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Preface

The 2nd all-Russia conference with international participation “Basic Research in Endocrinology:
A Modern Strategy for the Development and Technologies of Personalized Medicine” was held in
Novosibirsk on 24-25 November 2022. The purpose of this conference was to disseminate the latest
basic and clinical findings in the fields of etiology, clinical characteristics, and modern diagnostics
and treatments of endocrine disorders among various relevant specialists. The conference was
intended for practicing endocrinologists, primary care physicians, medical geneticists, pediatric
endocrinologists, pediatricians, and physician—scientists. The conference included plenary sessions,
specialty sessions, satellite symposia, an open competition for young scientists, and the 2nd-in-Russia
educational course for physicians: “Maturity Onset Diabetes of the Young (MODY): Molecular
Genetic Determinants and a Personalized Approach to Patient Management.”

The main topics included the epidemiology and pathogenesis of endocrine disorders; genomic
research in endocrinology; biochemical characteristics of endocrine aberrations; immunology and
immunogenetics in endocrinology; cellular technologies in endocrinology; metabolomic research
in endocrinology; pharmacogenetics; basic pathomorphology; high-tech care of patients with
endocrine disorders; iodine-deficiency-related, autoimmune, and oncological diseases of the thyroid;
modern diagnostic and therapeutic strategies for diabetes mellitus; osteoporosis and osteopenias;
polyendocrinopathies; an interdisciplinary approach to the diagnosis and treatment of obesity
and metabolic syndrome; hypo- and hyperparathyroidism; vitamin D; neuroendocrine disorders;
reproductive health; rehabilitation of patients with endocrine disorders; and health resort and spa
treatments of endocrine disorders and comorbid conditions.

Scientists from Siberian cities, Moscow, St. Petersburg, and Kazan, as well as Kazakhstan,
delivered presentations at the conference. The conference was organized by the Institute of Internal
and Preventive Medicine, Branch of the Institute of Cytology and Genetics, Siberian Branch of the
Russian Academy of Sciences (IIPM—a branch of the ICG SB RAS). The objectives and subject areas of
the IIPM are basic, exploratory, and applied scientific studies in priority areas of molecular medicine
and human genetics as well as safeguarding and improving human health, the development of health

care and medical science, and the preparation of advanced specialists in science and medicine.

Yuliya I. Ragino and Oksana D. Rymar
Guest Editors

vii
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1. Introduction

There has been an increase in patients with diabetes mellitus (DM) all over the world,
with the advent of new modern research methods (for example, molecular genetic di-
agnostics), non-classical types of diabetes are increasingly being identified [1,2]. These
types include MODY (Maturity Onset Diabetes of the Young). One of the days of the
2nd Conference with International Participation, “Basic Research in Endocrinology: A
Modern Strategy for the Development and Technologies of Personalized Medicine”, was
devoted to this topic. On another day, presentations were given on the most relevant topics
in endocrinology, including various thyroid diseases, modern diagnosis and therapy of
diabetes, neuroendocrine diseases, reproductive health, and more.

This Special Issue features several articles, the data of which were presented in the
conference reports. The articles describe the results of studies on type 1 diabetes mellitus
(T1DM), type 2 diabetes mellitus (T2DM), MODY, and sarcopenia, as well as reviews on
obesity and type 1 interferon antibodies. The abstracts of these articles are presented below.

2. Review of Published Articles

In the article by Danil E. Kladov et al. (contribution 1), the development of nocturnal
hypoglycemia depending on nocturnal glucose profiles in TIDM was described. A total of
395 patients underwent indirect glucose monitoring, during which ten clusters without
hypoglycemia and six clusters with episodes of nocturnal hypoglycemia were identified.
Predictors of decreased glucose were determined in clusters without hypoglycemia. The
results demonstrated the diversity of nocturnal glucose profiles in patients with T1DM,
which underscores the need for a differentiated approach to prescribing insulin therapy.

Evgeniya V. Garbuzova et al. (contribution 2) reported in their article the prevalence
of T2DM in a cohort study of people aged 25-44 years and also identified risk factors
for diabetes in this age group. The prevalence of DM was 0.82%. Patients with T2DM
had a larger waist circumference; higher body mass index, systolic blood pressure, and
triglyceride levels; and lower HDL levels than patients without T2DM. They were also less
likely to have higher education. The risk of developing T2DM increases 6.5-fold with a BMI
of >30 kg/m? and 5.2-fold with a triglyceride level of >1.7 mmol/L, regardless of other
risk factors. In the absence of higher education, the risk of developing T2DM increases
5.6-fold. Thus, the levels of these indicators should be taken into account in young people,
and when they increase, the individuals should be screened for the presence of T2DM.

J. Pers. Med. 2025, 15, 139
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In the article by Dinara Ivanoshchuk et al. (contribution 3), the genetic aspects of
MODY diabetes are described in detail. One patient and his relatives were diagnosed with
a pathogenic variant in the ABCC8 gene and in the HNF1a gene, which makes it possible to
plan the therapy for and prevention of specific complications for these patients.

Yulia G. Samoilova et al. (contribution 4) demonstrated in their article the importance
of pro-inflammatory markers in the prognostic diagnosis of sarcopenia. The study included
two groups: the main group consisted of 146 participants, and the control group consisted
of 75 participants. A twofold increase in nitrates was detected in the main group, and a
negative relationship between nitrate levels with weak grip strength and appendicular
muscle mass was determined in the main group, adjusted for multiple variables. The results
of this study can be used to develop a screening method for the diagnosis of sarcopenia at
the outpatient stage.

In the article by Sofia Malyutina et al. (contribution 5), glucose-lowering therapy
was analyzed in a random sample of the population (n = 3898, comprising both men and
women aged 55-84) in Novosibirsk in 2015-2018 (HAPIEE project). Among patients with
T2DM, 59% of individuals received hypoglycemic therapy, and 32% did not. Glycemic
control (fasting plasma glucose < 7.0 mmol/L) was achieved in every fifth participant
with T2DM (35% of those who received therapy). In terms of the frequency of use of
hypoglycemic therapy, biguanides ranked first (75%), sulfonylurea derivatives ranked
second (35%), insulins ranked third (12%), and inhibitors of DPP4 ranked fourth (5%). In a
sample of the population aged 55-84 years, examined in 2015-2018, glycