transfer buffer (BT0006, Thermo Fisher Scientific) containing 10%
methanol. After transferring, the membrane was incubated with 5% fat-free milk powder
for 1 h at room temperature. After blocking by 5% fat-free milk powder, membranes were
incubated in appropriate primary antibodies overnight at 4 °C to detect target proteins. The
primary antibodies against CD9 (10626D, Invitrogen, Waltham, MA, USA), flotillin 1 (18634,
Cell Signaling Technology, Danvers, MA, USA), GM130 (12480, Cell Signaling Technology),
Calnexin (2433S, Cell Signaling Technology), VPS13C (28676-1-AP, Proteintech, Rosemont,
IL, USA), adiponectin (21613-1-AP, Proteintech), and immunoglobulin « light chain (14678-
1-AP), were used for immuno-detection at 1:1000 dilution. After washing three times with
TBS buffer containing 0.5% Tween-20 (TBST), membranes were incubated with anti-rabbit
(7074, Cell Signaling) or anti-mouse (7076, Cell Signaling) secondary antibody conjugated
to HRP-linked antibody at 1:5000 dilution or 1 h at room temperature. Secondary antibody
signals were revealed by enhanced chemiluminescence reagent (1705062, Biorad, Hercules,
CA, USA). To normalize the protein bands with total protein, exosome samples were run
on a gel. The gel was fixed in 50% methanol containing 10% acetic acid for 1 h. Then, the
protein gel was subjected to staining with 0.1% Coomassie Brilliant Blue R-250 (1610400,
Biorad, Hercules, CA, USA) for 3 h. The gel was then de-stained using 50% methanol plus
10% acetic acid for 2 h.

2.7. Statistical Analysis

Statistical analysis was performed using the one-way ANOVA and the Benjamini-
Hochberg (BH) method was used to adjust the p values for multiple-testing-caused false
discovery rate (FDR). The adjusted p < 0.05 was considered significant. Various plots such
as PCA, Venn diagram, and volcano plot were generated using Partek Genomics Suite
7.0. GO pathway enrichment was used to analyze the proteins involved in the biological
process, cellular component, and molecular function. Western blot data were analyzed by
one-tailed Student’s t-test.

3. Results
3.1. Characteristics of Study Groups

The anthropometric and clinical characteristics of the study subjects are summarized
in Table 1. As expected, the BMI and HOMA-IR used in the selection of the two groups
are different between the two groups. In addition, body weight, diastolic blood pressure,
glucose, insulin, and alanine aminotransferase (ALT) were significantly higher in Ob-IR
versus N subjects. No change in other variables including total cholesterol, triglycerides,
LDL cholesterol, and HDL cholesterol were noted.
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Table 1. Baseline characteristics of study participants.

Measurement Normal (n = 4) Obese-IR (n=4)  p Value
Age (years) 44 +£42 44 +62 0.9745
Height (in) 98 £ 26.6 71+£0.7 0.3337
Weight (Ib) 176 +29.5 283 £15.1*% 0.0179
Body mass index (kg/mz) 28 £0.6 40 £2.4 % 0.0026
Systolic BP (mmHg) 121+ 75 134 +4.7 0.2181
Diastolic BP (mmHg) 77 +£23 88 +3.1* 0.0296
Insulin (W[U/mL) 5+04 18 4+ 2 *** 0.0008
Glucose (mg/dL) 91 +£27 114 +65* 0.0178
HOMA-IR 1+0.1 5+ 0.6 *** 0.0009
Total cholesterol (mg/dL) 179 £9.7 194 +11.7 0.3618
Triglycerides (mg/dL) 128 +28.1 136 +11.4 0.3618
LDL cholesterol (mg/dL) 107 £11.1 118 + 10.6 0.7947
HDL cholesterol (mg/dL) 46 £ 6.3 49 £2 0.5003
BUN (mg/dL) 15+0.8 16 £2.3 0.6932
Creatinine (mg/dL) 1+0.1 14+0.1 0.5601
Sodium (mmol/L) 139 £ 0.5 139 £ 0.5 0.4881
Potassium (mmol/L) 4401 4+0.1 0.4842
Calcium (mg/dL) 9+0.1 9+03 >0.9999
CO2 (mmol/L) 28 £05 26 £1.1 0.1055
Chloride (mmol/L) 103 + 0.6 104 +14 0.5334
Alkaline phosphatase (U/L) 59 £5. 80+95 0.1016
ALT (U/L) 324+24 57 +£10* 0.0474
AST (U/L) 33+18 43 +9 0.2940
Bilirubin (mg/dL) 2407 1+0 0.1908

Values are mean £ SEM. BP, blood pressure; HOMA-IR, Homeostatic Model Assessment for Insulin Resistance;
ALT, alkaline phosphatase; AST, acid phosphatase. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. normal subjects.

3.2. Isolation and Characterization of Serum Exosomes in Obesity-Related IR

The exosomes were isolated from the serum samples by ultracentrifugation. NTA was
used to measure the size and concentration based on the tracking of Brownian movement.
The mean size (196 & 33.7 and 228 + 35.7 in N and Ob-IR groups, respectively) and
concentration (4.78 x 108 +2.66 x 108 and 1.68 x 107 + 3.91 x 10° in N and Ob-IR groups,
respectively) did not vary significantly between groups. A representative NTA plot for each
group is shown in Figure 1A. TEM was utilized to further characterize the morphology of
the exosomes. The exosomes appeared as round vesicles of heterogenous sizes (Figure 1B).
Next, we performed the Western blot analysis to detect exosome markers. The exosome
markers including CD9 and flotillin 1 were detected in our samples. On the other hand,
calnexin and GM130, a marker of endoplasmic reticulum and Golgi, respectively, were
not altered, indicating that our samples mostly contained EVs (Figure 1C). Taken together,
these results demonstrated that the exosomes were successfully isolated from the serum
with high purity and well-characterized by various methods.
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Figure 1. Characterization of exosome-enriched extracellular vesicles (EVs) isolated from human
serum. (A) Representative histogram of particle concentration and size distribution profile of EVs
determined by the nanotracker analysis (NTA). (B) Electron microscopic picture of serum exosomes.
(C) Western blot analysis showing exosome markers.

3.3. Identification of DEPs between Ob-IR and N Groups

We next performed the proteomics analysis on the exosome samples. The princi-
pal component analysis (PCA) was performed for assessing the quality of data which
shows distinct clustering of the proteome between groups (Figure 2A). A total of 503 and
504 proteins were profiled in N and Ob-IR groups, respectively. The Venn diagram shows
that 108 proteins are present only in the normal group and 109 proteins are found only in
the Ob-IR group whereas 395 proteins are present in both groups (Figure 2B). Only proteins
detected in both groups were used for further analysis. We noted that 69 exosomal pro-
teins were differentially expressed (23 upregulated and 46 downregulated) at an adjusted
p < 0.05. The DEPs are depicted in a volcano plot (Figure 2C).
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Figure 2. Proteomic analysis of serum-derived exosomes. (A) Principle Component Analysis plot.
(B) The Venn diagram displays the distribution of exosomal proteins between normal subjects (N)
and individuals with obesity and insulin resistance (Ob-IR). (C) Volcano plot showed the significantly
altered proteins between the N and Ob-IR groups. The ratio of expression of these proteins in Ob-IR
vs. N are plotted against the p value. The red and green dots indicate the up- and downregulated
proteins, respectively. The gray dots indicate proteins that had no significant difference. (D-F) The
gene ontology (GO) enrichment analyses of differentially expressed proteins (DEPs). GO enrichment
analysis of DEPs in the (D) biological process, (E) cellular component, and (F) the molecular function
categories. All significantly enriched GO terms (p < 0.05) involving DEPs are displayed.

3.4. GO Enrichment Analysis

All the DEPs were subjected to GO enrichment analysis which shows the enrichment of
genes in three categories: (1) biological processes, (2) cellular component, and (3) molecular
function (Figure 2D-F). Regarding biological processes, most of the DEPs were enriched in
the humoral and adaptive immune response, immune system process, and B-cell-mediated
immunity. DEPs enriched in the cellular component were those present in the extracellular
region, extracellular space, extracellular vesicle, extracellular exosome, and cell periphery,
indicating that the DEPs are present mainly in the exosome fraction. DEPs regulating the
molecular functions are mostly enriched in signaling receptor binding, antigen binding,
and immunoglobulin receptor binding, suggesting an altered immune response between
groups. Together the GO enrichment analysis shows that DEPs are mostly enriched in
exosomes and modulate processes regulating the immune response.

A detailed list of DEPs with fold changes and p-values are shown in Table 2. Regarding
specific markers associated with IR and T2D risk, we noted a striking increase in the
vacuolar protein-sorting 13 homolog C (VPS13C, 152-fold, p = 4.23 x 1073) in Ob-IR
subjects compared to N individuals. In addition, the levels of TBC1 Domain Family
Member 32 (TBC1D32, 17.75-fold, p = 4.84 x 10~%) and transthyretin (TTR, 1.9-fold, p =
1.75 x 10~3) were increased in the Ob-IR group. On the other hand, a profound reduction
in proteins improving insulin sensitivity, in particular, adiponectin, an insulin-sensitizing
adipokine, was seen in Ob-IR compared to N subjects (ADIPOQ, —101.996-fold, p = 5.14
x 107°). Further, we noted a reduction in the levels of ficolin 3 (FCN3, —1.86-fold, p=97
x 1073) and zinc-a2 glycoprotein (AZGP1, —1.74-fold, p = 6.0 x 10~3) which are known
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for their role in promoting insulin sensitivity. We have also shown the abundance of these
proteins in individual samples in Figure 3.

Table 2. Differentially expressed proteins in exosomes.

Log2

Accession Gene Names p Value Lofgflidvghg;lge Protein All;(zlgrlzdance N) Protein Abundance
(Ob-IR)
Q15848 ADIPOQ 5.14 x 107° —101.996 20.3359 13.6635
P04114 APOB 0.00264854 —3.43471 27.3783 25.5981
P02655 APOC2 0.00779055 —7.66736 26.2571 23.3183
P02656 APOC3 9.54 x 1072 —5.07365 28.3374 25.9944
P02649 APOE 0.00325172 —4.16134 25.9174 23.8604
P29972 AQP1 0.00884853 —6.3104 18.9832 16.3254
P25311 AZGP1 0.00600575 —1.74242 24.1581 23.3571
P06276 BCHE 0.0030989 —5.01385 22.5725 20.2466
P02747 C1QC 0.00909716 —1.75507 26.6362 25.8247
P07358 C8B 0.00922879 —2.36558 23.9494 22.7072
043866 CD5L 0.00802754 —4.32778 27.1963 25.0827
P00751 CFB 0.00724882 —3.33718 26.8489 25.1102
Q92496 CFHR4 0.007138 —3.31359 20.048 18.3196
QI9BXR6 CFHR5 0.000347282 —4.41694 17.1679 15.0249
P49747 COMP 0.0101491 —7.1216 17.3908 14.5586
Q961Y4 CPB2 0.000335808 —9.83874 22.2431 18.9446
QINQ79 CRTAC1 0.000143608 —7.74126 18.6834 15.7309
P00748 F12 0.000142249 —4.73022 24.3553 22.1134
P12259 F5 0.000641014 —8.68021 21.7898 18.6721
Q15485 FCN2 0.00739225 —3.87146 21.6952 19.7424
075636 FCN3 0.00974348 —1.8598 24.6062 23.7111
P02671 FGA 0.0034269 —3.49751 23.4074 21.6011
P02751 FN1 0.00461717 —2.20996 26.129 24.985
P69905 HBA2 0.00166529 —2.87522 29.2208 27.6971
P68871 HBB 0.00415203 —3.23454 30.1874 28.4938
A0A0C4DH39 IGHV1-58 8.15 x 107> —4.95533 20.0733 17.7643
AO0A0B4J2HO IGHV1-69D 3.37 x 107° —2.08215 21.1561 20.098
PODPO1 IGHV1-8 0.00231204 —3.85637 19.9576 18.0103
A0A0C4DH32 IGHV3-20 0.000622795 —6.30424 21.2174 18.5611
PODPO08 IGHV4-38-2 0.00806797 —2.13237 19.4472 18.3548
P01824 IGHV4-39 0.00806797 —2.13237 23.1349 22.0425
P01834 IGKC 0.00290762 —2.3229 31.4403 30.2244
P01699 IGLV1-44 0.00116193 —38.3801 22.3701 17.1078
P01718 IGLV3-27 0.00911879 —4.65614 21.3846 19.1654
P19652 ORM2 0.00876663 —2.49516 27.8332 26.514
PODOX7 PODOX7 0.00290762 —2.3229 30.8636 29.6477
P01833 PIGR 0.00921069 —2.57522 20.6286 19.2639
Q01970 PLCB3 0.000474843 —7.22989 24.0273 21.1733
P00747 PLG 0.000771804 —2.99473 26.7129 25.1304
P55058 PLTP 0.0071463 —4.47115 21.9089 19.7483
P08185 SERPINA6 0.00140644 —14.7621 24.3355 20.4517
Q13103 SPP2 0.00746342 —7.86724 18.2868 15.311
P27105 STOM 0.00238428 —2.2169 19.9259 18.7774
P02787 TF 0.000659321 —2.53408 31.079 29.7375
P02786 TFRC 0.00163401 —4.66298 20.696 18.4747
P07996 THBS1 0.000165745 —35.3192 21.977 16.8346
P02652 APOA2 0.00926537 78.3317 20.577 26.8685
P02748 9 0.00195931 2.01393 23.9378 24.9478
P15169 CPN1 0.000251491 2.4278 21.0871 22.3667
P22792 CPN2 0.00984944 2.22805 24.357 25.5128
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Table 2. Cont.

Log2
. Log Fold Change Log2 .
Accession Gene Names p Value (OIR vs. N) Protein Abundance (N) Protein Abundance
(Ob-IR)
P02741 CRP 0.000866202 4.71278 19.7541 21.9907
Q41180 FILIP1L 1.32 x 107° 11.5713 20.4921 24.0246
P62805 H4C16 0.00372999 17.8419 13.495 17.6522
AO0AOB4J1V6 IGHV3-73 0.00917639 4.07111 20.1666 22.192
AO0A0C4DH34 IGHV4-28 8.56 x 107° 6.05381 18.8953 21.4932
A0A0B4J2D9 IGKV1D-13 3.45 x 107° 12.4358 21.8398 25.4763
AO0A0C4DH24 IGKV6-21 0.00225202 2.80145 21.107 22.5931
P01706 IGLV2-11 0.00978276 2.39056 22.1182 23.3756
AO0A075B6H9 IGLV4-69 0.00365724 280.396 10.7438 18.8752
AO0AOB4J1Y8 IGLV9-49 0.00467814 7.21009 16.4558 19.3058
Q06033 ITIH3 0.00727725 2.96715 25.4247 26.9938
P19838 NFKB1 0.000426808 15.1041 22.7597 26.6766
060313 OPA1 2.83 x 107° 40.72 13.8771 19.2248
P22891 PROZ 0.00859579 2.50669 17.3095 18.6352
P20742 PZP 0.00298606 2.1067 23.7413 24.8163
Q96NH3 TBC1D32 0.000483639 17.7464 14.9629 19.1124
P02766 TTR 0.00174771 1.90673 27.9756 28.9067
Q709C8 VPS13C 0.004229 152.354 15.4026 22.6539
P04275 VWEF 0.00300269 2.78745 20.2546 21.7336
VPS13C TBC1D32 TTR
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Figure 3. Markers of insulin resistance in exosomes. Proteins altering insulin signaling and/or

glucose uptake in exosomes from normal and Ob-IR subjects. Values are mean & SEM of 4 samples

per group.
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Inflammatory pathways play an important role in the development of T2D. Accordingly,
we noted an increase in the levels of nuclear factor kB1 (NFkB1, 15-fold, p = 4.3 X 107%),
C-reactive protein (CRP, 4.4-fold, p = 8.66 X 10~%), and complement 9 (C9, 2.01-fold,
2.0 x 107%) in EVs from Ob-IR compared to N subjects. As shown in Figure 4, the abun-
dance of these proteins is higher in Ob-IR subjects compared to N subjects.
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Figure 4. Markers of inflammatory response in exosomes. Proteins altering inflammation in exosomes
from normal and Ob-IR subjects. Values are mean & SEM of 4 samples per group.

Intriguingly, markers of immune cell development/activation showed a prominent
increase in EVs from Ob-IR individuals compared to controls. In particular, proteins
involved in B-cell development/B-cell receptor signaling were significantly higher in Ob-
IR subjects compared to N individuals. For example, immunoglobulin lambda variable
4-69 (IGLV4-69) showed a 280-fold increase in Ob-IR subjects compared to the control
(p =3.66 x 10~3). Moreover, the levels of many other immunoglobulin chains including
IGLV9-49 (7.2-fold, p = 4.7 x 10~3), immunoglobulin kappa variable 1D-13 (IGKV1D-13,
12.4-fold, p = 3.45 x 1075), IGKV6-21 (2.8-fold, p=225x 1079), immunoglobulin heavy
variable 3-73 (IGHV3-73, 4.1-fold, p =9.2 X 1073) and IGHV4-28 (6.1-fold, p =856 x 1079)
were significantly upregulated in the Ob-IR group compared to the N group. We also noted
a decrease in the levels of some immunoglobulin chains including IGLV1-44 (—38.38-fold,
p=1.16 x 1073) and IGHV1-58 (—4.95533-fold, p = 8.15 x 10~°). The distribution of protein
abundance for these markers among different samples in each group is shown in Figure 5.
Together, these data show that several markers involved in B-cell development/activation
are significantly altered between N and Ob-IR subjects, providing evidence for the role of a
novel player in obesity-related IR.

The protein levels of top-altered markers were confirmed by Western blot analyses
(Figure 6A). These data show that VPS13C was upregulated in Ob-IR subjects compared
to the N group. For B-cell activation, we performed the Western blot analysis for im-
munoglobulin k light chain which also showed an upregulation in Ob-IR subjects. In line
with our proteomics data, our Western blot analysis showed a decrease in adiponectin in
the exosomes derived from Ob-IR subjects compared to N subjects. The proteins detected
by Western blot analysis were normalized to total protein in each lane measured by the
Coomassie brilliant blue staining of gels (Figure 6B) and the quantification data is shown
in Figure 6C.
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Figure 5. Markers of B cell proliferation/activation. Proteins representing markers of B-cell development
and/or activation in exosomes from normal and Ob-IR subjects. Values are mean & SEM of 4 samples
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Figure 6. Validation of protein markers. (A) Western blot analysis of select proteins confirms the
proteomics data. (B) Coomassie blue staining of protein bands. (C) Densitometric analysis of protein
bands normalized to total protein. Values are mean + SEM of 4 samples per group.
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3.5. Ingenuity Pathway Analysis

Next, all the differential proteins were used for pathway analysis using the Ingenuity
Pathway Analysis (IPA) software (version: 111725566). The corresponding Swissport
accession numbers were accessed from the human Swiss-Prot database and uploaded to
IPA software. The proteins were mapped to disease and function categories and canonical
pathways available in IPA databases. The annotated pathways were ranked by the p-value.

The IPA analysis of DEPs revealed that the significantly affected pathways include
the acute phase response signaling (p = 1.09 x 10'®) (Figure 7A) and PI3K signaling in B
lymphocytes (p = 5.25 x 10'2) (Figure 7B). The significantly altered canonical pathways
include the B-cell development and/or B-cell receptor signaling. The DEPs identified in the
top network are associated with humoral immune response, inflammatory response, and
hematological system development and function, with a score of 41, indicating a strong
association. This is consistent with the GO analysis which also showed that DEPs are
enriched mostly in the immune response and immune system process.

The top upregulated molecules include the DEPs promoting B-cell development/activation
(IGLV4-69, IGKV1D-13, IGLV9-49), inflammation (NF-«B), and insulin resistance (VPS13C,
TBC1D32). The downregulated molecules include DEPs improving insulin resistance,
in particular, ADIPOQ. Together, these data show that B-cell proliferation/activation
are altered between N and Ob-IR subjects along with markers of insulin resistance and
inflammation. Further, the top-altered proteins, VPS13C, IGKV1D-13, and ADIPOQ can be
used as biomarkers to detect high risk individuals or develop therapeutic targets to prevent
the development of T2D in Ob-IR subjects.
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Figure 7. Two of the significantly enriched canonical pathways in Ob-IR group. (A) PI3 Kinase

signaling in B lymphocytes in Ob-IR group overlapped with DEPs. (B) Acute phase reactant signaling
in Ob-IR overlapped with DEPs. Red: proteins upregulated in our data set; the intensity of the
color indicates the degree of upregulation. The upregulated proteins are highlighted with purple
borders. Orange: proteins predicted to be upregulated in our data set; blue: proteins predicted to be
downregulated in our data set; and white: proteins not specific to our data set but incorporated as

part of the network.

4. Discussion

We have identified 23 upregulated and 46 downregulated proteins in serum exosomes
of Ob-IR subjects compared to lean/overweight normal (N) subjects. The DEPs are mainly
involved in regulating insulin signaling, inflammation, and B-cell proliferation/activation.
GO analysis revealed that the DEPs are mainly located in the extracellular space and
regulate immune cell activation. IPA analysis further showed that the top molecules altering
between the N and Ob-IR subjects are those regulating insulin signaling, inflammation and
B-cell proliferation/activation. Together, our data show that markers of insulin signaling,
inflammation, and B-cell activation are altered in the exosomal cargo between N and Ob-IR
subjects. These data suggest that exosomal proteins could be used as a biomarker to identify
high-risk individuals for T2D and a therapeutic target to prevent T2D in this population

(Figure 8).
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Figure 8. Schematic picture depicting the differentially expressed proteins in exosomes from normal
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subjects and individuals with obesity and insulin resistance. Proteomics analysis revealed that
markers of insulin resistance, inflammation, and B cell activation are increased in exosomes from
Ob-IR subjects. The top-altered molecules including VPS13C, adiponectin, and IGKV1D-13 can be
considered as biomarkers or therapeutic targets to block the progression of T2D in patients with
obesity and insulin resistance.

Exosomes are increasingly recognized as an important tool to identify biomarkers or
understand the pathogenesis of a wide variety of diseases, in particular, obesity-related
diseases. With regard to its role as a biomarker, the miRNA cargo of EVs has been frequently
studied. For example, a clinical study by Jones et al. (in 2017) showed that circulating
extracellular miRNAs secreted by the plasma EVs could be predictive biomarkers for
obesity-related IR phenotypes [12]. Another clinical study showed that circulating miRNAs
in the exosomes could be a futuristic biomarker for T2D in individuals with obesity [13].
However, very little is known regarding the proteomics profile of exosomes in obesity-
related IR. Ge et al. showed that plasma exosomes from subjects with obesity and IR had
lower levels of omentin compared to exosomes derived from normal subjects [6]. The
top-altered proteins in our study include VPS13C, ADIPOQ, and IGKV1D-13 which can
be used as biomarkers for obesity-related IR and to identify individuals with a future risk
for T2D. Of note, the VPS13C locus was previously linked to T2D and glycemic traits in a
GWAS published earlier [14,15]. Another study has shown that the depletion of VPS13C
caused a post-transcriptional increase in the cellular GLUT4 protein and enhanced the cell
surface GLUT4 levels in C2C12 myotubes, a process critical for glucose uptake [16]. These
reports suggest that a link exists between VPS13C and T2D and our data provide further
evidence that VPS13C is increased in serum exosomes from Ob-IR subjects. In addition, our
data show that TBC1D32 levels were higher in exosomes from Ob-IR subjects compared to
N subjects. Another TBC1D family member, TBC1D1, has been reported to interact with
VPS13C and regulate GLUT4-mediated glucose transport in C2C12 myotubes [16]. Our
data suggest that TBC1D32 may also have a role in regulating glucose uptake. Indeed,
TBC1D32 is known to interact with PPARy (which plays an important role in regulating
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glucose uptake in adipocytes) [17]. We also noted a significant increase in TTR, another
protein, mediating IR [18].

In addition to an increase in the levels of proteins mediating IR, we also noted a
decrease in the levels of some proteins which are known to improve insulin sensitivity.
As mentioned, we noted a dramatic decrease in adiponectin in exosomes from Ob-IR
subjects. Adiponectin is a well-known adipokine, which is considered a biomarker for
obesity-related IR [19]. We provide evidence that not only the plasma level, but also the
exosome level of adiponectin was lower in subjects with Ob-IR. In addition, the levels of
FCN3 and AZGP1, the other proteins improving insulin sensitivity [20-22], were lower
in exosomes from Ob-IR subjects compared to N subjects. Taken together, the proteomics
analysis of serum exosomes revealed markers of IR and future risk of T2D in Ob-IR subjects.

Although obesity is a strong risk factor for T2D, the mechanisms by which obesity leads
to the development of IR remains unclear. Obesity-related inflammation is an important risk
factor for the development of IR [23,24]. Accordingly, we noted an increase in inflammatory
proteins including NF-kB, CRP, and C9 in Ob-IR subjects. In addition to the inflammatory
response, changes in immune cell activation/proliferation which, in turn, alter the immune
response, also plays a role in the development of IR. In fact, the most striking finding
of our study is that several markers of B cell activation/proliferation were significantly
altered between the Ob-IR and N groups. Of note, aberrant B cell activation can result in
autoantibody production which, in turn, can promote the development of IR. While type 1
diabetes is an autoimmune disease, accumulating evidence suggests that the activation of B-
cells plays a role in the pathogenesis of T2D as well. For example, B cell antibody secretion
was higher in patients with obesity and diabetes, compared to patients with obesity and no
diabetes [25]. IR in individuals with obesity was associated with a unique profile of IgG
autoantibodies [26]. The percentage of B lymphocytes was positively associated with IR,
and this was proposed to serve as an appropriate predictor of IR in women with gestational
diabetes mellitus [27]. The circulating levels of B2 B cells, a subset of B cells, is positively
correlated with hemoglobin A1C in T2D patients [28]. The finding that several markers
of antibody fragments were higher in exosomes from Ob-IR subjects, suggests that B cell
activation is an important mediator for the development of IR in obesity, and that exosomal
B cell activation markers may serve as a therapeutic target to slow down the progression of
T2D in obese-IR subjects.

Our study has many strengths. First, the serum samples from age- and gender-
matched subjects from N and Ob-IR groups were used for exosome isolation. Second, we
were able to identify several proteins that differentially altered between the N and Ob-IR
groups. This could be due to the fact that we used serum samples as opposed to plasma
samples which were used in other studies. Finally, we were able to validate the proteomics
data by the Western blot analysis which increases the confidence and reliability of the
data. Regarding limitations, the sample number is low in our study. However, it is a pilot
study, and our future studies will involve a larger number of samples from both male and
female subjects. Another limitation of this study and any study assessing the circulating
exosomes is that the exosomes preparations include some lipoproteins due to the overlap
in their size [29]. Therefore, the changes in DEPs could be partly attributed to the levels of
lipoproteins in exosomes. However, the DEPs highlighted in this report do not include any
proteins associated with lipoproteins.

5. Conclusions

Taken together, our study suggests that the exosomal proteomics profile is differen-
tially altered between normal subjects and individuals with obesity and IR. These studies
highlight the importance of exosomal proteins as biomarkers to identify individuals with
a future risk for developing T2D. Our findings are also relevant when considering the
targeting of B cell activation to prevent or delay the progression of T2D in high-risk indi-
viduals. Future studies are warranted to understand the mechanisms by which these DEP
contribute to the pathogenesis of IR in humans.
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Abstract: Due to the molecular mechanisms of action of antidiabetic drugs, they are considered to
be effective in the treatment of both COVID-19 and the post-COVID-19 syndromes. The aim of this
study was to determine the effect of administering insulin and metformin on the mortality of patients
with type 2 diabetes (T2DM) with symptomatic COVID-19 with the use of logistic regression models.
The association between death and insulin and metformin was weak and could not be included in the
multivariate model. However, the interaction of both drugs with other factors, including remdesivir
and low-molecular-weight heparin (metformin), age and hsCRP (insulin), modulated the odds of
death. These interactions hint at multifaceted (anti-/pro-) associations of both insulin and metformin
with the odds of death, depending on the patient’s characteristics. In the multivariate model, RDW-
SD, adjusted with low-molecular-weight heparin treatment, age, sex and K*, was associated with
mortality among patients with COVID-19 and T2DM. With a 15% increase in RDW-SD, the risk of
death increased by 87.7%. This preliminary study provides the foundations for developing further,
more personalized models to assess the risk of death in T2DM patients, as well as for identifying
patients at an increased risk of death due to COVID-19.

Keywords: COVID-19; diabetes; mortality
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1. Introduction

According to the WHO, the prevalence of SARS-CoV-2 reached approximately 662 mil-
lion cases on the day of 16 January 2023, leading to 6 million deaths due to the development
of the COVID-19 syndrome [1]. Although the pandemic has already passed, some people,
especially those who suffered from full-blown COVID-19, may experience acute conse-
quences of COVID-19, the so-called long COVID or post-COVID-19 syndrome (PCS),
recognized by the WHO as the next epidemic of the 21st century [2]. This term refers to
symptoms persisting for more than 3 months after COVID-19, causing long-term changes
in single organs or multi-organ changes [1]. It is predicted that PCS may affect millions of
people worldwide [1], mainly people with comorbidities [3], e.g., type 2 diabetes mellitus
(2TDM). The symptoms of PCS are difficulty with concentration, cognitive dysfunction,
amnesia, depression, fatigue and anxiety [3], and the risk factors for the persistence of neu-
ropsychiatric symptoms in PCS are older age, female sex and the severity of comorbidities,
e.g., diabetes [4], which is often associated with tachycardia, sarcopenia, microcircula-
tory dysfunction or organ damage [5]. PCS is therefore a phenomenon that affects life
expectancy.

The study reported in this manuscript focuses on diabetes, which was shown to
develop de novo in patients suffering from COVID-19 [4]. Diabetes is estimated to be
associated with approximately 15% of patients suffering from severe COVID-19. The
mortality rate in COVID-19-positive diabetic patients was reported to be 2- to 3-fold higher
compared to COVID-19-negative diabetic patients [5]. The literature (studies and meta-
analyses) shows higher mortality in the COVID-19-positive diabetic population compared
to the COVID-19-positive non-diabetic population [6-9]. Moreover, optimal diabetic control
(in the case of TIDM/T2DM) was associated with better outcomes and fewer comorbidities
among COVID-19-positive patients [10]. Such statistics account for the urge to partake
in therapeutic intervention [5]. However, the information on the COVID-19-associated
diabetic cases and their responses to drug treatment are scarce. Research into new strategies
in its treatment and prevention may improve the quality of medical decisions in terms of
mortality, exacerbation and optimal response to drugs [11], and shed some light on the
metabolic alterations in these patients.

A handful of clinical studies aimed to combine the classic anti-viral and anti-inflam-
matory drugs in one treatment scheme in order to combat COVID-19 [11]. However,
since the molecular action of agents used in antidiabetic treatment is multidimensional
and may possibly modulate the course of COVID-19 and its related oxidative stress and
cytokine storm [12-15], interactions with antidiabetic treatments ought to be taken into
account when analyzing multidimensional models used in more complex studies. To our
knowledge, no studies analyzed the difference in the odds of mortality associated with
antidiabetic treatment in the context of the simultaneous effects of the coexisting covariates
(comorbidities, patient characteristics and demography, and biochemical parameters). The
lack of such an investigation renders the one-dimensional studies prone to generate false
assumptions, owing to the aforementioned multifaceted action of antidiabetic drugs and the
SARS-CoV-2 affinity towards cell membrane proteins [5,13,15-18], often acting as intrinsic
cell-to-cell messengers.

The aim of this preliminary study was to explore the mortality-wise effect of insulin
and metformin administration in the European (Polish) model of the COVID-19-positive
diabetic population sample composed of all patients admitted to the Temporary COVID-19
Hospital in Wroclaw, Poland. Typically, patients transferred to this specific hospital were
characterized by an increased risk of in-hospital mortality due to increased COVID-19
severity. Along with the estimated effect of insulin and metformin on survival, their
interactions with other factors (including other agents) were studied (in the form of second-
or third-degree interactions) to check for synergies in modulating the mortality rate. Only
significant interactions were reported and further analyzed, as opposed to the less optimal
process of adjusting the findings with a pre-assumed set of patient features. This study
design was chosen so as to give a foundation for future, more patient- and treatment-
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oriented risk assessment models that would be validated on bigger, stratified, diabetic
population samples. These tools would enable the identification of patients with a higher
risk of death from COVID-19. This targets those for whom analysis of the values of the
selected laboratory and demographic parameters, and taking into account the treatment
methods for both T2DM and COVID-19, would prove to be at-risk in the context of
assessment of the outcome of the disease.

2. Materials and Methods
2.1. Inclusion/Exclusion Criteria and the Population from Which the Sample Was Tnken

A retrospective analysis was performed on 430 medical records of patients with type
2 diabetes and SARS-CoV-2 infection (the total number included data from 2151 patients)
hospitalized between February 2020 and June 2021 at the University and Temporary
COVID-19 Hospital organized by the University Medical Hospital in Wroclaw (Poland),
which were collected as part of the COLOS registry (COronavirus in LOwer Silesia). All
patients admitted at the hospital due to COVID-19 symptoms tested positive for the
presence of SARS-CoV-2 in nasopharyngeal swab specimens using the RT-PCR method
(via reverse transcription and polymerase chain reaction), which was recommended by
the World Health Organization (WHO) [19]. The tests were performed using the two-gene
test (ORFlab, N) SARS-CoV-2 Real Time PCR LAB-KIT (BIOMAXIMA, Lublin, Poland),
using the QuantStudio 6 Flex device (Applied Biosystems, Warsaw, Poland). Isolation of
nukelic acids was performed on a Magna Pure 96 apparatus (Roche, Basel, Switzerland).
The observation period lasted from the day of hospital admission to the day of discharge or
death. The study protocol was approved by the Bioethical Committee and Ethics Committee
of the Medical University in Wroclaw, Poland (No: KB-444/2021), and permission was
granted for the publication of anonymized data. All patients provided written consent
for admission into the study, which stipulated that the results may be used for research
purposes. This study was in accordance with Helsinki declaration.

The dataset included demographic information (sex, age), concurrent conditions, per-
formed procedures, vital signs and laboratory test results during hospitalization. This study
accounted for the following variables determined before hospital admission: gender; type 2
diabetes therapies used before hospital admission, including metformin, insulin, metformin
and insulin, insulin and another oral antidiabetic drug, GLP agonists (semiglutide or du-
laglutide injected subcutaneously) or metformin and another oral antidiabetic drug (SGLT-2
inhibitors); the Glasgow Coma Scale (GCS) < 14; oxygen saturation without respiratory
support SpO;, < 94%; lung lesions (typical of SARS-CoV-2 infection, observed under the CT
scan); dyspnea; chest pain; cough; smell disorders; taste disorders; diarrhea, vomiting or ab-
dominal pain; hypertension; hemorrhage (gastrointestinal, respiratory, intracranial, genital,
urinary); myocardial infraction; heart failure; prehospitalization oxygen therapy; chronic
kidney; atrial fibrillation or flutter; asthma; chronic obstructive pulmonary disease (COPD);
sleep apnea syndrome; stroke; dialysis; red cell distribution width—standard deviation
(RDW-SD); concentration of lymphocyte (LYMPH), interleukin 6 (IL-6), procalcitonin (PCT),
albumin, ferritin, C-reactive protein, sodium, potassium, glucose, D-dimers, fibrinogen,
uric acid, bilirubin, diacylglycerides (TG), glycated hemoglobin (HbAlc), low-density
lipoprotein (LDL), high-density lipoprotein (HDL), urea, creatinine, troponin and lactate
dehydrogenase (LDH); and estimated glomerular filtration rate (eGFR) calculated based
on the Modification of Diet in Renal Disease (MDRD) Study Equation [20]. The analysis
also took into account features that were observed upon clinical assessment or introduced
(in the case of iatrogenic factors) during the hospitalization. Apart from antidiabetic
agents for which the administration was continued during the hospitalization, therapeu-
tic agents were introduced in the treatment upon admission of the study participants to
the Temporary COVID-19 Hospital. The initial dataset included variables such as stroke,
revascularization (PCI or CABG), features of pulmonary obstruction or pneumonia, shock
(hypovolemic, cardiogenic, septic), hemorrhage (gastrointestinal, respiratory, intracranial,
genital, urinary), myocardial infarction, venous thromboembolism (embolism, deep vein
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thrombosis, embolism and thrombosis), new neurological disorders, smell disorders and
taste disorders, convalescent plasma, remdesivir and acetylsalicylic acid. The study group
was divided based on survival during the hospitalization. The study participants were not
further monitored in terms of mortality after their hospitalization had ended. In each of
these two groups, the method of treating type 2 diabetes (T2DM) was identified, according
to Figure 1.

{

Metformin
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n=.0

|

{
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Figure 1. Diagram illustrating the frequency of drug use in regard to antidiabetic treatment in the
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diabetic patients with COVID-19. A set of features that were analyzed among the two survival
statuses is given as a reference.

2.2. Statistical Methods

Data preprocessing and visualization were performed with Python 3.10.7 (packages:
pandas 1.4.4, numpy 1.21.4, matplotlib 3.5.3, seaborn 0.11.2). Statistics were employed
with use of Statistica 13.3 on license by Wroclaw Medical University. Characteristics of the
population sample were performed with use of the Mann-Whitney U and x? tests. In case
of low (<5) estimated count in any contingency table cell, Yates correction for continuity
was applied. The normality assumption was checked with use of the Q—Q plots and the
Shapiro-Wilk test.

Odds of death were analyzed with use of logistic regression models. Expert analysis
of the dataset by a multidisciplinary team (consisting of medical doctors, biochemists,
laboratory medicine professionals, statisticians and a data scientist) led to drawing can-
didates to be featured in the initial set used for deriving the optimal multivariate model.
A subsequent analysis of the % of missing data led to obtaining the initial set of effects
(variables) used for modeling. Some continuous effects were log-transformed so as to meet
the assumption of linearity vs. log(Odds) tested with the Box-Tidwell test. To make the
intercepts from the model resemble real-life conditions, continuous variables were centered
at selected, typical values of the entire population sample from which the data used in this
study was extracted. At the beginning of the analysis, univariate odds ratios (ORs) were
analyzed (Table Al). Subsequently, the optimal model was derived from the initial set of
the variables with use of the stepwise elimination (p cut-off for inclusion/exclusion: 0.05)
iterative process (Table A2). Interaction analysis was the final part of the study, in which
significant interactions (Table A3) and the effects that took part in them were incorporated
into the models, based on the type 1 likelihood ratio (LR) test aimed to assess whether any
interaction would be more explanatory in the context of the odds of death, compared to
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the naive model which was not based on any variables. The interactions that were signif-
icant were incorporated in models reported in this manuscript. The mentioned models
contained the intercepts, interaction terms and the features (effects) taking place in these
interactions—as per the good practice in data modeling.

3. Results
3.1. Characteristics of the Population Sample Used in this Study

Among patients with T2DM hospitalized due to symptomatic COVID-19, significant
differences affecting survival were observed among the following criteria described upon
hospital admission: sex (women survival: 48.35%, women death: 34.58%), SpO, < 94%
(survival: 51.04%, death: 67.39%), hemorrhage (survival: 5.41%, death: 14.95%), myocardial
infarction (survival: 14.11%, death: 28.97%), heart failure (survival: 21.62%, death: 28.97%),
prehospitalization oxygen therapy (survival: 47.75%, death: 64.49%), chronic kidney dis-
eases, CKDs (survival: 18.02%, death: 29.91%). Furthermore, the type of therapy used in
type 2 diabetes also influenced the differences in patient survival: using only metformin
(survival: 26.13%, death: 13.08%) versus insulin and other antidiabetic drugs (survival:
9.61%, death: 16.82%) had different results, which, of course, stemmed from the stage of ad-
vancement of T2DM. Table 1 shows the baseline demographic and clinical characteristics of
the study participants. Non-survivors differed from the survivors in terms of the following
laboratory-measured parameters: RDW-SD, LYMPH, IL-6, PCT, albumin, ferritin, hsCRP,
potassium, glucose, eGFR, urea, creatinine, LDH and troponin, as shown in Table 1.

Table 1. Baseline characteristics of COVID-19 patients at admission to the hospital and during the

hospitalization.
Demographic Variables (upon Hospital Admission)
Variable Category Survivors (N = 333) Non-Survivors (N = 107) p
Sex Female 161 (48.35%) 37 (34.58%) 0.0127
Age [years] Me (1Q-3Q) - 70 (64-76) 75 (67-83) 0.0001
Clinical Variables (upon Hospital Admission)
Variable Category Survivors (N = 333) Non-Survivors (N = 107) p
Metformin only YES 87 (26.13%) 14 (13.08%) 0.0053
Insulin and other antidiabetic drugs YES 32 (9.61%) 18 (16.82%) 0.0410
SpO, < 94% YES 98 (51.04%) 31 (67.39%) 0.0456
Hemorrhage YES 18 (5.41%) 16 (14.95%) 0.0013
Myocardial infarction YES 47 (14.11%) 31 (28.97%) <0.001
Heart failure YES 72 (21.62%) 34 (31.78%) 0.0326
Prehospitalization oxygen therapy YES 159 (47.75%) 69 (64.49%) 0.002
CKD YES 60 (18.02%) 32 (29.91%) 0.0085
Clinical Variables (after the Hospital Admission)
Variable Category Survivors (N = 333) Non-Survivors (N = 107) p
Revascularization: PCI or CABG YES 6 (1.80%) 7 (6.54%) 0.0118
Features of pulmonary obstruction YES 186 (55.86%) 85 (79.44%) <0.001
or pneumonia
Shock: hypovolemic, cardiogenic, septic YES 13 (3.90%) 45 (42.06%) <0.001
Hemorrhage: gastrointestinal,
respiratory, intracranial, YES 18 (5.41%) 16 (14.95%) 0.0013
genital, urinary
Myocardial infarction YES 6 (1.80%) 6 (5.61%) 0.0355
Acetylsalicylic acid YES 89 (26.73%) 41 (38.32%) 0.022
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Table 1. Cont.

Laboratory Variables (upon Hospital Admission)

Variable Survivors Non-Survivors 4

n 324 106

RDW-SD [fL] Me (1Q-3Q) 45.0 (41.60—49.10) 47.85 (43.40-52.40) <0.001
n 224 97

LYMPH [count/uL] Me (1Q-3Q) 1.11 (0.755-1.565) 0.76 (0.54-1.24) <0.001
n 105 29

IL-6 [pl/mL] Me (1Q-3Q) 15.3 (7.16-32.20) 56.3 (22.40-144.00) <0.001
n 242 103

PCT [pg/mL] Me (1Q-3Q) 0.10 (0.04-0.25) 0.31 (0.15-1.10) <0.001
n 101 76

Albumin [mg/dL] Me (1Q-3Q) 3.20 (2.90-3.60) 2.90 (2.50-3.20) <0.001
n 160 59

Ferritin [ug /L] Me (1Q-3Q) 507.40 (238.45-834.30) 850.00 (423.10-1368.10) <0.001
n 324 105

CRP [mg/dL] Me (1Q-3Q) 52.76 (12.85-112.45) 93.07 (0.62-487.40) <0.001
n 322 106

K [mmol/L] Me (1Q-3Q) 417 (3.70-4.62) 4.50 (4.10-4.80) <0.001
n 297 100

Glucose [mg/dL] Me (1Q-3Q) 152 (112.00-225.00) 196.50 (131.00-189.00) 0.0035
n 323 106

eGFR [mL/min/1.73 m?] Me (1Q-3Q) 62.00 (41.00-81.00) 47.00 (26.00-69.00) <0.001
n 303 105

Urea [mg/dL] Me (1Q-3Q) 48.00 (34.00-78.00) 76.00 (52.00-113.00) <0.001
n 323 106

Creatinine [mg/dL] Me (1Q-3Q) 1.10 (0.84-1.52) 1.47 (0.98-2.32) <0.001
n 201 80

LDH [U/L] Me (1Q-3Q) 322.00 (244.00-438.00) 494.00 (328.50-665.50) <0.001
n 206 79

Troponin [ng/L] Me (1Q-3Q) 18.65 (7.30-67.90) 61.90 (21.30-275.50) <0.001

Abbreviations: CABG, coronary artery bypass grafting; CKD, chronic kidney disease; CRP, C-reactive protein
concentration; eGFR, estimated glomerular filtration rate; IL-6, interleukin 6; LDH, lactate dehydrogenase activity;
LYMPH, lymphocyte count; Me, median value; PCI, percutaneous coronary intervention; PCT, procalcitonin
concentration; Q, quartile.

Among patients who died during hospitalization, there were more frequent occur-
rences of hypovolemic shock, cardiogenic shock or sepsis (survival: 3.90%, death: 42.06%).
Hemorrhagic episodes were more common (survival: 5.41%, death: 14.95%). Moreover,
non-survivors showed /underwent the following features more frequently: pulmonary ob-
struction or pneumonia (survival: 55.86%, death: 79.44%), myocardial infarction (survival:
1.80%, death: 5.61%) and revascularization procedures such as percutaneous coronary in-
tervention (PCI) or coronary artery bypass grafting (CABG) (survival: 1.80%, death: 5.61%).
As per treatment-wise choices, non-survivors were characterized with higher intakes of
acetylsalicylic acid, most presumably as a result of the more severe course of COVID-19
(survival: 26.73%, death: 38.32%), as shown in Table 1. There were no statistically signifi-
cant differences in the administration of convalescent plasma or remdesivir between the
two groups.

3.2. Univariate Modulation of the Odds of Death

According to the univariate analysis (Figure 2), 10 out of 15 variables proved to have
significant influence on the odds of death. Having the SpO, lower than 94 increased
the odds of death by 98.2% (p ~ 0.048). Male individuals were 77.1% more likely to die
compared to female (p ~ 0.013). Each one-year increase in age would increase these odds by
3.8% (p < 0.001). Among the used drugs analyzed in this study, two out of six proved to be
associated with higher odds of death: LMWH (by 3.506-fold, p < 0.001) and acetylsalicylic
acid (by 70.3%, p ~ 0.023). The administration with other agents (remdesivir, convalescent
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plasma, metformin, insulin) was found to be, per se, insignificant in terms of modulation of
these odds. Each subsequent increase in hsCRP (by 1 mg/L) and potassium (by 1 mmol/L)
increased the odds by 0.4% (p ~ 0.001) and 88.6% (p < 0.001), respectively. Each 15%
increase in RDW-SD increased the odds by 53.8% (p < 0.001), while each 2-fold increase
in creatinine and urea increased these odds by 53.7% (p ~ 0.001) and 87.7% (p < 0.001),
respectively.
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Figure 2. Univariate odds ratios (ORs) of death, associated with the analyzed set of effects (variables).
These ORs show the fold change in odds of death associated with each effect, individually (e.g., the
baseline odds for each effect would refer solely to this effect), * significant results (p < 0.05).

Although the calculated odds ratios (ORs) for administration with metformin and
insulin were 0.716 and 1.364, respectively, these insights were insignificant in relation to
the entire population (p > 0.05, as the confidence interval exceeded the OR =1 line shown
in Figure 2).

3.3. Multi-Effect Modulation of the Odds of Death According to the Model Derived with the
Stepwise Elimination Model

The derived multi-effect model (Table 2) consisted of the following effects: potassium
(p <0.001), sex (p ~ 0.014), RDW-SD (p ~ 0.002), age (p ~ 0.002) and LMWH treatment
(p ~ 0.002).

Table 2. The derived multi-effect model for estimating the odds of death in type 2 diabetic, COVID-19-
positive patients.

Iteration: Stepwise Elimination (p Cut-Off for Inclusion/Exclusion: 0.05); Baseline Group: Female. No LMWH. K: 4.10 mmol/L.

RDW-SD: 45.78. Aged 64 Years

. Analyzed  Reference Wald B —95% o Est. Est. Effect Est. Effect
Effect/Interaction Cat. Cat. B B SE Stat. cI BO5%CL Bt  —95%CI 95% CI
Intercept - - —4768 0738 41783 —6213 —3322 0.009 0.002 0.036 <0.001
(baseline odds)
K. centered at
410 mmol /L (OR) - 0.683 0.254 7.257 0.186 1.180 1.980 1.205 3.255 0.007
Sex (OR) Male Female 1.029 0.417 6.090 0.212 1.846 2.798 1.236 6.337 0.014
log1.15(RDW-SD).
centered at 27.36 (OR) - 0.629 0.207 9.216 0.223 1.036 1.877 1.250 2.817 0.002
Age. centered at
64 years old (OR) - 0.067 0.021 10.065 0.025 0.108 1.069 1.026 1.114 0.002
LMWH (OR) 1 0 2.325 0.602 14.906 1.145 3.505 10.223 3.141 33.272 <0.001

Abbreviations: Cat., category; CI, confidence interval; Est., estimated; LMWH, low-molecular-weight heparin; OR,
odds ratio.
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The baseline odds (estimated for a 64-year-old female with RDW-SD 45.78 and K
4.10 mmol/L, under no LMWH treatment) were 0.009, suggesting very high pro-survival
tendency (9 deaths per 1000 individuals). These odds would be modulated (Figure 3) by
the following effects: K (by 98% per each 1 mmol/L increase), male sex (by 2.798-fold),
age (by 6.9% per each 1-year increase), RDW-SD (by 87.7% per every 15% increase) and
administration of LMWH (by 10.223-fold).
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i e

Age, centered at 64 years old (OR) -

[1.250, 1.877, 2.817]
e

*l0g1.1s(RDW-SD), centered at 27.36 (OR) -

[1.236, 2.798, 6.337]
Sex (OR) A

[1.205, 1.980, 3.255]
K, centered at 4.10 mmol/l (OR) 1 o

[0.002, 0.009, 0.036]

->,

A

Intercept (baseline odds) -

5 10 15 20 25 30
0Odds of death and their 95% Confidence Interval

o

Figure 3. Multi-effect odds ratios (ORs) of death associated with the model derived through iteration
(stepwise elimination). The baseline odds represent the odds of death among individuals with
the following characteristics: female, neither low-molecular-weight heparin (LMWH), insulin nor
remdesivir treatment, 45.78 RDW-SD, 4.10 mmol/L K, aged 64 years old. The ORs show the fold
change in baseline odds ratios (ORs) associated with each effect (variable). Significant findings
(p < 0.05) were marked with .

The baseline odds of death were established for designated representatives. This
allows for the simultaneous application of all variables in the model to calculate the odds
ratio for death concerning specific characteristics (LMW, age, RDW-5D, sex, potassium
centered at 4.10 mmol/L) relative to the baseline person. For a 64-year-old woman not
taking LMWH, with an RDW-SD value of 45.78 fL, every increase in potassium by 1 mmol /L
from the baseline value of 4.10 mmol/L increased the odds of death by 98%. Additionally,
for every one-year increase in age beyond 64 years without taking LMWH, RDW-5D at
45.78 fL, and potassium concentration at 4.10 mmol/L, there was a 6.9% increase in the
odds of death.

The baseline odds (estimated for a 64-year-old female with RDW-SD 45.78 and K
4.10 mmol/L, under no LMWH treatment) was 0.009, suggesting very high pro-survival
tendency (9 deaths per 1000 individuals). These odds would be modulated (Figure 3) by
the following effects: K (by 98% per each 1 mmol/L increase), male sex (by 2.798-fold),
age (by 6.9% per each 1-year increase), RDW-SD (by 87.7% per every 15% increase) and
administration of LMWH (by 10.223-fold).

3.4. Significant Contrasts. Part 1: How Both LMWH and Remdesivir Modulated the Effect of
Metformin Intake on the Odds of Death

According to the model, the modulation of the odds of death by metformin treatment
were dependent on administration of both LMWH and remdesivir, although the baseline
odds differed between different types of treatment (Figure 4). The stratum administered
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with LMWH and remdesivir but no metformin was the only one that showed a baseline
ratio approximately equal to 1 (p ~ 0.617), indicating nearly identical odds of death and
survival. The other strata (Figure 4) showed significantly higher baseline odds of survival
compared to the odds of death.

Modulation of the odds of death by metformin, depending on remdesivir and/or LMWH treatment

a) |
Metformin, Remdesivir, LMWH 10.03.0.10,0.34] '
[0.23, 0.34, 9.51)
Metformin, No remdesivir, LMWH H
[0.01, 0.06, 0.26)
Metformin, Remdesivir, No LMWH
[0.09, 0.20, 0.45
Metformin, No remdesivir, No LMWH
7 .
No metformin, Remdesivir, LMWH 10.57..1.22, 2.613
4 . 4
No metformin, No remdesivir, LMWH [0.40./0.58, 0.84)
7. 2
No metformin, Remdesivir, No LMWH 10.01-0:20.0.364
No metformin, No remdesivir, No LMWH 0.05.0.10.0.19) |
T + T
0 1 2 3

Odds of death and their 95% Confidence Interval

Figure 4. Estimated baseline odds of death depending on administration of metformin and/or
remdesivir and/or low-molecular-weight heparin (LMWH).

Based on the estimations from the model among the stratum that did not undergo
either remdesivir or LMWH treatment, individuals who were administered with met-
formin would show 2.10-fold higher odds of death compared to individuals who were
not administered with metformin. This fold difference would be approximately 3.54-fold
lower (p ~ 0.036) in the stratum administered with LMWH (in patients with or without
remdesivir administration), or 6.93-fold lower (p =~ 0.011) in the stratum administered with
remdesivir (in patients with or without LMWH administration). Interestingly, LMWH and
remdesivir did not significantly affect each other in the way that they modulated the effect
of metformin intake on the odds of death (3 = 0.069, 95% CI: 0.004-1.32, p ~ 0.076). Based
on the baseline odds of death for different patient characteristics, metformin intake was
associated with higher odds of death under no treatment with LMWH and remdesivir,
although it would promote survival if LMWH and/or remdesivir had been administered
during hospitalization (Figure 4).

3.5. Significant Contrasts. Part 2: Insights into Aging. Inflammation and its Mutual Effect on
How Insulin Affected the Odds of Death

Similar to the previous subsection, the interactions selected for further exploration
were based on their significance upon applying the likelihood ratio (LR) test. To fully
understand the interaction between age, hsCRP and insulin on the odds of death, one needs
to assume that the baseline individual who would be referred to in this subsection was
aged 64 with hsCRP equal to 48.88.

Interestingly, age- and inflammation-associated changes in the odds of death in the
baseline individuals would depend on insulin administration (Table 3). Among patients not
administered with insulin, every subsequent one-year increase in age or one-unit increase
in hsCRP would cause, respectively, 0.6% or 6.1% increases in the odds of death (p < 0.001).
Conversely, these age and inflammation-wise changes in odds of death were not observed
among patients administered with insulin.
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Odds of death at hsCRP = 48.88 mg/l

A

Let us further assume that the baseline individuals were not administered with insulin.
Based on the model (Table 3), this stratum would show approximately 3.16-fold higher odds
of death if insulin were administered (p =~ 0.001). This occurrence stemmed from different
baseline odds of death depending on insulin administration (0.4174 if administered vs.
0.1319 if not). However, as both age and hsCRP modulated these odds only in individuals
not administered with insulin (Figure 5A,B), there are age and hsCRP-related characteristics
(Figure 5D,F) that would not only render the odds in this group higher than the 0.4174 (the
baseline odds for patients administered with insulin), but also make death more probable
than survival (odds > 1) among this sole group (e.g., not administered with insulin), as

shown in Figure 5C,E.
B
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heatmaps created from plots (C,D), showing when the probability of death is higher than the
probability of survival (odds > 1 shown in black plot (E)) or when the individuals not administered
with insulin are of the higher odds of death compared to individuals who were administered with
insulin (OR > 1 shown in black, plot (F)).

3.6. Significant Contrasts. Part 3: The Association between Death and LMWH Treatment Differed
Depending on Age

The baseline individual referred to in this subsection was assumed to be 64 years
old (Table 4). According to the model, such a patient would most probably survive
(odds < 1), posing odds of death approximately 0.131 under no LMWH treatment or
approximately 0.286 if LMWH was administered (OR ~ 0.456, p ~ 0.022). As age, per se,
would significantly alter the odds of death only among individuals administered with
LMWH (5.5% increase of the odds with each one-year increase in age), the administered /not
administered OR of death would be increasing by 6.1% with every one-year age increase
above 64 years old (p ~ 0.019), as shown in Figure 6.

Table 4. Insights from a model aimed to assess the modulation of the association of LMWH treatment
with the odds of death among COVID-19-positive diabetic patients by age.

A. Reference Group: No LMWH Administration, Aged 64

. o=o o Est. Effect/ Est. Effect/
Effect/Interaction AnalDzes;rllil;ft:c):;szt:?:ction B 3 SE Vs\l't;:ltd B C?SA) B (9:‘;’/0 IEnS ttér]iiftsgz Interaction Interaction P
y : ~95% CI 95% CI
Odds of death for a patient
Intercept not administered with —2.036 0.293 48.338 —2.610 —1.462 0.131 0.074 0.232 <0.001
LMWH, aged 64
Modulation of odds by
LMWH LMWH administration, at 0.785 0.343 5.235 0.113 1.457 2.192 1.119 4.295 0.022
age 64
Age (centered Change in odds upon each
& at 64) subsequent 1-year increase ~ —0.006 0.022 0.073 —0.048 0.037 0.994 0.953 1.037 0.788
in age
Fold difference in how
administration with LMWH
LMWH*Age would change the odds of = o590 gp5 5472 0.010 0.109 1.061 1.010 1.115 0.019
death, upon each
subsequent 1-year increase
in age
B. Reference Group: LMWH Administration, Aged 64
e _ ozo o Est. Effect/ Est. Effect/
Effect/Interaction Description of the . B 3 SE Wald B —95% B 95% Est. Eff?w Interaction Interaction P
Analyzed Effect/Interaction Stat. CI CI Interaction o o
—95% CI 95% CI
Odds of death for a patient
Intercept administered with LMWH, —1.251 0.179 49.031 —1.602 —0.901 0.286 0.202 0.406 <0.001
aged 64
Modulation of odds by the
LMWH lack of LMWH —0.785 0.343 5.235 —1.457 —-0.113 0.456 0.233 0.894 0.022
administration, at age 64
Age (centered Change in odds upon each
8 e 4)9 ¢ subsequent 1-year increase ~ 0.053  0.013  16.461 0.028 0.079 1.055 1.028 1.083 <0.001
a in age
Fold difference in how the
lack of administration with
LMWH*Age LMWH would change the o5 0gp5 5472 —0109  —0010 0942 0.897 0.990 0.019

odds of death, upon each
subsequent 1-year increase
in age

X*Y’ terms denote interactions between variables (effects). Values of the ‘Age’ variable were centered at 60 years
of age. p-values lower than 0.05 are marked in bold. Abbreviations: CI, confidence interval; SE, standard error;
LMWH, low-molecular-weight heparin.

61



Biomedicines 2024, 12, 605

= No LMWH treatment
=== Under LMWH treatment /

0Odds of death
o o — - - —
o @ o ~ - o
\
\
N
\
\
N
N
~
~

o
=
\
\
\

o2{ T

00

Age [years)

Figure 6. The relationship between the odds of death and the patient’s age depending on the
administration of low-molecular-weight heparin (LMWH).

4. Discussion

COVID-19, as many other inflammation-driving diseases/syndromes, induces the
excessive production of inflammatory cytokines (‘cytokine storm’) leading to activation of
CD4- and CD8-positive lymphocytes. This dysregulation leads to development of various
aforementioned comorbidities, often leading to increased mortality [4,21]. In this study,
non-survivors were characterized by male sex; higher age; the following traits upon their
admission: SpO, < 94%, undergoing oxygen therapy (in many cases due to the severity
of the disease) and hemorrhage; and the following traits associated with their medical
history: heart failure, heart infarction and chronic kidney disease. These findings were in
line with the literature, which links higher mortality in patients suffering from COVID-19
and T2DM with male sex [22] heart failure, chronic kidney disease [23], hyperglycemia
(poor diabetic control) [24], lower oxygen saturation [25] or heart infarction in the past [26].
Another study lists cardiovascular diseases (such as coronary artery disease) and stroke
as other death-promoting factors [27]. Moreover, one of the aforementioned studies [21]
also showed that death during hospitalization was more frequent among the patients who
had developed the following during the hospitalization: hypovolemic shock, cardiogenic
shock, heart infarction, sepsis, chronic obstructive pulmonary disease (COPD) or other
inflammatory pulmonary syndromes [22]. However, to our knowledge, the literature
does not sufficiently cover the topic of risk modeling in these patients (COVID-19 and
T2DM), as it focuses on analyzing the effects of different factors on mortality with use of the
models. Albeit the models correct the estimated values (odds, risk etc.) for characteristics
such as sex, age and comorbidity, they do not utilize nor enable exploring the interactions
between these factors, let alone exploring the interactions between the drugs administered
during the hospitalization. An example of such a study carried out on the COVID-19- and
T2DM-positive stratum [28] showed that COPD increased the odds of death. However,
this effect was not further explored. In this situation, one would be left to their own
interpretation, not knowing whether the COPD-associated increase in mortality would
be further modulated by any comorbidity, requiring the use of a different set of patient
characteristics depending on these comorbidities. Explorative interaction analysis could
prove an answer to this question, possibly revealing the population strata that does not
show an association between COPD and higher mortality. This and similar musings led to
the conceptualization of our preliminary study [29-32].

The aim of this study was dichotomic. Univariate analysis and multivariate Al-assisted
extraction of the key factors associated with the odds of death in the COVID-19- and T2DM-
positive patient stratum acted as a prelude to exploring whether the pro-fatal effect of
antidiabetic and anti-viral drugs administered during hospitalization was affected by any
patient-specific characteristic upon admission.
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Nearly all of the available parameters were associated with the odds of death based on
univariate (not adjusted by any other variables) logistic regression analysis. The analysis
revealed that older age and male sex (unsurprisingly) were positive factors for estimating
mortality odds. Having an oxygen saturation under the physiological values (95%-100%),
likewise, was positively associated with a fatal outcome. LMWH and acetylsalicylic acid
were iatrogenic factors promoting in-hospital death. Moreover, among the laboratory
parameters, hsCRP, K, creatinine, urea and RDW-SD were positive indicators of higher
odds of death. While it is logical that the inflammation- and diuresis- related parameters
would be associated with higher severity of the disease [29-31], the anisocytosis parameter
(RDW-SD) may not be a first-pick candidate for a poor outcome predictor. In clinical
practice, RDW is a predictor of outcome in critically ill and septic patients (an increase in
RDW is caused by an increase in the number of old red blood cells, which have a lower
volume). Several meta-analyses have demonstrated the association between RDW and the
risk of mortality in patients with COVID-19 [33] and proved the important role of RDW
in predicting prognosis [34]. RDW-5D has also been shown to be a strong independent
predictor of infection severity and death in COVID-19 patients: an RDW-SD < 43 showed no
risk of death, while RDW-SD > 47 indicated severe disease and a high risk of mortality [35].
If the RDW-SD value would fall in the range of 43 < RDW-SD < 47, the course of the
disease would be severe, but the risk of death was low. Therefore, it seems likely that
determining the value of RDW may prove important in undertaking early intervention to
reduce mortality in COVID-19 patients, especially in the case of limited resources. However,
so far, the role of RDW has not been previously demonstrated in patients with COVID-19
and type 2 diabetes. Therefore, univariate logistic regression analysis showed that age,
male sex and RDW-SD are positive factors in estimating the odds of death. Moreover,
RDW-SD is a strong independent predictor of infection severity and death in COVID-19
patients. An RDW-SD value > 47 indicated severe disease and a high risk of death.

It should be emphasized that during the first (univariate) step of our analysis, insulin
and metformin administration were revealed to be insignificant in terms of mortality odds
modulation. While this does not necessarily mean that insulin and metformin play no role
in such predictions (as will be shown later in the discussion), it could be rightfully pointed
out that insulin and metformin could not be used, on their own, in the process of estimating
the risk of death in these patients.

In the next step of the analysis (deriving a multivariate model, Figure 3), the factors
that were used in the previous step were all included in the initial pool of candidates for
predictors of death. Subsequently, they were discarded one by one in a stepwise manner
based on how much information they brought to the classifying (death/survival) model. As
the pool of rejected factors began to increase, all of these variables were re-checked whether
they should be again included in the model classifying mortality status. The multivariate
model derived in the process enables estimation of the odds of death based on five factors:
LMWH treatment, age, RDW-SD, sex and K. Calculating the odds of death of a patient
admitted to the ward could be performed by multiplying the baseline odds (denoted by the
intercept) based on the aforementioned characteristics. The value of the intercept and OR
associated with sex show that survival would be the most frequent outcome (odds << 1) in
a typical patient (described in the figure description) suffering from both COVID-19 and
diabetes, regardless of sex (women: odds = 0.009, men: odds = 0.009 - 2.798 ~ 0.025). Had
two patients of the same outcome been compared, each one-year gap between them would
render the older patient 6.9% (odds = 1.069) more likely to die during the hospitalization.
Each increase in potassium (by 1 mmol/L) and RDW-SD (by 15%) would, likewise promote
death (by 98% and 87.7%, respectively). The association of these factors with death may
be explained with cellular damage due to oxidative stress caused by inflammation. While,
in this state, K would be simply liberated from the cells, the RDW-SD increase would be
associated with the increase in anisocytosis in the state of constant/transient anemia—
not only caused by their lysis per se but also correlated with kidney damage due to the
lack of erythropoietin secretion. An over 10-fold increase in the odds of death upon
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LMWH treatment does not indicate that LMWH promotes death—it should rather hint
that the decision of its administration was made in case of patients of higher disease
severity emerging from possible increase of D-dimers, which account for the increased
fibrinolysis. The mentioned D-dimers have been posed as mortality predictors in COVID-19
patients [36]. Moreover, increase plasmatic concentration of D-dimers among T2DM
patients was shown to be associated with increased risk of cardiovascular disease events,
regardless of conventional risk factors or the treatment-wise factors [36]. However, to
our knowledge, D-dimers have not been proven (due to not having been studied) to
pose as direct predictors of death in patients with T2DM nor patients with both T2DM
and COVID-19. The last observation, already used while analyzing the baseline odds, is
that men were of markedly higher odds of dying (in this model, OR = 2.798). While, as
mentioned before, the odds in both sexes would be favoring survival in typical patients
(64-year-old, 45.78% RDW-SD, 4.10 mmol/L K, no LMWH treatment), this sex-related
difference would, epidemiologically, play an important role among the patients of higher
age and disease severity. While this risk assessment model needs to undergo validation
and comparison to different models in future studies to be taken more seriously, one
is certain that the multivariate models, likewise to univariate, provide a hint that the
administration of insulin and metformin is not a factor informative enough to be used in risk
assessment of the entire COVID-19- and T2DM-positive population. Potential possibilities
stemming from this information were revealed upon the last part of the analysis. The
developed multivariate model allowed for the estimation of the chance of death based
on LMWH treatment, age, RDW-SD, gender and K. Each increase in the patient’s age by
one year increased the chance of death by 6.9%, each increase in potassium concentration
by 1 mmol/L increased the chance of death by 98% and an increase in RDW-SD by 15%
increased the chance of death by 87%, which was caused by cell damage by oxidative stress.
LMWH was used in patients with advanced COVID-19, in whom an increase in D-dimer
levels (increased fibrinolysis) was observed. The 10-fold increase in the risk of death after
LMWH treatment was not due to the treatment itself, but to the stage of advancement of
COVID-19. The association of gender with a higher risk of death concerned older patients
with advanced disease. There was no gender effect observed for younger patients, aged 64.

The last part of the analysis explored the interactions between the variables (factors)
in terms of changing the odds of death. What makes these interactions different to the
convention used in the previous part of the study is that they explore whether any pair
of factors (patient characteristics) has a multiplicative effect on the modulation of the
odds of death by the third factor—a drug used during the hospitalization. LMWH and
remdesivir were independent on each other in how they modulated the effect of metformin
on the odds of death. Conversely, age and hsCRP interacted with each other, having a
multiplicative effect on the difference in the odds of mortality between individuals who
took insulin vs. the ones who did not. In the first observed interaction, remdesivir and
LMWH treatments showed different patterns in affecting the odds of death, between
patients administered with metformin and those under no such treatment. Upon analyzing
the odds of death (N deaths/N survivals, Figure 4) it could be observed that the odds
of death were different upon administration of remdesivir and LMWH, depending on
whether the patient was under treatment with metformin. While metformin-administered
patients showed an increasing pattern in the odds of death (LMWH and remdesivir >
LMWH only > remdesivir only > neither LMWH nor remdesivir), such a pattern was
not observed among the patients under no metformin treatment. One may argue about
the novelty of this observation due to the fact that the treatment with remdesivir and
LMWH blatantly shows the severity of the disease, thus implicating higher odds of death.
However, to our knowledge, our study is the first one to show that this rationale was not
universal for all of the COVID-19 T2DM patients. To gather more precise information
on the odds of in-hospital death, before risk modeling, the entire population may need
to be stratified in regards to metformin treatment and, perhaps, treatment with other
antidiabetic agents as well. Another observation from this study was that metformin

64



Biomedicines 2024, 12, 605

intake was associated with higher odds of death (0.20 vs. 0.10, Figure 4) compared to no
intake among patients under no LMWH and remdesivir treatment. There is no possible
way to discuss this matter referring to the literature since other studies did not report
the odds of death in the same context as our study (three-way interaction). First and
foremost, it is stated that metformin has both in vivo and in vitro effects on SARS-CoV-2,
letting one assume there might be possibly different outcomes (and sets of its predictors)
depending on metformin treatment [32]. Some studies on COVID-19 patients indicate lower
likelihood of death upon metformin treatment [37-39]. However, DeFronzo et al. reported
a lack of this association, but observed a markedly lower likelihood of heart failure among
patients administered with metformin [38,40—42]. Analyzing interactions with inhibitors
of dipeptydylpeptidase 4 (DPP-4i) may be a good choice for future analyses similar to
ours, since this agent appears to have both direct and indirect effects on SARS-CoV-2
infection. DPP-4i, being a gliptin [41] drug representative, owing to its anti-inflammatory
action, could be hypothesized to indirectly (through lowering the CRP concentration)
affect the severity of COVID-19 [38]. Another hypothesized indirect action of DPP-4i
is combating the ‘cytokine storm’ through inhibiting the activation of TLR4 in the lung
alveoli [5]. As SARS-CoV-2 binds with these receptors, DPP-4i could help combat the
pulmonary ‘cytokine storm’, leading to a decrease in lung injuries and collateral damage
to other organs that could induce the state of multi-organ failure over the duration of
COVID-19 [11,43]. Moreover, DPP-4i acts as a receptor for the SARS-CoV-2 [13]; likewise,
the drug binds with MERS-CoV [44]. This occurrence could have been associated with
the observation of a lower concentration of soluble (in serum/plasma) DPP-4i among the
diabetic COVID-19 patients [45]. So far, the idea behind using DPP-4i as a predictor of
death/severity of the disease in the mentioned population could not be taken for granted
due to the inconsistencies in the literature [46—49]. Likewise, remdesivir treatment had
positive effects on the clinical improvement associated with the reduced risk of severe acute
respiratory distress syndrome in need of intubation but it seemed not to affect mortality
among COVID-19 patients [50]. In the presented publication, the analysis of interactions
between variables (factors) in terms of the change in the probability of death showed that
LMWH and remdesivir independently modulated the effect of metformin on the risk of
death, while age and hsCRP interacted in their effect on the difference in the risk of death
between people taking insulin and those not taking it. Metformin increased the risk of death
the most in the group of people taking both LMWH and remdesivir. This observation was
not demonstrated in the same group of people who did not take metformin. Additionally,
age and hsCRP modulated the chance of death only in people who did not receive insulin.

However, DPP-4i could take part in interactions on which the information is scarce.
Significant interaction of insulin with hsCRP and age hinted at different modulation of the
odds of death by insulin, depending on these two other variables. This occurrence was due
to fact that age and hsCRP did not significantly change the odds of death among patients
administered with insulin (Table 3, Figure 5A,B), while the patients not administered with
it showed a positive association between these odds and either hsCRP or age (Table 3,
Figure 5A—C). This insulin-related difference between patients deepened the difference in
odds between them when given more advanced age and/or higher hsCRP (Figure 5D,F).
However, there is no universal answer to whether any of these groups would be more
prone to showing a fatal outcome—it all is a matter of age and hsCRP (Figure 5F). Moreover,
upon reaching a specific threshold of age and hsCRP, the odds would become of favor
of death (e.g., more patients would die compared to the count of survivors) among the
patients not administered with insulin. This interaction is not as complex as it could be,
since age and hsCRP, although both simultaneously affecting the odds of death, had an
isolated effect on it—hsCRP and age did not modulate the effect of each other on the odds
("hsCRP*Age’ in Table 3) regardless of administration with insulin (‘Insulin*hsCRP*Age’ in
Table 3). The cause of such a phenomenon, not discussed or mentioned in other studies,
remains a mystery until validated and further analyzed on a bigger population, with
possibly more factors brought into the model. A study [12] showed insulin treatment to

65



Biomedicines 2024, 12, 605

be positively associated with the likelihood of death. However, the said study did not
explore the possible effect of age on the insulin-mortality association. Perhaps a future
model could employ both insulin-age and metformin-remdesivir-LMWH interactions.
Hopefully, new research would investigate this matter on bigger retrospective data and/or
a diabetic population not suffering from COVID-19 (assuming no COVID-19 outbreak in
the future).

The third interaction was featured in this manuscript since it is associated with LMWH
treatment, which is featured in both the multivariate model (Figure 3) and the aforemen-
tioned interaction (Figure 4). If one was to divide patients in the context of LMWH
administration, the individuals under no such treatment would show constant odds of
death equal to 0.202 regardless of age, meaning that the number of deceased patients would
constitute about 1/5 of the survivors. Patients under LMWH treatment showed an increase
in the odds with age, reaching the threshold which favors death at the age of approximately
85 years (odds > 1, thus N deaths > N survivors).

Before concluding the findings, study limitations need to be introduced. The first
limitation comes from the rather low sample size (Figure 1). It should be emphasized that
the data of all hospitalized T2DM patients from the Temporary COVID Hospital were
employed for carrying out this study. Thus, we assumed the data to be randomly collected
(in spite of the sample size), since all patients participated in the process. However, low
sample size restricted us to study only up to two-way interactions and forming three-way
interactions to be analyzed so as to avoid redundancy. Moreover, all of the observed
interactions were not added to the multivariate model (Figure 3), having in mind that such
a model would be highly prone to overfitting, thus would be biased with an increased
false discovery rate. The sample size for such a model would need to be more than 1000
individuals (50-100 for every variable/interaction in the model), which exceeded the
possibilities of our cooperation with this one hospital. The lack of comorbidities (seen in
Table 1) in the initial set of variables was intentional so as to remove factors that could be
so strongly associated with mortality that they would render other factors too weak to be
spotted upon being analyzed in a population sample of such size. This choice was made
upon assessing the comorbidity-associated frequencies and their statistics in regards to
mortality (Table 1). Moreover, some patient features that could have had an impact on the
observed were not registered upon creating this database in the times of COVID-19 onset.
These features include BMI, diabetes duration, glycemic control, overall frailty, the stage
of T2DM, and the severity of COVID-19. Since the decision on treatment with LMWH
and remdesivir was made upon the admission of the study participants, there was no
need for adjusting the models based on length of treatment with these agents. Our future
study plans to gather the information from the patients regarding whether the treatment
strategy for them changed after ending the hospitalization in the Temporary COVID-19
Hospital. Moreover, information on the post-hospitalization mortality in these individuals
will be based on analyzing the national registry. Lastly, some may argue that the study
shows neither goodness-of-fit metrics nor the classification quality of the model. While
showing these properties of the model would be vital in a study that strived to determine
the best death likelihood assessment model, our study focused on analyzing the models
and interactions related to treatment. We explored the factors that may not even modulate
the odds of risk per se, without their interactions with other patient characteristics (in this
study: age, hsCRP and treatment with remdesivir or LMWH). Having these drawbacks in
mind, we would like to encourage the readers to view this study as preliminary.

The insights from this study unfold to be rather peculiar, bringing some skepticism
in the case of analyzing mortality risk with models based solely on logistic regression or
(presumably) other regression methods. This study hints at possible caveats that could
be encountered by simply using multivariate models without previously investigating
whether the patterns of mortality changes associated with the predictors were affected by
treatment. In this study, although insulin and /or metformin were not informative enough
to be included in the multivariate assessment of the likelihood of death, the information
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about their administration revealed a contrast in how remdesivir and LMWH (in the case of
metformin) compared to hsCRP and age (in the case of insulin) affected the odds of death in
hospitalized T2DM patients suffering from COVID-19. Moreover, the association of LMWH
treatment (one of the predictors in the multivariate model) with death was shown to be
dependent on age. These observations not only show an importance of taking treatment
into account when assessing death likelihood in the specific COVID-19 T2DM population,
but hopefully may prove as grounds for future research into mortality modeling among
T2DM patients. Although society has liberated itself from the grasp of the COVID-19
pandemic, the deleterious impact of the SARS-CoV-2 infection may come with time in the
form of newly studied post-COVID syndrome, leading to a sheer increase in the frequency
of various comorbidities. If this time were to come, the analysis of interactions stemming
from varying intakes of drugs may pose as a key to successful risk assessment, possibly
saving thousands of lives and broadening our knowledge of other threats yet to come. In
the further part of this research, we plan to analyze the mortality of patients included in
the presented study in the second follow-up (after two years). We will also examine levels
of early markers of kidney damage, neurological disorders and intravascular damage in
patients who have had symptomatic COVID-19.

5. Conclusions

In a multivariate model, along with other multivariate-adjusted significant features
(LMWH treatment, age, sex, K concentration), RDW-SD was associated with mortality
among the patients suffering from COVID-19 and type 2 diabetes. For every 15% increase
in RDW-SD, the odds of death increased by 87.7%.

Stratification by insulin administration revealed that age and hsCRP increased the
odds of death exclusively among the patients who were not administered with insulin.
Metformin intake was positively associated with death among those of low age and low
hsCRP. Upon increase in both age and /or hsCRP above the threshold (mapped in Figure 5F),
metformin intake started to be negatively associated with death. The impact of this effect
kept rising with age and hsCRP.

Administration of remdesivir and/or LMWH changed the association between met-
formin and the odds of death from positive (if neither remdesivir nor LMWH were admin-
istered) to negative (if any of these drugs was administered). Moreover, remdesivir and
LMWH had an additive effect on the magnitude of the pro-survival impact of metformin
intake among the patients.

The association between LMWH administration and the odds of death changed from
negative to positive with the increase in age.

The above findings ought to be taken with a pinch of salt until they have been val-
idated with more sophisticated models (with these and other interactions), in a bigger
population sample. Future research will, likewise, need to test these associations in a
diabetic population not suffering from COVID-19.

Although metformin and insulin may not, per se, act as universal indicators of death
in diabetic patients with COVID-19, their role could vary within the higher personalization
of the risk assessment model (through adding and exploring their interactions with various
patient characteristics). Such a practice, when utilized in large models, could provide
a definite answer, cutting down the discussion of whether these agents are associated
with death, when facing corroborating results from the literature. This conclusion applies
regardless of whether the diabetic patients would be suffering from COVID-19 or not, since
the studies into metformin and insulin in context of mortality lack the exploration of their
interactions.
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Appendix A

Table A1. Results from the univariate analysis of the associations of the selected effects (variables) on
the odds of death among COVID-19 patients suffering from type 2 diabetes.

Effect Anéla)fed Refé:in “ OR —92’}: CI 9580Rc1 P
5p0; < 94 on Yes No 1.982 1.006 3.906 0.048
room air
Sex Male Female 1.771 1.126 2.785 0.013
Insulin Yes No 1.364 0.832 2.236 0.219
Metformin Yes No 0.716 0.459 1.115 0.139
LMWH Yes No 3.506 1.972 6.234 <0.001
Acetylsalicylic Yes No 1.703 1.076 2.696 0.023
acid
Convalescent
plasma Yes No 1.618 0.878 2.981 0.123
Remdesivir Yes No 1.209 0.659 2.216 0.540
Age - - 1.038 1.017 1.060 <0.001
hsCRP - - 1.004 1.002 1.006 0.001
Na - - 1.026 0.988 1.066 0.184
K - - 1.886 1.399 2.543 <0.001
log.15(RDW-SD) - - 1.538 1.235 1915  <0.001
logy(Creatinine) - - 1.537 1.197 1.974 0.001
log, (Urea) - - 1.877 1.444 2.439 <0.001

Abbreviations: CI, confidence interval; OR, odds ratio. The visualization of this table (without the p-values) is
given in Figure 2.
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Table A2. The process of derivation of the multivariate model through stepwise elimination (cut-off

p =0.05).
Step Effect Wald Statistic =~ Wald Test p Score Statistic Score Test p Effect Status
SpOz < 94 on room air 0.280 0.597 In the model
Sex 5.731 0.017 In the model
Insulin 0.550 0.458 In the model
Metformin <0.001 0.986 Excluded in this step
LMWH 15.447 <0.001 In the model
Acetylsalicylic acid 0.609 0.435 In the model
1 Convalescent plasma 0.153 0.695 In the model
Remdesivir 0.188 0.665 In the model
Age 9.492 0.002 In the model
hsCRP 1.822 0.177 In the model
K 4.818 0.028 In the model
log, (RDW-SD) 8.273 0.004 In the model
logy(Creatinine) 0.426 0.514 In the model
SpO; < 94 on room air 0.282 0.596 In the model
Sex 5.816 0.016 In the model
Insulin 0.556 0.456 In the model
log, (Creatinine) 0.433 0.511 In the model
LMWH 15.510 <0.001 In the model
Acetylsalicylic acid 0.610 0.435 In the model
Convalescent plasma 0.154 0.695 Excluded in this step
2 Remdesivir 0.188 0.664 In the model
Age 9.684 0.002 In the model
hsCRP 1.859 0.173 In the model
K 4.817 0.028 In the model
log, (RDW-SD) 8.299 0.004 In the model
Metformin 0.000 0.986 E;‘e‘iﬁfslt‘;;?:)
SpO; < 94 on room air 0.242 0.623 Excluded in this step
Sex 5.731 0.017 In the model
Insulin 0.483 0.487 In the model
log, (Creatinine) 0.375 0.540 In the model
LMWH 15.773 <0.001 In the model
3 Acetylsalicylic acid 0.545 0.460 In the model
log,(RDW-SD) 8.199 0.004 In the model
Remdesivir 0.248 0.618 In the model
Age 9.718 0.002 In the model
hsCRP 1.924 0.165 In the model
K 5.701 0.017 In the model
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Table A2. Cont.

Step Effect Wald Statistic =~ Wald Test p Score Statistic Score Test p Effect Status
Convalescent plasma 0.154 0.695 Exclgded in the
3 previous step(s)
Metformin 0.001 0.981 Excluded in the
previous step(s)
K 5.537 0.019 In the model
Sex 5.628 0.018 In the model
Insulin 0.602 0.438 In the model
logy(Creatinine) 0.314 0.575 In the model
LMWH 15.516 <0.001 In the model
Acetylsalicylic acid 0.464 0.496 In the model
log,(RDW-SD) 8.024 0.005 In the model
4 Remdesivir 0.230 0.631 Excluded in this step
Age 9.803 0.002 In the model
hsCRP 1.686 0.194 In the model
SpO, < 94 on room air 0.242 0.622 Excluded in the
previous step(s)
Convalescent plasma 0.113 0.736 EXCll.ldEd in the
previous step(s)
Metformin 0.002 0.961 Excluded in the
previous step(s)
K 5.740 0.017 In the model
Sex 5.535 0.019 In the model
Insulin 0.668 0.414 In the model
log, (Creatinine) 0.299 0.584 Excluded in this step
LMWH 15.916 <0.001 In the model
Acetylsalicylic acid 0.566 0.452 In the model
log, (RDW-SD) 7.903 0.005 In the model
5 hsCRP 1.750 0.186 In the model
Age 9.697 0.002 In the model
Remdesivir 0.231 0.631 Excluded in the
previous step(s)
SpO, < 94 on room air 0.225 0.635 Excluded in the
previous step(s)
Convalescent plasma 0.167 0.683 Exclgded in the
previous step(s)
Metformin 0.003 0.957 Excluded in the

previous step(s)
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Table A2. Cont.

Step Effect Wald Statistic =~ Wald Test p Score Statistic Score Test p Effect Status
K 7.608 0.006 In the model
Sex 6.115 0.013 In the model
Insulin 0.745 0.388 In the model
Age 10.004 0.002 In the model
LMWH 15.954 <0.001 In the model
Acetylsalicylic acid 0.513 0.474 Excluded in this step
log, (RDW-SD) 8.569 0.003 In the model
hsCRP 1.815 0.178 In the model
6 logy(Creatinine) 0.300 0.584 Excluded in the
previous step(s)
Remdesivir 0215 0.643 Excluded in the
previous step(s)
SpO, < 94 on room air 0.170 0.680 Excluded in the
previous step(s)
Convalescent plasma 0.114 0.736 Exclgded in the
previous step(s)
Metformin 0.001 0.972 Excluded in the
previous step(s)
K 7.387 0.007 In the model
Sex 5.872 0.015 In the model
Insulin 0.459 0.498 Excluded in this step
Age 9.772 0.002 In the model
LMWH 15.713 <0.001 In the model
hsCRP 1.937 0.164 In the model
log>(RDW-SD) 8.993 0.003 In the model
Acetylsalicylic acid 0515 0473 Excluded in the
7 previous step(s)
logy (Creatinine) 0.244 0.621 Excluded in the
previous step(s)
Remdesivir 0315 0575 Excluded in the
previous step(s)
SpO, < 94 on room air 0.104 0.747 Excluded in the
previous step(s)
Convalescent plasma 0.080 0.777 Exclgded in the
previous step(s)
Metformin 0.007 0.934 Excluded in the
previous step(s)
K 8.559 0.003 In the model
Sex 5.788 0.016 In the model
g log,(RDW-SD) 8.793 0.003 In the model
Age 9.999 0.002 In the model
LMWH 15.825 <0.001 In the model
hsCRP 2.036 0.154 Excluded in this step
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Step Effect Wald Statistic =~ Wald Test p Score Statistic Score Test p Effect Status
Insulin 0.461 0.497 Exclgded in the
previous step(s)
Acetylsalicylic acid 0.235 0.628 Excluded in the
previous step(s)
log,(Creatinine) 0.317 0573 Exclgded in the
previous step(s)
8 Remdesivir 0.347 0.556 Exclgded in the
previous step(s)
SpO, < 94 on room air 0.184 0.668 Excluded in the
previous step(s)
Convalescent plasma 0.031 0.859 EXCl}lded in the
previous step(s)
Metformin 0.024 0.878 Exch.lded in the
previous step(s)
K 7.739 0.005 In the model
Sex 6.134 0.013 In the model
log>(RDW-SD) 9.450 0.002 In the model
Age 9.779 0.002 In the model
LMWH 16.552 <0.001 In the model
hsCRP 2070 0.150 Exclgded in the
previous step(s)
Insulin 0.556 0456 Exclgded in the
previous step(s)
9 Acetylsalicylic acid 0.288 0.592 Excluded in the
previous step(s)
log,(Creatinine) 0.385 0.535 Exch.lded in the
previous step(s)
Remdesivir 0.442 0.506 Exch.lded in the
previous step(s)
SpO, < 94 on room air 0.001 0.970 Excluded in the
previous step(s)
Convalescent plasma 0.095 0.758 Exclgded in the
previous step(s)
Metformin 0.171 0.679 Excluded in the

previous step(s)

The Wald test was utilized in assessing the value of the factors to be included in the
model. The score test (Lagrange multiplier test) was used to check if, at any step, the
previously excluded factors should be re-included into the current model. The final model

is described in Table 2 and visualized in Figure 3.
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Table A3. A list of all possible second-degree (two-way) interactions composed of the selected
variables (effects, featured in Tables Al and A2, inter alia) in context of their significance (compared
to the naive model—LR type 1 test) in modulating the odds of death among COVID-19-positive
individuals suffering from type 2 diabetes.

Effect 1 Effect 2 x> p (LR Test)
Metformin Remdesivir 10.257 0.0014
LMWH Metformin 5.6121 0.0178
hsCRP Insulin 5.3447 0.0208
LMWH Age 5.2361 0.0221
Age Insulin 4.368 0.0366
K Remdesivir 3.9539 0.0468
logy(Creatinine) Insulin 3.8179 0.0507
LMWH Insulin 3.743 0.053
Convalescent plasma Metformin 3.7268 0.0535
K SpO;, < 94 on room air 3.7061 0.0542
hsCRP SpO; < 94 on room air 3.037 0.0814
log2(RDW-SD) Age 2.9078 0.0882
Metformin Insulin 2.796 0.0945
Sex Remdesivir 2.7621 0.0965
logy(Creatinine) Metformin 2.7294 0.0985
LMWH log,(Creatinine) 2.7034 0.1001
logy(Urea) Remdesivir 2.6518 0.1034
K hsCRP 2.3899 0.1221
LMWH K 2.1219 0.1452
Acetylsalicylic acid Metformin 2.0447 0.1527
hsCRP Metformin 2.0331 0.1539
K logy(Urea) 1.9158 0.1663
log>(RDW-SD) hsCRP 1.9001 0.1681
K Metformin 1.5692 0.2103
log,(RDW-SD) SpOy < 94 on room air 1.5311 0.2159
LMWH Remdesivir 1.5194 0.2177
Age Metformin 1.4653 0.2261
Acetylsalicylic acid Insulin 1.4478 0.2289
K Acetylsalicylic acid 1.4253 0.2325
logy(Urea) log,(RDW-SD) 1.3581 0.2439
log,(RDW-SD) Metformin 1.1828 0.2768
LMWH Acetylsalicylic acid 1.1417 0.2853
log,(Creatinine) Remdesivir 1.1405 0.2856
logy(Urea) Metformin 0.9777 0.3228
log> (RDW-SD) Sex 0.9316 0.3344
Age Convalescent plasma 0.9268 0.3357
LMWH SpO; < 94 on room air 0.8762 0.3493
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Table A3. Cont.

Effect 1 Effect 2 x> p (LR Test)
hsCRP Convalescent plasma 0.8687 0.3513
hsCRP Remdesivir 0.8583 0.3542
Acetylsalicylic acid Remdesivir 0.8463 0.3576
Sex Acetylsalicylic acid 0.8111 0.3678
LMWH hsCRP 0.7506 0.3863
SpO; < 94 on room air Remdesivir 0.7191 0.3964
logy(Urea) Insulin 0.6931 0.4051
K logy(Creatinine) 0.6634 0.4153
Convalescent plasma Remdesivir 0.5695 0.4504
log,(Creatinine) Convalescent plasma 0.5348 0.4646
Sex Metformin 0.5297 0.4668
Age hsCRP 0.5284 0.4673
logy(Creatinine) Sex 0.5032 0.4781
logy(Creatinine) Acetylsalicylic acid 0.4948 0.4818
Convalescent plasma Insulin 0.4787 0.489
LMWH Sex 0.3969 0.5287
K log,(RDW-SD) 0.367 0.5446
K Insulin 0.3392 0.5603
logy(Creatinine) hsCRP 0.2903 0.59
Age SpO;, < 94 on room air 0.2817 0.5956
log>(RDW-SD) Acetylsalicylic acid 0.258 0.6115
Insulin Remdesivir 0.2404 0.6239
logy(Urea) SpO, < 94 on room air 0.2237 0.6362
Age Acetylsalicylic acid 0.2162 0.6419
LMWH logy(Urea) 0.2161 0.642
SpO; < 94 on room air Insulin 0.2128 0.6446
Age Sex 0.2001 0.6547
Sex SpO, < 94 on room air 0.1967 0.6574
Age log, (Creatinine) 0.1935 0.66
LMWH Convalescent plasma 0.1814 0.6702
logy(Creatinine) SpO, < 94 on room air 0.1459 0.7025
hsCRP Sex 0.1422 0.7061
logy(Urea) logy(Creatinine) 0.1385 0.7098
log, (RDW-SD) Insulin 0.1155 0.734
SpO, < 94 on room air Convalescent plasma 0.1132 0.7365
SpO; < 94 on room air Metformin 0.09 0.7642
logy(Urea) hsCRP 0.0846 0.7711
K Convalescent plasma 0.0605 0.8058
Acetylsalicylic acid Convalescent plasma 0.0507 0.8218
Acetylsalicylic acid SpO, < 94 on room air 0.0459 0.8303
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Effect 1 Effect 2 x> p (LR Test)
Age Remdesivir 0.0427 0.8363
log,(RDW-SD) Convalescent plasma 0.0339 0.8538
hsCRP Acetylsalicylic acid 0.0254 0.8733
K Sex 0.0216 0.8831
log,(RDW-SD) logy(Creatinine) 0.0209 0.8851
logy(Urea) Acetylsalicylic acid 0.0186 0.8914
log>(RDW-SD) Remdesivir 0.015 0.9026
K Age 0.0086 0.9262
logy(Urea) Sex 0.0066 0.935
Sex Convalescent plasma 0.0041 0.9488
logy(Urea) Age 0.0023 0.9621
Sex Insulin 0.0019 0.9654
LMWH log,(RDW-SD) 0.0016 0.9678
logy(Urea) Convalescent plasma 0.0009 0.9767

Significant findings (p < 0.05) are marked in bold.
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Abstract: Type 2 diabetes mellitus (T2DM) significantly increases the risk of peripheral artery disease
(PAD), and diabetes is the leading cause of nontraumatic amputations. This study investigated the
risk factors for transcutaneous oxygen pressure (TcPO2) in T2DM, a noninvasive method to quantify
skin oxygenation and the underlying microvascular circulation. The study included 119 T2DM
patients (91 male/28 female). TcPO2 measurements were conducted with the Tina TCM4 Series
transcutaneous monitor (Radiometer, Copenhagen, Sweden) and skin electrodes. Patients with
TcPO2 < 40 mmHg were younger (p = 0.001), had significantly higher systolic blood pressure (SBP)
(p = 0.023), glycated hemoglobin (HbAjc) (p = 0.013), fasting plasma glucose (fPG) (p = 0.038), total
cholesterol (p = 0.006), LDL cholesterol (p = 0.004), and had more frequent smoking habits (p = 0.001)
than those with TcPO2 > 40 mmHg. The main predictors for the TcPO2 value (R? = 0.211) obtained
via stepwise regression analysis were age, smoking, SBP, HbA ¢, fPG, and total and LDL cholesterol.
Among all the listed predictors, smoking, HbAjc, and LDL cholesterol were found to be the most
significant, with negative parameter estimates of —3.051310 (p = 0.0007), —2.032018 (p = 0.0003), and
—2.560353 (p = 0.0046). The results of our study suggest that in association with other risk factors,
smoking is the main predictor for lower TcPO2 in T2DM.

Keywords: smoking; type 2 diabetes; atherosclerosis; peripheral artery disease; transcutaneous
oxygen pressure

1. Introduction

Diabetes is a chronic disease with harmful chronic complications that is still the
leading cause of blindness in the adult working population, nontraumatic amputations,
and chronic kidney disease. Peripheral artery disease (PAD), caused by atherosclerosis and
aggravated with several risk factors, affects the lower extremities and increases the risk of
cardiovascular disease and death [1-5]. Compared to non-diabetic individuals, diabetes
is associated with a two- to fourfold higher risk of PAD, while the presence of diabetes
worsens outcomes in patients with PAD [6-9]. The worst diabetes complication is diabetic
foot developed because of diabetic neuropathy and/or PAD [10].

Patients with type 2 diabetes mellitus (T2DM) usually have metabolic syndrome
with a set of metabolic disturbances, like obesity, dyslipidemia, hypertension, and arterial
stiffness, that increase the risk of cardiovascular disease and the risk of PAD [11-14].
It should be noted that PAD in diabetic patients is different at biological and clinical
levels, and the effects of good glycemic control on the regression of microvascular disease
are not reflected in macrovascular disease in the short term. There is a bidirectional
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relationship between T2DM and PAD; one disease may play an underlying role in the
pathophysiology of the other and vice versa [15-17]. The ankle-brachial pressure index
(ABI) is a noninvasive method to detect the presence and severity of PAD widely used
in clinical practice [18,19]. However, in patients with diabetes, ABI has limited reliability
in the diagnosis of PAD because of medial artery calcification, and the toe-brachial index
(TBI) is more often estimated than ABI [20]. These two methods have limitations when
examining the microcirculation in patients with PAD. A transcutaneous oxygen pressure
(TcPO2) measurement provides information about the supply and delivery of oxygen to
the underlying microvascular circulation by recording the partial pressure of oxygen at the
skin surface. It can be considered a metabolic test, while ABI and TBI are hemodynamic
tests [21,22].

ABI and TBI, as the most widely used noninvasive methods to detect the presence
and severity of PAD in clinical practice, have limitations when examining microcirculation.
Since diabetes is strongly associated with both macrovascular and microvascular complica-
tions, this study aimed to investigate the risk factors for lower TcPO, in T2DM, a metabolic
test that provides information about microvascular circulation.

2. Materials and Methods
2.1. Study Design and Ethics Statement

This study was cross-sectional and conducted at the Department of Diabetes and
Endocrinology and the Department of Cardiology. It included 119 patients with T2DM,
referred by a diabetologist/neurologist/vascular surgeon due to suspicion of PAD. PAD
has been diagnosed using the color Doppler ultrasound of the superficial femoral and
other more distal arteries of both legs. A normal spectral arterial waveform was triphasic,
while biphasic and monophasic waveforms of one or several arteries were considered
PAD [23]. In those with PAD, ABI and TcPO2 measurements were performed. Patients
with an ABI < 1.3 were included in the study. The study was approved by the Hospital’s
Ethics Committee (protocol number 04/38-299, approval date: 7 August 2019). All T2DM
patients, before any study procedures, received oral and written information about the
study protocol and finally signed the written informed consent.

2.2. Demographic Data and Clinical Characteristics

Age at the time of the study, gender, and diabetes duration were basic demographic
data of patients included in the study. Weight in kilograms (kg) and height in centimeters
(cm) were measured to calculate body mass index (BMI) by dividing weight by the square
of height in meters (kg/m?). The waist circumference (WC) and hip circumference were
measured with a tailor meter on standard places on bare skin to calculate the waist-to-hip
ratio (WHR). A digital sphygmomanometer was used to measure systolic blood pressure
(SBP) and diastolic blood pressure (DBP) in a sitting position after the period of a 10 min
rest and expressed in mmHg. A smoker was defined as a person who had a history of
smoking a minimum of 100 cigarettes during life with current smoking on some days or
every day.

2.3. Markers of Glycemic Control and Lipid Metabolism

Fasting plasma glucose (fPG), serum lipids (total cholesterol, triglycerides, low-
density lipoprotein (LDL) cholesterol, and high-density lipoprotein (HDL) cholesterol),
and hemoglobin Ajc were measured in the morning after an overnight fast. Postpran-
dial plasma glucose (ppPG) was measured two hours after a meal. Glycated hemoglobin
(HbAjc) was measured using an automated turbidimetric inhibition immunoassay (HbA;c
Gen 3, Cobas Integra 400 Plus, Roche Diagnostic, Basel, Switzerland) and expressed in
% according to the National Glycohemoglobin Standardization Program (NGSP). This
method is traceable to the International Federation of Clinical Chemistry and Laboratory
Medicine (IFCC) reference system. Standard enzymatic methods were used to determine
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serum lipids, fPG, and ppPG on an automated analyzer (Beckman Coulter AU680, Beckman
Coulter, Inc., Brea, CA, USA).

2.4. Transcutaneous Oxygen Pressure Measurement

The sensor/electrode of the Tina TCM4 series transcutaneous monitor (Radiometer,
Copenhagen, Sweden) was put on the skin, where it heated the underlying tissue to create
local hyperemia (making the arteries dilate), intensify the blood perfusion, and increase
the oxygen pressure. Electrodes were heated up to 45 °C and transmitted a temperature of
about 43 °C on the skin, improving oxygenation of the capillary blood. The sensor received
an electric current corresponding to the oxygen concentration in the capillary blood. The
oxygen diffused according to pressure from the capillary blood via the vascular epidermis
to the electrode placed on the skin surface. After application, the sensor required a 10
to 15 min warm period and needed calibration every four to eight hours. A site reading
involved an average of 35 min. Sensors were placed over a homogeneous capillary bed
without hair, skin defects, ulcers, and prominent veins. Electrodes were not placed over
a bone, on previous operation sites, in scar tissue, or in severe edema because they may
have given unreliable results. Patients were advised to avoid prior smoking or caffeine use.
During the monitoring, patients were in the supine position.

2.5. Ankle-Brachial Index

To calculate the ABI, measurements of the SBP in the brachial, posterior tibial, and
dorsalis pedis arteries were conducted. The ABI represents higher resting SBP at the ankle
divided by the higher systolic brachial pressure. A handheld 5 or 10 mHz Doppler instru-
ment (Sonotrax Pro ultrasonic pocket Doppler, Edan, San Diego, CA, USA) was used to
note the systolic pressures. A standard blood pressure cuff was placed immediately above
the ankle to obtain the most precise pressure measurements. During the ABI measure-
ment, patients were in the supine position. Normal ABI values are between 0.9 and 1.4.
Values < 0.9 are indicative of peripheral atherosclerosis, while values over 1.4 are indicative
of vascular calcification.

2.6. Statistical Analysis

Statistical analysis was conducted, and the graphs were created using the statistical
package Statistica™ 14.0.1 (TIBCO Software Inc., Palo Alto, CA, USA). In all analyses, a
p-value of less than 0.05 was considered statistically significant. After testing the normality
of data distribution with the Kolmogorov-Smirnov test, normally distributed continuous
variables were expressed as mean + SD and non-normally distributed variables as the
median with range. All categorical variables were expressed as numbers and percentages.
Differences between the two groups were for continuous data examined using parametric
(t-test) or non-parametric tests (Mann-Whitney), depending on the data distribution, and
for categorical data testing, the chi-squared test was used. The Spearman rank correlation
test was used to evaluate the relationship between the studied variables. Differences in
TcPO2 between the groups according to the smoking habit (no, yes) and HbA;c value
(<8.0%, >8.0%) and their interactions were tested using the two-way analysis of variance
(ANOVA). Stepwise regression was used to detect the main predictors of TcPO2.

3. Results

This study included 119 T2DM patients (91 male/28 female) with a mean age of
68.5 = 7.8 years and a mean diabetes duration of 19.7 & 9 years. All included patients
had PAD. According to the Fontaine classification [23], 34 were asymptomatic (stage I), 43
had intermittent claudication after more than 200 m of pain-free walking (stage Ila), 22
had intermittent claudication after less than 200 m of walking (stage IIb), 1 had stage III
(ischemic rest pain), and 19 had stage IV (18 neuropathic ischemic ulcers and 1 gangrene).
Asymptomatic patients were declared those who did not have typical pain symptoms in
the leg muscles provoked by the effort that passes at rest but had a pathological color
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Doppler ultrasound finding regardless of the finding of ABI. ABI's median (min-max)
in those patients was 0.81 (0.34-1.25). Furthermore, all our included patients had some
stage of diabetic neuropathy, i.e., 12 had stage 1 (intermittent numbness and pain), 99
had stage 2 (persistent numbness and pain), and 8 had stage 3 (debilitating pain). Their
mean/median values of TcPO2, basic characteristics, all analyzed risk factors, and ABI are
shown in Table 1.

Table 1. Transcutaneous oxygen pressure, basic characteristics, risk factors, and ankle-brachial index
of all type 2 diabetic patients (1 = 119) included in the study.

All Patients Included in the Study (n = 119)

TcPO2 (mmHg) 40.85 + 13.97
Smoking (no/yes) (%) 50.4/49.6
BMI (kg/m?) 29.39 + 4.88
WC (cm) 106.2 £ 12.5
WHR 0.99 + 0.07
SBP (mmHg) 140 (90-235)
DBP (mmHg) 80 (41-115)
HbA;1c (%) 7.90 £+ 1.62
fPG (mmol/L) 8.16 £ 2.72
ppPG (mmol/L) 10.78 + 3.54
Total cholesterol (mmol/L) 4.5 (2.5-9.2)
HDL cholesterol (mmol/L) 1.2 (0.4-2.3)
LDL cholesterol (mmol/L) 2.4 (0.3-4.9)
Triglycerides (mmol /L) 1.6 (0.6-9.5)
ABI 0.8 (0.3-1.3)

Legend: values are means £ SD, percentages, or median (min—-max). BMI indicates body mass index; WC, waist
circumference; WHR, waist-to-hip ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure; HbA;c,
glycated hemoglobin; fPG, fasting plasma glucose; ppPG, postprandial plasma glucose; HDL, high-density
lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol; ABI, ankle-brachial index.

Regarding the TcPO2 value, patients were split into two groups: group 1 (TcPO2
> 40 mmHg; n = 66) and group 2 (TcPO2 < 40 mmHg; n = 53) (Table 2). The two TcPO2
groups did not significantly differ in gender, diabetes duration, anthropometric parameters,
BMI, WC and WHR, DBP, ppPG, HDL cholesterol, and triglycerides (p > 0.05). However,
patients with TcPO2 < 40 mmHg were younger (p = 0.001) and had more frequent smoking
habits (p = 0.001) than those with TcPO2 > 40 mmHg. Furthermore, those with lower
TcPO2 had significantly higher SBP (p = 0.023), HbA;c (p = 0.013), fPG (p = 0.038), total
cholesterol (p = 0.006), and LDL cholesterol (p = 0.004), while they had a significantly lower
ABI (p < 0.001) than those with higher TcPO2.

Table 2. Transcutaneous oxygen pressure, risk factors, and ankle-brachial index of type 2 diabetic
patients (n = 119) divided into two groups according to the transcutaneous oxygen pressure.

TcPO2 > 40 TcPO2 < 40 b e

(n = 66) (n = 53) x>z P
TcPO2 (mmHg) 50.34 4+ 8.85 29.12 +9.49 17.767 2 <0.001
Age (years) 70.00 £ 7.45 66.75 + 7.89 3.248 @ 0.001
Smoking (no/yes) (%) 59.5/40.5 38.7/61.3 10201 b 0.001
SBP (mmHg) 140 (90-230) 148 (100-235) —2.267°¢ 0.023
HbA;c (%) 7.67 &£ 1.58 8.20 & 1.64 —25172 0.013
fPG (mmol/L) 7.85+2.14 8.58 +3.25 —2.0824 0.038
Total cholesterol (mmol/L) 4.3(2.5-9.1) 4.8 (2.9-9.2) —2722¢ 0.006
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Smoking

YES

Table 2. Cont.

TcPO2 > 40 TcPO2 < 40

a b 7c
(n = 66) (n =53) vx’Z P
LDL cholesterol (mmol/L) 2.2(0.34.7) 2.6 (1.2-4.9) —2.848 ¢ 0.004
ABI 0.8 (0.5-1.2) 0.7 (0.3-1.3) 3.539 ¢ <0.001

Legend: values are means + SD, percentages, or medians (min-max). t* represents t-test, x° represents chi-square
test, Z¢ represents Mann-Whitney test, p represents comparison between patients with different level of TcPO2.
SBP indicates systolic blood pressure; HbAc, glycated hemoglobin; LDL, low-density lipoprotein cholesterol;
ABI, ankle-brachial index.

The correlation between TcPO2 and smoking and their relation to other risk factors
and ABI are shown in Table 3. A significant negative correlation was found between the
TcPO2 value and smoking (R = —0.242166, p = 0.000167) (Figure 1A). TcPO2 correlated
significantly positively with age (R = 0.217315, p = 0.000757) while negatively with SBP
(R=—-0.200125, p = 0.001962) (Figure 1B), HbA;c (R = —0.218749, p = 0.000696) (Figure 1C),
fPG (R = —0.153979, p = 0.017687), total cholesterol (R = —0.223532, p = 0.000526) (Figure 1D),
and LDL cholesterol (R = —0.220646, p = 0.000624) (Figure 1E). In contrast, smoking
related significantly negatively to age (R = —0.320846, p = 0.000000) and gender (m/f;
R = —0.233076, p = 0.000287) but significantly positively to HbA;c (R = 0.294675, p = 0.000004)
and ppPG (R = 0.137999, p = 0.033343) (Table 3). ABI was associated significantly positively
with TcPO2 (R = 0.286434, p = 0.000039), while no significant correlation was observed
between ABI and smoking (Table 3).

R=-0.242166 p=0.000167 R=-0.200125 p=0001962 c R=-0.218749 p=0.000696
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Figure 1. Correlations between transcutaneous oxygen pressure and smoking (A), systolic blood
pressure (B), hemoglobin A;c (C), total cholesterol (D), and LDL cholesterol (E) in type 2 diabetic
patients included in the study.

Figure 2 presents the correlation of ABI and TcPO2 within different stages of the
Fontaine scale. The most significant association was observed in stages 1 (R = 0.501668,
p = 0.000151) (Figure 2A) and 2 (R = 0.219206, p = 0.018070) (Figure 2B); in stage 3 (Figure 2C),
there was a small number of patients to analyze, while in stage 4 (R = —0.038659, p = 0.839275)
(Figure 2D), no significant relation between ABI and TcPO2 was observed.
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Table 3. Correlations between transcutaneous oxygen pressure, smoking, the other risk factors, and

ankle-brachial index in type 2 diabetic patients included in the study.

TcPO2 Smoking
Smoking —0.242 ** 1.000
Age 0.217 ** —0.321 **
Gender (m/f) —0.067 —0.233 **
SBP —0.200 * 0.011
HbA;c —0.219 ** 0.295 **
fPG —0.154 * 0.051
ppPG —0.032 0.138 *
Total cholesterol —0.224 ** 0.096
LDL cholesterol —0.129 * 0.059
ABI 0.286 ** —0.006

Legend: values are Spearman R-values. ** represents p < 0.001, * p < 0.05. SBP indicates systolic blood pressure;
HbA ¢, glycated hemoglobin; fPG, fasting plasma glucose; ppPG, postprandial plasma glucose; HDL, high-density
lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol; ABI, ankle-brachial index.

Fontaine stage 1
R=0.501668 p=0.000151

0 10 20 30 40 50 80 70 80
TcPO2 (mmHg)

Fontaine stage 3

ABI
ABI

088
42 44 46 48 50 52 54 56 58 60 62 64
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R=0.219206 p=0.018070
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Figure 2. Correlations between the ankle-brachial index and transcutaneous oxygen pressure within

different stages of the Fontaine scale: stage 1 (A), stage 2 (B), stage 3 (C), and stage 4 (D).

With a special emphasis on the two essential risk factors, smoking and HbA;c, Table 4
presents the differences in TcPO2 of T2DM divided into two groups according to their
smoking habit (no, yes) and the level of HbAjc (<8.0%, >8.0%) tested via ANOVA with
two main factors and their interaction. The statistically significant differences in TcPO2
were found according to the smoking habit (p = 0.016) and the level of HbA;c (p = 0.002),
though the difference in TcPO2 observed according to the interaction between the groups
of smoking and HbAc was not significant (p = 0.419). The differences in TcPO2 found via
ANOVA with two main factors and their interaction are graphically shown in Figure 3.
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Table 4. Results of two-way ANOVA for the differences between transcutaneous oxygen pressure
according to the smoking habit, hemoglobin A;c, and their interaction.

TcPO2
df F 4
Smoking 1 5.932 0.016
HbA;c gr. 1 9.394 0.002
Smoking and HbA;c gr. 1 0.656 0.419

Legend: TcPO2 indicates transcutaneous oxygen pressure; HbAc, glycated hemoglobin.

Vertical bars denote 0.95 confidence intervals
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Figure 3. Differences in transcutaneous oxygen pressure (TcPO2) according to the smoking habit and
glycated hemoglobin (HbAc) value.

The main predictors for the TcPO2 value (R? = 0.211) obtained via stepwise regression
analysis were age, smoking, SBP, HbA;c, f{PG, and total and LDL cholesterol (Table 5).
Among all the listed predictors, smoking, HbA;c, and LDL cholesterol were found to be the
most significant, with negative parameter estimates of —3.051310 (p = 0.0007), —2.032018
(p = 0.0003), and —2.560353 (p = 0.0046) influencing the TcPO2 value relative to a one-unit
change of each and representing the negatively significant impact of the correlation between
smoking and well-known risk factors on the reduction in TcPO2 value.

Table 5. Results of stepwise regression analysis for the transcutaneous oxygen pressure as a dependent

variable.
. . Standard Adjusted 2

Variable Estimate Error F p R2 R
Age 0.355 13.716 9.65 0.0021 0.0353
Smoking —3.051 13.656 11.83 0.0007 0.0439
SBP —0.145 13.645 12.21 0.0006 0.0454

HbA;c —2.032 13.598 13.93 0.0003 0.0519 0.211

fPG —1.109 13.665 11.46 0.0008 0.0424
Total cholesterol —1.959 13.771 7.71 0.0059 0.0277
LDL cholesterol —2.560 13.757 8.19 0.0046 0.0296

Legend: TcPO2 indicates transcutaneous oxygen pressure; SBP, systolic blood pressure; HbAlc, glycated
hemoglobin; fPG, fasting plasma glucose; LDL, low-density lipoprotein cholesterol.
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4. Discussion

The results of our study suggest that the main predictors for the lower TcPO2 value
in T2DM obtained via stepwise regression analysis are age, smoking, SBP, HbA;c, {PG,
total and LDL cholesterol. Among all the listed predictors, smoking, HbA;c, and LDL
cholesterol were found to be the most significant. In contrast, no significant correlation
was observed between ABI and smoking. TcPO2 is a metabolic test that measures oxygen
pressure at the skin surface, while ABI and TBI, the preferred noninvasive indicators of
PAD, have limitations when examining microcirculation in patients with PAD [21-25].
Diabetes mellitus facilitates the progression of medial artery calcification, which increases
the values of systolic pressure at the ankle, and thus, T2DM patients diagnosed with PAD
via a Doppler ultrasound might have a falsely normal ABI [24]. TcPO2 measurement
should be conducted to assess the ischemia grade in those with arterial calcification where
ABI and TBI are unreliable, in those without clinical symptoms like claudication and rest
pain, and in those with diabetic foot complications [26-28]. This is following our results
where no significant relation between ABI and TcPO2 was observed in stage 4 of the
Fontaine classification (in our case, 18 patients with neuropathic ischemic ulcers and 1
with gangrene).

The mean age of T2DM patients in our study was 68.5 & 7.8 years. It is well known
that the prevalence of PAD increases with higher age. The prevalence of PAD in those over
50 years is up to 29% [29]. However, most elderly patients with PAD are asymptomatic
because they walk slowly and cannot induce symptoms of PAD, such as rest pain and
claudication [30,31]. Considering this, in older patients with T2DM and suspected PAD,
TcPO2 might be a better diagnostic option in the assessment of PAD. In our study, older age
was associated with better TCO2, which can be explained by the fact that older patients
smoked less often and therefore had better TcPO2 results. The median blood pressure
in our cohort was 140/80 mmHg, and SBP was slightly increased according to the latest
diabetes guidelines [32]. A study that included over 4 million people between 30 and
90 years suggests that a 20 mmHg higher than the recommended SBP is associated with a
63% higher risk of PAD independent of sex or smoking status [33]. In addition, isolated
systolic hypertension is the most prevalent form of hypertension in the population with
PAD [34]. On the contrary, only those with lower DBP (<70 mm Hg) had a higher risk of
PAD events in the lower extremities [35]. Intensive blood pressure control is effective and
safe in patients with PAD [36]. Hypertension induces thickness of the smooth muscle cell
layer of the media, fibrosis, remodeling of large arteries, and arterial stiffness, contributing
to PAD [37-39].

In our study, HbA;c and fPG were significant predictors for the TcPO2 value. Ad-
vanced glycation end-products (AGE), promoted by hyperglycemia, accumulate in patients
and may accelerate the progression of microvascular complications in diabetes [40]. In
contrast, the relationship between hyperglycemia and the atherosclerosis of large arteries
appears weaker [41]. AGE activates the expression of adhesion molecules on the surface
and promotes the adhesion and entrance of monocytes/macrophages into the suben-
dothelial space. AGE also modifies extracellular matrix molecules involved in developing
atherosclerotic lesions [42]. Hyperglycemia also promotes proinflammatory responses
via the activation of protein kinase C-beta and aldose reductase [43]. Hyperglycemia in-
duces oxidative stress with superoxide overproduction in endothelial cells that activates
several significant pathways involved in the pathogenesis of micro- and macrovascular
complications of diabetes [44]. Finally, increased glucose uptake by vascular cells activates
protein kinase C, an essential protein kinase mediating the cellular signaling pathway, and
has several pro-atherogenic effects [45,46]. In ischemic conditions, hyperglycemia per se
increases the susceptibility to limb necrosis [47].

Diabetic dyslipidemia is a known risk factor for PAD, and in T2DM nitrated lipopro-
teins, modified lipoproteins produced by the nitration of the tyrosyl residues of apolipopro-
teins by myeloperoxidase are also linked with cardiovascular disease [12]. The relationship
between the level of LDL cholesterol, notably small dense LDL cholesterol, and the risk
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of atherosclerosis in T2DM is one of the most studied connections. In our study, total and
LDL cholesterol were significant predictors for the TcPO2 value. In T2DM and insulin resis-
tance, there is a predominance of small dense subclasses of LDL cholesterol that undergo
several modifications, making them more atherogenic [48]. Small dense LDL cholesterol
is associated with poor outcomes after vascular angioplasty in patients with PAD. Since
our study included overweight T2DM, we can assume there was a predominance of small
dense LDL particles in our patients [49,50]. In patients with type 1 diabetes with similar
total and LDL cholesterol levels, as in our study, higher serum lipid levels were associated
with lower TcPO2 [51].

The results of our study indicate that, in association with other risk factors, smoking
is the main predictor for lower TcPO2 in T2DM. Smoking influences the distribution
and composition of serum lipids, increases the total cholesterol content, promotes longer
circulation of LDL in plasma and uptake in vessels, and accelerates the formation of
plaques [52-54]. Cigarette smoke may induce the dysfunction of endothelial cells via
decreased endothelial nitric oxide synthase activity and smooth muscle cells via several
mechanisms [55,56]. Cigarette smoke directly damages cellular and sub-cellular structures
via reactive oxygen and nitrogen species and the resulting oxidative stress [57]. Smoking
causes vascular wall contraction by activating Rho kinase, promoting monocyte adhesion
to endothelial cells and entering monocytes and macrophages into endothelium [58,59].
Nicotine from cigarette smoke causes migration, proliferation, apoptosis, phenotypic
changes, and the contraction of smooth muscle cells in the arterial wall [60]. Smoking
has a direct effect on the TcPO2 value because smoking increases carboxyhemoglobin and
reduces oxyhemoglobin, therefore decreasing the TcPO2 value as well. However, a study
that included 129 patients with PAD found that only the presence of diabetes adversely
affected TcPO2 and clinical disease severity but not smoking [61]. Croatia has one of the
highest smoking rates in Europe despite various anti-smoking campaigns. According to
2020 study data, the prevalence of smoking in Croatia was 36%, the third-highest tobacco
prevalence in Europe [62].

Some limitations of the present study should be addressed. First, the cross-sectional
design of our study limited the ability to infer a causal relation between TcPO2 and risk for
the progression of PAD. Second, our study was a single hospital-based study; therefore,
selection bias is likely. Third, this cohort had little racial /ethnic diversity, and our data
would be primarily relevant to a white European population. Fourth, in patients with
diabetes, TBI is more often estimated than ABI. Finally, a major limitation of the study
is that smoking is recorded as a dichotomous variable, whereas it should be treated as a
continuous one, given its effects vary significantly with the dosage consumed.

5. Conclusions

Our results suggest that, in association with other risk factors, smoking is the main
predictor for lower TcPO2 in T2DM. No significant correlation was observed between ABI
and smoking, and no significant relation between ABI and TcPO2 was observed in patients
in the worst stage of the Fontaine classification, indicating that the TcPO2 measurement
might be the preferable option to assess the ischemia grade in those with diabetic foot
complications. In our everyday clinical practice, besides the optimal control of systemic
risk factors, we need to be much more aware of the harmful effects of smoking, and patients
with T2DM and PAD should be strongly advised to stop smoking.
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Abstract: Background and objectives: Increased blood glucose levels atadmission are frequently
observed in COVID-19 patients, even in those without pre-existing diabetes. Hyperglycaemia
is associated with an increased incidence of severe COVID-19 infection. The aim of this study
was to evaluate the association between hyperglycaemia at admission with the need for invasive
mechanical ventilation (IMV) and in-hospital mortality in patients without diabetes who were
hospitalized for COVID-19 infection. Materials and methods: This retrospective observational
study was conducted at Vilnius University Hospital Santaros Clinics, Lithuania with adult patients
who tested positive for severe acute respiratory syndrome coronavirus 2 SARS-CoV-2 and were
hospitalized between March 2020 and May 2021. Depersonalized data were retrieved from electronic
medical records. Based on blood glucose levels on the day of admission, patients without diabetes
were divided into 4 groups: patients with hypoglycaemia (blood glucose below 4.0 mmol/L), patients
with normoglycaemia (blood glucose between >4.0 mmol/L and <6.1 mmol/L), patients with
mild hyperglycaemia (blood glucose between >6.1 mmol/L and <7.8 mmol/L), and patients with
intermittent hyperglycaemia (blood glucose levels >7.8 mmol/L and <11.1 mmol/L). A multivariable
binary logistic regression model was created to determine the association between hyperglycaemia
and the need for IMV. Survival analysis was performed to assess the effect of hyperglycaemia
on outcome within 30 days of hospitalization. Results: Among 1945 patients without diabetes
at admission, 1078 (55.4%) had normal glucose levels, 651 (33.5%) had mild hyperglycaemia, 196
(10.1%) had intermittent hyperglycaemia, and 20 (1.0%) had hypoglycaemia. The oddsratio (OR)
for IMV in patients with intermittent hyperglycaemia was 4.82 (95% CI 2.70-8.61, p < 0.001), and
the OR was 2.00 (95% CI 1.21-3.31, p = 0.007) in those with mild hyperglycaemia compared to
patients presenting normal glucose levels. The hazardratio (HR) for 30-day in-hospital mortality in
patients with mild hyperglycaemia was 1.62 (95% CI 1.10-2.39, p = 0.015), while the HR was 3.04
(95% CI2.01-4.60, p < 0.001) in patients with intermittent hyperglycaemia compared to those with
normoglycaemia at admission. Conclusions: In COVID-19 patients without pre-existing diabetes,
the presence of hyperglycaemia at admission is indicative of COVID-19-induced alterations in
glucose metabolism and stress hyperglycaemia. Hyperglycaemia at admission in COVID-19 patients
without diabetes is associated with an increased risk of invasive mechanical ventilation and in-
hospital mortality. This finding highlights the importance for clinicians to carefully consider and
select optimal support and treatment strategies for these patients. Further studies on the long-term
consequences of hyperglycaemia in this specific population are warranted.

Keywords: coronavirus; SARS-CoV-2; COVID-19; glucose on admission; hyperglycaemia; in-hospital
mortality
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1. Introduction

Since the beginning of the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) pandemic, diabetes mellitus has emerged as one of the most common comorbidities
predisposing to coronavirus disease 2019 (COVID-19) and an important risk factor for
hospitalization and mortality [1-3]. People with diabetes face a compromised immune
system, making them more susceptible to severe outcomes of COVID-19. Diabetes is known
for causing a pro-inflammatory syndrome, so patients with diabetes are more vulnerable to
increased production of cytokines, which consequently lead to the deterioration of COVID-
19 due to the development of acute respiratory distress syndrome and shock. Moreover,
the hyperactivation of the coagulation cascade in COVID-19, particularly in the presence
of pre-existing pro-thrombotic hypercoagulability associated with diabetes, intensifies the
risk of severe thromboembolic complications [3]. Increased glucose levels at admission are
frequently observed in COVID-19 patients, even in those without a history of diabetes.

Stress hyperglycaemia is a common condition in patients with any acute illness when
the interaction of various cytokines and stress hormones leads to a state of insulin resistance
and increased glucose production [4]. Inflammatory cytokines, such as interleukin-1 (IL-1),
interleukin-6 (IL-6), and tumour necrosis factor-« (TNF-«), suppress insulin release and
induce insulin resistance, and elevated levels of IL-6 promote hyperglycaemia by releasing
glucose from hepatic glycogen reserves. Cortisol, catecholamines, glucagon, and growth
hormone decrease insulin release by amplifying the activity of pancreatic alpha cells.
Catecholamines further limit insulin binding, and, together with growth hormone, prevent
insulin activation by suppressing tyrosine kinase activity. Moreover, catecholamines and
glucocorticoids restrict glucose uptake in peripheral skeletal muscles through modulation
of the glucose transporter type 4 [4].

Recent studies reported that stress hyperglycaemia increases the risk of mortality
in critically ill patients [5] and patients with myocardial infarction [6] and stroke [7]. A
single-centre study involving 1000 patients admitted to the intensive care unit found that
in patients without diabetes, the risk of death increased by 20% for each 1 mmol/I increase
in acute glycaemia [5]. Another study with 660 patients experiencing ST elevation my-
ocardial infarction and treated with primary percutaneous coronary intervention showed
significantly higher rates of mortality, cardiogenic shock, contrast-induced nephropathy,
and the no-reflow phenomenon in the stress hyperglycaemia patient group [6]. A large
study involving 8622 patients revealed that stress hyperglycaemia independently predicted
severe neurological deficit within 1 year in patients with acute ischemic stroke, regard-
less of diabetes status. This association with mortality at 1 year is more pronounced in
people without diagnosed or underlying diabetes [7]. In New Zealand, a study involv-
ing 739,152 ICU patients without a pre-existing diabetes diagnosis demonstrated a clear
dose-response relationship between hyperglycaemia and hospital mortality, as well as an
extended duration of hospital stay [8].

The appearance of hyperglycaemia in COVID-19 patients without diabetes likely
indicates increased systemic stress as well. Furthermore, recent evidence from experi-
mental studies suggests that SARS-CoV-2 infects human pancreatic 3-cells and leads to
morphological, transcriptional, and functional changes [9].

Hyperglycaemia is associated with a higher incidence of a severe course of COVID-19
infection, including the need for oxygen therapy [10,11], invasive mechanical ventilation
(IMV) [10,11], and admission to the intensive care unit (ICU) [10-12] and has been found to
be a predictor of in-hospital mortality in COVID-19 patients [12-15].

While extensive research has been conducted on the impact of hyperglycaemia in
patients with diabetes and COVID-19, there remains a noticeable gap in our understanding
of hyperglycaemia’s role in individuals without pre-existing diabetes. The aim of this
study was to evaluate the association between hyperglycaemia at admission with the need
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for IMV and in-hospital mortality in patients without diabetes who were hospitalized for
COVID-19 infection. By addressing this research gap, our study aims to contribute valuable
insights that can inform clinical strategies and interventions tailored to patients without pre-
existing diabetes, ultimately enhancing our ability to optimize care and improve outcomes
in this specific population.

2. Materials and Methods

A single centre, retrospective observational cohort study was conducted at Vilnius
University Hospital Santaros Klinikos (VUH SK), Vilnius, Lithuania [16].

2.1. Participants

Adult patients (18 years of age and older) who were hospitalized at VUH SK between
March 2020 and May 2021 for confirmed COVID-19 infection and treated in the standard
care unit, high dependency unit, or intensive care unit (ICU) were included in the study. The
infection was verified based on a positive SARS-CoV-2 reverse transcriptase polymerase
chain reaction result or a rapid antigen test conducted on a nasopharyngeal sample for
symptomatic patients within 5 days from the onset of COVID-19 symptoms [16]. A total
of 2561 hospitalized patients with COVID-19, who had their blood glucose tested during
their hospital stay, were included in the analysis. Out of the 2561 patients hospitalized with
COVID-19, 2054 had no pre-existing diabetes or a blood glucose concentration meeting the
criteria for newly diagnosed diabetes during the hospital stay (Figure 1).

2561 hoszpitalized patients with
COVID-19 and blood glucose
tested

144 patients met criteria for

363 patients had diabetes mellitus | | newly disgnosed diabetes during

diagnosed before hospitalization l

hospital stay

2054 patients without diabetes

109 patients had no blood glucose
measured at admission

1945 patients had blood
glucose measured at admission

1078 patients with 651 patients with mild 196 patients with intermittent 20 patients with
normoglycaemia hyperglycaemia hyperglycaemia hypoglycaemia
(blood glucose 2 6.1 -< 7.8 mmol/L) [blood glucose 27.8 - <11.1 mmol/L)

Figure 1. Distribution of patients hospitalized with COVID-19 infection.

2.2. Data Collection and Variables

Depersonalized data were retrieved from the electronic medical records (EMR) of
VUH SK and provided by the informatics and development centre in accordance with
hospital-approved procedures [16].

Demographic variables included gender and age. Data on comorbidities included
arterial hypertension (AH), coronary artery disease (CAD), congestive heart failure (CHF),
diabetes mellitus, obesity, chronic obstructive pulmonary disease (COPD), chronic kidney
disease (CKD), and previous stroke. Comorbidity data were extracted using the rele-
vant codes from the International Statistical Classification of Diseases and Related Health
Problems, Tenth Revision, Australian Modification (ICD-10-AM). AH was defined by the
presence of comorbidities with ICD-10-AM codes 110, I11.0, and 111.9; CAD by the pres-
ence of comorbidities with ICD-10-AM codes 120.0, 120.2, 120.8, and 120.9; CHF by the
presence of comorbidities with ICD-10-AM codes 150.0, 150.1, and 150.9; diabetes by the
presence of comorbidities with ICD-10-AM codes E10 and E11; obesity by the presence
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of comorbidities with ICD-10-AM codes E66, E66.0, E66.2, E66.8, and E66.9; COPD by the
presence of comorbidities with ICD-10-AM codes J44.0, J44.1, J44.8, and ]44.9; CKD by
the presence of comorbidities with ICD-10-AM codes N18.1, N18.2, N18.3, N18.4, N18.5,
and N18.9; and previous stroke by the presence of comorbidities with ICD-10-AM code
169.1f the condition was not documented in the patient’s EMR during hospitalization for
COVID-19 infection, the patient was classified as not having that condition. Information
regarding the utilization of antibiotics, systemic steroids, antivirals, IMV, length of hospital
stay, and in-hospital mortality data was also extracted from depersonalized EMR.

Data from initial laboratory tests, including complete blood count, creatinine, urea,
sodium, estimated glomerular filtration rate (¢GFR), potassium, alanine aminotransferase
(ALT), aspartate aminotransferase (AST), lactate dehydrogenase (LDH), C-reactive protein
(CRP), ferritin, interleukin 6 (IL-6), D-dimer, and troponin I, were also retrieved and
evaluated.The neutrophil-to-lymphocyte ratio (NLR) and AST to ALT ratio was calculated.

Data from blood glucose measurements conducted during hospitalization were ob-
tained. Patients who had a blood glucose level of 11.1 mmol/L or higher during hospital-
ization were classified as having newly diagnosed diabetes mellitus. Based on the blood
glucose level on the day of admission (if multiple blood glucose tests were performed
within the first 24 h after admission, the mean glucose value was considered), patients
without diabetes were divided into the following 4 groups: patients with hypoglycaemia
were defined as those with blood glucose levels at admission below 4.0 mmol/L, patients
with normoglycaemia had blood glucose levels at admission between >4.0 mmol/L and
<6.1 mmol/L, patients with mild hyperglycaemia had blood glucose levels at admission was
between >6.1 mmol/L and <7.8 mmol/L, and patients with intermittent hyperglycaemia
had blood glucose levels atadmission between >7.8 mmol/L and <11.1 mmol/L.

Data from 2561 COVID-19 patients were analysed.

2.3. Main Outcome

The main outcome of the study was to evaluate the relationship between glycemia on
admission in patients without diabetes and the severity of COVID-19 outcomes, including
the need for mechanical ventilation and 30-day in-hospital mortality.

2.4. Statistical Analysis

Continuous and categorical variables were presented as medians (interquartile range
[IQR]) and numbers (percentages, %), respectively. The Mann-Whitney U test was used to
compare continuous variables, and the x? test was used to compare categorical variables.
A multivariable binary logistic regression model was created to determine association of
glucose levels and the need for IMV. The model included the need for IMV as the dependent
variable, and age, gender, comorbidities which proportions statistically significantly dif-
fered between groups as predictors. We conducted survival analysis to assess the effects of
glucose level on outcome within 30 days of hospitalization. We created a Cox proportional
hazards regression model with in-hospital mortality as the dependent variable and age,
gender, comorbidities with proportions that statistically significantly differed between
groups, systemic steroids use, and treatment with remdesivir as predictors and plotted
curves for survival stratified by glucose level. A two-sided p-value less than 0.05 was
considered statistically significant. Analysis was performed using IBM Statistical Package
for the Social Sciences software version 20.0 (IBM SPSS Statistics for Windows, Version 20.0,
2018, Armonk, NY, USA: IBM Corp.), and Microsoft Excel (Microsoft Corporation, 2018,
Microsoft Excel, Available at: https:/ /office.microsoft.com/excel, accessed on 18 December
2023) was used to produce figures.

3. Results

Among 2561 hospitalized adults, 55.1% were men. The median age was 60 years (IQR
49-70). Patients” demographic, clinical characteristics, and initial laboratory parameters are
presented in Table 1.

93



Biomedicines 2024, 12, 55

Table 1. Demographic, clinical, and initial laboratory characteristics of patients hospitalized with
COVID-19 infection.

Demographic and Clinical

Characteristic (2561 Patients) N (%) Laboratory Characteristics N Median (IQR)
Age, years, median (IQR) 60 (49-70) Haemoglobin, g/L 2561 138 (124-149)
Male 1412 (55.1) WBC, x10°/L 2561 6.48 (4.84-9.03)
Female 1149 (44.9) Neutrophils, x10°/L 2561 4.76 (3.30-7.13)
Any concommitant condition 1252 (48.9) Lymphocytes, x 10°/L 2561 1(0.70-1.40)
Arterial hypertension 983 (38.4) NLR 2558 4.70 (2.86-8.05)
Coronary artery disease 90 (3.5) Platelets, x10°/L 2561 198 (153-258)
Congestive heart failure 198 (7.7) Glucose, mmol/L 2561 6.12 (5.43-7.28)
Diabetes mellitus 363 (14.2) Creatinine, umol/L 2557 82 (67-105)
Obesity 123 (4.8) Urea, mmol/L 2371 5.73 (4.12-8.74)
COPD 42 (1.6) eGFR, mL/min/1.73 m? 2513 83 (58.95-96)
Chronic kidney disease 205 (8.0) Sodium, mmol/L 2551 140 (137-143)
Previous stroke 32(1.2) Potassium, mmol/L 2551 4.20 (3.90-4.60)
Invasive mechanical ventilation 192 (7.5) ALT,U/L 2500 31.42 (19.65-52)
Antibiotics use 1863 (72.7) AST, U/L 2485 36 (26-57)
Antivirals (remdesivir) 808 (31.6) AST to ALT ratio 2483 1.17 (0.87-1.67)
Systemic steroids 1630 (63.6) LDH, U/L 2302 303 (236-408.04)
In-hospital mortality 313 (12.2) CRP, mg/L 2558 62.15 (22.78-124.88)
IL;;‘(%;}; ‘g gﬁipital stay, days, 11 (7-16) Ferritin, pg/L 2367 479.85 (236-1009.44)

IL-6, ng/L 2254 29.60 (14.40-57.30)
D-dimer, pg/L 2344 510 (305-985)
Troponin I, ng/L 2122 10 (5-26)

ALT—alanine aminotransferase; AST—aspartate aminotransferase; COPD—chronic obstructive pulmonary dis-
ease, CRP—C-reactive protein; eGFR—estimated glomerular filtration rate; IL-6—interleukin 6; IQR—interquartile
range; LDH—lactate dehydrogenase; N—number; NLR—neutrophil-to-lymphocyte ratio; WBC—white blood
cell count.

Reference values: Haemoglobin: 128-160 g/L (for males), 117-145 g/L (for females);
WBC: 4.0-9.8 x 10/L; neutrophils: 1.5-6.0 x 10°/L; lymphocytes: 1.0-4.0 x 107/L;
NLR—1-2; platelets: 140-450 x 107 /L; glucose: 4.2-6.1 mmol/L; creatinine: 64-104
umol/L (for males), 49-90 umol/L (for females); urea: 2.5-7.5 mmol/L; sodium: 134—
145 mmol/L; potassium: 3.8-5.3 mmol/L; ALT: <40 U/L; AST: <40 U/L; AST to ALT ratio:
<1; LDH: 125-243 U/L; CRP: <5 mg/L; ferritin: 25-350 ug/L (for men), 13-232 pg/L (for
women); IL-6: 0-7 ng/L; D-dimer: <250 pg/L; and troponin I: <19 ng/L.

Out of a total of 2561 patients, 363 (14.2%) had a pre-existing diagnosis of diabetes
before hospitalization, and 144 (5.6%) met the diagnostic criteria for newly diagnosed
diabetes during their hospital stay.

Glucose levels at admission were measured for 1945 patients without diabetes. Out
of a total of 1945 patients without diabetes, 1078 (55.4%) had a normal glucose level at
admission, 651 (33.5%) patients had mild hyperglycaemia at admission, and 196 (10.1%)
patients had intermittent hyperglycaemia at admission. Additionally, 20 (1.0%) patients
without diabetes had hypoglycaemia upon admission (Figure 1).

Patients with mild hyperglycaemia and intermittent hyperglycaemia were older com-
pared to patients with normoglycaemia (Table 2).
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Table 2. Demographic and clinical characteristics of COVID-19 patients without diabetes based on
glycaemia levels on admission.

Demographic and Clinical Normoglycaemia H Mild . Intermittent. 1 2 3
Characteristic N = 1078 yperglycaemia, Hyperglycaemia, p-Value p-Value p-Value
N =651 N =196
Age in years, median (IQR) 55 (43-66) 60 (50-68) 67 (59-76) <0.001 <0.001 <0.001
Male 604 (56.0%) 379 (58.2%) 108 (55.1%) 0.373 0.810 0.439
Female 474 (44.0%) 272 (41.8%) 88 (44.9%) 0.373 0.810 0.439
Any underlying condition 373 (34.6%) 307 (47.2%) 119 (60.7%) <0.001 <0.001 0.001
Arterial hypertension 299 (27.7%) 246 (37.8%) 96 (49.0%) <0.001 <0.001 0.005
Coronary artery disease 23 (2.1%) 19 (2.9%) 10 (5.1%) 0.304 0.016 0.141
Congestive heart failure 48 (4.5%) 38 (5.8%) 21 (10.7%) 0.200 <0.001 0.019
Obesity 24 (2.2%) 22 (3.4%) 12 (6.1%) 0.149 0.002 0.086
COPD 12 (1.1%) 10 (1.5%) 2 (1.0%) 0.447 1.000 0.743
Chronic kidney disease 58 (5.4%) 30 (4.6%) 18 (9.2%) 0.479 0.039 0.015
Previous stroke 8 (0.7%) 5 (0.8%) 5 (2.6%) 1.000 0.037 0.057
f]r;‘r’l“t‘flﬁor;‘ed‘anical 29 (2.7%) 38 (5.8%) 29 (14.8%) 0.001 <0.001 <0.001
Antibiotics 763 (70.8%) 486 (74.7%) 141 (71.9%) 0.081 0.742 0.447
Antivirals (remdesivir) 326 (30.2%) 242 (37.2%) 64 (32.7%) 0.003 0.500 0.248
Systemic steroids 634 (58.8%) 465 (71.4%) 134 (68.4%) <0.001 0.012 0.409
In-hospital mortality 57 (5.3%) 61 (9.4%) 44 (22.4%) 0.001 <0.001 <0.001
Length of hospital stay, 10 (7-14) 11 (8-16) 11.50 (7-16) 0.001 0.059 0.996

days, median (IQR)

1—p value comparing patients with normoglycaemia vs. patients with mild hyperglycaemia. 2—p value compar-
ing patients with normoglycaemia vs. patients with intermittent hyperglycaemia. 3—p value comparing patients
with mild hyperglycaemia vs. patients with intermittent hyperglycaemia.

The prevalence of AH, CAD, CHE, obesity, CKD, and previous stroke was higher in
patients with intermittent hyperglycaemia compared to patients with normoglycaemia. The
prevalence of AH, CHF, and CKD was higher in patients with intermittent hyperglycaemia
compared to patients with mild hyperglycaemia.

The higher proportion of patients with intermittent hyperglycaemia required IMV
compared to patients with mild hyperglycaemia (14.8% vs. 5.8%, p < 0.001) and normogly-
caemia (14.8% vs. 2.7%, p < 0.001).

A total of 1233 (64.1%) patients without diabetes received systemic steroids, with
1201 of them treated with dexamethasone for a course lasting 9 (IQR 6-10) days. A
higher proportion of patients with mild hyperglycaemia (74.4% vs. 58.8%, p < 0.001)
and intermittent hyperglycaemia (68.4% vs. 58.8%, p = 0.012) received systemic steroids
compared to patients with normal glucose levels at admission.

A total of 632 (32.8%) patients without diabetes received remdesivir for a course lasting
5 (IQR 5-5) days. A higher proportion of patients with mild hyperglycaemia (37.2% vs.
30.2%, p = 0.003) received systemic steroids compared to patients with normal glucose
levels at admission. However, there was no statistically significant difference between the
mild and intermittent hyperglycaemia groups regarding the percentage of patients treated
with remdesivir.

The highest in-hospital mortality rate was noted in patients with intermittent hyper-
glycaemia at admission reaching 22.4% compared to those with mild hyperglycaemia (9.4%)
and normoglycaemia (5.3%) (Table 2).
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Patients with intermittent hyperglycaemia on admission had higher levels of white
blood cell (WBC) counts, neutrophil counts, NLR, platelet counts, creatinine, urea, ALT,
AST, LDH, CRP, ferritin, IL-6, D-dimer, and troponin I compared to patients with normo-
glycaemia, whereas lymphocyte count, eGFR, potassium, and sodium concentration were
significantly lower (Table 3).

Table 3. Initial laboratory characteristics of COVID-19 patients without diabetes based on glycaemia
levels upon admission.

Laboratf)ry Normoglycaemia Mild Hyperglycaemia Intermittent Hyperglycaemia pValue!  p-Value?  p-Value®
Characteristics n Value, Median (IQR) n Value, Median (IQR) n Value, Median (IQR)

Haemoglobin, g/L 1078 139 (125-150) 651 140 (127-151) 196 141 (124-151) 0.120 0.693 0.621
WBC, x10° /L 1078 5.87 (4.43-7.62) 651 6.54 (5.05-8.91) 196 8.22 (6.07-11.68) <0.001 <0.001 <0.001
Neutrophils, x10° /L 1078 410 (2.90-5.80) 651 5 (3.60-7.16) 196 6.60 (4.50-9.90) <0.001 <0.001 <0.001
Lymphocytes, x10°/L 1078 1.07 (0.80-1.46) 651 0.93 (0.66-1.26) 196 0.90 (0.60-1.33) <0.001 <0.001 0.732
NLR 1076 3.73 (2.45-5.91) 650 5.20 (3.30-8.46) 196 7.47 (4.50-12.54) <0.001 <0.001 <0.001
Platelets, x10°/L 1078 194 (151-254) 651 195 (153-253) 196 213.50 (168.25-277.75) 0.832 0.001 0.003
Glucose at 1078 5.46 (5.09-5.77) 651 6.60 (6.33-7.06) 196 8.70 (8.16-9.57) <0.001 <0.001 <0.001
admission, mmol /L

Creatinine, jtmol/L 1075 78.2 (65-96) 651 81.01 (68-98.93) 19 87 (70.25-130.93) 0.015 <0.001 0.001
Urea, mmol /L 970 4.98 (3.71-6.68) 608 5.60 (4.10-7.82) 182 7.13 (4.88-14.15) <0.001 <0.001 <0.001
eGFR 1052 88.95 (70-99.50) 638 83.60 (63.28-95.45) 194 68.05 (41-88.15) <0.001 <0.001 <0.001
Sodium, mmol/L 1073 141 (138-143) 650 140 (137-143) 196 139 (136-142) 0.007 <0.001 0.012
Potassium, mmol /L 1073 4.20 (3.90-4.53) 650 410 (3.80-4.44) 196 410 (3.77-4.50) <0.001 0.013 0.882
ALT, U/L 1059 30.11 (19-49) 633 35 (22-55.66) 190 38.50 (21-57) <0.001 0.002 0.780
AST, U/L 1050 33.12 (24-50) 629 39 (29-60.15) 188 41 (28-76.75) <0.001 <0.001 0531
AST to ALT ratio 1050 1.13 (0.86-1.58) 628 1.13 (0.88-1.58) 188 1.25 (0.85-1.73) 0.806 0.123 0.178
LDH, U/L 993 282 (220-359) 592 318 (263-420.81) 165 362 (253.50-534) <0.001 <0.001 0.024
CRP, mg/L 1077 48.65 (17.1-94.9) 650  6821(31.34-129.73) 196  100.05 (42.53-181.85) <0.001 <0.001 0.001
Ferritin, pg/L 1007 - 4_‘2‘;97'532'70) 612 2 625;?@%325) 170 s 426‘5&?1%2_31) <0.001 <0.001 0.288
IL-6,ng/L 958 26.15 (13.57-48.5) 581 32.40 (15.80-61.24) 161 36.90 (14.5-77.1) <0.001 0.003 0.454
D-dimer, pg/L 990 420 (260~ 726.25) 614 522,50 (320-926.25) 179 780 (365-1745) <0.001 <0.001 <0.001
Troponin I, ng/L 899 7.97 (4-15) 561 10 (6-22) 161 20.20 (8.25-116) <0.001 <0.001 <0.001

ALT—alanine aminotransferase; AST—aspartate aminotransferase; CRP—C-reactive protein; IL-6—interleukin 6;
IQR—interquartile range; LDH—Ilactate dehydrogenase; NLR—neutrophil-to-lymphocyte ratio, WBC—white
blood cell count. 1—p value comparing patients with normoglycaemia vs. patients with mild hyperglycaemia.
2—p value comparing patients with normoglycaemia vs. patients with intermittent hyperglycaemia. 3—p value
comparing patients with mild hyperglycaemia vs. patients with intermittent hyperglycaemia.

Reference values: haemoglobin: 128-160 g/L (for males), 117-145 g/L (for females);
WBC: 4.0-9.8 x 10?/L; neutrophils: 1.5-6.0 x 10°/L; lymphocytes: 1.0-4.0 x 10°/L;
NLR—1-2; platelets: 140-450 x 10°/L; glucose: 4.2-6.1 mmol/L; creatinine: 64-104
umol/L (for males), 49-90 umol/L (for females); urea: 2.5-7.5 mmol/L; sodium: 134—
145 mmol/L; potassium: 3.8-5.3 mmol/L; ALT: <40 U/L; AST: <40 U/L; AST to ALT ratio:
<1; LDH: 125-243 ULI; CRP: <5 mg/L; ferritin: 25-350 pg/L (for men), 13-232 ug/L (for
women); IL-6: 0-7 ng/L; D-dimer: <250 pug/L; and troponin I: <19 ng/L.

Patients with mild hyperglycaemia had higher levels of WBCs, neutrophil counts, NLR,
creatinine, urea, ALT, AST, LDH, CRP, ferritin, IL-6, D-dimer, and troponin I compared
to patients with normoglycaemia, whereas lymphocyte counts and eGFR, potassium, and
sodium concentrations were significantly lower (Table 3).

Among patients with intermittent hyperglycaemia on admission, the odds ratio (OR)
for IMV was 4.82 (95% CI 2.70-8.61, p < 0.001), while the OR was 2.00 (95% CI 1.21-3.31,
p = 0.007) in those with mild hyperglycaemia compared to patients presenting normal
glucose levels at admission. Other risk factors associated with the need for IMV were male
gender, obesity, and CHF (Figure 2).
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Figure 2. Risk factors and odds ratios (OR) associated with the need for invasive mechanical

ventilation in COVID-19 patients without diabetes.

Cox regression analysis revealed that the hazard ratio (HR) for 30-day in-hospital
mortality in patients with mild hyperglycaemia on admission was 1.62 (95% CI 1.10-2.39,
p = 0.015), whilethe HR was 3.04 (95% CI 2.01-4.60, p < 0.001) in patients with intermittent
hyperglycaemia compared to those with normoglycaemia (Figure 3).
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Figure 3. Survival of hospitalized patients without diabetes stratified by glycaemia levels atadmission.

Other risk factors associated with increased HR for 30 days in-hospital mortality were
age, obesity, CHF, and previous stroke. Treatment with Remdesivir was associated with
reduced HR (0.56 (95% CI 0.37-0.85, p = 0.006) for 30-day in-hospital mortality) (Table 4).
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Table 4. Hazard ratios for 30-day in-hospital mortality.

Characteristic In-Hospital Mortality
HR (95% CI) p

Normoglycaemia Reference

Mild hyperglycaemia 1.62 (1.10-2.39) 0.015
Intermittent hyperglycaemia 3.04 (2.01-4.60) <0.001
Age in years 1.06 (1.05-1.08) <0.001
Male gender 1.07 (0.77-1.49) 0.689
Hypertension 0.94 (0.67-1.33) 0.729
Coronary artery disease 1.23 (0.69-2.18) 0.487
Congestive heart failure 1.97 (1.33-2.93) 0.001
Obesity 2.94 (1.56-5.57) 0.001
Previous stroke 3.86 (1.95-7.65) <0.001
Chronic kidney disease 0.61 (0.36-1.04) 0.069
Antivirals (Remdesivir) 0.56 (0.37-0.85) 0.006
Systemic steroids 1.36 (0.94-1.99) 0.108

4. Discussion

Infection induces significant alterations in glucose metabolism. During infection, there
is an upsurge in glucose production attributed to hepatic gluconeogenesis and glycogenol-
ysis accompanied by reduced peripheral glucose uptake due to decreased blood flow in
muscles (reversible insulin resistance) and increased anaerobic glycolysis due to hypoxia,
resulting in elevated blood glucose levels, regardless of pre-existing diabetes status. Such a
response is believed to be influenced by a combination of neurohumoral changes, activation
of counterregulatory hormones (glucagon, epinephrine, cortisol, and growth hormone),
excessive release of proinflammatory cytokines (IL-6, IL-13, and tumour necrosis factor
(TNF)-«), reactive oxygen species production, impaired immune cell function, and the
release of lipid mediators [17-20].

Various viral infections, including cytomegalovirus, enteroviruses, Epstein-Barr virus,
hepatitis B and C virus, human immunodeficiency virus, and influenza, use distinct mecha-
nisms to promote hyperglycaemia and can directly affect glucose metabolism and insulin
signaling pathways, leading to dysregulation of glucose homeostasis [21]. Recent findings
have shed light on the interplay among viral factors, immune response, inflammation,
pancreatic function, and the potential role of insulin resistance in driving the occurrence of
hyperglycaemia during COVID-19 infection [21-25].

Our study demonstrated that 43.6% of patients without pre-existing diabetes hos-
pitalized for COVID-19 infection had increased blood glucose levels atadmission. Data
on the prevalence of hyperglycaemia in COVID-19 patients without diabetes varies and
depends on the definition of hyperglycaemia and the population studied. Our study
data are comparable to data from Montefusco et al., who reported that 46% of COVID-19
patients had hyperglycaemia, defined as blood glucose levels between 5.6 mmol/L and
11.1 mmol/L or two blood glucose measurements of >5.6 mmol/Land < 7.0 mmol/L [26].
Mamtani et al. reported that 20.6% of COVID-19 patients without pre-existing diabetes
had blood glucose levels at admission > 7.78 mmol/L [8]. Zhang et al. found that 20% of
COVID-19 patients were in a state of impaired fasting glucose (defined as fasting blood
glucose between >5.6 mmol/L and <7.0 mmol/L) [15].

The prognostic importance of hyperglycaemia on the outcomes of COVID-19 infection
has been emphasized in multiple studies. Hyperglycaemia atadmission in patients without
diabetes is associated with a higher incidence of a severe course of COVID-19 infection,
need for IMV, admission to the ICU [10-12,24-30], and higher mortality [13,14,27,29,31,32].
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Our study showed that a higher proportion of patients with intermittent hyperglycaemia
at admission (14.8%) required IMV compared to patients with mild hyperglycaemia (5.8%)
and patients with normoglycaemia (2.7%). The risk of IMV in patients with intermit-
tent hyperglycaemia was 4.82-fold higher than in those with normoglycaemia. lacobellis
et al. noted that average blood glucose level at admission was the strongest independent
predictor of bilateral pulmonary opacities suggestive of acute respiratory distress in the
radiographic imaging of COVID-19 patients [27]. Fadine et al. reported that for every
2 mmol/L increase in glucose level at admission, the probability of severe COVID-19
increased by approximately15% independently from any other clinical-biochemical vari-
ables [28]. We determined that the HR for 30-day in-hospital mortality in patients with
mild hyperglycaemia was 1.62, while the HR was 3.04in patients with intermittent hyper-
glycaemia compared to those with normoglycaemia. A meta-analysis including sixteen
observational studies with 6386 COVID-19 patients demonstrated that the group of patients
with hyperglycaemia at admission had an increased risk of mortality compared to the con-
trol group with euglycaemia (OR = 3.45, 95% CI 2.26-5.26) [30]. Morse et al. retrospectively
showed that among patients without a pre-existing diabetes diagnosis, any hyperglycaemic
value was associated with a substantial increase in the odds of mortality (OR = 3.07, 95%
CI 2.79-3.37) compared to patients without hyperglycaemia [33].

The association between hyperglycaemia and increased mortality in COVID-19 pa-
tients is likely multifactorial, involving inflammation, immune dysfunction, vascular dam-
age, and underlying comorbidities. Hyperglycaemia is known to contribute to a state
of systemic inflammation, which can worsen the severity of infection and outcome in
COVID-19 patients [34]. High blood glucose levels have been shown to impair the function
of various immune cells, such as T cells and macrophages, thereby compromising the
immune response against the virus [35]. Hyperglycaemia can contribute to endothelial
dysfunction and arteriopathy, leading to complications such as thrombosis and impaired
oxygen delivery, which can further exacerbate the severity of COVID-19 and increase
the mortality risk [36]. Furthermore, individuals with newly developed hyperglycaemia
during COVID-19 infection may be older and have underlying comorbidities, which can
increase vulnerability and in-hospital mortality [34,37-39]. In our study, patients with mild
or intermittent hyperglycaemia were older and had more comorbid conditions compared
to patients with normoglycaemia. Furthermore, we observed elevated troponin I levels at
admission in patients with intermittent hyperglycaemia.

The cytokine storm is a characteristic feature of COVID-19 infection and is strongly
associated with disease severity and mortality [40]. The laboratory features of cytokine
storms include haematological anomalies, such as leucocytosis or leukopenia, thrombo-
cytopenia, and disseminated intravascular coagulation; high fibrinogen levels; elevated
IL-6; and general markers of end-organ dysfunction [41]. We observed a significantly lower
lymphocyte count, higher NLR, and higher IL-6 and CRP levels in patients with mild and in-
termittent hyperglycaemia, presuming that the inflammatory response is more pronounced
in patients with increased glucose levels at admission. Our results are comparable to the
findings of Coppelli et al., as we also observed a higher neutrophil count, lower lymphocyte
count, and higher CRP in patients without known diabetes with hyperglycaemia (glucose
level > 7.78 mmol/L) at admission compared to patients with normoglycaemia [29].

Beyond the immediate impact on glucose metabolism, investigating the long-term con-
sequences of COVID-19 infection and potential implications for metabolic health emerges
as a crucial direction of exploration. Montefusco et al. highlighted the profound impact
of COVID-19 on disrupting insulin signalling and beta cell function. They reported sig-
nificant alterations in hormone profiles, both at basal levels and after stimulation testing,
demonstrating elevated insulin, proinsulin, and C-peptide levels in patients who had
recovered from COVID-19 compared to healthy controls [26]. In a recent meta-analysis that
scrutinized the occurrence of new-onset diabetes and hyperglycaemia after COVID-19 in-
fection in patients without pre-existing diabetes, the proportions of patients with new-onset
diabetes was 3% and new-onset hyperglycaemia was 30%. Additionally, the meta-analysis
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found that new-onset diabetes and hyperglycaemia were 1.75 times higher in COVID-19
patients compared to non-COVID-19 patients [42]. Recommendations have been made for
COVID-19 hyperglycaemic patients, emphasizing the need for follow-up at the first month
and at intervals of 3-6 months during the first year post-discharge to discern whether
hyperglycaemia is permanent or transient [43].

This study has several limitations. Comorbidities were identified based on ICD-
10-AM coding, which may have resulted in some incomplete attributions. Additionally,
information about fasting status on admission and glycated haemoglobin (HbAlc) was not
available for all patients, potentially biasing the detection of pre-existing hyperglycaemia.
Furthermore, the absence of data on body mass index limited our ability to accurately
determine obesity in patients. Lastly, we were unable to control for the pre-admission use
of glucocorticoids and other medications, which could have influenced our findings. An
additional challenge relates to missing information on the duration of COVID-19 symptoms
before hospital admission. While our research was conducted at the largest hospital in
the capital of Lithuania, limiting the study to a single centre introduces the potential for
selection bias and reduces the generalizability of our findings. The healthcare practices,
patient demographics, and treatment protocols at this specific centre may not fully represent
the broader population. An additional limitation of our retrospective study is the lack of
information on the long-term consequences of hyperglycaemia in COVID-19 patients. As a
retrospective analysis primarily focused on immediate outcomes during hospitalization,
we did not have the opportunity to explore the extended effects of hyperglycaemia beyond
the acute phase of the disease. Nonetheless, our study has several strengths, including the
comprehensive clinical characterization of all patients who were hospitalized for COVID-19
infection over a period of more than one year in the largest university hospital in the
country, as well as the evaluation of multiple laboratory parameters.

5. Conclusions

In COVID-19 patients without pre-existing diabetes, the presence of hyperglycaemia at
admission is indicative of COVID-19-induced alterations in glucose metabolism and stress
hyperglycaemia. Hyperglycaemia at admission in COVID-19 patients without diabetes
is associated with an increased risk of invasive mechanical ventilation and in-hospital
mortality. This finding highlights the importance for clinicians to carefully consider and
select optimal support and treatment strategies for these patients. Further studies on the
long-term consequences of hyperglycaemia in this specific population are warranted.

Author Contributions: L.Z., Conceptualization, Methodology, Writing—Original draft preparation, Su-
pervision; LK., Writing—Original draft preparation, Reviewing and Editing; M.U., Writing—Original
draft preparation, Reviewing and Editing, Visualization; L.J., Data curation, Supervision; J.U., Data cu-
ration, Formal analysis, Writing—Reviewing and Editing, Visualization; LI., Writing—Reviewing and
Editing. All authors participated in manuscript writing and read and approved the final manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: APC funded by the University of Vilnius.

Institutional Review Board Statement: Ethical review and approval were waived for this study due
to the use of anonymized clinical data.

Informed Consent Statement: Waived for this study due to the use of anonymized clinical data.
Data Availability Statement: From Corresponding Author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Roy, S.; Demmer, R.T. Impaired glucose regulation, SARS-CoV-2 infections and adverse COVID-19 outcomes. Transl. Res. 2022,
241, 52-69. [CrossRef] [PubMed]

2. Apicella, M.; Campopiano, M.C.; Mantuano, M.; Mazoni, L.; Coppelli, A.; Del Prato, S. COVID-19 in people with dia-
betes:Understanding the reasons for worse outcomes. Lancet Diabetes Endocrinol. 2020, 8, 782-792. [CrossRef] [PubMed]

100



Biomedicines 2024, 12, 55

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Sharma, P.; Behl, T.; Sharma, N.; Singh, S.; Grewal, A.S.; Albarrati, A.; Albratty, M.; Meraya, A.M.; Bungau, S. COVID-19 and
diabetes: Association intensify risk factors fo rmorbidity and mortality. Biomed. Pharmacother. 2022, 151, 113089. [CrossRef]
[PubMed]

Vedantam, D.; Poman, D.S.; Motwani, L.; Asif, N.; Patel, A.; Anne, K.K. Stress-InducedHyperglycemia: Consequences and
Management. Cureus 2022, 14, e26714. [PubMed]

Plummer, M.P;; Bellomo, R.; Cousins, C.E.; Annink, C.E.; Sundararajan, K.; Reddi, B.A.; Raj, ].P.; Chapman, M.J.; Horowitz, M.;
Deane, A.M. Dysglycaemia in the critically ill and the interaction of chronic and acute glycaemia with mortality. Intensive Care
Med. 2014, 40, 973-980. [CrossRef] [PubMed]

Khalfallah, M.; Abdelmageed, R.; Elgendy, E.; Hafez, Y.M. Incidence, predictors and outcomes of stress hyperglycemia in patients
with ST elevation myocardial infarction undergoing primary percutaneous coronary intervention. Diabetes Vasc. Dis. Res. 2020,
17,1479164119883983. [CrossRef]

Li, J.; Quan, K;; Wang, Y.; Zhao, X.; Li, Z.; Pan, Y,; Li, H.; Liu, L.; Wang, Y. Effect of Stress Hyperglycemiaon Neurological Deficit
and Mortality in the Acute Ischemic Stroke People with and Without Diabetes. Front. Neurol. 2020, 11, 576895. [CrossRef]
Mamtani, M.; Kulkarni, H.; Bihari, S.; Prakash, S.; Chavan, S.; Huckson, S.; Pilcher, D. Degree of hyperglycemia independently
associates with hospital mortality and length of stay in critically ill, nondiabetic patients: Results from the ANZICSCORE
binational registry. J. Crit. Care 2020, 55, 149-156. [CrossRef]

Miiller, J.A.; Grof3, R.; Conzelmann, C.; Kriiger, J.; Merle, U.; Steinhart, J.; Weil, T.; Koepke, L.; Bozzo, C.P.; Read, C.; et al.
SARS-CoV-2 infects and replicates in cells of the human endocrine and exocrine pancreas. Nat. Metab. 2021, 3, 149-165. [CrossRef]
Matias, A.A.; Manique, I; Sabino, T; Rego, T.; Mihon, C.; Panarra, A.; Rizzo, M.; Silva-Nunes, J. Absolute Hyperglycemia versus
Stress Hyperglycemia Ratio for the Prognosis of Hospitalized Patients with COVID-19 in the First Months of the Pandemic: A
Retrospective Study. Diabetes Ther. 2022, 14, 335-346. [CrossRef]

Manique, I.; Abegao Matias, A.; Bouca, B.; Rego, T.; Cortez, L.; Sabino, T.; Panarra, A.; Rizzo, M.; Silva-Nunes, J. Does the
Hyperglycemia Impact on COVID-19 Outcomes Depend upon the Presence of Diabetes? An Observational Study. Metabolites
2022, 12, 1116. [CrossRef]

Liu, S.P; Zhang, Q.; Wang, W.; Zhang, M.; Liu, C.; Xiao, X; Liu, Z.; Hu, W.-M,; Jin, P. Hyperglycemia is astrong predictor of poor
prognosis in COVID-19. Diabetes Res. Clin. Pract. 2020, 167, 108338. [CrossRef]

Wang, S.; Ma, P; Zhang, S.; Song, S.; Wang, Z.; Ma, Y.; Xu, J.; Wu, E; Duan, L.; Yin, Z.; et al. Fasting blood glucose on admission is
an independent predictor for 28-daymortality in patients with COVID-19 without previous diagnosis of diabetes: A multi-centre
retrospective study. Diabetologia 2020, 63, 2102-2111. [CrossRef]

Mamtani, M.; Athavale, A.M.; Abraham, M.; Vernik, J.; Amarah, A.R.; Ruiz, ].P,; Joshi, A.].; Itteera, M.; Zhukovski, S.D.; Madaiah,
R.P; et al. Association of hyperglycaemia with hospital mortality in nondiabetic COVID-19 patients: A cohort study. Diabetes
Metab. 2021, 47, 101254. [CrossRef]

Zhang, J.; Kong, W.; Xia, P,; Xu, Y,; Li, L.; Li, Q.; Yang, L.; Wei, Q.; Wang, H.; Li, H.; et al. Impaired Fasting Glucose and Diabetes
Are Related to Higher Risks of Complications and Mortality Among Patients with Coronavirus Disease 2019. Front. Endocrinol.
2020, 11, 525. [CrossRef]

Kubiliute, I.; Vitkauskaite, M.; Urboniene, J.; Svetikas, L.; Zablockiene, B.; Jancoriene, L. Clinical characteristics and predictors for
in-hospital mortality in adult COVID-19 patients: A retrospective single center cohort study in Vilnius, Lithuania. PLoS ONE
2023, 18, €0290656. [CrossRef]

McGuinness, O.P. Defective glucose homeostasis during infection. Annu. Rev. Nutr. 2005, 25, 9-35. [CrossRef]

Boonen, E.; Vanden Berghe, G. Endocrine responses to critical illness:Novel insights and therapeutic implications. J. Clin.
Endocrinol. Metab. 2014, 99, 1569-1582. [CrossRef]

Gunst, ].; De Bruyn, A.; Vanden Berghe, G. Glucose control in the ICU. Curr. Opin. Anaesthesiol. 2019, 32, 156-162. [CrossRef]
Sasidharakurup, H.; Kumar, G.; Nair, B.; Diwakar, S. Mathematical Modeling of Severe Acute Respiratory Syndrome Coronavirus
2 Infection Network with Cytokine Storm, Oxidative Stress, Thrombosis, Insulin Resistance, and Nitric Oxide Pathways. OMICS
2021, 25, 770-781. [CrossRef] [PubMed]

Rajsfus, B.F.; Mohana-Borges, R.; Allonso, D. Diabetogenic viruses: Linking viruses to diabetes mellitus. Heliyon 2023, 9, e15021.
[CrossRef]

Tsilingiris, D.; Dalamaga, M.; Liu, ]J. SARS-CoV-2 adipose tissue infection and hyperglycemia: A further step towards the
understanding of severe COVID-19. Metab. Open 2022, 13, 100163. [CrossRef]

He, X,; Liu, C,; Peng, J.; Li, Z,; Li, F; Wang, J.; Hu, A.; Peng, M.; Huang, K; Fan, D.; et al. COVID-19 induces new-onset insulin
resistance and lipid metabolic dysregulation via regulation of secreted metabolic factors. Signal Transduct. Target. Ther. 2021,
6,427. [CrossRef]

Ilias, I.; Jahaj, E.; Kokkoris, S.; Zervakis, D.; Temperikidis, P.; Magira, E.; Pratikaki, M.; Vassiliou, A.G.; Routsi, C.; Kotanidou, A.;
et al. Clinical Study of Hyperglycemia and SARS-CoV-2 Infection in Intensive Care Unit Patients. In Vivo 2020, 34, 3029-3032.
[CrossRef]

Ilias, I.; Diamantopoulos, A.; Pratikaki, M.; Botoula, E.; Jahaj, E.; Athanasiou, N.; Pratikaki, M.; Vassiliou, A.G.; Routsi, C.;
Kotanidou, A ; et al. Glycemia, Beta-Cell Function and Sensitivity to Insulin in Mildly to Critically Ill COVID-19 Patients. Medicina
2021, 57, 68. [CrossRef]

101



Biomedicines 2024, 12, 55

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Montefusco, L.; Ben Nasr, M.; D’Addio, E; Loretelli, C.; Rossi, A.; Pastore, I.; Daniele, G.; Abdelsalam, A.; Maestroni, A.;
Dell’Acqua, M.; et al. Acute and long-term disruption of glycometabolic control after SARS-CoV-2 infection. Nat. Metab. 2021, 3,
774-785. [CrossRef]

Tacobellis, G.; Penaherrera, C.A.; Bermudez, L.E.; Bernal Mizrachi, E. Admission hyperglycemia and radiological findings of
SARS-CoV2 in patients with and without diabetes. Diabetes Res. Clin. Pract. 2020, 164, 108185. [CrossRef]

Fadini, G.P.; Morieri, M.L.; Boscari, F.; Fioretto, I.; Maran, A.; Busetto, L.; Bonora, B.M.; Selmin, E.; Arcidiacono, G.; Pinellj, S.; et al.
Newly-diagnosed diabetes and admission hyperglycemia predict COVID-19 severity by aggravating respiratory deterioration.
Diabetes Res. Clin. Pract. 2020, 168, 108374. [CrossRef] [PubMed]

Coppelli, A.; Giannarelli, R.; Aragona, M.; Penno, G.; Falcone, M.; Tiseo, G.; Ghiadoni, L.; Barbieri, G.; Monzani, F,; Virdis, A.;
et al. Hyperglycemia at Hospital Admission Is Associated with Severity of the Prognosis in Patients Hospitalized for COVID-19:
The Pisa COVID-19 Study. Diabetes Care 2020, 43, 2345-2348. [CrossRef] [PubMed]

Yang, Y.; Cai, Z.; Zhang, ]. Hyperglycemia at admission is astrong predictor of mortality and severe/critical complications in
COVID-19 patients: Ameta-analysis. Biosci. Rep. 2021, 41, BSR20203584. [CrossRef] [PubMed]

Nateghi, S.; Gomari, M.M.; Roudsari, Y.J.; Foroughi, A.; Mansouri, F; Shiva, A.; Nasrollahizadeh, A.; Nasiri, Z.; Faraji, N.
Moderately hyperglycemia as an independent prognostic factor for the worse outcome of COVID-19. Prim. Care Diabetes 2022, 16,
361-364. [CrossRef] [PubMed]

Li, H,; Tian, S.; Chen, T.; Cui, Z; Shi, N.; Zhong, X.; Qiu, K.; Zhang, J.; Zeng, T.; Chen, L.; et al. Newly diagnosed diabetes is
associated with a higher risk of mortality than known diabetes in hospitalized patients with COVID-19. Diabetes Obes. Metab.
2020, 22, 1897-1906. [CrossRef]

Morse, J.; Gay, W.; Korwek, K.M.; McLean, L.E.; Poland, R.E.; Guy, J.; Sands, K.; Perlin, J].B. Hyperglycaemia increases mortality
risk in non-diabetic patients with COVID-19 even more than in diabeticpatients. Endocrinol. Diabetes Metab. 2021, 4, e00291.
[CrossRef]

Demeulemeester, F.; de Punder, K.; van Heijningen, M.; van Doesburg, F. Obesity as a Risk Factor for Severe COVID-19 and
Complications: A Review. Cells 2021, 10, 933. [CrossRef]

Merad, M.; Blish, C.A.; Sallusto, E.; Iwasaki, A. The immunology and immunopathology of COVID-19. Science 2022, 375,
1122-1127. [CrossRef]

Akacsos-Szasz, O.Z.; Pal, S.; Nyulas, K.I.; Nemes-Nagy, E.; Farr, AM.; Dénes, L.; Szilveszter, M.; Ban, E.G.; Tilinca, M.C.;
Simon-Szab6, Z. Pathways of Coagulopathy and Inflammatory Response in SARS-CoV-2 Infection among Type2 Diabetic Patients.
Int. ]. Mol. Sci. 2023, 24, 4319. [CrossRef]

Docherty, A.B.; Harrison, EM.; Green, C.A.; Hardwick, H.E.; Pius, R.; Norman, L.; Holden, K.A.; Read, ].M.; Dondelinger, F.;
Carson, G.; et al. Featuresof 20 133 UK patients in hospital with COVID-19 using the ISARICWHO Clinical Characterisation
Protocol: Prospective observational cohort study. BM]J 2020, 369, m1985. [CrossRef]

Miiller-Wieland, D.; Marx, N.; Dreher, M.; Fritzen, K.; Schnell, O. COVID-19 and Cardiovascular Comorbidities. Exp. Clin.
Endocrinol. Diabetes 2022, 130, 178-189. [CrossRef] [PubMed]

Bader, F.; Manla, Y.; Atallah, B.; Starling, R.C. Heart failure and COVID-19. Heart Fail. Rev. 2021, 26, 1-10. [CrossRef] [PubMed]

Da Porto, A.; Tascini, C.; Colussi, G.; Peghin, M.; Graziano, E.; De Carlo, C.; Bulfone, L.; Antonello, M.; Sozio, E.; Fabris, M.; et al.
Relationship between cytokine release and stress hyperglycemia in patients hospitalized with COVID-19infection. Front. Med.
2022, 9, 988686. [CrossRef]

Copaescu, A.; Smibert, O.; Gibson, A.; Phillips, E.J.; Trubiano, J.A. The role of IL-6 and other mediators in the cytokine storm
associated with SARS-CoV-2 infection. J. Allergy Clin. Immunol. 2020, 146, 518-534.e1l. [CrossRef] [PubMed]

Li, J.; Li, Y.; Wang, Z.; Liu, N.; He, L.; Zhang, H. Increased risk of new-onset diabetes in patients with COVID-19: A systematic
review and meta-analysis. Front. Public Health 2023, 11, 1170156. [CrossRef] [PubMed]

Gerganova, A.; Assyov, Y.; Kamenov, Z. Stress Hyperglycemia, Diabetes Mellitus and COVID-19 Infection: RiskFactors, Clinical
Outcomes and Post-Discharge Implications. Front. Clin. Diabetes Healthc. 2022, 3, 826006. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

102



éé biomedicines ﬁw\p\py

Review

The Role of Insulin Within the Socio-Psycho-Biological
Framework in Type 2 Diabetes—A Perspective
from Psychoneuroimmunology

3,4,% 4

Anne Wevers 1, Silvia San Roman-Mata 2, Santiago Navarro-Ledesma and Leo Pruimboom

Clinical Medicine and Public Health PhD Program, Faculty of Health Sciences, University of Granada,
18071 Granada, Spain; info@anne-wevers.com

Department of Nursing, Faculty of Health Sciences, Campus of Melilla, University of Granada,

52004 Melilla, Spain; silviasanroman@ugr.es

Department of Physical Therapy, Faculty of Health Sciences, Campus of Melilla, University of Granada,
52004 Melilla, Spain

University Chair in Clinical Psychoneuroimmunology, Campus of Melilla, University of Granada and PNI
Europe, 52004 Melilla, Spain; leo@cpnieurope.com

Correspondence: snl@ugr.es

Abstract: The interplay between socio-psychological factors and biological systems is pivotal in
defining human health and disease, particularly in chronic non-communicable diseases. Recent
advancements in psychoneuroimmunology and mitochondrial psychobiology have emphasized the
significance of psychological factors as critical determinants of disease onset, progression, recurrence,
and severity. These insights align with evolutionary biology, psychology, and psychiatry, high-
lighting the inherent social nature of humans. This study proposes a theory that expands insulin’s
role beyond traditional metabolic functions, incorporating it into the Mitochondrial Information
Processing System (MIPS) and exploring it from an evolutionary medicine perspective to explore
its function in processing psychological and social factors into biological responses. This narrative
review comprises data from preclinical animal studies, longitudinal cohort studies, cross-sectional
studies, machine learning analyses, and randomized controlled trials, and investigates the role of
insulin in health and disease. The result is a proposal for a theoretical framework of insulin as a social
substance within the socio-psycho-biological framework, emphasizing its extensive roles in health
and disease. Type 2 Diabetes Mellitus (T2DM) with musculoskeletal disorders and neurodegener-
ation exemplifies this narrative. We suggest further research towards a comprehensive treatment
protocol meeting evolutionary expectations, where incorporating psychosocial interventions plays
an essential role. By supporting the concept of ‘insulin resilience” and suggesting the use of heart
rate variability to assess insulin resilience, we aim to provide an integrative approach to managing
insulin levels and monitoring the effectiveness of interventions. This integrative strategy addresses
broader socio-psychological factors, ultimately improving health outcomes for individuals with
T2DM and musculoskeletal complications and neurodegeneration while providing new insights into
the interplay between socio-psychological factors and biological systems in chronic diseases.

Keywords: psychoneuroimmunology; psychosocial factors; insulin; mitochondrial information
processing system; type 2 diabetes mellitus with musculoskeletal disorders and neurodegeneration;
insulin resistance; mitochondrial dynamics; insulin resilience; evolutionary medicine; integrative
health interventions

1. Introduction

Insulin (INS), traditionally viewed merely as a metabolic regulator implicated in var-
ious diseases [1], might hold a more expansive role as a ‘socio-psychological substance’
within the body’s biological systems. This narrative review explores incorporating INS

Biomedicines 2024, 12, 2539. https:/ /doi.org/10.3390 /biomedicines12112539 https:/ /www.mdpi.com/journal /biomedicines

103



Biomedicines 2024, 12, 2539

into the Mitochondrial Information Processing System (MIPS), a model that redefines mito-
chondria not just as cellular powerhouses but as central processors of socio-psychological
factors [2]. Such a conceptualization positions mitochondria as ‘social organelles” essential
in processing social and psychological factors through mechanisms of sensing, integration,
and transduction—a cornerstone of mitochondrial psychobiology. We hypothesize that
INS plays a pivotal role in this process—beyond its established metabolic actions—by
cooperating with mitochondria in modulating biological responses to psychological and
social factors. We adopt the MIPS [2] model as a theoretical framework for the exploration
of INS’s function as a socio-psycho-metabolic hormone with systemic influence.

To further support this hypothesis, we examine INS through an evolutionary lens,
considering how its roles may have been shaped by ancient social, psychological and
environmental stressors and survival mechanisms. This evolutionary perspective deepens
our understanding of INS as a socio-psychological substance and informs the development
of interventions that align with human biology’s evolutionary adaptations.

This paradigm shift aims to contextualize INS within a broader socio-psycho-biological
framework, enriching our understanding of its multifaceted functions. This narrative
review, along with the presented theoretical framework and evolutionary perspective,
aims to offer new directions for hypothesis building and establishes a foundation for more
systematic experimental approaches. Ultimately, it seeks to contribute to the development
of potential new strategies for managing health conditions where INS is a key factor, such
as Type 2 Diabetes (T2DM) with associated musculoskeletal (MSK) and neurodegenerative
complications.

2. Sensing, Integrating and Transducing—A Theoretical Role for Insulin

The MIPS model, as proposed by Picard and Shirihai [2], positions mitochondria
as social organelles adept at a three-step process—sensing, integrating, and transducing
psychological and social factors into cellular and molecular modifications, next to their
classical role at the level of cell- and systemic metabolism. They highlight the dual role of
mitochondria as both targets of stress and sources of signaling, essential for biologically
embedding both stressful and other psycho-social experiences into our biology [3]. Ac-
cumulating evidence in both human and animal studies further underscores the pivotal
role of mitochondria in the response to both acute and chronic stress and in the biological
embedding of adversity [4]. Their functions are indicated as important mechanisms in
understanding how stressful life events ‘get under the skin” and impact health and physical
well-being, recently also shown in studies examining human peripheral tissue [5].

Evolution generated multiple methods of communication between mitochondria
and the rest of the cell [6]. The inherent plasticity and dynamic nature of mitochondria
are important mitochondrial characteristics and facilitate their roles as processors and
communication hubs, allowing them to adapt through functional and morphological
changes such as alterations in size, shape, and distribution. These adaptations respond to
both internal and external stimuli and are crucial for meeting various demands [7,8]. The
adaptive capacity of mitochondria, known as mitochondrial dynamics, specifically involves
processes such as fission, fusion, biogenesis, and mitophagy [9]. Mitochondria are pivotal
in producing complex signals across biological domains, suggesting their importance as
fundamental elements in both cellular and systemic communication networks [10].

Completing the understanding of the MIPS model seems to require the identification
of key mediators within this system. Evolutionary pressure has led to the development of
multiple communication pathways not only between mitochondria and other organelles [6]
within the host cell but also across different cells [11]. Despite recent scientific advances, the
construction of a coherent molecular map that fully integrates and delineates mitochondrial
functions during psychological stress remains incomplete [12]. Specifically, the molecular
mechanisms that control mitochondrial plasticity, dynamics, and their capacity to integrate
and respond to a spectrum of cellular, environmental, and developmental stimuli are still
to be fully understood [13]. Identifying the biological substrates and pathways that bridge
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psychological experiences with physiological processes seems important, as these links
might be essential for elucidating the mechanisms behind observed biological changes [4].
Given these complexities, a detailed theoretical exploration of potential mediators like INS,
and its relevant pathways, as well as elucidating its extensive roles within the MIPS model,
seems valuable and relevant.

Insulin resistance (IR) is a central mechanism underlying most chronic diseases [14].
Mitochondrial dysfunction is frequently implicated as a precursor to IR; however, IR itself
can also contribute to mitochondrial dysfunction [15]. When viewed through a psychosocial
stress model, IR becomes a stronger predictor of the hypothalamus—pituitary—adrenal (HPA)
axis response than obesity [16]. This suggests a complex interaction between psychosocial
and physiological factors, with INS playing a critical role alongside mitochondria. The
proposal to explore INS as a social-psychological substance within MIPS is further based
on findings that psychosocial stress acts as an upstream event for IR, with mitochondria as
downstream targets. This bidirectional relationship indicates that stress can influence INS
sensitivity, which in turn impacts mitochondrial function [17].

The neurons in the arcuate nucleus of the hypothalamus (ARC) are activated by
emotional stimuli and express INS receptors [18]. This might further illustrate INS’s role
in processing socio-psychological factors. The neurons in the ARC function as master
regulators that integrate physiological signals with the energy state of the organism [19].
The melanocortin neurons within this nucleus receive peripheral metabolic information and
mediate appropriate behavioral and metabolic responses to maintain energy homeostasis.
By signaling energy availability, INS in the ARC coordinates metabolic functions and stress
adaptation, reflecting its dual role in both biological and psychosocial processes. INS
has also been used as a socio-psycho substance in a historical context, where INS shock
therapy was used in psychiatric treatment, highlighting the hormone’s significant impact
on the central nervous system. While this practice is no longer in use, it underscores
INS’s profound effects on behavior and stress adaptation. This historical use of INS in
psychiatric treatment, along with its role in the ARC regulating energy and stress responses,
further encourages the exploration of INS as a socio-psychological substance within the
MIPS model.

Integrating INS and IR into the MIPS model requires an in-depth understanding of the
strong relationship between mitochondrial function and INS and INS receptor sensitivity, as
well as an exploration of experimental findings [20]. In this review, we propose a theoretical
framework and assess whether it aligns with existing empirical evidence by examining
relevant experimental findings. While these findings may support, refine, or challenge the
proposed mechanisms, it is important to note that our hypothesis remains speculative, and
future research will be required to empirically validate the theory we are constructing.

A recent in vitro study on mouse and human-derived neurons [21], and another study
conducting a series of ex vivo and in vivo experiments in obese IR human subjects either
with or without T2DM, indicate that INS’s actions directly impact mitochondrial health
and efficiency [15,22]. INS plays a role in both the detection of cues and the subsequent
adaptations within mitochondria [23]. Mitochondria possess their own genome, and the
mitochondrial DNA copy number (mtDNA-CN) serves as a measure of the number of mito-
chondrial genomes per cell, thus providing possible insights into mitochondrial health [24].
A possible mechanism of INS influence is its ability to affect the regulation of mitochondrial
DNA. A study in humans showed associations with INS sensitivity and mtDNA-CN [25].
Mutations and deletions in mtDNA or mitochondrion-related nuclear DNA genes have
been indicated in mitochondrial dysfunction [26]. A recent study applying mitochon-
drial transplantation, in vitro and ex vivo, shows that DNA methyltransferase 1 (DNMT1)
translocates to the mitochondrial D-loop region in vascular smooth muscle cells. This
hypermethylation represses mitochondrial gene expression, leading to functional damage
and reduced mitochondrial respiration [27]. Research in obese human subjects identifies a
strong correlation between IR and alterations in methylation feedback loops, indicating
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that IR possibly leads to mitochondrial alterations through epigenetic mechanisms [28]. IR
is strongly associated with a reduction in mtDNA numbers [28].

Often mentioned as a culprit in disease or merely positioned as a metabolic hormone,
the above sets the stage to zoom out the microscope and theoretically examine INS’s role as
a psychosocial modulator.

Moving forward, the article will explore in greater detail the specific molecular path-
ways influenced by INS and how these pathways might impact mitochondrial dynamics,
subsequently deepening our understanding of how INS might modulate mitochondrial
sensing, integration, and transduction of psychosocial factors.

2.1. Sensing: The Role of Insulin

To strengthen our proposal of expanding INS’s role beyond metabolism to a broader
function as a socio-psycho-metabolic hormone, we will also apply the lens of evolutionary
medicine. This approach highlights that, while INS is central to metabolic regulation, it may
also play a role in managing stress and social behaviors—both evolutionary pressures that
shaped human adaptation. Together, the MIPS model and evolutionary perspective provide
a foundation for a theoretical proposal of interventions that consider our evolutionary
origins and the psychosocial dimensions involved in conditions where INS is implicated.

The adage ‘nothing in biology makes sense except in the light of evolution” aptly
describes how human physiological responses still mirror those of our ancestors.

Ancient psychosocial stressors are defined as ‘chronic demands that have persisted
throughout human evolutionary history’, while modern stressors are described as ‘novel
challenges that emerged with the advent of agriculture during the Neolithic period, approx-
imately 10,000 to 12,000 years ago’ [29]. The evolutionary mismatch hypothesis postulates
that our behavioral and inflammatory responses, which evolved to help individuals manage
ancient stressors (e.g., serious arguments within families or a child confronting frightening
situations), are less suited to modern stressors (e.g., commuting to work, hospitalization,
family members frequently away, or unemployment) [29].

Psychosocial stressors, whether novel or ancient (e.g., threats from lions), activate
deeply ingrained, robust and well-coordinated stress, behavioral and immune responses
shaped by natural selection, which likely provided early humans with an evolutionary
advantage in dealing with pathogens, predators, and immediate survival threats [30-32].

This evolutionary legacy has resulted in an inflammatory bias, which is triggered
not only by pathogens but also by psychosocial stressors [32]. These modern psychoso-
cial stressors are recognized as ‘danger signals’, as they pose possible perturbations to
homeostasis [18,33].

These non-specific biological responses of the robust IS are mediated by evolutionary
conserved neuroendocrine networks of the hypothalamus—pituitary—adrenal (HPA) axis
and the sympathetic nervous system (SAM) [34]. Without energy, stress adaptation is not
possible [35], highlighting the critical role of these signals and stress axis in increasing the
energy demand [30].

Activation of the HPA axis leads to glucocorticoid production such as cortisol (CORT),
which in turn increases blood glucose levels through gluconeogenesis, enhancing the
availability of energy needed to manage stressors [36]. As blood glucose levels rise, the
pancreas detects this increase, and in physiological situations, it triggers the production
and release of INS to help regulate and lower the blood glucose levels [37].

The sympathetic-adrenal-medullary (SAM) axis stimulates the release of catecholamines
such as dopamine (DOP), norepinephrine (NE), and epinephrine (EPI) [38]. In vitro research
has revealed that both human and mouse pancreatic 3-cells contain the necessary machinery
for catecholamine biosynthesis and signaling. These catecholamines, especially DOP, play a
significant role in regulating pancreatic glucagon and INS secretion, showcasing a complex
interplay between stress and metabolic regulation [39]. The 3-cell stress hypothesis suggests
that various factors such as psychological stress can indeed increase INS demand [40].
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Physiologic INS secretion follows an oscillating pattern of secretion, marked by dis-
tinct periods of ligand and receptor activation [41]. Chronic exposure to INS, but also
glucocorticoids (GC) [42], leptin and cytokines [43], triggers a negative feedback loop that
over time down-regulates the receptor availability. This creates a state of, in the case of
INS, relative hyperinsulinemia. This excess of INS leads to IR due to decreased receptor
availability, with catecholamines also hypothesized to be involved in the induction of IR at
the receptor level [40,41].

In light of INS’s socio-psychological role, it is important to acknowledge the significant
impact of psychological stress, inflammatory reactions and cytokines and chemokines on
IR development as well.

In the same way that the stress response activates the cardiovascular, musculoskeletal,
and neuroendocrine systems for fight-or-flight, it may also, under certain conditions, prime
the immune system to face potential threats posed by the stressor [44].

This involves various mechanisms and mediators, such as the movement and function
of dendritic cells, neutrophils, macrophages, and lymphocytes, along with significant local
and systemic production of chemokines and cytokines [45].

Various stressors can trigger neuroinflammation responses. An example of immune
activation in a psychosocial context is the activation of innate immune receptors known as
pattern recognition receptors (PRRs), with the Toll-like receptor (TLR) family being a key
example. TLRs are an evolutionary well-conserved family of innate sensors of danger.

These might have their origins as early as the dawn of animal evolution, more than
700 million years ago [33]. These receptors play a crucial role in the immune system by rec-
ognizing pathogenic molecules and initiating an immune response. However, research has
indicated that TLRs can also be activated by non-infectious stimuli such as stress hormones
and metabolic byproducts, which can be elevated in states of psychological stress. Indeed,
in response to chronic stress paradigms in rodents, elevated levels of TLR expression in the
hippocampus, prefrontal cortex, blood and serum are reported [46]. Exemplifying the latter
and the influence of psychosocial factors, studies in macaques have shown low-status-
associated polarization of the TLR4 pathway towards a pro-inflammatory response. The
latter provides an indication of the (direct) biological effects of social inequity on immune
function and the influence of social gradients in health [47]. Another mouse model studying
the effects of 4 weeks of social isolation showed an elevated neuroinflammation response,
medicated by TLR-4 [48].

The evolutionary theory of loneliness (ETL) posits that social isolation once posed
life-threatening risks, leading to the development of robust biological responses [49]. Much
like pain signals harm to the body, loneliness signals broken social bonds, triggering stress
responses designed to restore connection [39,40]. The lack of social cohesion has also been
mentioned in the literature as an evolutionary mismatch [38]. Indicating the contextual
importance of the psychosocial environment—and the lack thereof—in health and disease
management.

Subsequently, TLRs can stimulate pathways leading to the activation of NF-«B, a
transcription factor that regulates the expression of inflammation-related genes, including
cytokines. Chronic stress models in mice show a hyperactivation of the NF-kB pathway
in brain regions involved in stress response and affect [46]. In rodent models, it has
been shown that the TLR-NF-«B pathway is one of the main mechanisms contributing to
inflammation in times of chronic stress [46]. The aforementioned mediators prompt both
central and peripheral immune cells to release pro-inflammatory cytokines. Cytokines
identified in chronic stress paradigms are IL-13, IL-6, and TNF-« and, to a lesser extent,
IL-10, interferon-gamma (IFN-y), IL-17, IL-22, and IL-4 [46].

Whilst stress response mechanisms once enabled survival from environmental threats,
modern-day stressors may fail to serve their original function. While adaptive in the short
term, prolonged activation of stress mechanisms and cytokine and chemokine production
can lead to a pro-inflammatory state, disrupting metabolic processes and inhibiting INS
signal transduction processes (see Figure 1) [50].
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Figure 1. Evolutionary ancient vs. modern stressors and their impact on insulin (INS). Modern
stressors activate the HPA and SAM axes, increasing glucocorticoids and catecholamines, leading
to elevated glucose and INS demand. Chronic activation induces lipolysis, TLR activation, and
meta-inflammation, contributing to hyperinsulinemia and INS resistance (IR).

So-called ‘critical nodes’ form an important part of the signalling network that func-
tions downstream of the INS receptor (INSR) and the INS growth factor-1 receptor (IGFIR).
Signaling pathways that are activated by cytokines through receptors such as the TNFR
with affinity for tumour necrosis factor-« (TNF«x), and the REC receptor, activated by
cytokines such as interleukin-6 (IL-6) and leptin, interfere with INS signaling through
crosstalk with the critical nodes [51]. Important examples in light of the communication
between INS and mitochondria and in the context of this narrative review are the AKT and
MAPK pathways discussed in the paragraphs hereafter.

Adipose tissue is part of the stress response as well. Stress, via multiple pathways,
induces lipolysis, releasing free fatty acids (FFA) into the circulation. These can directly
activate immune cells by TLR receptor activation, leading to further inflammation and
cytokine release and influencing the above-described pathways. This is referred to as
metainflammation, a portmanteau of metabolism and inflammation [43].

While stress, through the pathways discussed above, can induce IR, conversely, IR and
the crosstalk between inflammatory pathways and neurocircuits in the brain can trigger
behavioral responses, such as avoidance and heightened alarm [52]. Moreover, dopamine
(DOP) and INS signaling systems have been shown to exhibit reciprocal regulatory relation-
ships, emphasizing the interdependence of metabolic and neurochemical processes [53].
Additionally, INS and oxytocin (OXY) share a cross-talk mechanism in glucose homeostasis.
OXY which plays a role in the stress response, has been demonstrated to stimulate INS
secretion and improve pancreatic function through central regulation via vagal neurons
that innervate 3-cells [54].

The reciprocal regulation between INS, DOP, and OXY may demonstrate INS’s broader
function, beyond its metabolic role, in modulating psychosocial and behavioral processes.
This PNI view highlights how INS operates at the intersection of metabolic, immune,
neural, and endocrine pathways, emphasizing its relevance in the context of Type 2
Diabetes (T2DM).

Indeed, chronic stress impairs INS signaling (INSS) both in vitro and in vivo in lab-
oratory animals [55], and stressful life events, traumatic experiences, general emotional
stress, anger and hostility, distressed sleep, and workplace stress might induce IR [17]. In a
longitudinal study with 12,844 Australian women initially free of DMT2, where IR is seen
as a hallmark [56], those reporting moderate-high stress levels had a 2.3 times higher risk
of developing later T2DM [57].

The psycho-physiological stress response remains one of nature’s fundamental sur-
vival mechanisms [45]. While detrimental in the long term, the immune system is simply
doing what it is designed to do: protect us [30]. Understanding the latter enables the
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proposal of theoretical interventions later in this review that support the original function
and context of INS and mitochondria.

2.2. Sensing: The Role of INS Receptors

The physiological interactions between INS and INS-like growth factor (IGF-1) with
cellular receptors such as INS receptors (INSRs), INS-like growth factor 1 receptors (IGF1Rs),
and hybrid INS receptors/INS-like growth factor 1 receptors (INSR/IGF1Rs) initiate a
cascade of responses that prepare mitochondria to sense and respond to environmental cues
effectively, as shown in studies [58,59]. Recent research in mice highlights the significant
role of the INS/IGF1 signaling pathways in regulating mitochondrial biogenesis, fusion,
architecture, and functionality, underscoring the intricate link between INSS and mito-
chondrial dynamics [60]. This is setting the stage for an inclusion of INS in the theoretical
MIPS model.

In vitro research in Human embryonic Stem Cells (HSCs) shows that when INS binds
to its receptors, it triggers a series of signaling cascades, including the AKT-kinase (AKT)
and Mitogen-Activated Protein Kinase (MAPK) pathways. Along with their downstream
effectors, they facilitate a range of cellular and mitochondrial functions [61]. The AKT path-
way predominantly mediates the metabolic effects of INS, whereas the MAPK pathway is
crucial for regulating cell growth, proliferation, differentiation, mortality, and survival [62].
It interacts with the AKT pathway and others to modulate cell growth and differentia-
tion [20].

The AKT and MAPK pathways operate in a sequence and context-dependent manner,
demonstrating complex cooperation and interaction within cellular signaling networks [63].
Studies, including in rats, indicate that these pathways are not isolated; they work syner-
gistically with each other but also other pathways. They can reciprocally influence each
other, where the modification of one pathway can affect the other, either enhancing or
inhibiting its functions [8,64,65]. This dynamic interaction is especially crucial in stressed
conditions, where external stressors modulate INS levels and signaling, subsequently
impacting mitochondrial dynamics [66]. An imbalance in mitochondrial dynamics and
dysregulated opposing and counterbalancing processes can cause significant disruptions in
mitochondrial function [9]. These disruptions are pivotal as they can precipitate abnormal
cellular outcomes and contribute to the development of diseases such as Type 2 Diabetes
Mellitus (T2DM), emphasizing the critical implications of INS Signaling (INSS) interplays
in disease pathology [9,66]. Depending on their size and morphology, mitochondria exhibit
distinct responses to incoming signals. For example, in vitro research shows that larger
mitochondria, with a greater matrix volume and a lower surface-area-to-volume ratio,
respond differently compared to smaller counterparts [67,68].

2.3. Sensing: INS, AKT-Pathway, and Mitochondrial Dynamics

INS and IGF-1 signaling, through their respective receptors, significantly enhance
mitochondrial function in a PI3K/AKT-dependent manner, as shown in in vitro studies [69].
Under physiological conditions, INS promotes mitochondrial fusion, while IR triggers
mitochondrial fission—the physiological interplay of both processes are crucial for mi-
tochondrial quality control [70]. Furthermore, INS, via the AKT pathway, orchestrates a
network of downstream effectors such as Glycogen synthase kinase 3 beta (GSK3p3) [71],
mammalian target of rapamycin 1 (mTORC1), Forkhead box protein O1 (FoxO1) [68,72],
the mammalian target of rapamycin (mTOR), Peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-1c), Unc-51 Like Autophagy Activating Kinase (ULK1),
and the pro-apoptotic proteins Bcl-2-associated X protein (BAX) and Bcl-2-associated death
promoter (BAD) [72,73]. These effectors have been shown in mice studies [36,37] to col-
lectively influence a range of mitochondrial functions, including biogenesis, mitophagy,
fusion, fission, and apoptosis [20,62]. Through its impact on these effectors, INS might
facilitate a complex interplay that maintains mitochondrial dynamics [20].
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2.4. Sensing: INS, MAPK-Pathway and Mitochondrial Dynamics

INS modulates the MAPK pathway, which is pivotal for transmitting extracellular
signals to cellular responses [20]. The key effectors of this pathway include extracellular
signal-regulated kinases 1 and 2 (ERK1/2), which influence mitochondrial functions [74];
BCL2 proteins, involved in apoptosis regulation [74] and Rapidly Accelerated Fibrosarcoma
kinase (RAF), as well as transcription factors such as cAMP response element-binding
protein (CREB), Myelocytomatosis oncogene (MYC), and FBJ Murine osteosarcoma viral
oncogene homolog (FOS), which contribute to mitochondrial biogenesis and mitophagy [20]

(see Figure 2).
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Figure 2. Incorporation of Insulin into the Mitochondrial Information Processing System (MIPS). This
figure illustrates the potential role of insulin (INS) within the Mitochondrial Information Processing
System (MIPS) in response to psychosocial and evolutionary novel stressors. Using the MIPS model
and an evolutionary perspective, we propose that INS functions as a socio-psycho-metabolic hormone
that cooperates with mitochondria to mediate the sensing, integration, and signaling of these stressors.
This cooperation might affect mitochondrial dynamics through pathways such as AKT and MAPK.
Prolonged hyperinsulinemia, driven by chronic stress, may lead to receptor resistance, impacting
mitochondrial function. This figure highlights the hypothesized relationship between psychosocial
stress, insulin resistance, and the development of complications associated with Type 2 Diabetes
Mellitus (T2DM), such as neurodegeneration and musculoskeletal disorders (MSDs). By positioning
insulin as a central modulator working in cooperation with mitochondria in the MIPS framework,
we propose that it plays a key role in integrating psychosocial and metabolic signals, ultimately
influencing health outcomes.

The above provides theoretical insights into how INS contributes to the sensing of
psychosocial factors. However, further clinical studies are necessary to further explore
this theory.

Insulin’s Role in Sensing: Proof of Concept

In a series of studies involving rats subjected to four distinct models of stress-induced
depression—chronic unpredictable mild stress, learned helplessness, chronic restraint,
and social defeat—significant modifications were observed in the AKT and MAPK sig-
naling pathways. Notably, phosphorylated AKT (p-AKT) levels were altered across all
four depression models, demonstrating the extensive impact of stress on INSS mecha-
nisms [65]. Another study in rats highlighted that social isolation could induce early-stage
dysfunctions in the INSS pathways. This was evident through a reduction in AKT phos-
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phorylation, potentially exacerbating an oxidative state and further complicating metabolic
homeostasis [75]. The MAPK pathway, critical for cellular processes such as growth and
response to stressors, showed significant changes in the context of social defeat stress in
rats [76]. As this is a review, the discussed concepts remain theoretical. Further clinical
research in humans is necessary to elucidate the role of INS in mitochondrial sensing of
psychosocial factors.

2.5. Integrating—The Role of Insulin

As part of the sensing function, INS influences cellular dynamics through its receptors,
affecting the strength and duration of AKT and MAPK pathway activities. Subsequently,
mitochondria integrate these inputs together with information from interactions with other
organelles facilitated by mitochondria-associated membranes (MAMSs) [2,64]. These struc-
tural domains establish physical connections with the nucleus, lysosomes, endoplasmic
reticulum (ER), and Golgi apparatus, enhancing cellular coordination and response to
changes [77].

This integrative function strengthens our hypothesis that INS might be an important
player in the MIPS framework; however, additional research is required.

Insulin’s Role in Integration: Proof of Concept

Altered signaling through MAM s is a characteristic feature in various tissues exhibit-
ing IR, such as muscles [78]. This alteration underscores the systemic impact of INS’s
regulatory role at the cellular level. A proteomic analysis in rats, which underwent chronic
psychological stress, demonstrated significant changes in the MAM proteome [79]. Alto-
gether, the above might serve as a proof of concept that psychological stress, through INSS,
influences mitochondrial function. However, it remains theoretical, and further research is
needed to confirm these findings.

2.6. Transduction—The Role of INS

Mitochondria systematically impact cellular and organismal behaviors through the
release of signaling molecules [12]. Mitokines, for example, are released into the systemic
circulation and mediate a non-autonomous stress response [24]. This process is suggested
to be analogous to bacterial quorum sensing, where signaling molecules coordinate group
behaviors in bacterial populations [80]. Similarly, mitokines facilitate intercellular commu-
nication, allowing mitochondria to influence distant cells and maintain homeostasis across
the organism [81]. This process enhances inter-tissue communication of mitochondrial
stress, playing a critical role in synchronizing and amplifying stress responses across the
body, thereby maintaining more efficient organismal homeostasis [24]. The increase in
mitokines might be an attempt at mitohormesis, enhancing stress resistance [82]. However,
the outcomes of mitokine signaling can be both beneficial and detrimental, depending
on the signal’s magnitude and duration, indicating that mitokine production has dual
aspects [83].

Additionally, the mitochondrial genome (mtDNA) is responsible for producing small
mitochondrial DNA (mtDNA)-encoded peptides, such as the mitochondrial open reading
frame of the twelve S-¢c (MOTS-c), and humanin and small HN-like peptides (SHLPs) are
classified as mitochondrial-derived peptides (MDPs) [84]. An observational study indicates
that INS signaling also influences mitochondrial integrity and immune responses by influ-
encing the release of cell-free mitochondrial DNA (cf-mtDNA) [85]. A recent systematic
review of human studies suggest that this cf-mtDNA, integral to mitochondrial damage-
associated molecular patterns (mtDAMPs), acts as a potent immunological activator due
to the bacterial origin of mitochondria. This activation marks cf-mtDNA as a significant
indicator of inflammatory diseases and a predictor of mortality [86,87].

Dysfunctional mitochondria, and altered dynamics, can lead to increased production
of reactive oxygen species (ROS) and other byproducts. A recent review from 2024 describes
that mitochondrial ROS production can be both a normal function and a sign of dysfunction,
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depending on the context. In the case of dysfunction, excessive ROS can damage cellular
structures, including nuclear DNA, potentially resulting in mutations [88].

Dysfunctional mitochondria also lead to the buildup of, for example, Calcium (Ca?*),
as per mitochondria’s buffering function [64]. Ca* levels have quite narrow limits, and
small changes can cause negative health outcomes, as will be shown later in the article.

Further to the above, mitochondria generate cellular and organismal behaviors through
mitochondrial-nuclear crosstalk and interspecies epigenetic remodeling [12].

Mitochondrial metabolites serve as substrates for epigenetic marks in the nucleus,
while others function as mediators that modulate nuclear gene expression. This dynamic in-
teraction results in modifications to both the epigenome and gene expression, which, in turn,
regulate mitochondrial function [89]. This systemic communication, possibly influenced
by INS as elaborated on hereafter, is essential for regulating gene expression and happens
via epigenetic mechanisms such as DNA methylation and histone modification [12,87]. In
addition to nuclear DNA (nDNA) methylation, emerging evidence shows that mtDNA can
undergo methylation [90]. Methylation of the D-loop region in mtDNA, which regulates
both mtDNA replication and transcription, has been observed to increase in individu-
als with IR. Recent studies in IR obese humans have unveiled, for the first time, an INS
signaling-epigenetic-genetic axis that may regulate mitochondria, suggesting that INS
has the capability to directly modulate mitochondrial gene expression and mitochondrial
function [28]. This may suggest that INS signaling could modulate both nuclear and mito-
chondrial gene expression, potentially through epigenetic regulation of genes encoded by
both mtDNA and nDNA. Data demonstrate impaired mitochondrial structure and function
in IR muscle, which may be caused by epigenetic regulation of genes encoded by mtDNA
and nuclear DNA [90].

Research on C. elegans has shown perturbations in INSS to possibly lead to changes
in mitochondrial function, resulting in significant alterations in gene expression at both
transcriptional and translational levels [91]. It is hypothesized that mitochondrial abnormal-
ities may arise from the epigenetic regulation of both mitochondrial and nuclear-encoded
genes responsible for mitochondrial structure and function, with INS potentially playing a
critical role in modulating these epigenetic changes, particularly through its influence on
mitochondrial DNA (mtDNA) methylation and gene expression pathways [92].

Epigenetic modifications are suggested to be key intermediaries in the interactions
between environmental stimuli, such as stress, and the genome. These modifications can
trigger inflammatory responses that promote metabolic disorders [62].

Ultimately, it might come down to communication. Based on the information above,
we hypothesize that INS might act as a socio-psychological communication substance,
possibly supporting mitochondria to sense, integrate, and transduce psychosocial signals.
This dynamic dialogue between the environment, INS, mitochondria, and the rest of
the organism enables maintaining homeostasis, though it might lead to adverse health
outcomes if dysregulated. To further validate these findings and hypotheses, additional
research involving human subjects is necessary.

INS’s Role in Integration: Proof of Concept

Summarizing the above, recent evidence underscores INS’s role in the integration
and transduction of psychosocial signals through mitochondrial pathways. Acute mental
stress has been shown to elevate levels of circulating mitochondrial DNA (mtDNA), with
psychological factors amplifying these effects, suggesting potential mediation by INS. A
systematic review of human studies mentions higher cf-mtDNA levels in suicide attempters
to correlate with increased CORT response during the dexamethasone suppression test
(DST), indicating a possible link between HPA hyperactivity and cf-mtDNA levels [87].
While this suggests an interaction between stress and mitochondrial dynamics, the role
of INS remains speculative. Other factors may also contribute to cf-mtDNA release, and
further studies are required to explore these potential mechanisms.
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Machine learning analyses on human serum suggests that psychological factors,
rather than inherent personal traits, predict stress-induced changes in circulating cell-free
mtDNA (ccf-mtDNA). Major depression and other conditions linked to psychological stress
have been shown to lead to a rise in serum ccf-mtDNA levels [60]. In a study involving
46 healthy middle-aged adults exposed to a brief psychological stressor—a public speaking
simulation—a significant surge in serum circulating cell-free mtDNA was documented
shortly afterward [93], with potential mediation by INS.

The mechanisms of cf-mtDNA release extend beyond cell death and can also be
triggered by psychological stress [94]. A study in 20 healthy young men indeed shows cf-
mtDNA release in response to psychosocial stress, suggesting an active release mechanism
resulting from psychosocial challenges [95], possibly mediated by INS. Nuancing and
further research are important, as variations in cf-mtDNA responses to stressors indicate
that not all forms of cf-mtDNA are pro-inflammatory, adding complexity to INS’s role as a
social substance affecting physiological responses [56,96].

In lower levels of MOTS-c, a mitochondrial-derived peptide, in T2D patients, INS
was found to regulate and attenuate the MOTS-c response in a study in humans [54,64,97].
Moreover, conditions like major depression are known to alter mitokine production and
cf-mtDNA, as shown in human studies [98].

A recent study performed among older adults indicates that early life stress impacts
mitochondrial functionality by altering mtDNA content, affecting cellular respiration and
bioenergetics. Adults who suffered childhood maltreatment or experienced parental loss
before age 18 typically exhibit reduced mtDNA-CN compared to those without adverse
childhood events (ACE) [5].

While the above advances the understanding of INS as a socio-psychological substance
and its potential place in the MIPS model, it remains theoretical. Further research is needed
to confirm these findings and explore their practical applications.

2.7. Type 2 Diabetes Mellitus with Musculoskeletal Problems and Neurodegeneration

Further to the above, we hypothesize that INS acts as a potential key modulator
within the MIPS model, orchestrating the interplay between psychosocial risk factors, INS,
mitochondrial dynamics, and various health outcomes. Two significant examples that
reinforce the role of INS as a social substance and the need for integrative interventions,
including those in the psychosocial realm, are Type 2 Diabetes Mellitus (T2DM) with
musculoskeletal disorders (MSDs) and T2DM with neurodegeneration.

In the sections that follow, we will explore how the models discussed earlier could
theoretically contribute to the knowledge about the development of T2DM with MSDs
and neurodegeneration. We will highlight the role of psychosocial factors in shaping
health and disease, consider INS’s role as a ‘social substance” within the MIPS model,
and illustrate how the function of the MS system might extend beyond mere movement,
potentially acting—under the influence of INS and mitochondria—as a component in the
psychosocial-biological axis or as a psychobiological interface. To better understand this
interplay, we look at recent research and studies that demonstrate the effects of psychosocial
stressors, INS and mitochondrial function in T2DM and subsequent musculoskeletal- and
neurological health and complications.

2.7.1. Type 2 Diabetes Mellitus with Musculoskeletal Disorders

Studies in rodent models have demonstrated that adverse childhood experiences
(ACE) lead to altered mitochondrial structure and bioenergetics in peripheral muscle.
Duchowny’s research revealed compromised maximal ATP production in skeletal mus-
cle (SM) mitochondria among individuals who experienced ACEs, with each additional
adverse event associated with modestly lower ATPmax, a measure of maximal capacity
for ATP production [5]. A systematic review and meta-analysis from 2024 on human co-
hort studies indicates that Musculoskeletal Disorders (MSDs) are prevalent in individuals
with T2DM [99]. There seems to exist a vicious cycle where T2DM and MSDs mutually
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exacerbate each other. This interconnection is largely driven by skeletal muscle (SM) IR
and mitochondrial dysfunction, which are identified as the key pathophysiological links
between T2DM and MSDs [100]. A significant reduction in mtDNA-CN has been doc-
umented in critical tissues such as skeletal muscle (SM), adipose tissue, and peripheral
blood in individuals with obesity and T2DM. A population-based follow-up study suggests
that this decrease in mtDNA-CN often precedes the clinical onset of T2DM, which might
show its potential as an early biomarker for disease prediction and a target for therapeutic
intervention [28,101].

IR can lead to mitochondrial dysfunction, which in turn results in hyperglycemia
and its metabolic consequences [102]. This hyperglycemia contributes to the glycosyla-
tion of collagen structures, reducing bone flexibility. Advanced glycation end-products
(AGEs) accumulate in musculoskeletal (MSK) tissues, adversely affecting biomechanical
properties by altering charges and forming collagen cross-linkages. Such mechanisms are
linked to various T2DM-related MSD, including osteoporosis, osteoarthritis, sarcopenia,
tendinopathy, neuropathy, and joint stiffness [103]. Additionally, AGEs induce structural
changes in myofibrillar proteins of muscles, further impacting the MS system [100]. In-
tegrating psychosocial factors into this narrative, recent studies in adult mice exposed to
social isolation for four weeks showed significant reductions in bone quality, including
reduced bone mineral density [104]. This indicates an impact of psychosocial stressors on
MS health, further highlighting the intricate interplay between INS, psychosocial factors,
and the musculoskeletal system.

Under conditions of glucose overload, mitochondria experience an increase in ROS
production and oxidative stress (OS), which can significantly reduce ATP production [100].
In the context of hyperglycemia, mitochondrial fragmentation precedes ROS production
induced by high glucose levels. Hyperglycemia increases ROS production within approx-
imately 30 min, and fragmented mitochondria produce about 50% more ROS compared
to their filamentous counterparts in the same cell [2]. This might suggest an important
role of mitochondrial dynamics in ROS production and suggests the potential effects of
psychosocial factors and INS on mitochondrial function and subsequent MSD.

ROS can both activate and repress the nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-«B), signaling in a phase- and context-dependent manner [105]. This
factor plays a pivotal role in driving the increased expression of inflammatory cytokines
and chemokines, exacerbating inflammation [106]. This inflammatory response further
contributes to the cycle earlier described and MS deterioration seen in T2DM. Muscle
cells, with their relatively high-energy demands, possess a notably high concentration of
mitochondria to meet these demands [107]. As such, IR and impaired glucose uptake,
but also more chances of high ROS levels in SM, contribute to a spectrum of adverse
conditions, including mitochondrial dysfunction [100]. Indeed, in the SM of individuals
with IR or T2DM, mitochondria tend to be smaller and fewer [20,108]. This mitochondrial
insufficiency in SM correlates with decreased muscle performance, reduced mobility, and
increased susceptibility to frailty and muscle atrophy [5].

Additionally, a recent review from 2024 reports elevated production of lipid interme-
diates such as diacylglycerol (DAG) and ceramides, as well as pro-inflammatory cytokines
resulting from intramyocellular lipid deposition. Moreover, the myomitokine GDF15 is
extensively studied as a biomarker for various diseases, including those affecting the MSS,
further emphasizing the wide-ranging impacts of IR, mitochondrial dysfunction and its
subsequent transduction substances such as mitokines [83].

Following the cascade of IR and mitochondrial dysfunction, mitochondrial abnormal-
ities significantly influence muscle and multisystem diseases through various intercon-
nected mechanisms. Mitochondrial defects can lead to muscle diseases due to a loss of
oxidative phosphorylation (OXPHOS), abnormalities in mitochondrial dynamics, atypical
mitochondrial structures, and morphologies, disrupted energy metabolism, mitophagy,
and apoptosis [109]. Specifically, certain mitochondrial mutations or dysfunctions have
been identified and as triggers for muscular dystrophy [106]. The literature describes that
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in SM fibers, mitochondria are strategically positioned between myofibrils, encircle the
nucleus, and are densely packed within the sarcolemma [110]. Dysfunction often originates
from the loss of structural integrity during Mitochondrial Outer Membrane Permeabiliza-
tion (MOMP) and Mitochondrial Inner Membrane Permeabilization (MIMP), which are
typically triggered by the activation of BAX and BAK proteins [111]—earlier elucidated
as effectors of INS pathways. Such events lead to the release of mitochondrial byproducts
such as cytochrome ¢ (CYTC), apoptosis-inducing factor (AIF), caspase-9, and Ca?" into
the cytosol, thereby initiating programmed cell death pathways [106]. Mitochondrial de-
fects or abnormalities can precipitate muscle and multisystem diseases through various
mechanisms, notably including dysregulated Ca?* signaling [106]. SM mitochondria play
a crucial role in the storage and regulation of Ca?*, essential for maintaining cellular func-
tions [107]. Marchioretti and colleagues show in their study on skeletal muscle of mice
and patients that dysfunctions such as excitation—contraction coupling (ECC) deregulation
and impaired mitochondrial respiration often precede shifts in muscle force, Ca?* imbal-
ances, and the breakdown of triad structures. Ca?* overload, resulting from leakage from
the sarcoplasmic reticulum (SR), impaired Ca?* reuptake into the SR, or increased Ca?*
influx through the cell membrane, can activate Ca?*-dependent proteins such as calpains,
which then degrade intracellular proteins, cellular membranes, and nuclear DNA [112]. A
study in mice demonstrated that intramuscular injections of allogenic mitochondria from
healthy animals into the hind limbs of mdx mice alleviated SM damage and reduced Ca?*
deposits [113]. Additionally, high glucocorticoid doses, often associated with stress and
subsequent IR, are known to influence mitochondria in a biphasic manner with high gluco-
corticoid doses reducing Ca®* buffering capacity, increase ROS production, and heighten
susceptibility to cell death [35], which is confirmed as well in an in vitro study [114]. Re-
search further shows that IR and T2DM are associated with dysregulated Ca** homeostasis,
with higher serum Ca?* levels correlating positively with fasting blood glucose and the
IR index in humans [115]. The regulation of mitochondrial Ca?* is particularly significant
in excitable cells such as skeletal and smooth muscle, where insufficient mitochondrial
Ca®* uptake can impair cell function, while Ca* overload may lead to cellular injury and
apoptosis [116]. Notably, an in vitro study showed that, compared to smaller fragmented
mitochondria, larger tubular mitochondria in the same cell exhibit similar Ca* uptake
rates but recover more quickly, highlighting how mitochondrial dynamics influence their
capacity to modulate Ca?* levels and buffering [117].

Furthermore, macrophages within SM exhibit significant phenotypic diversity, adapt-
ing their behavior by switching between M1 and M2 phenotypes in response to environ-
mental changes [118]. A recent review explains that macrophages are not only crucial
for tissue homeostasis and the response to injury but are also linked to IR in SM. The
concentration of macrophages in SM is intricately linked to INS sensitivity; a negative
correlation exists, where higher macrophage presence often signifies lower INS sensi-
tivity [119]. Mitochondrial metabolic alterations significantly influence gene expression,
leading to varied responses in immune cells. Specifically, M1 macrophages, which are
compromised in their ability to complete the tricarboxylic acid (TCA) cycle, tend to adopt
a pro-inflammatory state. In contrast, M2 macrophages engage in (3-oxidation, exhibit-
ing anti-inflammatory responses, highlighting their role in maintaining homeostasis and
promoting healing [120,121]. During the healing of tendon injuries in mice, tendons of
T2DM mice exhibit an increased expression of markers associated with pro-inflammatory
M1 macrophages, alongside a prolonged and elevated expression of markers for anti-
inflammatory M2 macrophages, which are involved in the decomposition of the extracellu-
lar matrix (ECM) [122]. The dysfunction of mitochondria can lead to an accumulation of
metabolites, which in turn promotes a shift toward pro-inflammatory M1 phenotypes. This
shift is pivotal in the context of SM IR, where macrophages play a significant role [118].

Additionally, recent studies in humans have identified a link between mitochondrial
dysfunction and INS sensitivity in conditions like fibromyalgia (FM), indicating that sim-
ilar INS and mitochondrial impairments could be underlying factors in various MS and
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metabolic disorders [123]. A review summarizing studies in animals as well as a few
in humans describes that hyperglycemia-induced aberrant levels of INS or INS growth
factors (IGF) may lead to neuropathic complications, intensifying pain through mecha-
nisms such as central sensitization. Commonly, neuropathic joints manifest in the foot and
ankle of patients, and conditions like diabetic polyneuropathy and rheumatoid arthritis
(RA)-associated pain are complications [124]. Oxidative stress, driven by elevated ROS and
prolonged hyperglycemia in T2DM, is known to contribute to nerve damage, which plays
a role in the development of diabetic neuropathy. The latter might manifest as pain [125].
Alternatively, these effects can be mediated indirectly through mitochondrial damage and
heightened inflammation [126]. This dynamic might ultimately illustrate how psychoso-
cial ‘pain’, via INS and mitochondria, can exacerbate physical pain and possibly lead to
additional complications at the physiological level.

2.7.2. Type 2 Diabetes Mellitus with Neurodegeneration

People suffering from Type 2 Diabetes Mellitus (T2DM) often experience a cluster of
symptoms, including pain, chronic fatigue, depression, and circadian disruptions [127].
Besides the role of the musculoskeletal (MSK) system, these health issues likely share
another common factor: hippocampal atrophy [128]. The hippocampus is particularly
vulnerable to uncontrollable stress [129]. Research in rats has shown for the first time that
social defeat exposure, psychosocial threat of attack, and severe psychological stress are
combined with divergent structural remodeling of dendrites in hippocampal neurons [130].
Furthermore, another study in rats indicated that the rhythmic expression of the hippocam-
pal transcriptome, as well as the circadian regulation of synaptic plasticity, was misaligned
with natural light/dark circadian-entraining [131].

A human study showed changes in the structure, perfusion, and function of the
hippocampus in T2DM [132]. Moreover, IR-induced abnormalities in the hippocampus
of obese/T2DM patients include inflammatory stress, oxidative stress, mitochondrial
stress, and increased generation of advanced glycated end products [133]. Meanwhile, the
hippocampus is particularly vulnerable to uncontrollable stress [129], such as emotional,
cognitive, social, and metabolic stress, showing another example of how T2DM and its
diverse set of complications could be seen in light of the socio-psycho-biological framework.

Altogether, SM exhibits remarkable adaptability to changing metabolic demands, a
characteristic that extends to its response to psychological stressors [134]. Indeed, emerging
research in human peripheral tissue supports a hypothesis that mitochondria within SM
might be integrators of these adverse experiences, effectively linking metabolic responses
with broader social and environmental factors [5]. This adaptability can be explained by
looking at muscles, the brain, INS and psychosocial factors, from an evolutionary point of
view, as we will attempt hereafter.

Under normal physiological conditions, SM is responsible for approximately 80% of
postprandial glucose uptake [135]. However, in the presence of IR, this process is inhibited
as the IS prioritizes its own energy needs, described as acting ‘selfishly’ [136]. This shift
in glucose allocation might be a strategic response by the IS to harness more resources
during periods of stress, reflecting an evolutionary mechanism designed to enhance sur-
vival. Consequently, IR might redirect glucose away from SMs towards immune functions,
supporting the body’s immediate defense mechanisms but leading to reduced glucose
availability for muscle activity. For this reason, muscle has been referred to as the ‘forgotten’
organ of the IS [137]. This adaptation, while beneficial in short-term immune responses,
might lead to chronic MSDs and chronic pain if the IS remains continuously activated
without actual threats, as is often the case with modern psychological stressors [138]. The
same goes for the brain. While the brain and immune system might be the only two
systems that can dominate all others by extracting resources, including glucose, the selfish
immune system has been hypothesized to have the capacity to override the selfish brain.
The adagio ‘prima vivere e dopo filosofare” (first live and then philosophize) summarizes
this situation well [30]. In times of stress, inhibiting the hippocampus’s function of regulat-
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ing the hypothalamus—pituitary—adrenal (HPA) axis might be beneficial. This inhibition
facilitates the release of energy-demanding substances necessary for an immediate stress
response. However, when the stressor becomes chronic, as is often the case with modern
life stressors, prolonged activation of the HPA axis can have detrimental effects. One
significant consequence is hippocampal atrophy, which might impair cognitive functions
and overall brain health [139].

Although clinical studies are necessary and the jury remains out, the above emphasizes
the importance of further investigating the psychosocial factors in the treatment of type 2
diabetes mellitus (T2DM) and the relevance of taking its interrelated evolutionary biology
into account while designing prevention as well as treatment protocols for T2DM and
other INS implicated conditions. It underscores the need for further research towards an
integrative treatment approach in T2DM and highlights the importance of future research
to deepen our understanding of the evolutionary-determined socio-psycho-biological
cascade. This includes examining the interconnected mechanisms of psychological factors,
insulin resistance, mitochondrial dysfunction, and T2DM with musculoskeletal- and /or
neurological complications, as well as the role of evolutionary expectations. The latter will
be further elaborated on in the following section.

3. Discussion: Zooming Out the Microscope on INS-Implicated
Diseases and Treatments

This article has explored the socio-psycho-biological framework and INS’s potential
place herein. Hereafter, we will theoretically explore interventions and possible parame-
ters that might have an impact at different layers in the proposed socio-psycho-biological
framework, and specifically INS, considering its evolutionary origins, enabling the explo-
ration of an integrative approach towards mechanisms involved in T2DM with MSD and
neurodegeneration. It needs to be highlighted that it remains a theoretical exploration;
further studies are needed to validate the theoretical framework proposed throughout this
article and the following paragraphs.

3.1. Expectations of Evolution

Evolutionary medicine suggests that many chronic diseases might stem from a mis-
match between our evolved bodies and modern human-induced environments [140]. This
theoretical framework, combined with the previously proposed model of insulin (INS) as
a social substance within the MIPS, is used to explore interventions at multiple levels of
this model, as well as methods for measuring their effectiveness, altogether providing a
theoretical yet comprehensive overview to guide future research.

Within the evolutionary framework, we assume the existence of ‘expectations of evo-
lution’, which we define as the set of conditions, behaviors, and environmental factors
that human bodies have evolved to thrive under, based on the selective pressures experi-
enced by our ancestors. By aligning interventions with these ‘evolutionary expectations’,
we might potentially enhance health outcomes by addressing the root causes of these
mismatches.

Within the definition ‘expectations of evolution” we distinguish between evolutionary
stressors and evolutionary buffers. Interventions based on stressors are challenges that
required adaptation for survival and often had beneficial effects on health through hormesis.
Evolutionary buffers, on the other hand, are natural factors that were consistently present
in the environment and are essential for optimal functioning and health.

It is important to note that the applications of the theory of evolutionary mismatch
might have limitations and should be used with caution, considering that ancestral con-
ditions should not be oversimplified [141]. Careful monitoring and scientific research are
necessary to address these concerns and prove the use of this theoretical framework.

117



Biomedicines 2024, 12, 2539

3.2. Evolutionary Stressors

We propose resilience to embody a system’s capacity to adjust to alterations, encom-
passing both tolerance and adaptability to a spectrum of stresses—spanning physical,
chemical, biological, and psychological domains. Mitochondria, pivotal entities in both
health and disease paradigms, emerge as principal focal points in hormetic methodologies,
commonly referred to as mitohormesis [142]. These strategies aim to fortify mitochondrial
resilience, fostering what has been termed mitoresilience [143]. Hormesis is characterized
by a biphasic dose-response to specific mild stressors, such as fasting, intake of polyphe-
nols, exercising, physical and chemical stress, and mental engagement [143]. These stimuli
elicit beneficial cellular metabolic pathways influenced by INS signaling (INS), such as the
down-regulation of mTOR and IGF-1 [143].

Coping with ‘ancient mild stress factors’—including intermittent fasting, exposure
to diverse environmental stresses like cold, heat, hypoxia, and hypercapnia, alongside
strategies such as calorie restriction and time-based food intake—has shown significant
impacts on various mitochondrial parameters and INS levels [64,144]. This has been
demonstrated in a study on human subjects who followed a 10-day protocol including a
combination of ‘ancient stress factors” and hermetic interventions. This study showed an
improvement in anthropometrics and metabolic indices, including INS [145].

In the context of T2DM with metabolic syndrome (MS) and hippocampal atrophy,
aerobic training has been shown in a clinical trial of 100 patients with T2DM to increase total
and right hippocampal volume and protect cognitive function [146]. Exercise also induces
adaptations in the MSS, which is beneficial in the prevention and treatment of T2DM [147].
Implementing a ‘ketogenic status’, intermittently steering the system in and out of ketosis,
has also demonstrated benefits. Recent studies have shown a ketogenic diet to improve
muscle mass and function in mice [148] and influence brain gene expression involved in
neurodegenerative disease in T2DM mice [149]. An intervention study in nine patients with
T2DM showed that cold acclimatization improves skeletal muscle insulin sensitivity by 43%,
comparable to the effects of exercise training [150]. In a recent study in mice, cold exposure
was shown to affect the brain peptidome and gut microbiome [151]. A study involving
14 patients with T2DM showed that therapeutic intermittent hypoxia influences multiple
mechanisms in T2DM, including blood glucose regulation [152]. Although nutritional
interventions have been extensively studied, breath work and temperature interventions,
with their diverse forms and mechanisms, remain less systematically explored. Their
specific effects on T2DM with MSD and neurodegeneration warrant further research.

It is important to mention there are critics of hormesis and subsequent interventions as
well. There seems to be controversy on the interpretation and a lack of standardization, such
as the definition and application of hormesis, leading to inconsistent use across different
studies and contexts. There seems to be individual variability of the responses to doses,
the biological mechanisms are not yet fully understood, and there is a dependence on the
context, making it difficult to generalize findings [153]. To rectify the uncertainties, further
research is needed in both healthy and specific populations such as T2DM patients, and
careful monitoring with tools (such as HRV), which are discussed later, could improve
these uncertainties.

3.3. Evolutionary Buffers

In addition to stressors, there is another category we propose to introduce as ‘evo-
lutionary buffers’—factors that have been consistently present during evolution. An
example is varied food intake, which has been shown to improve INS sensitivity and
mitochondprial health.

The plant diversity of homo sapiens’ early diet was composed of over 3000 species [144].
Low nutrient variety is apparent in modern life where people eat an average of twenty ingre-
dients or fewer, which is associated with several chronic diseases, including T2DM. Perhaps
the most intruding factor of food variety is provided when the food is fermented [144].
Indeed, a study including in vitro and in vivo experiments in a variety of human cell types
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shows the activation of Nrf2 cell defense pathways by ancient foods, including fermented
vegetables [154], as well as fermented vegetables and spices as NRF2-induced enzyme
agonists [64] influencing mitochondria. Another literature study summarizes in vitro and
in vivo and clinical studies about the antidiabetic properties of fermented foods [155].
Another case-control study has shown that a higher dietary diversity score might diminish
the odds of complications in T2DM [156].

Another evolutionary support might be the maintenance of a healthy circadian rhythm.
The circadian timing system includes a central clock in the suprachiasmatic nucleus (SCN)
and tissue-specific clocks in peripheral tissues [157]. Desynchronization between the central
and peripheral clocks is linked to a higher incidence of insulin resistance (IR) and related
diseases [158]. A cross-sectional study in patients indicated that disruptions in the circadian
clock may be linked to the disruption of several mechanisms and conditions mentioned
earlier, including desynchronization of the SNS and the HPA-axis, IR but also mitochondrial
dysfunction and chronic musculoskeletal pain and hippocampal atrophy [159]. Evidence
from experimental animal studies as well as controlled human subjects has shown that sleep
deprivation and circadian misalignment can both directly drive metabolic dysfunction,
possibly causing diabetes [160]. A recent review summarizes that sleep interventions
such as sleep education and cognitive therapy have been shown to improve glucose
homeostasis [161]. Also, stimulus control, sleep restriction, relaxation and sleep hygiene,
as well as bright light therapy and timed melatonin administration are currently being
studied with a focus on their effects on glucose metabolism [162]. While there are studies
showing the benefits of sleep interventions in T2DM, research is still in its infancy and more
research is necessary [163]. A newly proposed circadian rhythm-based intervention might
be photobiomodulation (PBM). A recent randomized controlled trial has shown the impact
of photobiomodulation of circadian variation in blood pressure, pain pressure threshold
and elasticity of tissue as well as improvement in musculoskeletal and neuropathic pain in
fibromyalgia (FM) patients [159], a condition in which IR is thought to play a role, with FM
being a common comorbidity in individuals with T2DM [164].

A recent systematic review describes that the hippocampus has a unique metabolism
requiring high energy for optimal function, especially in humans. PBM is proposed to
upregulate mitochondrial activity. It also reports the improvement of self-efficacy and pain
catastrophizing, as well as psychological factors [165]. Thereby, PBM, including transcranial
PBM, has been suggested to enhance neuronal bioenergetics, cerebral blood flow, oxidative
stress, neuroinflammation, neural cell survival, neurotrophic factors, neurogenesis, and
brain circuit functions [166]. A study in sleep-deprived mice shows improvement of
hippocampal function by the use of PBM [167]. This, in turn, regulates the central nervous
system and, subsequently, the peripheral nervous system, which via the earlier discussed
cascade could improve central and peripheral sensitization symptoms in individuals with
DMT2 with MSD and chronic pain [168]. An RCT, in 34 patients with major depressive
disorder, showed that using hyperthermia (WBH) in individuals with depression might be
effective [169]. WBH improves IR as well [170]. Similarly, whole-body PBM has recently
shown promising results in an RCT, reducing pain and improving quality of life, as well as
psychological factors like kinesiophobia, pain catastrophizing, and self-efficacy in patients
with fibromyalgia [171]. The proposed underlying mechanisms in T2DM might be similar,
ultimately promoting hippocampal neurogenesis; however, further research is necessary to
confirm this hypothesis. PBM, thus, could be a valuable treatment modality, emerging as a
promising multifactorial intervention [171] spanning a major part of the extended MIPS
model and fitting into the evolutionary framework as per the evolutionary mechanisms of
photon-biological tissue interactions. As it is improving psychological factors, as well as
multiple mechanisms in the previously proposed model, it is therefore a valuable option in
the treatment of T2DM with MSD. It also shows the potential of modern technology being
able to fulfill evolutionary expectations.

As discussed earlier, human physiological responses still mirror those of our ancestors,
even though modern ‘threats’ like academic exams do not require physical action.
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Indeed, a meta-analysis shows that these threats can lead to physical consequences as
if the stressor should be solved by movement [172]. This might suggest that movement
could serve as a buffer, aligning with the system’s evolutionary design to release built-up
energy after a threat or as a signal to move away to avoid becoming prey [173]. Although
humans evolved for regular physical activity, they were also selected to avoid unnecessary
exertion due to energy limitations in early environments. This creates a paradox: despite
the known health benefits of exercise, people tend to avoid it unless it is either necessary
or enjoyable. To overcome this inertia, but also to facilitate movement as an intervention
in conditions where INS is implicated, nudging and altering environments might be of
importance, making it more integrated into daily life as it was for our ancestors [173].

Given the integrative nature of the socio-psycho-biological framework, the focus of this
study and discussing evolutionary expectations, the recognition of the role of psychosocial
factors and subsequent interventions in shaping glycemic control and overall health may
be the most important.

A systematic review, as well as a systematic review and meta-analysis, demonstrated
the effectiveness of mindfulness-based interventions (MBI) in enhancing glycemic control
for individuals with T2DM [174,175]. These interventions, which include mindfulness-
based stress reduction (MBSR) and mindfulness-based cognitive therapy (MBCT), not
only improve glycemic control but also enhance psychological well-being, illustrating the
profound interaction between psychological health and metabolic regulation mediated by
INS as a social substance [175]. As the included studies sometimes lack methodological
quality, further research is necessary to elucidate the effects of MBL

Similarly, yoga might support autonomic balance, vagal modulation, hormonal regu-
lation, and glycemic control through mechanisms that involve neurophysiological, neu-
roendocrinological, and psychophysiological systems [176]. These systems are intricately
connected with INS’s role in cellular signaling and energy metabolism, further emphasizing
the substance’s broad impact on health beyond its traditional metabolic functions [176].

Additionally, an RCT on Baduanjin, a form of Qigong, shows promising results in
preventing and improving hyperlipidemia, primarily by promoting glucose decomposition
and consumption. This practice might not only improve the psychological state but also
relieve anxiety and depression, spread knowledge of health maintenance, and change
dietary customs, demonstrating the possible wide-reaching effects of lifestyle interventions
on INS-related pathways [177].

Mindful exercise programs such as Tai Chi, Qigong, and yoga might provide long-term
benefits for chronic pain management, particularly in conditions like fibromyalgia [177,178].
They offer pain relief while improving glycemic control.

A randomized controlled pilot study suggests that Qigong may serve as a possible
complementary therapy for individuals with T2DM, providing a holistic approach to
managing this condition through INS modulation and psychosocial improvements [179].

A prospective study in 100 patients with T2DM shows that diaphragmatic breath-
ing and systematic relaxation techniques, when practiced consistently, can amplify the
effectiveness of conventional medication and enhance glycemic control and mental health
in T2DM patients [180]. By influencing the autonomic nervous system, these practices
optimize heart rate variability (HRV) and reduce diabetes distress.

A prospective mediation study in 440 diabetes patients (both type 1 and type 2)
showed that meta-cognitive beliefs (such as ‘worrying about the future keeps me prepared’
or ‘worry is uncontrollable’) are associated with anxiety as well as depression and T2DM.
Metacognitive beliefs predict rumination and psychological distress independently of
illness representations in adults with T2DM [181]. This suggests that metacognitive therapy
might be an effective complementary intervention.

The literature describes that faith-based interventions (FBIs) involve leveraging per-
sonal resources like knowledge, self-efficacy, spiritual beliefs, and symptom management
skills to promote self-management attitudes (dieting, exercising, emotion regulation) and
integrate health with spirituality. FBIs might provide an important framework for enhanc-
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ing T2DM management through increased social support, strengthened spiritual beliefs
and cognition, and improved emotion regulation [182].

Furthermore, psychoeducation about emotions and their evolutionary significance
might be an interesting avenue to explore, addressing the psycho-socio-biological frame-
work for conditions where INS is implicated. Emotions like fear, stress and loneliness
trigger physiological and behavioral responses designed to protect and guide the organ-
ism [183]. By understanding emotions from an evolutionary standpoint, interventions can
be aligned with our biological and psychological needs—an example being loneliness.

Early in human history, survival and prosperity depended on banding together—in
couples, families, or tribes—for mutual protection and assistance. The pain of loneliness
served as a prompt to renew social connections necessary for survival, fostering social trust,
cohesiveness, and collective action. Although loneliness can feel like a negative emotion
without value, it may have evolved as an aversive state, similar to hunger or pain, to drive
behavior change [184]. This understanding of emotional drivers—of which loneliness is
one of multiple examples—can offer actionable insights for individuals managing INS-
implicated diseases, as psychoeducation empowers people to recognize emotional states
and make informed decisions. This, in turn, might support immune function and overall
health [184]. This can inform as well on the need of mindfulness interventions or support
networks and social interventions, which will be discussed hereafter.

Lastly, it has been suggested for decades that social networks are causally related to
disease and mortality risk, and tribe/clan interventions have been recognized as important
in the improvement of mitochondrial health [64]. Social interactions are fundamental
human needs, and the literature suggests that humans have evolved the need for social
connection [185]. Ignoring these evolutionary expectations might impair the IS and di-
minish INS’s efficacy. However, this field of research and its potential for implementation
into T2DM care is still in its infancy. Research indicates that social networks play a crucial
role in the prevention of T2DM. Social ties significantly influence individuals’ perceptions,
behaviors, and norms related to health behaviors, highlighting the importance of incorpo-
rating social networks into lifestyle interventions and T2DM management [186]. While this
field is emerging, there is a notable need for more detailed studies that assess the specific
benefits of integrating social networks into health interventions. However, as discussed
earlier, there is strong longitudinal evidence that social isolation, particularly in men, and
a general lack of social support in both genders are associated with an increased risk of
developing T2DM [187]. The literature suggests that insufficient social support is linked
to a heightened risk of severe T2D complications and that social support can significantly
enhance T2DM self-management efforts [186].

Social support might serve as a crucial buffer in T2DM, promoting glycemic control.
Social network intervention showed improved integration of patients within their existing
networks, leading to a greater reduction in HbAlc and blood glucose, as well as improved
behavior-mediating outcomes, as described in a prospective observational study [188].

We propose that in an environment with evolutionary expectations, such as acute
stressors and evolutionary buffers proposed in this study, even individuals carrying genes
that contribute to diabetes when food is plentiful and sedentary lifestyles are common,
are less likely to develop DMT2. However, further studies need to be carried out to prove
this hypothesis.

As an outcome measure, building upon the concept of mitoresilience previously dis-
cussed [143], we propose introducing ‘insulin resilience” as an additional dimension within
the psycho-social-biological framework aimed at addressing insulin-related conditions.
This concept shifts the perception of INS from being merely a culprit in disease to a benefi-
cial player in health management. By focusing on INS resilience, we could improve health
communication with health-enhancing messages that align with the theory of regulatory
focus [189].

The term ‘INS resilience” aligns well with proposed interventions designed to be
health-promoting rather than merely treating disease or IR. However, it is important to
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note the limitations of regulatory focus theory, particularly its complexity in real clinical
settings and its relevance in the specific context of patients with T2DM [190]. Therefore, the
use of the term ‘INS resilience’ requires further research to fully understand its applicability
and impact in managing T2DM.

3.4. Complementary Tools to Measure the Impact of Interventions for Insulin Resilience

Furthermore, we advocate for the incorporation of Heart Rate Variability (HRV),
previously proposed as a parameter for mitoresilience and individual resilience, into this
comprehensive approach [143]. IR might be a hallmark of T2DM [56]. The literature states
IR is closely linked to the performance of the autonomic nervous system (ANS) [191].
A systematic review and meta-analysis mentioned that IR is closely associated with a
heightened sympathetic tone or vagal imbalance and reduced HRV values [192]. This
autonomic impairment might be due to hyperinsulinemia alone or with hyperglycemia,
potentially damaging peripheral nerves [193]. An observational study on overweight
individuals with IR exhibited increased central activation of the HPA during hypoglycemia
and showed that IR is a stronger predictor of the HPA response than obesity [16]. This
suggests that factors beyond the classical nutritional risk factors might play a role in IR,
which could support the hypothesis proposed in this article of INS functioning as—amongst
others—a social substance. HRV has shown a correlation with HbA1lc levels, suggesting its
potential as a possible metric for monitoring glycemic control [194].

A meta-analysis and review of HRV suggests that the current neurobiological evidence
informs HRV to be impacted by stress and supports its use for the objective assessment
of psychological health and stress [195]. A recent observational study on 197 participants
indicated that RSI—an HRV-based stress index—reacts to physiological changes related
to psychosocial stress and recovery [16,196]. HRV has emerged as an important tool to
measure the physiological response to stress, both in adults and children, as well as in
research fields of psychiatric conditions and biological psychology [197].

Lastly, there might be a connection between HRV and mitochondria, as explained in
a recent review from 2024. A bidirectional relationship seems to exist between the ANS
and mitochondria where autonomic activity is thought to directly impact mitochondrial
function, while mitochondria participate in and modulate ANS function and signaling [198].
Examples given are co-enzyme Q—a mitochondrial enzyme—enhancing ANS function
in healthy humans [199], while mitochondria-derived ROS might mediate sympathetic
activity [200]. Thereby, one of the first studies of a potential autonomic mechanism di-
rectly linking stress to mitochondrial dysfunction, which was a study in rats, showed that
chronic stress results in persistent sympathetically mediated effects that subsequently alter
mitochondrial function [201].

There are limitations on the use of HRV, and to the best of our knowledge, there
is currently no consensus on normal ranges for these parameters, neither for healthy
individuals nor for T2DM patients [197]. Furthermore, HRV is influenced by factors
beyond stress and autonomic function, making it challenging to isolate the impact of single
factors. For these reasons, the use of HRV in the specific context of this article requires
further research.

Given the heterogeneity in the etiology of T2DM [56] and the subsequent need for
personalized interventions and measurement tools, HRV emerges as a promising, afford-
able, and non-invasive tool. HRV shows sensitivity to psychosocial factors as well as
T2DM hallmarks and parameters related to mitochondrial health, making it a valuable
and complementary addition to existing clinical practices. Unlike parameters such as
HbA1lc and the Homeostatic Model Assessment (HOMA) index, which require professional
evaluation and may limit patients” self-management capabilities, HRV allows for regular
self-monitoring. This enables patients to actively participate in their health management,
facilitating more frequent measurements and tracking the impact of various interventions
on their condition.
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It might also allow validation of the theoretical framework and subsequent interven-
tions proposed in this article, given its sensitivity to IR, hyperglycemia, mitochondrial
health, and psychological stress factors. This comprehensive sensitivity supports measur-
ing the effects of personalized treatment methods, helping to detect trends and assess the
effectiveness of specific interventions for individual patients. This approach is especially
beneficial for patients seeking to actively engage in their self-care and therapeutic processes
and with their supporting healthcare professionals.

The proposed theoretical framework, as well as the interventions and measurement
tools proposed, needs further validation, and we, therefore, recommend quality research
to confirm the above. A full overview of our theoretical framework and subsequent
interventions can be found in Figure 3.

Evolutionary Buffers
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Figure 3. Evidence-based interventions within the mitochondrial information processing (MIPS)
framework can enhance insulin resilience, a newly proposed health outcome resulting from the
improvement of psychosocial factors and the implementation of evolutionary interventions. This
ultimately contributes to positive health outcomes in conditions such as Type 2 Diabetes Mellitus
(T2DM) with musculoskeletal (MS) problems and subsequent Chronic Non-Communicable Diseases
(CNCDs), where the occurrence of one chronic condition increases the likelihood of developing
additional diseases over time. Heart Rate Variability (HRV) is proposed as an additional parameter
in the diagnostic toolbox, alongside existing parameters.

4. Conclusions

This article proposed an expanded view of INS as a metabolic-socio-psychological
substance within the MIPS framework, suggesting its roles beyond metabolism, particularly
in cooperating with mitochondria in processing psychosocial factors into the biological
fabric. By exploring INS’s potential involvement in mitochondrial sensing, integration, and
transduction of psychosocial factors, we explored a theoretical framework that might link
INS to a broader socio-psycho-biological approach to health.

Additionally, we adopted an evolutionary perspective, considering how modern
psychosocial stressors may misalign with human evolutionary expectations. Mismatches
between ancient evolutionary stressors (such as acute physical threats) and modern chronic
stressors (such as social isolation or workplace pressures) might lead to chronic diseases,
including T2DM with musculoskeletal and neurological complications.

Conversely, we proposed that integrative interventions aligned with evolutionary
expectations—such as hormesis, intermittent fasting, physical exercise, breath work, and
environmental stress exposure—might improve insulin resilience. Evolutionary buffers
like diverse plant-based diets, fermentation, and maintaining circadian rhythms could also
support metabolic and mitochondrial health.

Modern therapies, including photobiomodulation (PBM), but above all, psychoso-
cial interventions such as mindfulness-based interventions, social network support and
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psychoeducation, meta-cognitive therapy and faith-based interventions, might offer inte-
grative approaches to managing INS-implicated conditions. To evaluate these interventions,
Heart Rate Variability (HRV) was proposed as a potential complementary diagnostic tool,
alongside traditional clinical markers like HbAlc and insulin sensitivity indices. HRV’s
sensitivity to psychosocial stress and metabolic changes suggests that it might be a useful,
non-invasive method for tracking intervention outcomes, especially in patients with T2DM
and related complications.

Ultimately, viewing INS as a social substance within the MIPS framework suggests
that addressing psychosocial factors and evolutionary expectations might be essential
in managing INS-related diseases. This comprehensive perspective could enhance our
understanding of INS beyond its metabolic functions and promote a more integrative,
evidence-based approach to chronic disease management. However, this theoretical frame-
work and the proposed interventions need further empirical validation through clinical
studies to assess their effectiveness and practical application.

By incorporating psychosocial, biological, and evolutionary components, future re-
search might focus on testing the proposed interventions and frameworks, with the goal of
creating more holistic approaches to managing T2DM and other INS-implicated conditions.
Addressing upstream psychosocial needs, alongside downstream metabolic processes,
might improve patient outcomes and treatment efficacy.
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HPA Hypothalamus-pituitary-adrenal axis
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IGF-1 Insulin-like growth factor 1
IGFIRs Insulin-like growth factor 1 receptors
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INR Insulin receptor
INSR/IGF1Rs Hybrid insulin receptors/insulin-like growth factor 1 receptors
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MAMs Mitochondria-associated membranes
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MSD Musculoskeletal disorders
MSDs Musculoskeletal disorders
MSK Musculoskeletal
MSS Musculoskeletal system
mTORC1 Mechanistic target of rapamycin complex 1
MYC Myelocytomatosis oncogene
Nicotinamide adenine dinucleotide (oxidized form)/
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NF-kB Nuclear factor kappa-light-chain-enhancer of activated B cells
OXPHOS Oxidative phosphorylation
PI3K Phosphoinositide 3-kinase
PGC-1a Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
PNI Psychoneuroimmunology
RAS Rat sarcoma
RAF Rapidly Accelerated Fibrosarcoma kinase
RCT Randomized Controlled Trial
ROS Reactive oxygen species
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SHLPs Small HN-like peptides
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Abstract: Diabetes mellitus (DM) and osteoarthritis (OA) are prevalent chronic conditions with
shared pathophysiological links, including inflammation and metabolic dysregulation. This study
investigates the potential impact of insulin, metformin, and GLP-1-based therapies on OA progression.
Methods involved a literature review of clinical trials and mechanistic studies exploring the effects
of these medications on OA outcomes. Results indicate that insulin, beyond its role in glycemic
control, may modulate inflammatory pathways relevant to OA, potentially influencing joint health.
Metformin, recognized for its anti-inflammatory properties via AMPK activation, shows promise in
mitigating OA progression by preserving cartilage integrity and reducing inflammatory markers.
GLP-1-based therapies, known for enhancing insulin secretion and improving metabolic profiles in
DM, also exhibit anti-inflammatory effects that may benefit OA by suppressing cytokine-mediated
joint inflammation and supporting cartilage repair mechanisms. Conclusions suggest that these
medications, while primarily indicated for diabetes management, hold therapeutic potential in OA
by targeting common underlying mechanisms. Further clinical trials are warranted to validate
these findings and explore optimal therapeutic strategies for managing both DM and OA comorb-
idities effectively.

Keywords: cartilage; insulin resistance; obesity; inflammation

1. Introduction

Diabetes mellitus (DM) encompasses a variety of disorders that all involve elevated
blood glucose levels. The current classification of DM is outlined, with a comparison of
the key characteristics of type 1 and type 2 diabetes. Additionally, the criteria for accurate
biochemical diagnosis during fasting and oral glucose tolerance tests, as well as the use
of hemoglobin Alc (HbAlc), are summarized. The rising prevalence of DM necessitates
targeted screening to identify diabetes and prediabetes in at-risk groups. This screening is
essential for the early implementation of measures to prevent the onset of diabetes and to
slow its progression in these groups [1]. The incidence of DM is rising quickly, often leading
to severe metabolic disorders and complications [2]. In recent decades, the prevalence of
DM has increased significantly in almost every country, and it can be regarded as a growing
epidemic. Urbanization and income status are key factors affecting current prevalence
rates, revealing notable differences among various population groups [3].

Type 1 diabetes mellitus (T1DM) is a significant subtype of diabetes, typically diag-
nosed in youth and characterized by insulin deficiency. The life expectancy of individuals
with T1DM has markedly improved over the past three decades due to the availability of ex-
ogenous insulin; however, it remains lower than that of the general healthy population [4].
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Type 2 diabetes mellitus (T2DM), a prevalent metabolic disorder, arises from two primary
factors: impaired insulin secretion by pancreatic 3-cells and the reduced responsiveness of
insulin-sensitive tissues to insulin [5].

The prevalence of obesity and DM has been steadily increasing worldwide. Both con-
ditions share significant genetic and environmental factors in their development. Obesity
enhances the impact of genetic predisposition and environmental influences on DM. The
abnormal growth of adipose tissue and the excessive accumulation of certain nutrients
and metabolites disrupt metabolic balance through insulin resistance, impaired autophagy,
and disturbances in the microbiome—gut-brain axis. This disruption leads to low-grade
systemic inflammation, which further destabilizes immunometabolism, accelerates the loss
of functional -cells, and gradually increases blood glucose levels. Due to these complex
connections, most treatments for obesity and DM affect both conditions [6].

Osteoarthritis (OA) is recognized as a degenerative joint disease marked by inflamma-
tion, chronic pain, and functional impairment [7]. OA is a progressive disease characterized
by cartilage degradation, subchondral bone remodeling, and synovial inflammation. The
disease is linked to factors such as obesity, mechanical load, and aging. Additionally, vari-
ous pro-inflammatory immune mediators influence the expression of metalloproteinases,
which play a role in cartilage breakdown. Genetic factors also contribute to the susceptibil-
ity to OA [8]. The prevailing understanding of osteoarthritis depicts it as a “comprehensive
joint ailment”, emphasizing the engagement of not just the articular cartilage but also the
synovium, subchondral bone, ligaments, and muscles. Obesity and metabolic syndrome are
linked to elevated levels of pro-inflammatory cytokines, heightened secretion of adipokines
possessing both protective and detrimental impacts on articular cartilage, an increase in
proteolytic enzymes like matrix metalloproteinases and aggrecanases, and a rise in free
fatty acids and reactive oxygen species prompted by dyslipidemia [9].

DM and OA are prevalent conditions expected to become even more common [10].
The coexistence of OA and DM is often coincidental, attributed to their high prevalence
and shared risk factors [11]. For instance, there is a well-established link between OA and
obesity, and most individuals with type 2 diabetes mellitus (T2DM) are also affected by
obesity [11,12].

However, there is a lack of information regarding the influence of various forms of
diabetes, along with the medications utilized for diabetes treatment, on the progression of
osteoarthritis. This review aims to address this gap to offer potential new treatment options
and a more comprehensive understanding of the underlying mechanisms. By exploring
these connections, this review could both clarify why these diseases often coexist, and also
aid in developing future treatments for patients.

2. Understanding the Coexistence of Diabetes Mellitus and Osteoarthritis: Pathogenic
Links and Therapeutic Consideration

Hyperglycemia is regarded as the primary instigator of joint deterioration by en-
hancing the production of advanced glycation end products (AGEs), which stimulate
chondrocytes and synoviocytes to generate pro-degradative and pro-inflammatory agents,
inciting a mild systemic inflammation that triggers local joint inflammation, exacerbating
OA progression in different joint components, and leading to neuromuscular impairments
that destabilize the joint and exacerbate OA symptoms [13].

In conditions of elevated extracellular glucose levels, the capacity to regulate glucose
uptake through the downregulation of glucose transporters is compromised in chondro-
cytes affected by OA. This leads to the buildup of glucose and increased production of
reactive oxygen species (ROS), fostering degenerative alterations and advancing the devel-
opment of OA [13-15].

2.1. Intersection of Type 1 Diabetes Mellitus and Osteoarthritis: Shared Mechanisms and
Therapeutic Challenges

Type 1 diabetes mellitus (T1DM) impacts 9.5% of the population and is marked by a
severe insulin deficiency, resulting in hyperglycemia and various systemic effects. TIDM
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is considered a potential risk factor for damage and loss of articular cartilage, which
could accelerate the onset of OA. The relationship between TIDM and OA remains largely
unexplored [16,17].

Furthermore, recent research investigating the relationship between TIDM and OA
has yielded conflicting findings, with some studies indicating a positive correlation while
others did not. One study conducted histological assessments of joints in TIDM and control
subjects, revealing that TIDM mice exhibited measurements of cartilage degeneration
consistent with mild OA characteristics. RNA sequencing analyses identified a notable
upregulation of genes associated with matrix-degrading enzymes in T1DM, which are
known to contribute to cartilage matrix degradation, suggesting their involvement in OA
development. Subsequently, the study examined whether preexisting TIDM affects the
development of post-traumatic OA following injury. Results at the 6-week mark post-
injury revealed that TIDM-injured joints exhibited considerably less cartilage damage
and joint degeneration compared to injured non-diabetic joints, indicating a significant
delay in the progression of post-traumatic OA. At a cellular level, an increased number
of cells expressing chondrocyte markers Col2al, Acan, and Cytll were identified in the
T1DM-injured group [17,18].

The significance of glucose metabolism and its derivatives, such as AGEs, sorbitol, and
diacylglycerol (DAG), in the pathogenesis of OA and DM is emphasized, as these deriva-
tives activate inflammatory pathways. The potential link between DM and OA is indicated
by the inflammatory response due to increased pro-inflammatory cytokine expression [19].
Recent research has illuminated immune cell populations’ temporal dynamics and activa-
tion statuses, including macrophages, localized within joints or originating systemically,
contributing to inflammatory responses in osteoarthritis. Their complex interactions may
explain varying pain and symptom manifestations observed during osteoarthritis exac-
erbations. Additionally, investigations into biological and environmental factors such
as exercise, age, and diet have explored their potential roles in mitigating or exacerbat-
ing osteoarthritis-related inflammation. However, despite these advancements, effective
disease-modifying treatments targeting inflammation in osteoarthritis have yet to be de-
veloped [20]. Mitochondrial dysfunction, characterized by impaired mitophagy resulting
in the release of mitochondprial reactive oxygen species (mtROS) and mitochondrial DNA
(mtDNA), plays a critical role in initiating inflammation in TIDM. This process involves
upregulating pro-inflammatory cytokines and engaging receptors akin to those involved
in pathogen-associated responses. Furthermore, mtROS and mtDNA activate pathways
that contribute to the progression of chronic inflammation, which is closely linked to au-
toimmunity in TIDM [21]. Therapeutic agents capable of influencing inflammation show
promise for both TIDM and OA.

2.2. Insulin Resistance, Obesity, and Osteoarthritis: Intersecting Pathways and
Clinical Implications

Obesity is linked to various diseases, particularly insulin resistance and T2DM.
Evidence-based studies indicate that adipose tissue (AT) is highly adaptable in its metabolic
functions, responding to the body’s energy needs and managing the balance between
fasting and feeding throughout the day. It also adjusts to long-term changes in energy
balance through tissue expansion and reduction [22-24]. This adaptability, especially the
ability to expand and contract, is crucial for AT health and overall metabolic balance,
and changes in these responses may contribute to the varying metabolic health seen in
people with obesity [25-27]. A significant discovery in mice revealed that AT produces
pro-inflammatory cytokines, which lead to insulin resistance, and that AT macrophages
accumulate in obese individuals, supporting the hypothesis that adipose inflammation is
a key driver of insulin resistance in obesity [28-30]. Although there is a marked increase
in inflammatory macrophages and pro-inflammatory protein gene expression in the sub-
cutaneous abdominal AT of individuals with metabolically unhealthy obesity compared
to those with metabolically healthy obesity, it remains challenging to determine if this
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inflammation is a cause or effect of insulin resistance [31-33]. Metabolically healthy obesity
denotes a state in which individuals possess excessive body fat without manifesting the
usual metabolic dysfunctions linked to obesity, such as insulin resistance, dyslipidemia,
or hypertension [34]. Metabolically unhealthy obesity is characterized by the presence of
metabolic dysfunctions such as insulin resistance, dyslipidemia, or hypertension in individ-
uals with excess body fat, indicating heightened health risks associated with obesity [35].

The concentration of free fatty acids associated with obesity and T2DM can negatively
impact pancreatic beta cells. Basal levels of plasma free fatty acids contributed to hyperin-
sulinemia in normoglycemic obese patients [36-38]. There is a strong link between obesity
and increased rates of free fatty acids in the bloodstream, which are then delivered to body
tissues [39-41]. Although numerous studies show that elevated plasma free fatty acid levels
are a significant cause of liver and muscle insulin resistance, conflicting data from real-
world scenarios challenge these findings. Several studies indicate that the breakdown of AT
triglycerides is highly sensitive to insulin [42,43]. Postprandial suppression of lipolysis and
plasma free fatty acid concentrations is generally similar in both lean and obese individuals,
as the greater postprandial increase in plasma insulin in obese individuals may compensate
for their increased fat mass [44-46]. The relationship between insulin resistance and obesity
remains complex and requires a clear understanding of the pathways linking T2DM to the
increase in inflammatory macrophages in subcutaneous adipose tissue.

Obesity is the most significant risk factor for the onset and progression of osteoarthritis,
with recent research highlighting additional contributing factors such as adipose tissue
accumulation, insulin resistance, and the misalignment of innate and adaptive immune
responses, wherein various inflammatory cells, particularly polarized macrophages and
their mediators, play a crucial role in the pathological changes of the synovial joint [37].
Obesity, a major and modifiable risk factor for osteoarthritis, not only increases mechanical
stress on tibiofemoral cartilage but also correlates with higher OA prevalence in non-
weight-bearing areas due to its role in systemic inflammation, driven by adipose tissue-
derived cytokines and adipokines like adiponectin and leptin, which regulate inflammatory
immune responses and contribute to elevated levels of pro-inflammatory cytokines such
as TNF-«, IL-1f3, and IL-6, produced by adipose tissue macrophages [47]. In individuals
suffering from knee osteoarthritis and exhibiting overweight or obesity, dietary adjustments
and exercise, when compared to an attention control group, resulted in a statistically
significant albeit modest reduction in knee pain over an 18-month period [48]. Nutritional
interventions can potentially impact adipose tissue mass and the secretion of inflammatory
mediators, which may, in turn, exert effects on other tissues in the body, including bone
and articular cartilage [49]. Emphasizing BMI in osteoarthritis research could potentially
perpetuate weight bias in clinical settings and exacerbate disparities in accessing effective
treatments for osteoarthritis [50].

2.3. Type 2 Diabetes Mellitus and Osteoarthritis: Synergistic Impact on Musculoskeletal Health
and Treatment Strategies

Numerous studies have documented the increased occurrence of OA in patients with
diabetes. Meta-analyses have confirmed an epidemiological link between T2DM and OA,
indicating that individuals with diabetes have a higher risk of developing OA [51-53].
However, the strength of this association can differ based on factors such as age, ethnicity,
duration of T2DM, body weight, and the specific joints affected by OA [54].

Various studies have shown a link between long-term T2DM and faster progression of
OA, with increased rates of synovial inflammation and joint pain [55,56]. This connection
is even stronger in younger diabetic individuals with hand OA, who are more likely to
develop the erosive form of the disease [57,58]. Interestingly, the relationship between
T2DM and OA appears to be bidirectional. A cohort study found that joint pain and reduced
mobility in the knee and hip, leading to a sedentary lifestyle, significantly increased the
risk of developing T2DM in individuals over 55 years of age [59,60].
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Traditionally, age-related joint degeneration and biomechanical stress from being
overweight were seen as the primary risk factors for OA in diabetic individuals. However,
recent advancements in understanding OA and T2DM have highlighted the influence of
systemic factors such as dyslipidemia, hyperglycemia, and inflammation—collectively
known as metabolic syndrome—that may directly contribute to OA. This has led to the
recognition of a new clinical phenotype called metabolic OA [61-63]. This form of OA
affects both load-bearing joints (like the hip and knee) and non-load-bearing joints (such as
the hand), indicating that factors beyond just biomechanical stress are at play [64,65]. T2DM
and OA are interconnected through the chronic systemic inflammation associated with
metabolic syndrome. Under hyperglycemic conditions, OA patients’ chondrocytes fail to
downregulate glucose transport [66-68]. High glucose levels trigger the production of ROS
in OA cartilage [69]. The catabolic activity of ROS generates inflammatory mediators like
IL-1p and NF-kB, which lead to chondrocyte degradation and apoptosis, thus damaging
the chondrocytes [70,71]. Additionally, OA chondrocytes in a hyperglycemic environment
express higher levels of matrix metalloproteinases than normal chondrocytes [72-74]. An
in vivo cohort study found that elevated fasting serum glucose levels are linked to increased
cartilage damage, indicated by bone marrow lesions and loss of tibial cartilage volume,
particularly in post-menopausal women compared to men [75]. This gender disparity
may stem from estrogen levels, which are known to have a protective effect on cartilage.
These findings highlight the detrimental effects of hyperglycemia on articular cartilage
and suggest that disrupted glucose metabolism may directly link OA and T2DM ([76].
Another harmful effect of hyperglycemia is the induction of AGEs [77,78]. The age-related
accumulation of AGEs in articular cartilage creates a pathogenic environment, leading
to symptoms of OA, such as stiffness and cartilage degradation. High glucose levels
in diabetics result in increased AGEs formation. AGEs and their receptor initiate the
inflammatory cascade, primarily through the production of pro-inflammatory TNF-oc and
the activation of the transcription factor NF-«B [79,80].

Human chondrocytes have functional insulin receptors that respond to physiological
insulin levels, but the expression and activity of these receptors are lower in OA chondro-
cytes compared to normal chondrocytes [81-83]. Insulin treatment increases the expression
of metalloproteinases-13 and IL-1f3, and reduces autophagy, a crucial homeostatic process,
in chondrocytes by decreasing LC3 Il expression and increasing phosphorylation of Akt and
rpS6. This suggests that the excess insulin seen in T2DM patients may harm cartilage and
contribute to OA [11]. Insulin is an essential negative regulator of synovial inflammation
and catabolism, so the development of insulin resistance in obese individuals would impair
insulin’s ability to suppress the production of inflammatory and catabolic mediators that
promote OA [84,85].

3. The Potential Impact of Diabetes Therapies on Osteoarthritis

The management of diabetes mellitus, particularly T2DM, often necessitates a mul-
tifaceted pharmacological approach to achieve optimal glycemic control and mitigate
complications. Insulin therapy, fundamental for both TIDM and advanced T2DM, com-
pensates for insufficient endogenous insulin production, helping to regulate blood glucose
levels with various formulations tailored to address basal and prandial needs. Metformin,
a first-line oral anti-hyperglycemic agent, enhances peripheral glucose uptake, decreases
hepatic glucose production through AMPK activation, and improves insulin sensitivity
while also reducing cardiovascular events and mortality. GLP-1 agonists mimic the incretin
hormone GLP-1 to enhance glucose-dependent insulin secretion, suppress glucagon release,
slow gastric emptying, and promote satiety, contributing to both glycemic control and
weight loss [86].

The primary objectives in managing OA include mitigating pain, improving joint
mobility, and maintaining overall joint function. Recent strides in comprehending OA’s
underlying pathophysiology have spurred investigations into a wide array of therapeutic
strategies, including advancements in tissue engineering, manipulation of the immune
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system, refinement of surgical techniques, and the development of pharmacological and
non-pharmacological treatments. However, despite these advancements, a definitive cure
for OA remains elusive, underscoring the need for personalized treatment approaches
tailored to the specific stage and manifestations of the disease [87]. Focusing on BMI in
osteoarthritis research has the potential to perpetuate weight bias within clinical practice
settings, influencing treatment decisions and patient outcomes based on weight alone. This
approach may exacerbate disparities in accessing effective treatments for osteoarthritis, par-
ticularly for individuals with higher BMIs who may face barriers to receiving optimal care.
Addressing these biases is crucial to ensure equitable healthcare delivery and improved
outcomes for all patients with osteoarthritis [50].

3.1. Insulin Use and Osteoarthritis: Evaluating Effects and Therapeutic Implications

It has been observed that insulin, either independently or in conjunction with inflam-
matory factors, can promote synovial inflammation during the advancement of osteoarthri-
tis. Insulin demonstrates significant capability in enhancing the inflammatory characteris-
tics of fibroblast-like synoviocytes (FLSs), increasing cell viability, and boosting the produc-
tion of inflammatory cytokines. Additionally, insulin fosters chemokine production and
augments macrophage chemotaxis. Moreover, insulin activates the PI3K/mTOR/Akt/NEF-
kB signaling pathway while concurrently inhibiting autophagy in FLSs. Data suggest that
preblocking three specific signaling pathways with pathway inhibitors in FLSs significantly
diminishes insulin-induced inflammatory responses. Furthermore, insulin is shown to
elevate levels of inflammatory cytokine receptors in FLSs, with PI3K/mTOR/Akt/NF-«B
signaling inhibitors capable of reversing this effect. Notably, insulin sensitizes synovial
inflammation mediated by inflammatory factors (including metalloproteinases production
and activation of intracellular signaling pathways). Collectively, these findings suggest that
insulin may exacerbate synovial inflammatory conditions, thereby contributing to the pro-
gression of OA [88,89]. Insulin might stimulate the generation of several pro-inflammatory
substances (such as interleukins, tumor necrosis factor-alpha, and metalloproteinase-13)
linked with OA [11]. In vitro studies have shown that insulin has the potential to hin-
der chondrocyte maturation and enhance cartilage degradation, thereby exacerbating the
pathological progression of OA [90]. It was indicated that the PI3K/AKT and mTOR
signaling pathways play a role in the pathophysiological impacts of insulin in OA [81,90].
NF-«B is responsible for regulating the expression of inflammatory factors and metallopro-
teinases within the joints, and it is widely recognized to have a crucial involvement in the
development of OA (Figure 1) [88,91,92].

The research has demonstrated that insulin can induce the loss of proteoglycan compo-
nents, and elevate levels of inflammatory cytokines and metalloproteinases in chondrocytes,
and these effects may be attributed to the inhibition of chondrocyte autophagy. Further-
more, clinical observations from this study revealed decreased autophagy in the knee
cartilage of diabetic patients compared to non-diabetic counterparts, evidenced by a sig-
nificant reduction in the expression of the autophagy-related protein LC3II. Notably, the
study unveiled that rapamycin, acting as an autophagy activator and an inhibitor of the
mTOR signaling pathway, can mitigate insulin-induced suppression of autophagy and
subsequent cartilage degradation [90]. The research has indicated that the biological effects
of insulin vary depending on the dose and the specific type of cell involved [93]. In addition
to the effects on FLSs observed in this study, insulin was also found to impact chondro-
cytes [90,93]. However, insulin’s role in chondrocyte differentiation has been reported to be
either promotive or inhibitory [93,94], thereby either improving or worsening cartilage de-
generation depending on its concentration [90]. Moreover, at the molecular level, insulin’s
influence varies significantly when its concentration is extremely high or low [95-97]. It
was discovered that low and supraphysiological insulin levels have varying impacts on ag-
grecan and proteoglycan synthesis in chondrocytes, likely due to different insulin receptors.
Additionally, it was found that high insulin levels (1 uM) decreased FoxO transcriptional
activity, while low insulin levels (0.1 uM) also reduced FoxO transcriptional activity in
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5795 sebocytes in vitro [97]. It was demonstrated that insulin selectively influences specific
downstream responses of the Akt pathway in a dose-dependent manner. Therefore, it
was concluded that varying insulin concentrations are linked to different mechanisms
of insulin action, which can modulate cellular responses [95,98]. Previous studies have
indicated that specific cellular responses can be triggered only by high concentrations of
insulin [99-101]. Collectively, these studies highlight that different effector cells involved in
the complex pathophysiological processes of various diseases exhibit distinct sensitivities
to insulin [99-101].
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Figure 1. Illustration depicting the multifaceted effects of insulin on immune cells (T cells and
macrophages), chondrocytes, and osteoclasts, emphasizing its regulatory role in immune response
modulation, cartilage maintenance, and bone metabolism. Th17—T helper 17 cells, Glutl—Glucose
transporter 1, mMTOR—mammalian target of rapamycin, MMP-13—Matrix metalloproteinase-13,
IL-13—Interleukin-1 beta, IL-8—Interleukin-8, PGE2—Prostaglandin E2, M1—M1 macrophages
(classically activated macrophages), M2—M2 macrophages (alternatively activated macrophages),
RANK—Receptor activator of nuclear factor kappa-B, RANKL—RANK ligand. Figure 1 has been
created in BioRender.com (accessed on 2 July 2024).

Immune cells require glucose for energy production [102]. Like adipose, muscle, and
liver cells, they have insulin receptors (IRs) on their surfaces [103,104]. Insulin, functioning
as a glucose-regulating hormone through IRs, also acts as a growth factor and cytokine
regulator, thereby influencing immune modulation [105-107]. Insulin influences the im-
mune response both indirectly by lowering glucose levels and directly by affecting immune
cells, impacting their proliferation and signal transduction [108,109]. High blood sugar
negatively impacts the immune system by causing cell stress and producing AGEs and
ROS, which trigger the release of pro-inflammatory mediators. Thus, insulin’s role in low-
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ering glucose can reduce “glucose toxicity” and cell stress, providing an anti-inflammatory
effect [110,111].

Insulin, beyond its metabolic role, exerts anti-inflammatory effects via PI3K/Akt
pathway activation, suppressing TLR4 signaling and NF-«B activity in leukocytes, thus
modulating immune responses and inflammation [112-114].

The precise regulation of insulin secretion by pancreatic 3-cells is crucial for main-
taining metabolic balance. -cell mass must dynamically adjust to metabolic demands
and can undergo significant changes in response to various conditions. The mTOR com-
plexes, specifically mTORC1 and mTORC2, play pivotal roles in modulating (3-cell mass.
In states of systemic insulin resistance, mMTORC1/mTORC2 signaling in 3-cells is essen-
tial for increasing (3-cell mass and enhancing insulin secretion. However, the failure of
these compensatory mechanisms contributes to the development of type 2 diabetes, high-
lighting the complex and still incompletely understood role of mTOR complexes in [3-cell
dysfunction [115,116].

Some studies indicate insulin’s potential pro-inflammatory role, affecting PMN leuko-
cyte functions without increasing ROS production [117,118]. Insulin reduces ROS produc-
tion in monocytes and dose-dependently inhibits tissue factor procoagulant activity via
regulatory mechanisms [119,120].

While IRs are found on the surface of B cells, monocytes, and resting neutrophils,
they are not present on resting T cells [121,122]. However, IR expression is significantly
increased on activated T cells [123,124], which is crucial for meeting the high glucose
demand necessary for T cells to achieve full effector functions. Insulin signaling in T cells
enhances their activation by promoting protein synthesis, glucose uptake, and amino acid
transport [123]. It was demonstrated in vitro that insulin shifts the response toward Th2,
reducing the Thl to Th2 ratio. This shift results in a change in cytokine secretion, with
a decreased interferon-gamma to IL-4 ratio and increased phosphorylation of extracellu-
lar signal-regulated kinase (ERK), one of the four MAPK signaling pathways [125,126].
Experiments on mice lacking IRs demonstrated impaired polyclonal activation of CD4+
T cells, as well as deficiencies in cytokine production, migration, and proliferation [127].
Similar impairments were observed in CD8+ T cells, which showed reduced cytotoxicity in
response to alloantigens. Studies on obese patients have shown that insulin resistance and
related disorders are characterized by a cytokine imbalance, with elevated levels of TNF-c,
IL-6, IL-13, CRP, and NF-«B [128]. Th17 and Treg cells are two subsets of CD4+ T cells that
share some developmental pathways but have different phenotypes and opposite functions.
Th17 cells are pro-inflammatory, while Treg cells are anti-inflammatory [129]. An altered
balance between Treg and Th17 cells is implicated in arthritis and other immune-mediated
conditions [130]. Activation of quiescent T cells occurs through the stimulation of the T
cell receptor (TCR) complex and the binding of the co-receptor CD28 to co-stimulatory
molecules (Acuto). TCR engagement triggers intracellular signaling via the ERK/MAPK
pathways, while CD28 signaling activates the PI3K-Akt-mTOR pathway [131,132].

PI3K-Akt signaling promotes glycolysis and increases the expression of glucose trans-
porter 1 (Glutl), thereby enhancing glucose uptake. Overexpression of Glutl facilitates the
differentiation of T follicular helper (Tth) cells, a T cell subset involved in B cell regulation,
which may contribute to autoimmunity in both type 1 diabetes and arthritis [133,134]. Ad-
ditionally, PI3K-Akt activation leads to mTOR activation, which supports the differentiation
of Th1, Th17, and Tth cells [135]. Moreover, mTOR can inhibit the formation of long-lived
Tregs while favoring effector Tregs [136]. Tregs lacking mTOR exhibit reduced frequency,
resulting in spontaneous activation of effector T cells and inflammation [137]. AMPK can in-
hibit cellular growth by suppressing the mTORC1 pathway [138]. Activation of AMPK and
disruption of mTOR signaling have been shown to reduce inflammation in experimental
arthritis. AMPK’s control over fatty acid metabolism can also influence cell fate decisions
in CD4+ T cells, particularly affecting the balance between Th17 and Treg lineages [139,140].
Additionally, growth factors like insulin, IGF-1, and IL-2 can stimulate PI3K-Akt-mTOR sig-
naling. Insulin and insulin-like growth factors (IGFs) utilize common PI3K-AKT-mTOR and
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RAS-RAF-MEK-ERK pathways. Activation of IGF-1 receptor (IGF1R) promotes Akt-mTOR
signaling, enhances glycolysis, and favors Th17 differentiation, impacting inflammatory
processes such as arthritis through IL-6 modulation [141].

In insulin resistance, Akt signaling becomes impaired, leading to the hyperactivation
of mTORC1 and increased glycolysis. This heightened glycolysis in macrophages impacts
their responses to pathogens and danger signals [142]. Insulin significantly boosts the LPS-
dependent expression of IL-13 and IL-8, as well as the induction of enzymes involved in
prostaglandin E2 (PGE2) synthesis by macrophages [143]. Both in vivo and in vitro studies
suggest that insulin restores phagocytosis and promotes phagocytosis-induced apoptosis
in neutrophils. Additionally, insulin treatment prompts macrophages to transition from an
M1 to an M2 polarization state [142].

Previous research has highlighted the significance of insulin signaling in the biology
and pathology of the joint, particularly in its ability to regulate bone architecture by
affecting osteoblasts and osteoclasts [144-146]. In vitro experiments have shown that
insulin increases IR expression and stimulates cell proliferation and differentiation in MG-
63 cells through the MAPK and PI3K pathways, leading to enhanced alkaline phosphatase
activity, secretion of type I collagen, and expression of osteocalcin [147,148]. Activation of
mTORC1 by insulin-like growth factor 1 (IGF-1), released during bone resorption, promotes
osteoblast differentiation of mouse bone marrow stromal cells (BMSCs), playing a critical
role in the transition from pre-osteoblasts to mature osteoblasts [149,150].

However, insulin also affects osteoclasts. Through the ERK1/2 pathway, insulin
upregulates receptor activator of nuclear factor-kB (RANK), contributing to enhanced
osteoclast differentiation by RANK ligand (RANKL) [151]. The precise effects of mTORC1
on osteoclasts are not fully understood. Deletion of raptor, leading to mTORC1 inactiva-
tion in osteoclast precursors, or activation of mMTORC1 by deletion of tuberous sclerosis
complex 1 (Tscl), can, respectively, increase or decrease osteoclastogenesis. Mechanisti-
cally, this is attributed to mTORC1’s inhibition of NF-kB and nuclear factor of activated
T cells 1 (NFATc1), both critical transcription factors for osteoclastogenesis [152]. Further-
more, RANKL-dependent osteoclastogenesis is impaired in Tscl-deficient bone marrow
macrophages, where TSC1 negatively regulates mTORC1 [153]. It was suggested that
mTORCI inhibition by rapamycin treatment or genetic deletion suppressed in vitro osteo-
clast differentiation, which was rescued by upregulation of the mTOR downstream target
S6K1 [154].

Insulin resistance and hyperinsulinemia have been implicated in the development of
OA and metabolic syndrome [155,156]. In human chondrocytes, insulin dose-dependently
activates the mTOR signaling pathway and phosphorylates Akt, resulting in impaired
cellular autophagy, a crucial mechanism for removing and degrading damaged intracel-
lular components [90]. Additionally, insulin decreased the content of proteoglycans and
increased the expression of metalloproteinase-13 and IL-1f3, both of which play significant
roles in chondrocytes and in the degradation of cartilage [90,91].

3.2. Metformin’s Influence on Osteoarthritis: Mechanisms and Therapeutic Implications

Since diabetic patients face a higher risk of bone degradation, anti-diabetic medications
may offer protective effects against bone disorders [157,158]. Metformin, an oral anti-
hyperglycemic drug and the first-line treatment for T2DM, primarily works by inhibiting
hepatic gluconeogenesis. Metformin, through the activation of AMPK, inhibits mTOR,
which plays a crucial role in regulating lymphocyte immunometabolism and the balance
of pro-inflammatory and anti-inflammatory cell populations within joints. When mTOR
is inhibited, the production of pro-inflammatory Th1, Th17 cells, and M1 macrophages
decreases, leading to a predominance of anti-inflammatory Treg cells and M2 macrophages
(Figure 2). Therefore, the inhibition of mTOR via AMPK activation by metformin may
have potential therapeutic effects in the treatment of inflammatory diseases, reducing the
activity of pro-inflammatory cells while promoting the predominance of anti-inflammatory
cell populations [159].
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Figure 2. Metformin’s activation of AMP-activated protein kinase (AMPK) leads to the inhibition
of mTOR (mammalian target of rapamycin), a pivotal regulator of lymphocyte immunometabolism
and the equilibrium between pro-inflammatory and anti-inflammatory cell populations within
joint tissues. This inhibition results in decreased production of pro-inflammatory Thl and Th17
cells, along with M1 macrophages, thereby promoting a predominance of anti-inflammatory Treg
cells and M2 macrophages. ATP—Adenosine triphosphate, AMP—Adenosine monophosphate,
AMPK—AMP-activated protein kinase, mMTORC1—Mechanistic target of rapamycin complex 1,
mTORC2—Mechanistic target of rapamycin complex 2, MLST8 (MLST8 protein)}—mammalian lethal
with SEC13 protein 8, PRAS40—Proline-rich AKT substrate 40 kDa, Ras—Rat sarcoma protein,
Raf—Rapidly accelerated fibrosarcoma protein, MEK—mitogen-activated protein kinase kinase,
ERK—extracellular signal-regulated kinase, RSK—Ribosomal S6 kinase, PI3K—phosphoinositide
3-kinase, Akt—protein kinase B (Akt), TSC1/2—tuberous sclerosis complex 1/2, Rheb—Ras ho-
molog enriched in brain, GDP—Guanosine diphosphate, MSIN1—MAPK (mitogen-activated protein
kinase)-interacting protein 1, MLSTS (MLSTS protein)—mammalian lethal with SEC13 protein, Reg
A/B (regulatory proteins A /B), GTP—Guanosine triphosphate, Reg C/D (regulatory proteins C/D),
Treg—regulatory T cells, M1—M1 macrophages (classically activated macrophages), M2—M?2
macrophages (alternatively activated macrophages), Th1—T helper 1 cells, Th17—T helper 17 cells.
Figure 2 has been created in BioRender.com (accessed on 2 July 2024).

The ability of metformin to regulate immune responses and improve gut microbiota
diversity presents an encouraging opportunity for therapeutic interventions in individu-
als with type 2 diabetes who are at a higher risk of experiencing severe outcomes from
COVID-19 [160,161]. The influence of type 2 diabetes, metformin, and insulin on COVID-19
was individually assessed. Among patients who received metformin, the CRP level was
notably reduced compared to those who did not receive metformin [162-164]. Metformin’s
ability to influence immune responses and improve gut microbiota diversity indicates a
promising path for therapeutic strategies in individuals with type 2 diabetes [163,165]. The
administration of the type 2 diabetes medication metformin holds promise for treating this
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comorbidity, as it not only lowers blood sugar levels but also boosts the population of gut
bacteria that stimulate regulatory T cell responses [166,167].

Metformin targets mitochondria, which produce ATP through oxidative phosphoryla-
tion [168]. This process generates ROS, which can cause oxidative stress and mitochondrial
dysfunction, both associated with insulin resistance in skeletal muscle, liver, fat, and
pancreas [158,169].

Metformin’s metabolic effects are mainly due to its inhibition of the mitochondrial
respiratory chain (complex 1), leading to ATP depletion and increased cytosolic AMP
production [170]. This indirectly activates AMPK by phosphorylating Thr-172 in its alpha
subunit, reducing gluconeogenesis in the liver. Elevated AMP levels also inhibit adenylate
cyclase, decreasing cAMP production. Consequently, protein kinase A activity and its
target, cyclic AMP response element binding protein, are inhibited, lowering fasting glucose
levels [171,172].

Beyond reducing hepatic glucose production, metformin enhances insulin sensitiv-
ity by inhibiting lipogenesis, increases peripheral glucose uptake through GLUT4 en-
hancer factor phosphorylation, and reduces insulin-induced suppression of fatty acid
oxidation [173-175]. Additionally, metformin mitigates chronic inflammation through its
anti-inflammatory properties and promotes autophagy by inhibiting mTOR phosphory-
lation via AMPK activation [176]. Individuals with T2DM are at a higher likelihood of
experiencing hand or knee OA compared to those without diabetes. Conversely, individu-
als with OA have an increased risk of developing T2DM compared to age- and sex-matched
counterparts without OA.

Metformin, along with weight loss, shows promise as a disease-modifying treatment
for knee osteoarthritis in obese patients, potentially reducing cartilage loss and the need
for knee replacement surgery [177].

Metformin administration, initiated before or after destabilization of the medial menis-
cus (DMM) surgery, significantly attenuated cartilage degradation as evidenced by de-
creased Osteoarthritis Research Society International scores and preserved cartilage areas,
associated with upregulated AMPK expression in articular cartilage tissue [178].

Various animal models suggest metformin’s potential therapeutic impact on OA, re-
ducing cartilage degradation and modulating pain via AMPK activation [179]. Metformin’s
chondroprotective effect involves upregulating AMPKoa1 expression, demonstrated in
genetically modified and DMM-induced OA mice, suggesting therapeutic potential via
AMPK/mTOR pathway modulation [180]. Metformin is shown to activate AMPK and
SIRT1 pathways, protecting chondrocyte mitochondrial function and potentially preventing
OA development clinically [181]. Metformin attenuated IL-13 and TNF-oc induced NO and
MMP release [182]. Diabetes mellitus, especially type 2, increases skeletal complications
and osteoarthritis risk due to hyperglycemia and advanced glycosylation end products,
addressed by metformin’s bone-protective effects through AMPK [183].

Mesenchymal stem cells (MSCs) possess multilineage differentiation potential and mit-
igate cartilage degradation through immunomodulatory functions. Metformin-enhanced
adipose tissue-derived human MSCs show promising chondroprotective and analgesic
effects in osteoarthritis, highlighting their therapeutic potential [182,184]. The study inves-
tigated metformin’s impact on osteoporotic and normal fracture healing, demonstrating its
ability to accelerate healing and promote angiogenesis through HIF-1a upregulation and
YAP1/TAZ inhibition, crucial for type H vessel formation [185]. Metformin attenuates IL-
1B-induced OA inflammation via SIRT3/PINK1/Parkin signaling, enhancing mitophagy
for mitochondrial function [186,187]. The study suggests AMPK and GDF-15 as potential
OA therapies, warranting randomized controlled trials for metformin’s efficacy [188]. Met-
formin’s pharmacological activity relies on organic cation transporters (OCTs) for tissue
penetration and therapeutic efficacy [189-191]. Metformin use showed genetic protection
against HER-positive breast cancer, involving testosterone levels [192]. Metformin’s effi-
cacy and oral bioavailability depend on transporters [193,194]. Various methods have been
explored for improving metformin delivery for musculoskeletal therapies [195-197].
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3.3. The Role of GLP-1-Based Therapies in Osteoarthritis: Mechanisms and Potential Benefits

Glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide
trigger insulin release from pancreatic (3 cells in response to glucose levels. However, the
rapid degradation of native GLP-1 by dipeptidyl peptidase 4 (DPP-4) limits its clinical
effectiveness. Consequently, GLP-1 analogues such as liraglutide, exenatide, semaglutide,
and lixisenatide, engineered to resist DPP-4 cleavage, are now utilized for managing
T2DM [198,199]. GLP-1 agonists are crucial for treating type 2 diabetes and obesity, delaying
gastric emptying significantly for glycemic control and weight loss [200]. GLP-1 exerts
insulinotropic effects and exhibits anti-inflammatory properties beneficial to the brain,
heart, and lungs. GLP-1 receptors are abundant in various tissues, including the pancreas,
intestine, and central nervous system [201-203]. Patients on long-acting GLP-1 receptor
agonists like semaglutide face aspiration risks during anesthesia [204]. GLP-1 analogues
show promise for OA due to their anti-inflammatory effects and presence of GLP-1 receptors
in joint tissues [205,206]. GLP-1 receptor agonist therapies, through their potential to induce
weight loss, may exert disease-modifying effects on knee OA in individuals with comorbid
T2DM [207]. GLP-1’s consistent efficacy in reducing food intake and body weight spans
across obese individuals, including adolescents and adults. Its mechanism via a single G
protein-coupled receptor, coupled with extensive safety data in T2DM patients, supports
long-term use for obesity and associated conditions like cardiovascular disease and NASH.
Advances suggest GLP-1 therapies may rival bariatric surgery in managing obesity and its
complications [208,209].

Drugs that reduce low-grade systemic inflammation might also act locally in the
joints [210]. Therefore, incretinomimetics that activate the GLP-1R pathway could be a
promising approach for treating OA.

The role of the GLP-1R signaling pathway in chondrocytes has begun to be explored
and requires further investigation. Inmunohistochemistry detected GLP-1R in normal and
OA articular chondrocytes in rat knee sections. GLP-1R signaling is linked to preventing
apoptosis, anti-inflammatory activity, and matrix protection [211,212].

Liraglutide protects rat chondrocytes by activating the PI3K/ Akt pathway, reducing
ER stress-induced apoptosis, increasing Bcl-2, and decreasing cleaved caspase 3 levels. This
effect was validated in an ACL rat model [211].

Currently, GLP-1 receptor agonists (GLP-1 RAs) are available in various formulations,
including daily injections and a recently approved daily oral preparation of semaglutide,
showing efficacy comparable to weekly injections. They share mechanisms such as enhanc-
ing insulin secretion, suppressing glucagon release, slowing gastric emptying, reducing
post-meal glucose spikes, and promoting weight loss. GLP-1 RAs are recommended as
initial injectable therapy for T2DM due to their efficacy in glucose control, weight reduction,
and cardiovascular benefits, particularly in high-risk patients with cardiovascular disease.
Ongoing research explores their potential in other conditions like type 1 diabetes and neu-
rodegenerative diseases, suggesting a broadening role beyond diabetes management [213].

Activation of GLP-1R inhibits NF-«B, crucial in inflammation and cell regulation [214].
Co-agonist therapies like tirzepatide and amylin combinations show strong clinical promise,
enhancing the weight loss potential of GLP-1R agonists like semaglutide [215]. In TNF-
activated human chondrocytes and thapsigargin-induced rat chondrocytes, suppressing
the NF-«kB pathway resulted in decreased release of inflammatory mediators like IL-6,
CCL2, and TNF [211]. All GLP-1 RAs improved HbAlc in a 12-week study among Japanese
individuals with type 2 diabetes, highlighting varied mechanisms in glucose control and
weight loss [216]. In primary mouse chondrocytes, administration of liraglutide decreased
the mRNA expression of iNOS, MMP-13, and ADAMTSS, resulting in reduced secretion
of inflammatory substances such as nitric oxide, prostaglandin E2, and IL-6 [210]. In the
rat model of inflammatory osteoarthritis induced by monoiodoacetate (MIA), activation
of GLP-1 receptors initiated the PKA/CREB signaling pathway, leading to a reduction in
inflammation within cartilage [217]. Basic scientific studies revealed that GLP-1 analogs
exert immunomodulatory effects independent of weight, inhibiting the NF-«B pathway
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through specific molecular mechanisms in arthritis [218]. GLP-1 analogues demonstrate
anti-catabolic effects by decreasing the expression of key enzymes involved in cartilage
degradation in response to TNF stimulation. This preservation of extracellular matrix
components like aggrecan and type II collagen suggests potential benefits for OA therapy.
Additionally, alterations in the phospholipid layer covering the cartilage surface can disrupt
joint function and contribute to OA pathogenesis [211,219].

Semaglutide use during total knee arthroplasty reduced sepsis and joint infections
but increased myocardial infarction, acute kidney injury, pneumonia, and hypoglycemia
risks [220].

GLP-1R expression has been identified in human monocyte-derived macrophages and
the murine cell line RAW264.7, but research on GLP-1/GLP-1R signaling in macrophages
is limited [221,222]. GLP-1 RAs are approved for diabetes and obesity treatment; they also
exhibit anti-inflammatory properties across various tissues and pathways [223].

GLP-1R activation modulates macrophage polarization through PKA /CREB signal-
ing, reducing JNK phosphorylation and enhancing STAT3 phosphorylation, influencing
immune responses [221,224,225]. This pathway is critical in murine models for promoting
M2 macrophage differentiation, enhancing immune modulation and tissue repair pro-
cesses [226-228]. Preclinical and clinical studies demonstrate GLP-1 RAs’ cardioprotective
effects, efficacy in hypertension and dyslipidemia, substantial weight loss in diabetes and
obesity, and neuroprotective roles in stroke and neurodegenerative diseases. However,
manageable adverse effects include gastrointestinal symptoms, increased heart rate, and
potential renal issues [229]. In inflamed synovium, GLP-1R activation in macrophages shifts
them from the M1 to the M2 phenotype, decreasing IL-6, TNF-«, and iNOS mRNA expres-
sion. This suggests GLP-1 therapies could mitigate inflammation by reducing macrophage
infiltration and adhesion molecule expression [62,230]. The study investigates lixisenatide’s
GLP-1 receptor agonism effects on arthritis pathology in human fibroblast-like synovio-
cytes, marking the first exploration of this treatment’s impact in this context [231]. Studies
illustrate liraglutide’s role in inhibiting lipid accumulation and oxidative stress triggered
by oxidized low-density lipoprotein in macrophages, mediated through GLP-1R pathway
activation [232,233].

GLP-1based therapy has emerged as a promising treatment for osteoarthritis, targeting
both metabolic and inflammatory pathways involved in the disease’s progression. Studies
have demonstrated that GLP-1 agonists can reduce inflammation in the synovial membrane
and improve cartilage integrity. Additionally, GLP-1 therapy may aid in weight manage-
ment, thereby alleviating joint stress and further mitigating osteoarthritis symptoms.

4. Conclusions

DM and OA are prevalent chronic conditions associated with significant morbidity and
healthcare burden worldwide. Treatment agents for DM have the potential to influence the
progression of OA. Insulin, as a key regulator of glucose metabolism, exhibits potential dual
roles in OA by influencing cartilage homeostasis and inflammatory responses within joint
tissues. Metformin, renowned for its glucose-lowering effects via AMPK activation, also
shows promise in mitigating OA progression through its anti-inflammatory properties and
potential preservation of cartilage integrity. Additionally, GLP-1-based therapies, which
enhance insulin secretion and improve glycemic control in DM, may exert protective effects
in osteoarthritis by modulating inflammation, promoting cartilage repair mechanisms, and
potentially slowing joint degeneration. Further clinical studies are warranted to elucidate
the precise mechanisms and therapeutic efficacy of these agents in OA management, paving
the way for integrated treatment strategies targeting both DM and OA comorbidities.
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Abstract: Despite the advent of innovative therapies in the treatment of diabetes, ever-increasing
awareness is still directed to the role of insulin since it has continued to be at the centre of diabetes
therapy for decades, as a therapeutic integration of innovative agents in type 2 diabetes mellitus
(T2DM), as the only replacement therapy in type 1 diabetes mellitus (T1DM) and also in gestational
diabetes. In this context, the study of molecules such as weekly basal insulins, both for their
technological and pharmacodynamic innovation and their manageability and undoubted benefits
in compliance with drug therapy, can only be a turning point in diabetes and for all its phenotypes.
This review aims to provide insight into the knowledge of basal weekly insulins and their use
in type 1 and 2 diabetes mellitus by examining their safety, efficacy, manageability and increased
therapeutic compliance.

Keywords: weekly insulin; icodec; LY3209590 basal insulin Fc (BIF); type 1 diabetes mellitus; type 2
diabetes mellitus

1. Introduction

Globally, diabetes represents a considerable burden to healthcare systems with an
increasing prevalence, primarily due to a rise in obesity [1]. In 2021, the global age-
standardized total prevalence was 6.1% (5.8-6.5) [1], resulting in health expenditures of
U.S. $966 billion that are expected to rise, reaching more than $1054 billion by 2045 [2].
According to the Global Burden of Diseases, Injuries, and Risk Factors Study (GBD) 2019,
diabetes was the eighth cause of death and disability globally [3]. Furthermore, the global
burden of diabetes is predicted to increase among elderly patients due to reduced physical
activity relating to T2DM mellitus, unhealthy diets, rising incidences of TIDM and the aging
of the world population, determining a further surge in the hospitalization of subjects with
diabetes and comorbidities, which are essential determinants of diabetes burden in terms of
their considerable impact on a patient’s quality of life, health status and outcomes [4,5]. In
2021, approximately 530 million adults worldwide were affected by diabetes [2], and 11.6%
of the U.S. population (38.4 million people of all ages) had diabetes. In particular, 14.7%
of all U.S. adults (38.1 million adults million adults aged 18 years or older) had diabetes.
A total of 35 per 10,000 children and adolescents younger than age 20 years (352,000) had
been diagnosed with diabetes. This datum includes 304,000 with type 1 diabetes [1,6].
In Europe, the prevalence of diabetes is 9.2%, and the number of people with diabetes
(61 million) will increase to 13% by 2045 [7]. Nowadays, insulin continues to be an agent of
ordinary and necessary use in the pharmacological treatment of diabetes, firstly in TIDM
and in gestational diabetes, where insulin is the only pharmacological option and the only
considerable replacement therapy. Secondly, the treatment of T2DM also takes into account
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the cardiovascular risk, often as an add-on to other molecules, in order to achieve the
pre-established glycemic objectives despite the various pharmacological alternatives.
According to the National Statistics Report of the Centers for Disease Control and
Prevention, 5.7% of all U.S. adults (1.7 million adults aged 20 years or older) with diagnosed
diabetes use insulin. A total of 12.3% (3.6 million adults aged 20 years or older) of all U.S.
adults with diagnosed diabetes started using insulin within a year of their diagnosis [6].
Although the currently available basal insulin formulations are effective and have a
reduced hypoglycemic risk compared to past formulations, their therapeutic introduction
could be more timely, mainly due to clinical inertia, patient concerns and poor compliance
and education by medical personnel [8,9]. Poor adherence to daily dosing is widespread
and associated with poor glycemic control [10,11]. Further problems relate to titration based
on glycemic compensation and daily needs [12]. In addition, insulin non-adherence was
associated with several injection-related factors, such as number of injections, dose calcula-
tion and injection technique, interference with daily activities and embarrassment [13,14].
In this sense, to overcome these problems, the research has moved towards developing
basal insulin with longer than twenty-four hours of action and a flatter insulin profile [15].
Once-weekly basal insulin administration would reduce clinical inertia, increase treat-
ment adherence and improve patients” quality of life, provided the risk of hypoglycemia
remains low. Comparisons of once-weekly Glucagon-like peptide-1 receptor agonists
(GLP-1 RAs) with once-daily GLP-1 RAs come to our aid [16-19].
Recent studies have showed that once-weekly insulin treatment had glucose-lowering
efficacy and a safety profile [20,21]. Given this background, this review explored current
knowledge about basal weekly insulins and their use in type 1 and 2 diabetes.

2. Methods

An extensive search of SCOPUS, PubMed and CENTRAL was performed using the
following string: “(once-weekly insulin) AND (((“Clinical Trial, Phase III” [Publication
Type]) OR (“Clinical Trial, Phase II” [Publication Type]) OR “Clinical Trial, Phase IV”
[Publication Type]) OR “Randomized Controlled Trial” [Publication Type])” [22-24]. The
search string retrieved 167 manuscripts. Hand-searching for principal generalist, human
nutrition and basic research journals was also carried out. Two authors (L.P. and EM.)
independently reviewed the retrieved articles’ titles, abstracts and full texts to determine
their potential inclusion. Any disagreements were resolved via discussion with other
authors (S.C and C.A.). Manuscripts regarding the role of weekly insulin in type 1 and 2
diabetes were extracted for this review.

3. Basal Weekly Insulin

Over the last 100 years, insulin therapy has evolved in parallel with advances in
biochemistry and biotechnology [25]. Despite numerous milestones over the last 100 years,
insulin is still in constant technological development to facilitate compliance [26]. The first
insulins were crude preparations from bovine or porcine pancreas. These were associated
with side effects such as lipodystrophy and allergic reactions [27,28] and were administered
several times a day given their short duration of action. Basal insulin is essential to
insulin therapy in TIDM and rapid insulin. In some cases, insulin is necessary to regulate
blood sugar levels during fasting at night and after meals in people with T2DM. This is
particularly important during episodes of acute glycometabolic decompensation and for
individuals who cannot tolerate newer treatments [29].

Problems related to therapeutic adherence, quality of life, hypoglycemic risk and
secondary disability or the expected compensation often arise [30].

Basal insulin is the most common insulin therapy in type 1 and T2DM. It is required
for multiple injection therapy in TIDM and can be used as an adjunctive drug in T2DM,
along with other drugs usually administered in the decompensation phase. Subsequently,
there has been a shift from basal insulin with a duration of action of 5-7 h to once-daily
dosing and now to once-weekly dosing with an extended half-life.
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New weekly insulins have been developed, including Fc-fusion proteins of native
single-chain insulin and a panel of recombinant native single-chain insulin molecules. In a
pre-clinical study [31], these insulins led to a significant decrease in blood glucose levels
for five days in db/db mice after a single dose, by more than 50% compared to the controls
(p < 0.05). Another molecule was PEGylated insulin AB101, which demonstrated activity
over seven days in a phase 1 trial. However, its variability in time to onset and drug concen-
tration could be more robust, so it is no longer in development [32]. Another two molecules,
the Fc-fusion insulins HM12460A and HM12470, were presented in 2016. Unfortunately,
there have been no reports on their progress for several years [33-35]. Insumera insulin
(PE0139) was analyzed in a randomized controlled phase 2 trial study completed in 2016
(NCTO02581657). However, the results have not been published, and it is unknown whether
Insumera is still in active development [36]. Currently, two alternative molecules have
been further developed: Basal insulin Fc (BIF, LY3209590) and Insulin Icodec.

4. Basal Insulin Fc (BIF, LY3209590)

The LY3209590 basal insulin Fc (BIF) is a fusion protein that combines a single-chain
insulin variant with a human immunoglobulin G fragment crystallizable domain. It is
a selective agonist for insulin receptors and provides full agonism [37]. BIF comprises a
human insulin receptor (IR) agonist fused to a human immunoglobulin G2 (IgG2) fragment
crystallizable (Fc) domain and has a molecular weight of 64.1 kDa. Each homodimer
monomer comprises a single-chain variant of insulin, an interdomain linker and the Fc
domain from IgG2. In vitro, the data exhibited a reduced IR-binding affinity, yet with
full agonism, selectivity against the insulin-like growth factor-1 receptor and functional
properties similar to native human insulin, so it is a selective agonist for insulin receptors
and provides full agonism [38] (Figure 1).

Single chain
variant of
insulin

IgG Fc

Figure 1. Schematic structure of basal weekly insulin Fc (BIF).

It was designed for once-weekly subcutaneous administration in treating patients with
T2DM or T1DM. Phase 1 studies indicated that BIF has a low weekly peak-to-trough ratio
(1.14, or <15% variation in insulin concentration) and a half-life of 17 days [38] (Figure 2).
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Figure 2. Basal weekly insulin Fc (BIF) pharmacokinetic profile.

5. Insulin Icodec

Icodec insulin is one of two ultra-slow, weekly-acting analogues currently being
studied to treat diabetes [39]. In particular, icodec insulin is an acylated analogue (due to
the addition of icosanedioic acid, hence the name). It owes its long duration of action to the
pharmacodynamic effect that this modification entails, together with the replacement of
three amino acids, ensuring a stronger bond with albumin and more remarkable persistence
in the bloodstream [40] (Figure 3). By introducing a solid but reversible bond with albumin,
icodec guarantees circulating deposition of the drug bound to albumin, which is inactive
(through the addition of a side chain containing C20 fatty acid), and three amino acid
substitutions (A14E, B16H and B25H), which provides molecular stability with which
icodec insulin can activate slowly and steadily, thereby ensuring a prolonged half-life
adequate for weekly administration. [40] A clinical pharmacology study demonstrated that
icodec has an estimated half-life of 196 h and a uniform hypoglycemic effect throughout the
week [40,41] (Figure 4). In vitro cytology studies have demonstrated that icodec activates
the same dose-dependent IR-mediated signaling and metabolic responses as endogenous
human insulin [41]. Furthermore, the in vitro mitogenic effect of icodec insulin in various
human cells was low compared to other types [40,42].
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Figure 3. Schematic description and biological properties of basal weekly insulin icodec. The insulin
icodec structure shows changes to the human insulin amino acid sequence and chemical modification
attached to the lysine in position B29 of insulin.
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Figure 4. Pharmacokinetic properties (steady state) of weekly insulin.

To date, the two most advanced clinical development programs are basal insulin Fc
(BIF, LY3209590) (Table 1) and the basal insulin icodec ONWARDS program (Table 2).

Table 1. Synthesis of randomized trials regarding insulin Fc (phase 2 trials).

Insulin Fc vs. Degludec in DMt2
Patients Previously Treated with
Basal Insulin [40]

Insulin Fc vs. Degludec in

DM#2 Patients Insulino-Naive

[43]

Insulin Fc vs. Degludec in DMt1
Patients [44]

- Multicenter (44 sites)
- Randomized, 1:1, open-label
- Phase 2 trial

Multicenter (61 sites)
Randomized, 1:1,
open-label

Phase 2 trial
Non-inferiority study vs.
degludec in DMt2
insulin-naive patients

- Multicenter (49 sites)

- Randomized, 1:1, open-label

- Phase 2 trial

- Non-inferiority study vs.
Degludec in DMt2
insulin-naive patients

- Patients with T1D treated

Study design Non-.inferioﬁfy study vs. basal Insulin-naive DMt2 with multiple daily basal
mSUIlH} forl? lcac({y and Sﬁfety patients previously treated injections of glargine (U-100
) Basla 1n.sC111. lg an updt.o.t ree with metformin alone or in or U-300), detemir, degludec
oral antidiabetic medicines Cgmbir.lation wifch (U-100 or U-200) as basal
dipeptidyl Peptldase 4 insulin and as boluses of
and/or sodium-glucose insulin lispro, aspart, FiAsp or
cotransporter 2 for at least glulisine
3 months prior to screening
Period November 2018-February 2020 5 March 2021-19 July 2023 6 June 2020-22 January 2021
Endpoint I HbAlc reduction at 32 weeks HbAlc reduction at 26 weeks HbAlc reduction at 26 weeks
- AFPG vs. baseline
- Average insulin dose: at weeks Aweight vs. baseline - A percent time in range (TIR)
50-52 and 76-78 AFPG from baseline to (70-180 mg/dL) on
. - Aweight vs. baseline week 26 continuous glucose
Endpoint IT - No. level 2, 3 and combined No. level 2, 3 and monitoring (CGM) fasting
hypoglycemia vs. baseline combined hypoglycemia vs. glucose (FG) level
- ATIR 70-180 mg/dL between baseline - Rate of hypoglycemia
groups at weeks 48-52
The loading and initial weekly doses Titration was based on mean fasting
were basgd on their previous dally. Initial dose 10 TU/day (70 blood glucose levels using CGM
basal insulin dose and their glycemic - measurements on at least 3 days of
e . . TU /week for icodec) .
Titration control according to baseline HbAlc Weekly titration on average FPG the week using a paper-based
protocol (using a threshold of 8.5. BIF dosing y & algorithm. BIF was titrated weekly

in the Phase 2 program used mg
increments and not insulin
international units (IU))

of the last 3 days
Target: FPG 80-130 mg/dL

for weeks 1-12 and then every
4 weeks until the end of the
treatment period
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Table 1. Cont.

Insulin Fc vs. Degludec in DMt2
Patients Previously Treated with
Basal Insulin [40]

Insulin Fc vs. Degludec in
DM#t2 Patients Insulino-Naive
[43]

Insulin Fc vs. Degludec in DMt1
Patients [44]

- Enrolled (at least 1 dose): 399
- Completed trials: 351

Numbers of

- Enrolled (at least 1 dose):
278

- Enrolled (at least 1 dose): 238
- Completed trials: 190

patients - Completed trials: 241
- DT2 (average duration
- DT2 (average duration 15 years 10 years) .
- Aver.;ge agg 60.2 years years - Average age 58 years - DTl (average duration
- 51% female - 45% female 22 years)
. - Average BMI 30 kg/m2 - Average BMI 30 kg/mz : ?g;)r?eg]:‘laafgee * e
Population (<32-2. kg/m?) (<32'2. kg/m?) - Average BMI 27.5 kg/m?
- Baseline HbAlc 8.1% (7-11%) - Baseline HbAlc 8% N
- Mean daily basal insulin dose at (7-9.5%) (<32’2. kg/mc)
oy . - - Baseline HbAlc 7.5% (7-9.5%)
randomization (39 TU) - Mean daily basal insulin
dose at randomization
(39 IU)
- HbAlcreduction —0.1% (CI A
0.4-0.03%), p < 0.001 - Atweek 26, icodec - At week 26, a non-inferior
- Increase in patients at target demonstrated reduction in HbAlc from
(HbAlc < 7%) without non-inferiority and baseline was observed
significant hypoglycemia: +10% superiority to degludec in compared to patients treated
- AFPG not significant reducing mean HbAlc with degludec, with a
Results - Average insulin dose at from baseline. Rates of statistically significant
52 weeks: 31 IU/day icodec vs. clinically significant difference of 0.17% (p = 0.07)
32 IU/day glargine; on average hypoglycemia were not - Time in range (TIR) was
0.351U/kg/day significantly different similar for patients in the BIF
- Aweight not significant (+2 kg between treatment groups (56.1%) and degludec (58.9%;
both groups) at week 26. p =0.112) groups at week 26
- TIR increase +4.3% (CI 1.9-6.6%)
p <0.001
Hypoglycemia occurrence over 24 h
The event rates of all documented was similar for BIF and degludec
hypoglycemia were about 25% lower  The rate of severe hypoglycemic for level 1 (p = 0.960) or level 2
Hypoglycemic in the Fc groups, and those for events was not significant (p = 0.517) hypoglycemia during
events nocturnal hypoglycemia were at least between treatment groups treatment. The occurrence of
33% lower from baseline to week 32 (p 0.64) serious adverse events was similar
compared with insulin degludec between the BIF and degludec
groups.
Mostly mild /moderate events and Mostly mild/moderate events
not associated with treatment and not associated with Mostly mild /moderate events and
Ad Deaths: 3 (2%) in degludec, 1 (1%) in treatment: not associated with treatment.
verse . N .
events glargine Fc 5.6% (n = 143) The occurrence of serious adverse

No reactions at the injection site or
critical issues related to medication
errors described

Degludec 3% (n = 135)
Deaths: 2 (1%) in Fc, 3 (1.5%) in
degludec

events was similar between the BIF
and degludec groups.
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6. Type 2 Diabetes Mellitus and Weekly Insulin

Even if many new drugs are available now, some patients need to be treated with in-
sulin therapy to achieve personalized glycemic control [51,52]. According to the guidelines,
basal insulin needs to be used in a patient with T2DM and severe hyperglycemia (generally
blood glucose > 300 mg/dL [>16.7 mmol/L] or glycated hemoglobin [HbAlc] > 10%)
or symptomatic hyperglycemia or if the patient has signs of catabolism (hypertriglyc-
eridemia, weight loss or ketosis) [20]. It is worth outlining that a glycemia level greater
than 250 mg/dL [>13.89 mmol/L] represents a strong predictor of in-hospital mortality
in older people hospitalized in internal medicine wards [53]. If a glucagon-like peptide-1
receptor agonist (GLP-1RA) is not suitable, if a more robust approach is needed or if it is a
personal preference, insulin therapy is recommended [54,55]. Poor adherence to insulin
therapy is a common problem and is responsible for poor outcomes and high healthcare
costs. One of the most common causes of reduced adherence is the frequency of injec-
tion. This problem could be solved by once-weekly insulin injections, improving patients’
quality of life and leading to better outcomes. This statement is even more pertinent in
patients receiving multiple glucose-lowering agents who need injection assistance or are
intolerant to other treatments [56]. The rates and reasons for discontinuations vary by
study [10,45-47,57], but injection frequency is always one important contributing factor.
In this sense, the ONWARDS program [39] has been developed to evaluate the safety and
efficacy of insulin icodec in T2DM. Six trials are part of it. Five of these trials enrolled T2DM
subjects. Going into the specifics of the icodec trial, in the ONWARDS 1 study [48], with
head-to-head comparison between icodec and glargine 100 conducted with a large sample
of patients in the two groups (492 patients) and with homologous basic characteristics in
the two groups, the mean reduction in glycated hemoglobin at 52 weeks and the percentage
of TIR (time in range) were evaluated, demonstrating the non-inferiority and superiority of
icodec compared to glargine 100. The two groups’ rates of combined clinically significant
events or severe hypoglycemia were similar, concluding that once-weekly insulin icodec
achieves better glycemic control than once-daily insulin glargine U100.

The ONWARDS 2 [49] study aimed to evaluate the safety and efficacy of once-weekly
icodec compared to once-daily insulin degludec in treating T2DM patients already on basal
insulin treatment. The study found that once-weekly icodec was better than once-daily
degludec in reducing HbA1lc levels without causing significant adverse effects.

Similarly, in the ONWARDS 3 [43] study, which focused on insulin-naive T2DM
patients, once-weekly icodec was more effective in reducing HbAlc levels than once-
daily degludec after 26 weeks of treatment. The study found no significant difference in
secondary outcomes such as weight change and level 2 or 3 hypoglycemic events.

In the clinical trial ONWARDS 4 [58], researchers studied individuals with long-
standing T2DM who were on a basal bolus insulin regimen. The study aimed to compare
the efficacy of once-weekly insulin icodec to once-daily insulin glargine U100. The results
indicated that weekly icodec resulted in better glycemic control with fewer basal insulin
injections and lower bolus insulin doses, without increasing the risk of hypoglycemia, in
comparison to daily glargine U100.

ONWARDS 5 [59], with attention to technology, is a trial regarding once-weekly
insulin codec vs. once-daily basal insulin analogues in people who have T2DM and
have not received insulin treatment before with a dosing guide app. Once-weekly icodec
resulted in similar improvements in glycemic control compared to once-daily glargine, with
fewer basal insulin injections, a lower bolus insulin dose and no increase in hypoglycemic
rates compared to glargine U100. Icodec used in conjunction with a dosing guide app
demonstrated non-inferiority and superiority versus basal insulin analogues in reducing
the estimated mean HbAlc from baseline. A superior time in range was achieved for
once-weekly insulin icodec compared with insulin glargine, while the clinically significant
or severe hypoglycemia rates were not significantly different between the treatment groups.
Weekly BIF was tested in patients with T2DM, achieving a similar efficacy to degludec
despite higher fasting glucose targets in the BIF groups for basal insulin Fc. The higher
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fasting glucose targets and lower glucose variability might have contributed to its lower
BIF hypoglycemia rates than degludec [51]. After 26 weeks of treatment once weekly, BIF
achieved excellent glycemic control, similar to degludec, with no concerning hypoglycemia
in subjects with T2DM [44]. A very recent systematic review [50] demonstrated superior
glycometabolic compensation was achieved in patients with T2DM with icodec insulin
compared to once-weekly Fc insulin, with no clinically significant differences in major
hypoglycemic events.

7. Type 1 Diabetes Mellitus and Weekly Insulin

Basal insulin treatment is indispensable for patients with T1DM since it is a replace-
ment therapy. Once-weekly insulin use is more complex in T1IDM than in T2DM, but
adherence can significantly improve, especially in people prone to missing doses, like
teenagers, with better stability and lower episodes of diabetic ketoacidosis. [56,60] Once-
weekly BIF demonstrated non-inferior glycemic control to once-daily degludec and no
difference in hypoglycemia or other safety findings in patients with TIDM [61].

In ONWARDS 6 [62], the only phase 3 trial regarding the use of once-weekly insulin
icodec vs. once-daily insulin degludec in combination with insulin aspart in people with
T1DM, insulin icodec was non-inferior to insulin degludec in terms of HbAlc reduction,
but severe hypoglycemia episodes occurred in the insulin icodec group.

Nevertheless, patients with diabetes have a positive attitude toward once-weekly
injections [26], and a lower frequency of injections is a valuable attribute for injectable
therapies [63].

8. Discussion

From a therapeutic point of view, considering the burden of the pathology, insulin
continues to be an agent of ordinary and necessary use in the pharmacological treatment
of diabetes, especially in TIDM and despite the various pharmacological alternatives for
the treatment of T2DM [GLP1-RA, sodium-glucose co-transporter-2 inhibitors (SGLT2i),
Dipeptidyl peptidase 4 (DPP4)], often as an add-on to other molecules, in order to achieve
the pre-established glycemic objectives [11,57,60]. Although glucose regulation often
becomes inadequate with these options as the disease progresses, there is some degree
of “clinical inertia” due to the complexity and fear of insulin therapy, both from the
perspectives of healthcare providers and people with diabetes. Nevertheless, there are cases
of insulinopenic phenotypes where insulin becomes of fundamental use; think of patients
with diabetes secondary to pancreaticoduodenectomy, patients with LADA and low c-
peptide levels, patients with severe sarcopenia or with side effects and contraindications to
GLP1RA or SGLT2i. The challenge in achieving reasonable glycemic control with insulin
therapy can be attributed to the complexity of matching the dose and timing of daily insulin
injections to the actual physiological requirements.

In this sense, real-world data from an extensive U.S. electronic medical records
database, including 6597 subjects, suggested that among patients with T2DM who ini-
tiated basal insulin after oral antidiabetic drugs, the likelihood of reaching glycemic control
diminished over time and remained low from 12 months onwards [64]. Another real-world
observational study showed that the median time to treatment intensification in patients
with elevated HbAlc following basal insulin initiation was 4.3 years [65].

The difficulty of integrating insulin use into daily lifestyle due to regimen complexity,
reducing the frequency of daily injections and medical affordability are the most common
reasons for basal insulin discontinuation [66].

For patients with TIDM, there are currently no therapeutic options available other than
insulin therapy using multiple daily insulin injections or micro-infusion pumps. However,
despite the advent of innovative therapies for the treatment of patients with T2DM, in many
cases, as expressed above, insulin remains a valid option. In this regard, it is delaying the
start of insulin therapy in T2DM that results in poor glycometabolic control. Long-acting
basal insulin that can exert a hypoglycemic effect in an effective, safe and long-lasting
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way with just one injection per week should reduce the treatment burden, ensuring better
compliance and glycemic control. Clearly, for once-weekly basal insulin to be clinically
relevant, it must be comparable to or superior to conventional once-daily insulin treatment
in the absence of an increased risk of hypoglycemic events. It remains crucial that both
healthcare personnel and patients must learn to switch from conventional insulin therapy,
titrate weekly insulin and manage concomitant preprandial insulin if as a basal bolus. At
the start of the therapeutic switch, patients switching from once-daily to once-weekly basal
insulin may be predisposed to worse initial glycometabolic compensation before reaching
a new steady state. However, this can be addressed with a higher initial loading dose and
subsequent titration to lower doses, as recently shown with insulin icodec and Fc [38,42,61].
Consistent insulin titration for new users is critical to achieving timely glycemic control [67]
and well evidenced, but straightforward titration regimens will be essential to provide
confidence in using once-weekly insulins.

The molecular modifications introduced into insulin icodec and insulin Fc provide
novel basal insulin with biological and pharmacokinetic/pharmacodynamic properties
suitable for once-weekly dosing. Weekly analogues promise a better quality of life and
better therapeutic adherence, reducing the number of injections required from patients.

A clinical phase 3 trial in people with type 1 and 2 diabetes showed that insulin icodec
was well tolerated and had pharmacokinetic/pharmacodynamic properties suited for
once-weekly dosing. The same is valid for the phase 2 clinical trial of insulin Fc. These once-
weekly preparations have demonstrated similar glycemic control to long-acting once-daily
insulin analogues, with their hypoglycemic episode rates similar to those of the usual basal
insulin preparations. In this sense, a recent meta-analysis showed that insulin icodec was
associated with significantly decreased HbA1C, an increased time with glucose in range
and similar hypoglycemic and severe adverse effects compared with long-acting insulin
in people with T2DM [68]. The possibility of employing basal weekly insulin, beyond its
proven safety and efficacy, makes the long duration of action and the reduced need for
daily injections noteworthy, as shown by Bajaj and colleagues [69]. All this is undoubtedly
associated with better compliance, effectiveness, safety and, consequently, quality of life,
which are always to be considered in the management of patients during follow-up. Insulin
is a growth factor, and the possibility of reducing the daily dosage per kilogram could,
in the long term, reduce the risks linked to its mitotic effect on cells and anabolic effects
on tissues, reducing the activation of the insulin receptor and the post-receptor pathways,
which may have a stronger mitogenic potency on cancer cells [70]. This argument is a
future “open question” for scientific research.

We can, however, consider the use of weekly basal insulin in other rare forms of
diabetes that are independent of TIDM or 2 T2DM and which, over time, will be of
increasingly more significant scientific interest since there is no solid evidence in place in
the literature on the subject. These forms include T2DM patients in the decompensation
phase due to steroid therapy, purely “meta steroid” diabetes or patients with LADA.
Further application may occur in forms of diabetes secondary to endocrine and exocrine
deficiency of the pancreas, such as in chronic pancreatitis or in patients undergoing major
pancreatic surgery or severe sarcopenia. Another example, indeed more frequent from
an epidemiological point of view, is gestational diabetes, which could be a valid, safe
and effective option. Since, a bit like in T1DM, insulin therapy is practically the only
valid weapon in gestational diabetes, another open issue remains for gestational diabetes,
in which it could be a valid, safe and effective option, reducing the frequency of daily
injections; more solid and future clinical data are needed in this regard. These clinical
settings represent “open issues” for which there is no current literature but will undoubtedly
be of particular scientific interest later on.

9. Conclusions

In conclusion, basal weekly long-acting insulin shows similar and better glycemic
efficacy than daily basal insulin in TIDM and T2DM due to its association with less
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hypoglycemia, a reduction in the number of injections and its proven effectiveness. In
particular, nowadays, icodec insulin is a candidate to become the primary basal weekly
insulin, increasing patient compliance because of its tolerability and encouraging safety
results related to hypoglycemia [71]. Consequently, once-weekly insulin could lower the
polypharmacy burden among patients with T2DM, primarily comorbid and elderly [4,72],
and at the same time, favor their acceptance of insulin therapy.

Although many questions remain unanswered, the future of once-weekly insulin prepa-
rations appears bright, and the data regarding some of the clinical issues are encouraging.
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Abstract: The term diabetes first emerged in the 3rd century BC, in a reference by Demetrius of
Apamea, who described the disease as a dropsy in which any liquid ingested is eliminated in the form
of urine. However, the great discovery that revolutionized this field came from the Canadian doctor
Frederick Banting, who together with his student and assistant Charles Best, managed to isolate
insulin and treat a patient with diabetes on 23 January 1922. This patient was Leonard Thompson,
and the results obtained from him were surprising. His glycosuria and ketonuria disappeared and his
blood glucose returned to normal. He received daily injections and lived 13 more years. Advances in
the treatment of diabetes have been numerous in the 100 years since its discovery. In this review, we
recapitulate the most important events that have occurred, and where research is progressing today.

Keywords: insulin; diabetes; Frederick Banting

1. History of Diabetes

The first references to diabetes date back to the Egyptians in 1500 BC who described
it in “The Ebers Papyrus”, a new disease characterized by weight lost, continuous hunger,
abundant urination, and an enormous thirst [1]. Many other ancient cultures also described
this disease, including the Hindus, ancient Chinese, Greeks, and Romans, among others [2].
In fact, it was the Greek doctor Demetrius of Apamea (3rd century BC), who described the
disease as a dropsy in which any fluid that is drunk is discharged as urine, and named it
for the first time as Diabetes [3].

Many discoveries were made in the 19th century. In 1815, Michel-Eugene Chevreul
identified glucose in urine; a few years later, in 1869, Paul Langerhans described nests of
cells in the pancreas; these were later named the “Islets of Langerhans” by Gustave-Edouard
Laguesse in 1983 (Figure 1). Twenty years later, in 1889, Von Mering and Minkowsky, two
physiologists from the University of Strasbourg, removed a pancreas to test it in a living
organism (dog) and observed that its absence induced an excess of sugar in the urine, and
subsequently, they found that the pancreas secreted something that reduced the levels
of sugar [4,5]. A few years later, in 1891, Eugene Gley confirmed this discovery and
revealed that the atrophy of the acinar pancreas did not result in experimental diabetes, and
looked for pancreatic extracts which reduced glucosuria; however, Gley did not publish
his results [5]. Instead, it was Georg Ludwig Zuelzer who was the first to publish the use
of pancreatic extracts, which he called “Acomatol”, on diabetic dogs. He also tried to use
Acomatol to treat eight diabetic patients, observing variable reductions in glycosuria and
ketonuria, but this also resulted in very severe side effects [6].
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(a) (b)

Figure 1. The islets of Langerhans. (a) Photograph of Paul Langerhans, discoverer of the islets [7].
(b) Drawing of pancreatic islets.

During the first half of the 20th century, many physiologists focused their attention
on the field of diabetes, one of which was Nicolas Paulesco, who carried out several
experiments on pancreatectomized dogs and in 1916 isolated an aqueous pancreatic extract,
showing the disappearance of diabetes in pancreatectomized dogs when injected with said
extract. Paulesco called this substance “pancreine” and obtained a Romanian patent on the
12 April 1922. However, despite attempts to purify it, pancreine was too toxic to be used
in humans [8].

2. The Discovery of Insulin

Frederick Banting was born on 14 November 1891 in Alliston, Ontario. He graduated
from the school of medicine in 1916 and after completing his specialization in Orthopedics
at the Hospital for Sick Children in Toronto, he moved to London, Ontario, and opened a
general medicine clinic. Simultaneously, he accepted a part-time position as a professor
of surgery and physiology at London’s Western University [2,9]. On November 1st he
had to give a course on carbohydrate metabolism. The day before, he was preparing his
talk and went to bed after reading the article “The relation of the islets of Langerhans
with special reference to cases of pancreatic lithiasis” by pathologist Moses Barron [2,10], a
clinical professor of Medicine at the University of Minnesota, published in the latest issue
of the journal Surgery, Gynecology and Obstetrics, where he reviewed the pathology of the
pancreas and the effects of Wirsung duct ligation on diabetic patients suffering from the
obstruction of the pancreatic ducts by stones, and recalled the gradual atrophy of the acini
in contrast to the islets of Langerhans. Fascinated by this article, he woke up with an idea
at 2.00 a.m. on 31 October 1920 and wrote: “Diabetus. Ligate pancreatic ducts of dog. Keep
dogs alive till acini degenerate leaving islets. Try to isolate the internal secretion of these to relieve
glycosurea” [11,12]. With no proper research training, Banting moved to the University of
Toronto for a summer internship, where he worked with Prof. John Macleod who provided
Banting with laboratory space, equipment, dogs and a student assistant, Charles Best.

On 17 May 1921, Banting and Best began their experiments with erratic results. Then,
Banting began to believe that the islets were formed before the exocrine, and used fetal pan-
creases as a source for extractions. The first positive results were obtained on 18 November,
when the pancreatectomized dog No. 33, called Majorie, was intravenously treated with
10 cc of fetal calf pancreas extract. Her urine became sugar-free within an hour, and she
lived for 70 days [8,13]. Their objective was then to produce sufficient stable quantities
of pancreatic extract, for which they had the help of the biochemist Dr. James Collip.
In order to extract the insulin before it was digested by pancreatic enzymes, they used
an extraction method based on the use of varying concentrations of alcohol, which were
slightly acidic and kept at a low temperature, and they managed to inactivate the pancreatic
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enzymes [2,8,13,14]. In this way, Banting and Collip succeeded in producing a pancreatic
extract with sufficient potency and purity for human consumption (Figure 2).

(b)

Figure 2. The faces of insulin discovery [7]. (a) Frederick Banting, the principal investigator; (b) John

Macleod, Banting’s supervisor; (c) Charles Best, Banting’s assistant and (d) James Collip, the individ-
ual responsible for developing a method to purify a safe and stable insulin extract.

After the first failed attempts in humans, on 23 January 1922, the new extract purified
by Collip was administered subcutaneously to Leonard Thompson, and the results were
spectacular; glycosuria and ketonuria had disappeared, and the blood glucose became
normalized. Daily injections of this new extract enabled Leonard to live 13 more years
(Figure 3) [15]. However, they did not record the steps they had taken, so it was not until
the spring of 1922 that the team was able to successfully produce insulin again. Although
they were capable of synthesizing insulin, large-scale production was not feasible for the
Toronto group. It was then that Collip and Banting shared their methodology with George
H. A. Clowes of Eli Lilly and Company, which had the infrastructure to produce larger
quantities of insulin. But it was not until autumn when, using isoelectric precipitation, they
were finally able to produce purified insulin on a large scale [16]. Banting, Best and Collip
patented the discovery and gave it to the University of Toronto for USD 1, as they wanted
everyone who needed it to have access to insulin. As Banting famously said: “Insulin does
not belong to me, it belongs to the world”.

. _
LEONARD THOMPSON
First patient to receive insulin in
Toronto.

(a) (b) ()

Figure 3. The first successful insulin administration [7]. (a) Photography by Leonard Thompson.
(b) Extract from the patient’s medical record at the Toronto hospital after insulin administration.
(c) Insulin vial.

On 25 October 1923, the Nobel Prize jury granted the award to Banting and Macleod.
Then, Banting, angry after seeing Macleod awarded, decided to share his prize with Best,
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as did Macleod with Collip soon after. For the first time in the history of the Nobel Prizes,
none of the winners attended the award ceremony, which took place on 10 December 1923.

Insulin Arrives in Europe

In the fall of 1922, August Krogh, a professor at the University of Copenhagen, and
his wife, Marie, a physician, came to the United States at the invitation of Yale University
to give a series of lectures across the country on their medical research after receiving the
Nobel Prize in Physiology in 1920 [17]. During this trip, they heard daily reports of people
with diabetes being treated with insulin, and Marie Krogh, who had type 2 diabetes, took a
special interest in the treatment. In Boston, Dr. Elliot P. Joslin (the first American diabetes
doctor) treated Marie with insulin, and the couple decided to contact Professor Macleod to
request permission to manufacture and sell insulin in Scandinavia. August Krogh founded
the company Nordisk Insulinlaboratorium with his Danish partner, Dr. Hans Christian
Hagedorn, and with funding from the Danish pharmacist August Kongsted [17,18].

In 1925, after a heated argument with Hagendorn, the brothers Harald and Thorvald
Pedersen, former Nordisk employees, founded their own company: Novo Terapeutisk
Laboratorium. Novo and Nordisk became the world’s leading insulin manufacturers and
competed with each other for almost 65 years, until they finally merged in 1989 to form
today’s Novo Nordisk s.a. [18].

3. The Evolution of the Treatment of Diabetes
3.1. The Evolution of Insulin Therapy

Since the discovery of insulin in 1922, there have been numerous advances in the
treatment of diabetes, with the common goal of trying to bring the blood glucose and
insulin levels of people with diabetes into line with those of healthy people.

Specifically, we know that, in people without diabetes, the maximum peak of insulin
secretion occurs 1 h after ingestion and returns to normal levels after another 2 h. However,
to achieve a normal insulin profile for 24 h and avoid nocturnal hypoglycemia in diabetic
patients, it is necessary to use other insulin formulations that prolong the duration of action.

In this way, we have different types of insulin, with different release times, which
allow the patient to better control their disease. Among the different types of insulin, two
stand out: rapid-acting insulins, whose action is practically immediate after administration
and is short-lived; and long-acting insulins, whose effect takes longer to occur, but lasts
longer (Figure 4) [19].

Ultra-rapid-acting insulin analogs

Rapid-acting insulin analogs

Long-acting insulin analogs

Plasma insulin levels

Very long-acting insulin analogs

L

Figure 4. Graph that shows the action time of insulin and its plasma levels according to the type of

Time (hours)

insulin administered.
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At first, after its discovery, the insulin used was the so-called “amorphous or regular
insulin”, but it was an insulin that was not very stable and had many impurities. In 1926,
John Jacob Abel, professor of pharmacology at the Johns Hopkins School of Medicine,
managed to crystallize amorphous insulin for the first time by adding acetic acid pyridine
and zinc, which caused crystals to form, and gave it greater stability, with a slightly later
onset of action and producing fewer allergic reactions. This new crystallized insulin quickly
displaced amorphous insulin [20]. However, although effective, both insulins required a
large number of daily injections. It was then that, in 1936, the first long-acting insulin, the
protamine insulin, appeared. Hans Christian Hagedorn, Birger Norman Jensen, Ingrid
Wodstrup-Nielsen and Niels B. Krarup published their work, wherein they demonstrated
that insulin, together with protamine (a protein from the histone group, obtained from the
semen of river trout), increased its action time to almost twenty-four hours. They made
the presumption that the greater the insolubility that protamine gave it, the more useful it
would be in treatment [21]. The problem was that the solution had to be buffered just before
injecting it, making its administration more complicated. Despite this, protamine—insulin
boosted the search for new methods to increase the action time of insulin. The next step was
the use of metals that would help stabilize the molecule, with nickel and cobalt being the
first to appear; however, they did not seem valid. The solution was obtained by Canadians
Albert Madden Fisher and David Alymer Scott in 1935, using the most abundant metal
in the pancreas, zinc [22]; 10 years later, in 1946, Nordisk was able to form crystals of
protamine and insulin using zinc insulin (PZI), and marketed it in 1950 as NPH insulin.
NPH insulin had the advantage that it could be mixed with regular insulin directly in the
same syringe and had a faster and longer-lasting action than its predecessor [23].

In 1965, Novo (Novo Industri A/S, Bagsveerd, Denmark) once again focused its
attention on rapid insulins, a field without any progress for around 30 years, and introduced
two new insulins: the rapid-acting insulin Actrapid® and the intermediate-acting insulin
Crystal II [24]. Researchers already knew that, for many patients, crystalline or regular
insulin took too long to act, and a more immediate-acting insulin was needed. Actrapid®,
also called neutral soluble insulin, was prepared from recrystallized porcine insulin and
had a pH of 7.0, at which porcine insulin crystals are soluble. Therefore, it had a faster
action than acidic soluble insulin, which had to go from pH 3.0 to a neutral pH before
achieving its biological activity [25]. As for Crystal I, insulin came from recrystallized
bovine insulin, whose crystals were less soluble and therefore their action was slower [24].
This is when combined insulin treatments appeared, which alternated the use of slow
insulins and rapid-acting insulins during the day.

Until that moment, all insulins that had been produced were of animal origin, requiring
approximately 50 pigs to cover the annual insulin needs of a patient. This meant that insulin
treatment was only available to a few. That changed in 1953, when the British biochemist
Frederick Sanger finally determined, after 10 years of work, the amino acid sequence of
bovine insulin. Sanger determined that it had two chains, which he called A and B [26].
Chain A had 21 amino acids and chain B, 30 amino acids (Figure 5a,b). They were joined
by two disulfide bridges and there was another of these bridges between the amino acids
of chain A. Years later, in 1969, it was Dr. Dorothy Crowfoot Hodgkin who would finally
describe the three-dimensional structure of the molecule (Figure 5¢,d) [27]. Both received
the Nobel Prize in Chemistry in 1958 and 1964, respectively, and their discoveries were the
beginning of the race to achieve the synthesis of the insulin molecule [12,13].

Porcine insulin differs from human insulin by one amino acid, and from bovine insulin
by three. This small difference was enough for some patients to develop an allergy and
forced them to abandon treatment. To solve this problem, in 1980 Hoechst, applying a
chemical process called transpeptidization, managed to replace the different amino acid
in porcine insulin (an alanine) with the amino acid of the human sequence (a threonine).
However, despite having achieved its synthesis, insulin was still very expensive.
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(d

GIVEQCCASVCSLYQLENYCN A Chain (21 amino acids)

FVNQHLCGSHLVEALYLVCGERGFFYTPKA B Chain (30 amino acids)
(b)

Figure 5. Insulin structure. (a) Frederick Sanger, awarded the Nobel Prize in 1958 for the discovery
of the amino acid sequence of bovine insulin. (b) Amino acid sequence of insulin, made up of
two chains, A and B. (c) Dr. Dorothy Crowfoot Hodgkin, awarded the Nobel Prize in 1964 for the
discovery of the (d) three-dimensional structure of insulin.

In 1973, Cohen and Boyer created the first transgenic bacteria that were capable of
expressing a foreign gene, and everything seemed to indicate that this technique could
be used for the production of proteins or peptides of medical interest [28]. However, it
was still necessary to identify the gene encoding insulin in the human genome, which was
achieved in 1977 by W. Gilbert and Lydia Villa-Komaroff [29]. However, another problem
still had to be solved: insulin is produced from a single chain that is cut in several places
until it becomes two chains joined by disulfide bonds, and while bacteria or yeast could
synthesize the precursor, they could not process it, so the result would be useless. To solve
this problem, the parallel synthesis of the two molecules separately was proposed, which
would later be joined by chemical methods. The first to achieve it were Riggs, Itaura and
Boyer in 1977. The first clinical trial was carried out on 17 volunteers in July 1980 at Guy’s
Hospital in London, and the process was commercialized by Eli Lilly in consortium with
Boyer himself and Genetech in 1982 under the trade name Humulin. That new insulin was
cheaper to produce, powerful and safe, since it did not show the problems that animal
counterparts produced. It began to be distributed in the early 1980s as a treatment for
diabetes, being (once again) the first recombinant protein approved as a medicine [30].

Nowadays, practically all diabetics are treated with some type of recombinant insulin,
as numerous analogues have been developed, each with different qualities (delayed effect,
more powerful, etc.).

The advantage of genetic engineering is that we are not limited to mere copying,
but can improve according to the patient’s needs (insulin with immediate effect during a
hyperglycemic shock, for example, or persistent over time) [31]. Thus, in 1996, the first
rapid insulin analogue, Humalog®, was produced; a form of insulin that, by changing
the position of two amino acids, managed to increase the speed of the effect. Soon after,
in 2000, the first long-acting insulin analogue, insulin Glargine (Lantus®), was marketed
by Sanofi-Aventis Germany Ltd. (Frankfurt, Germany) throughout the European Union.
This new long-acting insulin evolved into a three-times more concentrated formulation of
glargine (Glarginia U300), marketed as Toujeo®, and was launched following FDA approval
in 2015. Additionally, in 2016, the first second-generation long-acting insulin analogue
appeared, insulin degludec, marketed by Novo Nordisk as Tresiba®; it had a half-life of
25.4 h, reaching its steady state after 3 days [30-34]. New advances have also appeared
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Advances

Insulin isolation Synthetic
(Banting & Best)  Insulin

1922

in rapid insulins, such as the ultra-rapid insulin Faster Aspart (FiAsp®), marketed by
Novo Nordisk (Bagsveerd, Denmark), which was approved in 2017 both in Europe and the
USA. This new insulin is formulated with two excipients: vitamin B3 (niacinamide), which
increases local blood flow, accelerating the absorption of insulin at that level, and L-arginine,
which acts as a stabilizer, achieving a faster onset of action (4.9 min vs. 11.2 min) and a 35%
reduction in the time it takes to reach 50% of the maximum concentration [35] (Figure 6).

T_ = | Glucose

5 sensitive Insulin
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¢ Very long-acting
insulin analogs

Long-acting
insulin analogs 2.0
Long-acting

First human
synthetic Insulin

g insulin analogs
Insulin Rapid-acting
First long- mixtures insulin analogs

acting insulin

Beta cell
Replacement
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Time (year)
Figure 6. Past and future advances in insulin development.

Additionally, to investigate insulin’s time of action, combinations of insulin treatment
with other hypoglicemiant drugs were also researched. In this line, the American Diabetes
Association has recommended, since 2019, the administration of a combination of GLP-1RA
(glucagon-like peptide 1 receptor agonist) with basal insulin in type 2 diabetes when GLP-
1RA is not enough to achieve an optimum glucose control, and injectable therapy is
needed [36]. Basal insulin provides a constant level of insulin throughout the day, helping
to control fasting blood sugar levels, while GLP-1RAs act to stimulate insulin secretion,
inhibit glucagon release, slow gastric emptying and promote satiety, which leads to better
blood sugar control, as well as possible weight loss. Due to the different ways in which
both medications act, their combination in a fixed-dose injectable formulation offers several
advantages. First, it simplifies the treatment regimen for patients by reducing the number
of injections needed each day. Second, it addresses multiple aspects of diabetes pathology,
focusing on both fasting and postprandial hyperglycemia, as well as providing potential
benefits for weight management. Additionally, the combination of these two classes of
medications may have synergistic effects, leading to better glycemic control compared to
either therapy alone [36-38].

3.2. The Evolution of Insulin Therapy, More Than Insulin Analogues

After all the advances that took place in the development of new insulins, the efforts
began to focus on administration methods as well as the development of equipment capable
of measuring blood glucose levels in a rapid, precise and non-invasive way (Figure 7) [39].
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Figure 7. The evolution of insulin administration and glucose monitoring systems.

3.2.1. Syringes

The administration of insulin in diabetic patients is carried out subcutaneously. Thus,
not only have advances in insulin analogues been important during these 100 years,
but so too has the progress in methods of insulin administration. Initially, insulin was
administered using reusable metal or glass syringes. These hypodermic syringes were
sterilized after each use, yet cases of disease transmission have been documented, including
hepatitis, malaria, polio and tuberculosis [40].

It was the New Zealand veterinarian and pharmacist Colin Murdoch who, in 1956,
developed the first model of disposable syringe, trying to improve on those used to
vaccinate animals [41]. He designed a single-use model that would be sold already loaded
with the vaccine. When he presented his idea to the New Zealand Department of Health
it was considered too futuristic, and the idea did not progress until years later, when
it was sold around the world thanks to the Australian company Tasman Vaccine Ltd.
Empty disposable plastic syringes did not came onto the market until 1964, pioneered by
the leading American medical instrument company Becton Dickinson, which nowadays
continues to manufacture about 5 million syringes a day [39].

3.2.2. Insulin Pens

Despite the great advantages, both in terms of safety and comfort for the patient,
that the introduction of disposable syringes offered, advances continued towards their
disappearance, with the first insulin prefilled pens appearing in 1985—NovoPen from
the company Novo Nordisk. Those pens comprised three parts: a single-click-per-unit
dosage system, a cartridge for insulin and a disposable needle. That device allowed
the patient greater discretion and freedom and better long-term profitability, translating
into better adherence to treatment. In 1989, NovoLet was launched, based on the same
technology as the previous NovoPen prefilled pens, but in this case, it was disposable
and biodegradable [42].

In the year 2007, Next-Generation Insulin pens, also known as “smart pens”, arrived
on the market. These devices contain a multidose memory function that records the
date, time and dose of previous administrations, which helps better control the insulin
doses administered, helping with the better monitoring of the treatment by the doctor.
Furthermore, it is important to highlight that the new models on the market allow the
administration of insulin in increments of 0.1 units, starting from a minimum dose of half a
unit, helping to better adjust the insulin dose needed at all times.

180



Biomedicines 2024, 12, 533

3.2.3. Continuous Subcutaneous Insulin Infusion-CSII

The first commercially used insulin pump was the “Autosyringe” model in 1978,
also known as the “Big Blue Brick” [43]. Despite the great enthusiasm of the medical
community for this new instrument, they were large devices with very limited reliability.
Therefore, it was not until the 1990s when CSII models could finally be introduced into the
treatment routine of patients with type 1 diabetes, thanks to the reduction in pump size,
increased safety and greater reliability in the administrations. These systems are capable
of simulating the physiological secretion of insulin by islet cells more accurately than is
performed with multiple daily injections [39,43].

These insulin infusion systems have been evolving over the past few years, allowing
the prior programming of doses, as well as adjustments by the patient to special insulin
needs such as exercise, illness, hormonal changes, or other circumstances that are out of the
ordinary. These changes can be made precisely in increments as small as 0.05-0.25 units
per hour. Different clinical trials have demonstrated that the use of CSII improves the
glycemic state, and reduces the insulin dosage as well as the glycemic variability of type
1 diabetes patients [40].

Another important advance in the treatment of diabetes was the appearance of contin-
uous glucose monitors, which allow the glucose in the interstitial fluid to be continuously
monitored using a sensor inserted into the subcutaneous tissue. Since the beginning of the
2000s, these systems have been capable of integration with an CSII, combining the benefits
of both technologies, so that the administration of insulin by the pump is adjusted with the
measurements of the continuous glucose monitor, enabling one able to identify trends of
increase or decrease in glucose, thus anticipating the necessary dose of insulin [44].

The latest advances in this field occurred in 2017, with the appearance of hybrid closed-
loop systems or automated insulin infusion systems, which integrate three components:
a real-time continuous glucose monitor, which measures interstitial glucose at regular
intervals; a control algorithm, which can be integrated into the insulin pump; an external
device or a mobile application; and finally, an insulin pump that allows its continuous
release, increasing significantly the time required of patients and reducing HbAlc levels, as
well as the number of sever hypo- and hyperglycemia. Since the implementation of the
closed-loop systems, their use has increased exponentially, and, currently, 60% of patients
with type 1 diabetes in the US use them [45—47].

4. The Future of Insulin Therapy

Multiple different insulin formulations have been marketed since its discovery in 1922.
Currently, according to the FDA [48], we can find three types of approved and marketed
insulin: basal insulins, prandial insulins, and insulin mixtures (Table 1). However, research
into new formulations and ways of administration of insulin continues, with the near
future holing once-weekly basal insulin analogues, glucose-sensitive insulins (also known
as smart insulins), and non-injectable insulins.

Table 1. Different types of insulin approved by FDA.

Type of Insulin Brand Name Other Names

Admelog insulin lispro injection

4 Afrezza (inhalation powder) regular human insulin

<

&) . . Apidra insulin glulisine

Z Rapid-Acting

é Fiasp insulin aspart

P~ Humalog insulin lispro
Novolog insulin aspart
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Table 1. Cont.

Type of Insulin

Brand Name

Other Names

Intermediate-Acting

Humulin N

NPH human insulin

Novolin N
Humulin R
Short-Acting regular human insulin
a Novolin R
cZ) Basaglar KwikPen
M Lantus insulin glargine
Long-Acting Toujeo
Levemir insulin detemir
Tresiba FlexTouch insulin degludec
75% insulin lispro protamine suspension
Humalog Mix 75/25
25% insulin lispro injection
70% human insulin isophane suspension
Humalog 70/30
30% human insulin injection
Intermediate- and Rapid-Acting - — - -
50% insulin lispro protamine suspension
Humalog Mix 50/50
N 50% insulin lispro injection
=
=2 70% insulin aspart protamine suspension
= NovoLog Mix 70/30
= 30% insulin aspart injection
=

Long- and Rapid-Acting

Ryzodeg 70/30 FlexTouch

70% insulin degludec

30% insulin aspart

70% NPH human insulin
Humulin 70/30
30% regular human insulin injection
Intermediate- and Short-Acting 20% NPH H P
% uman Insulin
Novolin 70/30

30% Regular Human Insulin Injection

NPH: neutral protamine Hagedorn.

4.1. Once-Weekly Basal Insulin Analogue

One of the main lines of research that is currently being carried out is the search for
very long-acting basal insulins, which allow the elimination of daily basal insulin injections,
thus requiring only rapid insulin boluses. This is how insulin icodec was developed,
developed by Novo Nordisk and whose effectiveness is currently being studied. Icodec
has achieved, through structural modifications and binding to C20 fatty diacids, greater
molecular stability, less enzymatic degradation and reduced receptor-mediated clearance,
allowing less degradation and increasing its lifetime to 196 h [49,50].

4.2. Glucose Sensitivity

Also known as smart insulins, the objective of glucose-sensitive insulins is to act in
case of hyperglycemia and cease their action after reaching normoglycemia, thus promoting
optimal glucose levels in the body. The first studies on these insulins date back to the 1970s;
specifically, in 1979, a modified insulin molecule appeared, linked to a lectin, called concav-
alin A. This molecule would bind to carbohydrates such as glucose and produce a greater
release of insulin from this complex; but its final effect was not the desired one [51,52]. Over
the years, other studies have been carried out using different types of insulin encapsulations
or polymers intended for subcutaneous deposits, among other options. However, none
of these products have been translated into therapeutic practice, mainly due to their slow
reaction to increases in glucose, meaning that, today, only two molecules have been tested
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in humans. The main characteristics that a glucose-sensitive insulin must show in order
to be transferred to clinical practice are the selective detection of glycemia, no toxicity or
side effects, responsiveness to physiological glycemic ranges, and a quick and efficient
reaction, reversible in the case of glucose changes [51,53]. Although to date there has been
no molecule found that is capable of meeting all these characteristics, there are several
pharmaceutical laboratories that are committed to this line of research.

4.3. Non-Injectable Insulins

Another line of research that is currently blooming in different pharmaceutical labora-
tories is the search for non-invasive routes of insulin administration, among which inhaled,
intranasal, oral, buccal, and transdermal formulations stand out.

The first non-injectable insulin administration method to hit the market was inhaled
insulin, marketed in 2006 by Pfizer under the name Exubera; however, it was quickly
withdrawn from the market due to its adverse effects, mainly coughing and alterations
of lung function [53,54]. Over the years, new formulations have come to the market, and
although none have yet been able to replace injectable insulin, several inhaled insulins are
in the clinical trial phase, and seek to establish themselves as a real alternative to injectable
insulin in clinical practice.

Possibly the most promising non-invasive route of insulin administration is the oral
route, due to its easy administration, which is why there are multiple pharmaceutical
laboratories working in this line. Among the main challenges faced by these laboratories
are the poor permeability of the epithelial cell due to its high molecular weight, and the
enzymatic degradation of oral insulin by gastrointestinal peptidases, so increasing the
bioavailability of oral insulin is considered one of the main challenges [55,56].

We can also highlight the long-acting basal insulin analogue 338 (I338), an insulin
modified to be less susceptible to proteolytic degradation in the gastrointestinal tract. Its
principle is based on a strong and reversible binding to albumin that gives it a long life,
with an average plasma concentration of about 70 h [57]. In relation to oral insulins, a
capsule-shaped device has been developed, the self-orienting millimeter-scale applicator,
SOMA, which after being ingested adheres to the intestinal mucosa to release insulin, and
whose objective is to increase the bioavailability of oral insulin [58]. Although preclinical
studies are very promising, further research is needed in this field.

5. Conclusions

The idea that woke up Frederick Banting in the early morning of 31 October 1920
marked a paradigm shift, not only in the world of diabetes, but in the field of medicine in
general, highlighting the importance of collaboration between clinicians, researchers and
pharmaceutical companies seeking to improve the lives of people with diabetes. On the
other hand, the refusal of the discoverers to conduct business with its discovery allowed
significant progress from the first years, as opposed to new developers who have decided
to patent the new insulin formulas.

Despite a century having passed since the discovery of insulin, with consequent
advances in diabetes research, we are still very far from being able to achieve a real cure for
type 1 diabetes that prevents the autoimmune destruction of pancreatic beta cells, although
the lives of these patients improve year after year with the new discoveries in this field.
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Abstract: Background. One hundred years have passed since the discovery of insulin, which is
one of the most relevant events of the 20th century. This period resulted in extraordinary progress
in the development of novel molecules to improve glucose control, simplify the insulin regimen,
and ameliorate the quality of life. In late March 2024, the first once-weekly basal analog Icodec
was approved for diabetes mellitus, generating high expectations. Our aim was to systematically
review and meta-analyze the efficacy and safety of Icodec compared to once-daily insulin analogs
in type 1 (T1D) and type 2 diabetes (T2D). Methods. PubMed/MEDLINE, Cochrane Library, and
ClinicalTrials.gov were searched for randomized clinical trials (RCTs). Studies were included for
the synthesis according to the following prespecified inclusion criteria: uncontrolled T1D or T2D,
age > 18 years, insulin Icodec vs. active comparators (Degludec U100, Glargine U100, Glargine U300,
and Detemir), phase 3, multicenter, double-blind or open-label RCTs, and a study duration > 24 weeks.
Results. The systematic review included 4347 patients with T1D and T2D inadequately controlled
(2172 randomized to Icodec vs. 2175 randomized to once-daily basal analogs). Icodec, compared
to once-daily basal analogs, slightly reduced the levels of glycated hemoglobin (HbAlc) with an
estimated treatment difference (ETD) of —0.14% [95%CI —0.25; —0.03], p = 0.01, and 12 68%. Patients
randomized to Icodec compared to those on once-daily basal analogs had a greater probability to
achieve HbAlc < 7% without clinically relevant or severe hypoglycemic events in 12 weeks from
randomization with an estimated risk ratio (ERR) of 1.17, [95%CI 1.01, 1.36], p = 0.03, and 2 66%.
We did not find a difference in fasting glucose levels, time in range, and time above range between
Icodec and comparators. Icodec, compared to once-daily basal analogs, resulted in a slight but
statistically significant weight gain of 0.62 kg [95%CI 0.25; 0.99], p = 0.001, and I? 25%. The frequency
of hypoglycemic events (ERR 1.16 [95%CI 0.95; 1.41]), adverse events (ERR 1.04 [95%CI 1.00; 1.08]),
injection-site reactions (ERR 1.08 [95%CI 0.62; 1.90]), and the discontinuation of treatments were
similar between the two groups. Icodec was found to work better when used in a basal-only than
basal-bolus regimen with an ETD in HbAlc of —0.22%, a probability of achieving glucose control of
+33%, a probability of achieving glucose control without clinically relevant or severe hypoglycemia
of +28%, more time spent in target (+4.55%) and less time spent in hyperglycemia (—5.14%). The
risk of clinically relevant or severe hypoglycemic events was significantly higher when background
glinides and sulfonylureas were added to basal analogs (ERR 1.42 [95%CI 1.05; 1.93]). Conclusion.
Insulin Icodec is substantially non-inferior to once-daily insulin analogs in T2D, either insulin-naive
or insulin-treated. However, Icodec works slightly better than competitors when used in a basal-
only rather than basal-bolus regimen. Weight gain and hypoglycemic risk are substantially low
but not negligible. Patients” education, adequate lifestyle and pharmacological interventions, and
appropriate therapy adjustments are essential to minimize risks. This systematic review is registered
as PROSPERO CRD42024568680.
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1. Background

The discovery of insulin represents one of the most valuable scientific events of the
20th century, as it significantly contributed to the comprehension of diabetes mellitus
pathophysiology and had relevant fallouts from a therapeutic viewpoint [1].

After the first identification of pancreatic islets by Paul Langerhans in 1869, more than
50 years passed until insulin was isolated for the first time by Sir Frederick Banting and
Charles Best under the direction of John James Richard MacLeod at Toronto University
(1921) [2]. Leonard Thompson was the first patient with type 1 diabetes (T1D) to receive
the first insulin dose to control glucose levels, marking an extremely important event that
would dramatically change the prognosis of future patients with insulinopenic diabetes.
Banting and MacLeod’s discovery was then honored with the Nobel Prize in Physiology or
Medicine in 1923.

Subsequent decades were characterized by the fervid development of the pharma-
ceutical industry and biotechnologies with the aim of (1) expanding the production and
distribution of insulin worldwide, given the progressively growing demand for the hor-
mone in North America and Europe; (2) improving insulin safety and tolerability; and
(3) developing novel insulin analogs with a long half-life to overcome the need for multiple
administrations of short-acting insulin [3].

Frederick Sanger in 1958 and Dorothy Hodgkin in 1969 isolated the primary sequence
and quaternary structure of human insulin, respectively [4,5], opening the gate to the
future development of synthetic and completely humanized insulin analog, which took
place in 1978 by David Goeddel with recombinant DNA technology (and amplification in
Escherichia coli) [6].

Over the last 45 years, we have observed significant progress in the fields of Diabetol-
ogy, Biotechnology, and Pharmacology after the development and approval of several
insulin analogs with a rapid, ultra-rapid, and ultra-slow length of action and pre-filled pens
that simplified the handling of insulin regimens significantly, especially for patients treated
with multiple daily injections (MDI). At the same time, we observed a growing contribution
of technology with glucometers, insulin pumps, glucose sensors, bolus calculators, and
integrated systems, allowing increasingly more comfortable and tailored insulin delivery
and better glucose control (Figure 1).

A recent investigation focused on the development of modern agents with different
routes of administration (e.g., oral, transdermal, or inhalation), extremely long half-life
(i.e., once weekly insulins), and analogs conjugated with glucose sensors and conveyed by
specific platforms (smart insulins), which can act in a glucose-dependent manner [7-9].

Nowadays, the prevalence of diabetes is around 10% of the adult population world-
wide, with estimations indicating that 635 million people will have established diabetes
by 2030 and 783 million (+46%) by 2045 [10]. Type 2 diabetes (T2D) is the most common
cause of diabetes, representing 90% of all cases, while T1D is less common (8-10%). Trends
in insulin prescriptions in diabetes indicate a relevant increase in the number of insulin
users among T2D patients, with around 17.4% and 52% of them, respectively, on basal-only
and basal-bolus regimens [11]. Despite the novel agents currently available for T2D, the
percentage of patients who are candidates for insulin treatment is expected to increase over
the following decades due to the extension of life expectancy and the absolute increase in
the number of patients living with T2D. As another issue, only 1 in 4 insulin users with T2D
achieve their glucose targets, making frequent therapy adjustments compulsory, including
a switch to other basal analogs, to improve glucose control [12]. The lack of adherence
to insulin regimens, especially for patients on MDI, with the suboptimal frequency of
glucose checks and therapeutic inertia of prompt insulin titration, represent the most com-

187



Biomedicines 2024, 12, 1852

mon causes of insulin failure [13]. Overcoming these barriers can result in better glucose
management in patients with diabetes.

>
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Figure 1. Timeline summarizing the most relevant discoveries and events in the fields of Diabetology,
Biotechnology, and Pharmacology that have characterized the last 100 years.

2. Progress in Once-Weekly Insulins

Adequate adherence to pharmacological treatment contributes significantly to achiev-
ing and maintaining tailored glucose control, as guidelines recommend, especially in
patients with MDI. Novel administration strategies have been studied and proposed,
such as once-weekly administered drugs. Once weekly administered drugs represent
a significant innovation in the pharmacological management of T2D, as demonstrated
mainly by incretin-based injective treatments, such as glucagon-like peptide 1 receptor
agonists (GLP-1RAs) and dual GLP-1 and glucose-dependent insulinotropic peptide recep-
tor agonists [14-17]. Possible drawbacks of once-weekly insulins, such as insulin Icodec,
are related to their prolonged half-life, leading to less frequent insulin dose adjustments
compared to once-daily analogs that, in turn, could generate some concerns in managing
glucose variability, especially in insulinopenic diabetes while using the basal-bolus regimen.
Therefore, it is mandatory to address the efficacy and safety of insulin Icodec in various
insulin regimens, particularly the basal-bolus regimen, in both types of diabetes, which
was the aim of our systematic review. Moreover, insulin Icodec direct costs are expected to
be higher than those of currently available basal insulin analogs. Large-scale, cost-effective
trials are needed to comprehensively estimate the direct and indirect costs of insulin Icodec
compared to once-daily insulin analogs.

Ultra-long compared to once-daily insulin analogs should not simply have a longer
half-life; instead, they should ensure the lower variability of plasma concentration, a
stronger affinity for serum albumin, and significantly lower affinity for insulin receptors,
slowing down the receptor-mediated clearance of the insulin analog.

The first ultra-long insulin analog, Icodec (Awiqli®), was approved in March 2024
to treat T2D in Europe [18]. The novel analog should be administered subcutaneously
once a week in sites conventionally used to administer other insulin analogs, including the
thigh, abdomen, and upper arm [19]. Icodec can be marketed in three different packages,
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including pens of 1 mL, 1.5 mL, and 3 mL with a standard concentration of 700 IU/mL [20].
The Icodec dose should be calculated and adjusted weekly. The starting dose in insulin-
naive patients should be 70 IU/week, a dose paralleled to 10 IU per day of once-daily
insulins. Patients who are switched from other basal insulins to Icodec should be replaced
by maintaining a 1:1 ratio with the weekly dose of the basal analog, except for the first
administration, which is recommended to increase the dose by 50 to 100% according to
baseline-fasting glucose levels. The steady state is achieved after four weeks, and titration
should be accomplished weekly (+20 IU) with a recommended fasting/pre-breakfast
self-monitored glucose target of 80-130 mg/dL [21].

The pharmacokinetic profile of Icodec is not affected by mild, moderate, or severe
hepatic impairment. A slight but statistically significant increase in Icodec exposure was re-
ported along with a declining glomerular filtration rate; nevertheless, the clinical relevance
of this phenomenon could be negligible and easily managed with proper titration [22].

Icodec results from molecular bioengineering that introduce several changes in the
native structure of other insulin analogs starting from an oral insulin prototype (OI388) [23].
The addition of a C20 fatty diacid-containing side chain (acylation) induces robust and
reversible binding to serum albumin, while three amino acid substitutions (chain A, 14E;
chain B, 16H, and 25H) provide molecular stability and reduce binding to insulin receptor
and clearance [24,25]. Overall, these changes prolong the half-life of Icodec, resulting in
196 h, which is compatible with once-weekly dosing. Moreover, the lower affinity of insulin
Icodec, compared to native insulin, for both the insulin and insulin-like growth factor-1
receptors were proven to reduce the mitogenic effect of Icodec in various human cells.

Another once-weekly insulin analog is currently under investigation, namely, the Basal
Insulin Fc (BIE, LY3209590, or insulin Efsitora alfa), which is composed of a novel single-
chain variant of insulin fused to a human immunoglobulin G2 fragment and crystallizable
region of an antibody domain using a peptide linker [26]. Three phase 2 trials have already
been completed, and the published results demonstrate that insulin Efsitora alfa is effective
and safe in patients with T1D [27] when compared to once-daily insulin Degludec U100
and both T2D insulin-naive [28] and insulin users [29]. Five phase 3 trials are ongoing to
investigate the efficacy and safety of insulin Efsitora alfa as the most relevant part of the
once-weekly Insulin Therapy clinical program [30].

3. Efficacy and Safety of Insulin Icodec: The State of the Art
3.1. Phase 2 Trials

A summary of the phase 2 trial results is shown in Table 1. Icodec, compared to
Glargine U100, was administered daily and achieved a non-inferiority endpoint that im-
proved glucose control with a similar risk of level 2 and 3 hypoglycemia in insulin-naive
T2D individuals [31].

Titration is essential to achieve optimal glucose control without increasing the risk
of hypoglycemia, as demonstrated by another phase 2 trial [32]. The best result in terms
of improving glucose control and lowering the risk of hypoglycemia was obtained when
Icodec, compared to Glargine U100, was titrated at £28 IU/week to maintain a fast-
ing/prebreakfast self-monitored glucose level between 80 and 130 mg/dL. The switch
to Icodec vs. Glargine U100 in T2D patients who failed to achieve adequate glucose con-
trol with other basal insulins was slightly better in terms of the glucose control attained
in 15 weeks, especially when a loading dose of Icodec (+100%) was administered at the
switching time [33].
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Table 1. Overview of phase 2 trials.

NCT03751657 [27]

NCT03951805 [28]

NCT03922750 [29]

16-week open-label, randomized,

16-week open-label, randomized,

Study design 26-week double-blind, RCT treat-to-target, titration trial with glucose treat-to-target, switching trial with
monitoring glucose monitoring
Population T2D T2D T2D
Once-weekly insulin Icodec . .
Titration A (80-130 mg/dL = adjustment + _, Once-weekly 1nsuhr01 Icodec
. . . A) with loading dose (a 100% increase from
Intervention Once-weekly insulin Icodec 21 1U/week); the initial dose)
Titration B (80-130 mg/dL = 28 TU/week); B) wi t}f tla d.ose g
Titration C (70-108 mg/dL = £28 TU/week) withoutfoading dose
. . . Once-daily insulin Glargine U100 ao . .
Comparator Once-daily insulin Glargine U100 Titration (80-130 mg/dL = +4 TU/day) Once-daily insulin Glargine U100

Baseline characteristics

247 insulin-naive participants,
mean HbA1lc 8%,
metformin 4 DPP-IV inhibitors

205 insulin-naive participants,
mean HbA1lc 8.1%,
any oral antihyperglycemic agents

154 insulin users (10-50 IU/day): Detemir,
Degludec U100, Glargine U100, Glargine
U300, mean HbAlc 7.9%

Main findings

Mean change from baseline in HbAlc:
—1.33% Icodec vs. —1.15%
Glargine U100 (p = 0.08)

Hypoglycemia (levels 2 and 3):
0.53 events per patient-year Icodec vs.
0.46 events per patient-year
Glargine U100 (RR 1.09; 95%ClI, 0.45 to
2.65)

Mean change in TIR (baseline to 15-16 weeks)
Icodec A: from 57.0% to 76.6%
Icodec B: from 55.2% to 83%
Icodec C: from 51.0% to 80.9%
Glargine U100: from 55.3% to 75.9%

Level 2 hypoglycemia (<54 mg/dL, events per
patient-year of exposure)
Icodec A: 0.05
Icodec B: 0.15
Icodec C: 0.38
Glargine U100: 0.00

No level 3 hypos were observed.

Mean change in TIR (baseline to 15-16 weeks)
Icodec A: from 58.9% to 72.9%
Icodec B: from 54.5% to 66.0%
Glargine U100: from 58.7% to 65.0%

Mean change in HbAlc
Icodec A: from 7.9% to 7.1% Icodec B: from
7.9% to 7.4%
Glargine U100: from 7.9% to 7.4%

Level 1 and 2 hypos were similar (among the 3
groups), and no level 3 hypos were registered

Abbreviations: HbAlc, Glycated hemoglobin; IU, International Unit; T2D, Type 2 Diabetes.

3.2.

Phase 3 Trials

3.2.1. Overview of the ONWARDS Clinical Program

The efficacy and safety of insulin Icodec were extensively assessed over six randomized
clinical trials (RCTs) of the clinical program ONWARDS (Table 2) [34-39]. Five trials were
conducted on T2D patients: 3 in insulin-naive (ONWARDS 1, 3, and 5) and 2 in insulin-
treated (ONWARDS 2 and 4) patients. Only one trial was conducted on T1D (ONWARDS 6).
Icodec was compared to once-daily basal insulin types, namely Glargine U100 (ONWARDS
1, 4, and 5), Glargine U300 (ONWARDS 5), and Degludec U100 (ONWARDS 2, 3, and 5), to
assess both the efficacy and safety of the novel once-weekly analog.

Table 2. Comprehensive overview of the ONWARDS clinical program.

ONWARDS 1 [30] ONWARDS 2 [31] ONWARDS 3 [32] ONWARDS 4 [33] ONWARDS 5 [34] ONWARDS 6 [35]

(NCT04460885) (NCT04770532) (NCT04795531) (NCT04880850) (NCT04760626) (NCT04848480)
Sponsored Yes Yes Yes Yes Yes Yes
Population Insulin-naive T2D Basal insulin-treated T2D Insulin-naive T2D Basal bolus-treated T2D Insulin-naive T2D T1D

N Age > 18 yrs,
Age > 18 yrs, Age > 18 yrs, . o, HbAlc <10%
Inclusion criteria baseline HbAlc 7-11%, Age 2 18yrs, baseline HbAlc 7-11%, Age 2 18 yrs, baseline HbAlc > 7% for Atleast 1 year of basal-bolus
baseline HbA1lc 7-10% N 2 baseline HbAlc 7-10% ‘whom insulin treatment is .
baseline BMI < 40 kg/m’ regimen

baseline BMI < 40 kg/m2

required

Study design

Randomized, open-label,
treat-to-target phase 3a trial

Randomized, open-label,
active-controlled,
multicentric, treat-to-target
phase 3a trial

Randomized,
double-masked,
double-dummy,

active-controlled,
treat-to-target phase 3a trial

Randomized, open-label,
multicentric, treat-to-target,
non-inferiority trial

Randomized, open-label,
multinational trial

Randomized, multicenter,
open-label, active-controlled,
parallel-group,
treat-to-target, phase 3a trial

Study duration, weeks

78 (52 + 26 of extension
safety phase) + a 5-week
follow-up

26 + a 5-week follow-up

26 + a 5-week follow-up

26 + a 5-week follow-up

52 + a 5-week follow-up

52 (26 + 26 of extension
safety phase) + a 5-week
follow-up

Pretrial
antihyperglycemic drugs

Any non-insulin
drugs allowed

Once or twice-daily basal
insulins 4 non insulin
antihyperglycemic agents

Any non-insulin
drugs allowed

Any basal-bolus regimen +
non insulin
antihyperglycemic agents
(>90 days)

Any non-insulin
drugs allowed

Basal-bolus regimen (any
analogues allowed)

Handling of pretrial
antihyperglycemic drugs at
the randomization

Pretrial drugs confirmed,
except secretagogues

Pretrial drugs confirmed,
except secretagogues

Pretrial drugs confirmed at
the same dose, including
secretagogues (initial dose
was reduced by 50%)

Pretrial drugs confirmed,
except secretagogues

Pretrial drugs confirmed at
the same dose, including
secretagogues (initial dose
was reduced by 50%)

Pretrial prandial insulins
were switched to
insulin Aspart

Comorbidities

NA

NA

Arterial hypertension (65%),
hepatic steatosis (12.5%),
coronary artery disease
(10%), renal
impairment (8.5%)

NA

Arterial hypertension (70%),

hepatic steatosis (9.8%),
coronary artery
disease (8.5%)

NA
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Table 2. Cont.

ONWARDS 1 [30]
(NCT04460885)

ONWARDS 2 [31]
(NCT04770532)

ONWARDS 3 [32]
(NCT04795531)

ONWARDS 4 [33]
(NCT04880850)

ONWARDS 5 [34]
(NCT04760626)

ONWARDS 6 [35]
(NCT04848480)

Once-weekly insulin Icodec

Once-weekly insulin Icodec

Once-weekly insulin Icodec

Intervention Once-weekly insulin Icodec Once-weekly insulin Icodec + once-daily placebo + insulin Aspart Once-weekly insulin Icodec + insulin Aspart
c Once-daily insulin Once-daily insulin Once-daily insulin Once-d.ally insulin Once-.dally basal 1nsuln.15 Once-daily insulin
'omparators Glargine U100 Degludec U100 Decludec U100 Glargine U100 + (Glargine U100 or Glargine Degludec U100 +
Harg & & insulin Aspart U300 or Degludec U100) insulin Aspart
Icodec: 492 Icodec: 263 Icodec: 294 Icodec: 292 Icodec: 542 Icodec: 290

Sample size: n

Glargine: 492

Degludec: 263

Degludec: 294

Glargine: 291

OD Basal: 543

Degludec: 292

Completed the “in-trial”
period: %

Icodec: 96.5%
Glargine: 97.4%

Icodec: 97.7%
Degludec: 96.2%

Icodec: 95.9%
Degludec: 96.2%

Tcodec: 94%
Glargine: 92%

Icodec: 89.1%
OD Basal: 90.8%

Tcodec: 90%
Glargine: 95%

Primary Outcome

Mean change from baseline
to study completion
in HbAlc

Mean change from baseline
to study completion
in HbAlc

Mean change from baseline
to study completion
in HbAlc

Mean change from baseline
to study completion
in HbAlc

Mean change from baseline
to study completion
in HbAlc

Mean change from baseline
to study completion (week
26) in HbAlc

Secondary outcomes

Mean change from baseline
to study completion in FPG,
TIR, weekly insulin dose,
body weight

Mean change from baseline
to study completion in FPG,
TIR, weekly insulin dose,
body weight,
diabetes satisfaction

Mean change from baseline
to study completion in FPG,
weekly insulin dose,
body weight

Mean change from baseline
to study completion in FPG,
TIR, weekly insulin dose,
body weight

Mean change from baseline
to study completion in
diabetes satisfaction and
compliance, weekly insulin
dose and body weight

Mean change from baseline
to study completion in FPG,
TIR, HbATlc (week 52), body
weight, diabetes satisfaction

Safety outcomes

Adverse events,
hypoglycemic episodes
(levels 1, 2, and 3)

Adverse events,
hypoglycemic episodes
(levels 1,2, and 3), daytime
and nocturnal hypos

Adverse events,
hypoglycemic episodes
(levels 1, 2, and 3)

Adverse events,
hypoglycemic episodes
(levels 1, 2, and 3)

Adverse events,
hypoglycemic episodes
(levels 1,2, and 3), daytime
and nocturnal hypos

Adverse events,
hypoglycemic episodes
(levels 1, 2, and 3), daytime
and nocturnal hypos

Age, yrs:
mean + sd

Icodec: 59.1 £ 10.1
Glargine: 58.9 9.9

Icodec: 62.3 £9.8
Degludec: 62.6 + 8.4

Icodec: 58 + 10
Degludec: 59 + 10

Icodec: 59.7 £ 10.1
Glargine: 59.9 + 9.9

Icodec: 59.1 £ 10.8
OD Basal: 59.4 +10.2

Icodec: 44.1 + 14.1
Degludec: 44.3 4+ 14.1

Diabetes duration, yrs:
mean + sd

Icodec: 11.6 + 6.7
Glargine: 11.5 + 6.8

Icodec: 16.5 + 8.4
Degludec: 16.9 + 7.9

Icodec: 10.5
Degludec: 10.7

Icodec: 18 £9.1
Glargine: 16.3 7.7

Icodec: 11.9 + 6.9
OD Basal: 12 + 7.6

Icodec: 20 £ 13.2
Degludec: 19 +12.9

Baseline HbAlc, %: mean +

Icodec: 8.5 + 1

Icodec: 8.17 £ 0.77

Icodec: 8.55 + 1.11

Icodec: 8.29 + 0.86

Icodec: 8.96 + 1.6

Icodec: 7.59 + 0.96

sd Glargine: 8.4 £ 1 Degludec: 8.1 + 0.77 Degludec: 8.48 4 1.01 Glargine: 8.31 + 0.9 OD Basal: 8.88 4 1.5 Degludec: 7.63 4 0.93
Final HbAlc, %: Tcodec: 6.93 4+ 1.33 Tcodec: 7.2 £ 0.81 Icodec: 7 + 1.09 Tcodec: 7.14 4 0.85 Tcodec: 7.24 4 2.01 Tcodec: 7.15 + 1.1
mean + sd Glargine: 7.12 4 1.11 Degludec: 7.42 + 0.97 Degludec: 7.2 4 0.98 Glargine: 7.12 4 0.85 OD Basal: 7.61 + 2.7 Degludec: 7.1 + 1.1
Baseline FPG, mg/dL: Icodec: 185.3 4 49 Icodec: 155.2 + 47 Icodec: 187 + 54 Icodec: 165.6 4 54 Icodec: NA Icodec: 179 + 74
mean + sd Glargine: 185.7 + 51.7 Degludec: 150.7 + 40.9 Degludec: 176 + 46 Glargine: 172.8 + 63 OD Basal: NA Degludec: 172 + 72
Final FPG, mg/dL: Icodec: 125.2 4 37 Icodec: 129.1 +29.3 Icodec: 127 +£ NA Icodec: 137 + 41 Icodec: NA Icodec: 163.9 + NA
mean + sd Glargine: 125.4 +37.3 Degludec: 117.7 £+ 26 Degludec: 127 + NA Glargine: 132 + 39 OD Basal: NA Degludec: 138.3 = NA

Baseline BMI, kg/m?2: mean
+sd

Icodec: 30 + 4.8
Glargine: 30.1 + 5.1

Icodec: 29.5 £ 5.2
Degludec: 29.2 + 4.9

Icodec: 29.9 + 5.2
Degludec: 29.2 + 5.1

Icodec: 30.5 + 5
Glargine: 30 + 5

Icodec: 32.6 +£7
OD Basal: 33 + 6.9

Icodec: 26.8 + 5
Degludec: 26.2 + 4.5

Baseline body weight, kg:
mean + sd

Icodec: 85.2 + 17.7
Glargine: 84.3 4+ 17.6

Icodec: 83.7 + 18.4
Degludec: 81.5 + 17.1

Icodec: 85.8 4 20.1
Degludec: 83.2 + 18.2

Icodec: 85.5 + 17.6
Glargine: 83.1 +17.3

Icodec: 93.2 +22.5
OD Basal: 94.3 £ 21.5

Icodec: 78.6 + 17.6
Degludec: 77.1 + 16.8

Final body weight, kg: mean
+sd

Icodec: 87.03 + 0.21
Glargine: 86.57 + 0.21

NA

Icodec: 87.3 £ NA
Degludec: 86.8 £ NA

Icodec: 88.2 £ NA
Glargine: 85.3 = NA

Icodec: 96
OD Basal: 95.2

Icodec: 79.9 £ NA
Degludec: 78.1 £ NA

Starting dose of basal insulin

Icodec: 70

1:1 ratio with pretrial basal

Icodec: 70

1:1 ratio with pretrial basal

Icodec: 70

1:1 ratio with pretrial basal

(TU/week) Glargine: 70 insulins Degludec: 70 insulins Degludec: 70 insulins
Weekly insulin dose at the Tcodec: 214 Icodec: 268 Icodec: 204 Icodec: 305 Icodec: 227 Icodec: 132
study completion: n (TU) Glargine: 222 Degludec: 244 Degludec: 186 Glargine: 279 OD Basal: 185 Degludec: 161
Treat-to-target approach Yes, 80-130 mg/dL Yes, 80-130 mg/dL Yes, 80-130 mg/dL Yes, 80-130 mg/dL NA Yes, 80-130 mg/dL

Titration of basal insulin

Icodec: 4-20 per week
Glargine: +3 per day

NA

Icodec: 420 per week
Degludec: 43 per day

Icodec: £20 per week
Glargine: +3 per day

Icodec: algorithmic-assisted
titration
Degludec: at the discretion
of investigators

Icodec: +20 per week
Degludec: £3 per day
Aspart: dose adjustment
(week 0 to 8) or
carbohydrate-counting

Frequency of insulin

A Once a week Once a week Once a week Once a week Once a week Once a week
dose adjustment
y ) Yes, double-blind CGM Yes, double-blind CGM Yes, double-blind CGM ICOBOT engine for guiding Yes, open CGM (whole
Additional metrics/tools None . study, but not used for
(weeks 48-52) (weeks 22-26) (weeks 22-26) Icodec titration only N e
insulin titration)
Satisfaction questionnaire None Yes, DTSQ None None Y"’I‘:Iélll?/lli %Q’ Yes, DTSQ

Abbreviations: CGM, Continuous Glucose Monitoring; DTSQ, Diabetes Treatment Satisfaction Questionnaire;
FPG, Fasting Plasma Glucose; HbAlc, Glycated hemoglobin; IU, International Unit; NA, Not Assessed /reported;
OD, Once a Day; T1D, Type 1 Diabetes; T2D, Type 2 Diabetes; TIR, Time in Range; TRIM-D, Treatment Related
Impact Measure for Diabetes.

Each trial included a 2-week pretrial screening and a 5-week post-trial safety follow-up
in which the patients were followed after treatment discontinuation for residual adverse
events. The trials ONWARDS 1, 5, and 6 also included a 26-week extension phase during
which patients continued the trial treatments in the same way as from the randomization
to detect and register efficacy and safety endpoints until the study’s completion.
The primary endpoint of all trials was to compare the mean absolute changes in
glycated hemoglobin (HbAlc) levels from baseline to study completion, which was set at
26 weeks in ONWARDS and 2, 3, 4, and 6 and 52 weeks in the remaining cohorts. Secondary
endpoints included fasting glucose control, time in range (TIR), hypoglycemic risk, other
safety outcomes, and patient satisfaction [40].
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3.2.2. Procedures
Pretrial Antihyperglycemic Treatment

Any antihyperglycemic drug was allowed before the study entry and during the trials
at the same pretrial dose. Sulfonylureas or glinides were discontinued (ONWARDS 1, 2,
and 4) or the pretrial dose halved (ONWARDS 3 and 5) because of unacceptable gain in the
risk of hypoglycemia when combined with basal insulins.

In ONWARDS 4 and 6, all participants were switched from any pretrial prandial
analog to insulin Aspart.

Starting Dose and Titration of Basal Analogs

The starting dose of Icodec and once-daily basal analogs was 70 IU per week (10 IU/day)
in insulin-naive individuals (ONWARDS 1, 3, and 5). In insulin-treated patients (ON-
WARDS 2, 4, and 6), the starting dose of both Icodec and once-daily basal analogs was
the same as the weekly dose of the pretrial basal analog. For the first dose of Icodec, an
additional 50% one-time dose was administered. In ONWARDS 6, T1D individuals with a
baseline HbAlc > 8% received a 100% once-time additional dose of Icodec in addition to
the first administration only.

Basal analogs were titrated weekly using a treat-to-target approach to achieve fast-
ing/prebreakfast glucose levels of 80-130 mg/dL. In ONWARDS 5, the titration of Icodec
was assisted by a dose guidance system integrated with a dose recommendation algo-
rithm. Therefore, patients randomized to Icodec received specific training to run the
system. Investigators carried out the titration of Degludec at their personal discretion as
per standard practice.

Continuous Glucose Monitoring

Continuous glucose monitoring (CGM) was allowed in ONWARDS 1, 2, and 4. It
was double-masked over the last four weeks of trials, with only a statistical aim to collect
and analyze additional metrics of glucose control, including TIR (70-180 mg/dL), time
above range, or TAR (>180 mg/dL), and time spent in clinically relevant hypoglycemia
(<54 mg/dL).

In ONWARDS 6, patients with T1D were educated to wear and use an open CGM
system to monitor glucose values during the study. However, as per the protocol, any
CGM-based insulin adjustment was prohibited.

The GCM system used in all trials was Dexcom G6®.

Safety Endpoints

Safety endpoints were observed and reported over the entire study, including the
extension phase and 5-week follow-up. Safety endpoints included any adverse events,
such as serious and severe adverse events, events probably and possibly related to insulin
use, hypersensitivity, injection-site reactions, hypoglycemia (overall, combined clinically
relevant and severe, and nocturnal), and weight gain.

Hypoglycemic events were classified according to a standardized three-level severity
scale as follows: level 1 hypoglycemia for glucose levels ranging from 55 to 70 mg/dL, level
2 or clinically significant hypoglycemia for glucose levels < 54 mg/dL, and level 3 or severe
hypoglycemia to indicate an event characterized by altered mental and/or physical status
requiring assistance for the treatment of hypoglycemia, regardless of glucose levels [41].

Satisfaction and Compliance Questionnaires

The Diabetes Treatment Satisfaction Questionnaire and Treatment-Related Impact
Measure for Diabetes were used as specific tools to assess secondary endpoints on diabetes
satisfaction and compliance in insulin-treated patients in ONWARDS 2, 5, and 6 only.
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3.2.3. Methods
Searching, Screening, and Selection of Studies

Two operators (G.L. and A.D.T.) searched databases and registries, including
PubMed/MEDLINE, Cochrane Library, and ClinicalTrials.gov, from 1 November 2020
to 9 August 2024, for RCTs assessing the efficacy and safety of insulin Icodec from the ON-
WARDS clinical program. Keywords and Medical Subject Heading (MeSH) terms included

Za7i

the following: “icodec”, “once-weekly basal insulin*”, “once-weekly basal analogue*”,
“basal insulin*”, “glargine u100”, “glargine u300”, and “degludec u100”.

Databases were searched independently by each operator to mitigate possible biases.
The prespecified clinical question was as follows: “Is insulin Icodec more effective and
safer than once-daily basal analogs in improving glycemic parameters of patients with
diabetes mellitus who failed to achieve glucose control with non-insulin agents or previous
insulin treatment?”.

Records were screened and selected by each operator and then compared. The flow
diagram illustrating the process of identification, screening, and inclusion of RCTs for this
systematic review is shown in the Supplementary Material (Figure S1).

The other three operators (O.E.D., E.G. and V.T.) checked the literature for possible
external sources of RCTs.

Inclusion Criteria

Studies were selected based on the following inclusion criteria: patients with uncon-
trolled T1D or T2D, age > 18 years, insulin Icodec vs. active comparators (Degludec U100,
Glargine U100, Glargine U300, and Detemir) alone or in combination with prandial analogs,
phase 3, multicenter, double-blind or open-label RCTs, and a study duration of 24 weeks
or more.

Exclusion Criteria

Non-randomized observational studies and case series were excluded.

Extraction and Synthesis: Comprehensive Details of RCTs

Two operators (G.L. and A.D.T.) extracted data from RCTs. The details of each RCT
were extensively reviewed and collected (Table 1). The details include information on the
study population, study design and duration, inclusion criteria, baseline antihyperglycemic
drugs and the management of pretrial drugs during the trials, frequency of comorbidities,
intervention, comparators, sample size, number of patients who completed the “in-trial”
period, primary, secondary and safety endpoints, main baseline characteristics, main post-
trial characteristics, starting and final weekly doses of insulin analogs, details on basal
insulin titration, and additional information.

Extraction and Synthesis: Efficacy Endpoints

Efficacy endpoints were selected according to their clinical relevance, study design,
and the heterogeneity of data reporting across all trials. These included (a) the mean abso-
lute change in HbAlc levels from baseline to study completion, summarized as estimated
treatment difference (ETD) between the two study groups; (b) the probability of achieving
acceptable glucose control (i.e., HbAlc < 7%), summarized as the estimated risk ratio (ERR)
or a chance to obtain a specific outcome; (c) the probability of achieving acceptable glucose
control without clinically relevant or severe hypoglycemia (i.e., HbAlc < 7% without level
2 or level 3 hypoglycemia, by combining efficacy with a safety endpoint), summarized as
ERR or the chance to obtain a specific outcome; (d) the mean absolute difference in TIR after
the study completion, summarized as the ERR between the two study groups; and (e) the
mean absolute change in fasting plasma glucose (FPG) from baseline to study completion,
summarized as ETD between the two study groups.

Technical remark: efficacy endpoints (b) and (c) should be intended as early efficacy
endpoints since they are estimated in 12 weeks from randomization in line with clinical
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practice and current recommendation, suggesting that HbAlc levels should be checked after
2 to 3 months from any therapy adjustment in patients with inadequate glucose control.

Extraction and Synthesis: Safety Endpoints

Safety endpoints were selected according to their clinical relevance, study design, and
the heterogeneity of data reporting. These include (a) the mean absolute difference in TAR
after the study completion, summarized as ETD between the two study groups; (b) the
mean absolute change in body weight from baseline to study completion, summarized as
ETD between the two study groups; (c) the probability of presenting with level 2 or level 3
hypoglycemia (combined endpoint), summarized as ERR for the outcome to occur; (d) the
probability of presenting with any adverse event, summarized as ERR for the outcome
to occur; (e) the probability of presenting with any adverse event probably or possibly
related to basal insulin, summarized as ERR for the outcome to occur; (f) the probability
of presenting with serious adverse events, summarized as ERR for the outcome to occur;
(g) the probability of presenting with serious adverse events probably or possibly related
to basal insulin, summarized as ERR for the outcome to occur; and (h) the probability of
presenting with injection-site reactions, summarized as ERR for the outcome to occur.

Technical remark: safety analyses were carried out considering the number of patients
who experienced a specific event (one or more times) from the total number of participants
included in the safety analysis set.

Intention-to-Treat Analysis

All statistics were calculated according to an intention-to-treat analysis. Statistical analyses
were conducted on two different clusters of patients according to the prespecified endpoints.

Efficacy endpoints were analyzed using the full-analysis set (randomized participants)
and data from the “in-trial” period (from randomization to the last contact, withdrawal,
or death).

Safety endpoints were assessed using the safety analysis set (randomized participants
who received at least one dose of study drugs) from the “on-treatment” period (from
randomization to the trial end).

Participants Who Completed the Trials

The “in-trial” period was completed by more than 90% of randomized participants,
except for the Icodec arm in ONWARDS 5 (completion rate 89.1%), with a similar discon-
tinuation rate between the two study groups.

Technical remark: the intention-to-treat analysis aims to reduce the attrition bias due
to the relevant dropouts of participants during the follow-up. However, compared to
a per-protocol analysis, it was less informative on the real effect of treatments in each
stage of the follow-up. A high and symmetric completion rate ensures the readability of
intention-to-treat analyses.

Assessment of the Risk of Bias and Publication Bias

The risk of included studies was estimated with the RoB2 assessment tool for indi-
vidual randomized, parallel-group trials [42]. All trials were extensively evaluated in
5 separate domains, exploring the randomization process, the deviation from the intended
interventions, missing data, the measurement of outcomes, and the selection of reported
results. The risk of bias was estimated for each outcome (efficacy and safety), and each
domain was rated as low, moderate (some concerns), or high (relevant).

Technical remark: primary and secondary endpoints, as well as additional exploratory
assessments, were prespecified, except for some evaluations that were carried out post hoc,
so when the preliminary or advanced results of RCTs were already available.

With specific regard to the endpoints of interest for our meta-analysis, it should be
mentioned that only two variables were listed as not prespecified analyses, namely the
variable “probability of experiencing combined clinically significant (level 2) or severe
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(level 3) hypoglycemia with a given treatment” in ONWARDS 2, and the variable “number
of hypoglycemic alerts” in ONWARDS 4 and 6.

Hence, we chose to evaluate the domain bias number five (the selection of the reported
results) of ONWARDS 2, 4, and 6 with some concerns (Figure 2).

ONWARDS 1 NCT04460885 Icodec Glargine U100 Prespecified and post-hoc outcomes . . . . .
ONWARDS 2 NCT04770532 Icodec Degludec U100 Prespecified and post-hoc outcomes . ‘ . . ]
ONWARDS 3 NCT04795531 Icodec Degludec U100 Prespecified and post-hoc outcomes . . . . .
ONWARDS 4 NCT04880850 Icodec Glargine U100 Prespecified and post-hoc outcomes ' ‘ . . !
ONWARDS 5 NCT04760626 Icodec ~ Once-weekly basal insulins Prespecified and post-hoc outcomes ‘ ! . ! 1
ONWARDS 6 NCT04848480 Icodec Degludec U100 Prespecified and post-hoc outcomes ‘ . . . .

A. Randomization process Low risk .
B. Deviations from intended interventions Some concerns !
C. Missing outcome data High risk .

D. Measurement of the outcome

E. Selection of the reported result

F. Overall bias

Figure 2. Risk of bias of RCTs included in the systematic review and meta-analysis from the ON-
WARDS clinical program.

The existence of publication bias for the primary outcome was verified by a funnel
plot (Supplementary Material, Figure S2).

Software for Statistics

Forest plots and sensitive analyses were performed by RevMan 5.4.1 with a random-
effect model, considering a p-value < 0.05 as statistically significant. Heterogeneity was
assessed by I2. The level of heterogeneity was considered substantial in the case of 12 > 60%,
leading us to explore the possible causes of heterogeneity in the specific result by subgroup
analyses [43].

We used the standard error, 95% confidence interval (CI), and interquartile range to
estimate the standard deviation when missed.

3.2.4. Results
Synthesis of Data from the ONWARDS Clinical Program

The systematic review and meta-analysis included, for the primary endpoint (the mean
absolute change in HbAlc from baseline to study completion), 4347 patients with T1D and
T2D inadequately controlled and randomized to receive Icodec (2172) or once-daily basal
analogs (2175) for 26 consecutive weeks or more.

The baseline-weighted mean level of HbAlc from the ONWARDS clinical program
was 8.4%. Icodec, compared to once-daily insulin analogs, improved glucose control with
an ETD of —0.14% [95%CI —0.25; —0.03], p = 0.01, and 1% 68% (Figure 3).

Patients randomized to Icodec, compared to those on once-daily basal analogs, had
a 16% higher chance to achieve optimal glucose control (i.e., HbAlc < 7%) over 12 weeks
from randomization but this difference was not statistically significant with an ERR of 1.16
[95%CI 0.95; 1.42], and 1 84% (Figure 4).
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Icodec Once-daily basal insulin Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight 1V, Random, 95% CI IV, Random, 95% CI
ONWARDS 5 -1.68 2.3529 542 -1.3  2.3529 543 9.8% -0.38[-0.66, -0.10]
ONWARDS 2 -0.93 0.8776 263 -0.71 0.8776 263 17.6% -0.22[-0.37,-0.07] e —
ONWARDS 3 -1.6 0.6186 294 -1.4 0.6186 294 21.5% -0.20[-0.30, -0.10] —=
ONWARDS 1 -1.55 1.3309 492 -1.35  1.3309 492 16.4% -0.20[-0.37,-0.03] e —
ONWARDS 4 -1.16 0.8001 291 -1.18 0.8001 291 19.2% 0.02 [-0.11, 0.15] —_—
ONWARDS 6 -0.47 1.1078 290 -0.51 1.1078 292 15.5% 0.04 [-0.14, 0.22] N
Total (95% CI) 2172 2175 100.0% -0.14 [-0.25, -0.03] -
Heterogeneity: Tau? = 0.01; Chi? = 15.46, df = 5 (P = 0.009); I> = 68% ?71 70* 5 ) 0¢5 19

Test for overall effect: Z = 2.50 (P = 0.01)

Abbreviations: ETD, Estimated Treatment Difference; OD, Once-Daily.

Favours Icodec Favours OD basal inulins

Figure 3. Forest plot of meta-analysis for mean change in Glycated Hemoglobin (ETD, %) from

baseline to study completion (intention-to-treat analysis).

Icodec Once-daily basal insulin Risk Ratio Risk Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Random, 95% ClI M-H, Random, 95% CI
ONWARDS 6 117 290 133 292 19.9% 0.89[0.73, 1.07] — T
ONWARDS 4 119 291 131 291 19.9% 0.91 [0.75, 1.10] —
ONWARDS 1 283 492 223 492 22.2% 1.27[1.12, 1.44] =
ONWARDS 3 167 294 122 294  20.6% 1.37[1.16, 1.62] —
ONWARDS 2 105 263 68 263 17.4% 1.54 [1.20, 1.99] I
Total (95% CI) 1630 1632 100.0% 1.16 [0.95, 1.42] -
Total events 791 677
Heterogeneity: Tau? = 0.04; Chi? = 25.05, df = 4 (P < 0.0001); I> = 84% %0 3 055 é 5

Test for overall effect: Z = 1.49 (P = 0.14)

Abbreviations: ERR, Estimated Risk Ratio; OD, Once-Daily.

Favours OD basal insulins Favours Icodec

Figure 4. Forest plot of meta-analysis for probability (ERR) to achieve optimal glucose control

(i.e., HbAlc < 7%) from baseline to 12 weeks (intention-to-treat analysis).

Patients randomized to Icodec, compared to those randomized to once-daily basal

analogs, had a statistically significant 17% greater chance to achieve optimal glucose
control without clinically relevant or severe hypoglycemia (i.e., HbAlc < 7%, without level
2 or 3 hypos) over 12 weeks from randomization (ERR of 1.17 [95%CI 1.01; 1.36], p = 0.03,

and 1% 66%) (Figure 5).

Icodec Once-daily basal insulin Risk Ratio Risk Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Random, 95% ClI M-H, Random, 95% CI
ONWARDS 6 28 290 49 292 8.0% 0.58[0.37, 0.89]
ONWARDS 4 76 291 73 291 13.9% 1.04 [0.79, 1.37] T
ONWARDS 1 259 492 210 492 22.5% 1.23[1.08, 1.41] —u
ONWARDS 5 222 542 174 543  20.9% 1.28 [1.09, 1.50] -
ONWARDS 3 153 294 117 294  19.6% 1.31[1.09, 1.56] —
ONWARDS 2 97 263 71 263 15.1% 1.37 [1.06, 1.76] —
Total (95% ClI) 2172 2175 100.0% 1.17 [1.01, 1.36] S
Total events 835 694
Heterogeneity: Tau? = 0.02; Chi? = 14.57, df = 5 (P = 0.01); I> = 66% §0 > 055 é 5’

Test for overall effect: Z = 2.13 (P = 0.03)

Abbreviations: ERR, Estimated Risk Ratio; OD, Once-Daily.

Favours OD basal insulins Favours Icodec

Figure 5. Forest plot of meta-analysis for probability (ERR) to achieve optimal glucose control
(i.e., HbAlc < 7%) without clinically relevant (level 2) or severe (level 3) hypoglycemic events from
baseline to 12 weeks (intention-to-treat analysis).

The baseline-weighted mean FPG from the ONWARDS clinical program was
174.7 mg/dL. ETD between Icodec and once-daily basal insulin doses was 2.44 mg/dL in
favor of once-daily basal insulins, but this result was not statistically significant [95%CI
—2.95; 7.82], 1 70% (Supplementary Material, Figure S3).

Data from CGMs indicated that TIR was slightly higher with Icodec than once-daily
basal insulins with an ETD of 1.64% (around 23 min/day), which was not statistically
significant with 95%IC [—1.65; 4.93] and 12 79%. At the same time, the ETD in TAR between
patients on Icodec compared to those on once-daily basal insulins was —2.34% [95%CI

196



Biomedicines 2024, 12, 1852

—5.51; 0.83], and I? 76%, parallel to a non-statistically significant lower exposure to po-
tentially dangerous hyperglycemia (>180 mg/dL) at around 35 min/day (Supplementary
Material, Figures S4 and S5).

The baseline-weighted mean body weight from the ONWARDS clinical program was
85.8 kg. Treatment with basal insulin analogs increased body weight; however, Icodec,
compared to once-daily insulins, induced a slight but statistically significant weight gain of
0.62 kg [95%CI 0.25; 0.99], p = 0.001, and I? 25% (Figure 6).

Icodec Once-daily basal insulin Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight 1V, Random, 95% CI 1V, Random, 95% CI
ONWARDS 6 1.29 3.9388 290 1.01 3.9388 292 22.2%  0.28[-0.36, 0.92] o
ONWARDS 1 2.29 4.6414 492 1.83 4.6414 492 25.2%  0.46 [-0.12, 1.04] T
ONWARDS 3 2.8 4.2683 294 2.3 4.2683 294  20.0% 0.50[-0.19, 1.19] T
ONWARDS 4 2.7 5.1176 291 2.2 6.8235 291  11.7% 0.50 [-0.48, 1.48] I
ONWARDS 5 2.28 10.079 542 1.45 10.079 542 8.3% 0.83 [-0.37, 2.03] ]
ONWARDS 2 1.4 5.4997 263 -0.3  5.4997 263 12.5% 1.70 [0.76, 2.64] e —
Total (95% CI) 2172 2174 100.0% 0.62 [0.25, 0.99] <o
Heterogeneity: Tau? = 0.05; Chi® = 6.70, df = 5 (P = 0.24); I = 25% _¢4 _*2 S é j‘

Test for overall effect: Z = 3.28 (P = 0.001)

Abbreviations: ETD, Estimated Treatment Difference; OD, Once-Daily.

Favours OD basal insulins Favours Icodec

Figure 6. Forest plot of meta-analysis for mean change in body weight (ETD, kg) from baseline to

study completion (intention-to-treat analysis).

The combined endpoint summarizing the risk of clinically relevant or severe hypo-

glycemic events (combined level 2 or level 3 hypoglycemia) revealed that a greater but
not statistically significant number of patients randomized to Icodec than once-daily basal
analogs had hypoglycemic events, with an ERR of 1.16 [95%CI 0.95; 1.41], 1> 75% (Figure 7).

Icodec Once-daily basal insulin Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
ONWARDS 1 48 492 52 492  14.1% 0.92 [0.64, 1.34] —
ONWARDS 4 150 291 162 291  24.3% 0.93 [0.80, 1.08] —m
ONWARDS 6 282 290 223 292 27.5% 1.27 [1.19, 1.36] -
ONWARDS 2 37 262 29 263 11.3% 1.28 [0.81, 2.02] [ e —
ONWARDS 5 64 542 45 538 14.5% 1.41[0.98, 2.03] | e —
ONWARDS 3 26 293 18 294 8.3% 1.45[0.81, 2.59] —
Total (95% CI) 2170 2170 100.0% 1.16 [0.95, 1.41] -
Total events 607 529
Heterogeneity: Tau? = 0.04; Chi? = 20.18, df = 5 (P = 0.001); I*> = 75% 50 P 055 i

Test for overall effect: Z = 1.44 (P = 0.15)

Abbreviations: ERR, Estimated Risk Ratio; OD, Once-Daily.

Figure 7.

Favours OD basal insulins Favours Icodec

Forest plot of meta-analysis for probability (ERR, %) of experiencing clinically

relevant (level 2) or severe (level 3) hypoglycemic events from baseline study completion

(intention-to-treat analysis).

Adverse events, mostly mild-to-moderate, were reported in a more relevant number

of participants randomized to Icodec than in once-daily basal analogs with an ERR of
1.04 [95%CI 1.00; 1.08], p = 0.07 and I 0%, indicating an almost statistically significant 4%
increase in the overall risk of adverse events. However, only a minority of events was finally
adjudicated as possibly or probably related to basal insulin use, with a non-statistically
significant difference in specific endpoint, with an ERR of 1.22 [95%CI 0.99; 1.49], p = 0.07,
and 12 20% (Supplementary Material, Figures S6 and S7).

Serious adverse events were registered in a lower absolute number of patients ran-
domized to Icodec than those given once-daily basal insulin doses with an ERR of 0.94
[95%CI 0.78; 1.13] and I? 0%, which was not statistically relevant. Serious adverse events
possibly or probably related to basal insulin use were reported in an equal number of
patients randomized to Icodec rather than those given once-daily basal insulin doses with
a non-significant ERR of 1.08 [95%CI 0.66; 1.76] and I? 13% (Supplementary Material,
Figures S8 and S9).
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The number of patients who presented with injection-site reactions was similar between
the two arms, with an ERR of 1.08 [95%CI 0.62; 1.90] and 1? 21% (Supplementary Material,
Figure S10).

Exploring the Heterogeneity of the Results

The meta-analysis revealed substantial heterogeneity in the results from the RCTs
of the ONWARDS clinical, especially among the efficacy endpoints, TAR, and the risk of
combined level 2 or 3 hypoglycemia. The leading causes of heterogeneity were explored
across several factors, including baseline demographics, glucose control, insulin-naive vs.
insulin-treated patients, the type of once-daily basal insulin used as a comparator to Icodec,
the concomitant use of sulfonylureas or glinides during the trials, the basal-bolus vs. basal
only regimen, and the risk of bias (low vs. moderate risk).

Subgroup analyses revealed that heterogenicity disappeared when grouping the re-
sults of trials according to the type of intervention. More precisely, the efficacy and safety
of Icodec were examined by considering how it worked in the context of a basal only rather
than in a basal-bolus regimen. When used in the context of the basal-only regimen, Icodec
obtained better results in terms of glucose control (ETD in HbAlc of —0.22%), probability
to achieve glucose control (+33%) and glucose control without clinically relevant or severe
hypoglycemia (+28%), with more time spent in target (+4.55%, around 65 min/day) and
less time spent in hyperglycemia (—5.14%, 74 min/day) (Table 3).

Table 3. Subgroup analyses exploring the heterogeneity of results in efficacy and safety from the
ONWARDS clinical program.

Main Outcomes with Significant Icodec in the Context of Basal Regimen Icodec in the Context of Basal-Bolus Regimen
Heterogenicity (I> >60%) (Subgroup 1-ONWARDS 1, 2, 3, and 5) (Subgroup 2-ONWARDS 4 and 6)

—0.22% [—0.29; —0.14], I? 0%

—0.08: 2
Favors Icodec 0.03% [—0.08; 0.13], I* 0%

ETD [95%ClI], I? in HbA1lc

ERR [95%CI], I? in probability 1.33 [1.21; 1.47], I? 2%

. 2 09
to achieve HbAlc < 7% * Favors Icodec 0.90 [0.79; 1.02], I* 0%

ERR [95%CI], I? in probability
to achieve HbAlc < 7% without experiencing
clinically relevant or severe hypoglycemia

1.28 [1.17; 1.39], I? 0%

. 2 o,
Favors Teodec 0.79 [0.44; 1.42], I2 81%

4.55% [2.01; 7.08], 1% 0%

0, 2 5 ok
ETD [95%CTI], I2 in TIR Favors Tcodec

—0.88% [—2.97; 1.20], 12 28%

ETD [95%ClI], I? in FPG ** 0.1 mg/dL [-3.01; 3.20], I 0% 8.05 mg/dL [—12.99; 29], I 91%

—5.14% [—7.27; —3.01], I? 0%

o/ [_". 2 o,
Favose lcodec 0.07% [—2; 2.15], 12 0%

ETD [95%ClI], I? in TAR **

ERR [95%CIT], I in the probability of experiencin o o
corn[bined l]evel 2or 3€1ypogllyCZmic e\I/)ents ’“***g 1.12[0.98; 1.15], I 0% 1.09[0.76; 1.57], I* 95%

* Subgroup 1-ONWARDS 1, 2, and 3; Subgroup 2-ONWARDS 4 and 6. ** GCM data were available only from
ONWARDS 1, 2, 4, and 6. Subgroup 1—ONWARDS 1 and 2; Subgroup 2—ONWARDS 4 and 6. *** FPG not
assessed or reported in ONWARDS 5. Subgroup 1-ONWARDS 1, 2, and 3; Subgroup 2-ONWARDS 4 and 6.
Substantial variability is attributable to the results of the ONWARDS 6 only. **** Substantial variability attributable
to the results of the ONWARDS 6 only. Statistically significant differences are in bold. Abbreviations: Estimated
Risk Ratio, ERR; Estimate Treatment Difference, ETD.

The combined risk of experiencing level 2 or 3 hypoglycemia was statistically signif-
icant in ONWARDS 6 but not in ONWARDS 4. Patients were treated with basal-bolus
regimens in both trials, but only patients with T1D had a statistically significant increase in
the risk of combined level 2 or 3 hypoglycemia. Moreover, the risk of clinically relevant
or severe hypoglycemic events was significantly higher when background glinides and
sulfonylureas were included as an add-on to basal analogs (ONWARDS 3 and 5) with an
ERR of 1.42 [95%CI 1.05; 1.93], and I? 0%.

4. Discussion

The results of this systematic review and meta-analysis provide an update on Insulin
Icodec in both T1D and T2D beyond previously published results [44-47]. So far, insulin
Icodec has been demonstrated to be slightly better than daily administered basal analogs
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in terms of glucose control and the chance to achieve targeted glucose levels without a
relevant gain in the risk of hypoglycemia in T2D. Specific comparisons between Icodec
and either Glargine U100 or Degludec U100 showed that Icodec was slightly superior to
Degludec U100 and equal to Glargine U100 in improving glucose control. At the same time,
Icodec, compared to Degludec U100, increased the risk of any hypoglycemic events with
moderate-to-substantial heterogenicity of the results [48].

Icodec was found to perform equally in insulin-naive and insulin-treated T2D indi-
viduals, indicating that baseline antihyperglycemic treatment does not affect the clinical
response to Icodec when stated de novo or switched from another basal analog [49].

Our data indicate that Icodec is effective in reducing HbA1lc levels starting from 26 and
up to 78 weeks of treatment. Compared to once-daily basal insulins, namely Glargine U100,
Glargine U300, and Degludec U100, Icodec provide a statistically significant absolute mean
change in HbAlc of —0.14%. Moreover, we found that Icodec, compared to once-daily
basal insulins, increases the probability of achieving adequate glucose control (i.e., HbAlc
< 7%) safely without level 2 or 3 hypoglycemic events by 17%. The therapeutic targets can
be obtained after 12 weeks of treatment, which means just in time or soon before the second
check of HbAlc levels after therapy adjustment.

Overall, the above-mentioned glycemic benefits did not translate into relevant changes
in TIR registered by a CGM system during the last four weeks of the trials. No difference
in FPG was also reported, probably because of the rigorous treat-to-target approach that
investigators used in all trials. No data on FPG were assessed or reported in ONWARDS
5, which is a trial in which different methods of titration were applied to the two study
groups. Patients randomized to insulin Icodec were guided by an app-based algorithmic
tool to titrate basal insulin weekly, while patients randomized to once-daily basal insulins
received instruction directly from investigators as per standard practice. It is unclear and
complicated to predict how missing data could have influenced the cumulative weight of
the FPG endpoint in our meta-analysis.

Most patients experienced slight weight gain during the trials, estimated at 2 kg as
a mean. Icodec was responsible for an additional weight gain of 0.62 kg over once-daily
basal analogs. This effect could be attributable to a slightly higher weekly dose of Icodec
than basal analogs in all trials.

The number of patients experiencing hypoglycemic events was similar for Icodec
and once-daily basal insulin doses in T2D [50] but not T1D (ONWARDS 6), where Icodec
was associated with a statistically significant higher risk of clinically relevant or severe
hypoglycemic events. This result cannot be explained entirely by the concomitant ad-
ministration of a prandial analog in the context of a basal-bolus regimen since the risk of
level 2 or 3 hypos was not increased in T2D (ONWARDS 4). The main explanation is the
specific effect of Icodec on glucose variability in T1D and requires more investigation [51].
The combined risk of clinically relevant or severe hypoglycemic events was also higher
among patients on Icodec than once-daily basal analogs in trials where sulfonylureas and
glinides were not discontinued (ONWARDS 3 and 5). Although the pretrial dose of secreta-
gogues was halved during both trials, the combination of sulfonylureas and glinides with
Icodec resulted in a 42% increase in the risk of potentially dangerous hypoglycemic events.
Therefore, this specific association should be avoided in clinical practice.

Safety endpoints were similar between Icodec and once-daily basal analogs. The
overall risk of any adverse events was not statistically significant, and it was mitigated
by the systematic revision of any signs and symptoms potentially related to insulin use
(possibly or probably).

Injection-site reactions, as well as serious adverse events, were infrequent and statisti-
cally similar between the two groups.

Last, insulin Icodec works better when used in a basal regimen only rather than in
the context of a basal-bolus regimen, resulting in a greater ETD in HbAlc (—0.22%), with
a higher chance of achieving HbAlc < 7% (+33%) and HbAlc < 7% without clinically
relevant or severe hypoglycemia (+28%), and a higher TIR (around 65 min/day) and lower
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TAR (—74 min/day) compared to once-daily basal analogs. These results were statistically
relevant and occurred independently of pretrial treatments (both insulin and non-insulin
agents) but could be attributable to a poorer baseline glucose control and lower duration of
diabetes (ONWARDS 1, 2, 3, and 5).

5. Study Limitations

The leading limitation of the ONWARDS program trials is the sample size, which is
adequate for the primary outcome (changes in HbAlc) only but does not allow subgroup
analyses that are desirable for this kind of trials.

Second, most relevant safety outcomes, such as the estimation of hypoglycemic risk,
were not included in the prespecified analyses and were calculated post hoc, thus potentially
reducing the level of evidence of this relevant outcome.

Third, data from real-time glucose monitoring were scarce. CGM data were available
only in four trials, but only in one (ONWARDS 6, in T1D) were data registered and analyzed
during the entire study period. Consequently, information on glucose variability, daytime,
and nocturnal hypoglycemic risk were limited and required to be better analyzed with
additional trials.

6. Conclusions

Insulin Icodec, the first approved once-weekly insulin analog, provides evidence of
substantial non-inferiority compared to once-daily basal analogs in diabetes management
in both insulin-naive and insulin-treated patients who failed to achieve adequate glucose
control. Icodec works slightly better than once-daily basal analogs in T2D individuals,
especially when used in the context of basal-only rather than a basal-bolus regimen.

Weight gain is highly predictable after insulin initiation, and Icodec confirms this well-
known trend. Providing patients with effective non-pharmacological and pharmacological
intervention is reasonable to avoid weight gain or promote weight loss when necessary.

Specific trials are expected to address the impact of Icodec on glycemic variability in
individuals with T1D. Moreover, other trials are needed to comprehensively evaluate the
best clinical scenario in which insulin Icodec can be cost-effective compared to once-daily
insulin analogs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biomedicines12081852/s1, Figure S1. PRISMA 2020 flow diagram
for the systematic review; Figure S2. Funnel plot for the estimation of publication bias; Figure S3.
Forest plot of meta-analysis for mean change in fasting plasma glucose levels (ETD, mg/dL) from
baseline to study completion (intention-to-treat analysis); Figure S4. Forest plot of meta-analysis
for mean change in time in range (ETD, %) throughout the last 4 weeks of trials (intention-to-treat
analysis); Figure S5. Forest plot of meta-analysis for mean change in time above range (ETD, %)
throughout the last 4 weeks of trials (intention-to-treat analysis); Figure S6. Forest plot of meta-
analysis for probability of experiencing any adverse event (ERR, %) from baseline to study completion;
Figure S7. Forest plot of meta-analysis for probability of experiencing any adverse event (ERR, %)
probably or possibly related to insulin use from baseline to study completion; Figure S8. Forest plot
of meta-analysis for probability of experiencing serious adverse event (ERR, %) from baseline to
study completion; Figure S9. Forest plot of meta-analysis for probability of experiencing serious
adverse event (ERR, %) probably or possibly related to insulin use from baseline to study completion;
Figure S10. Forest plot of meta-analysis for probability of experiencing injection-site reaction (ERR,
%) from baseline to study completion.
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Abbreviations

CGM Continuous glucose monitoring
CI Confidence interval

ERR Estimated risk ratio

ETD Estimated treatment difference
FPG Fasting plasma glucose

GLP-1RA  Glucagon-like peptide 1 receptor agonists
HbAlc Glycated hemoglobin

MDI Multiple daily injections

RCT Randomized clinical trial

T1D Type 1 diabetes

12D Type 2 diabetes

TAR Time above range

TIR Time in range
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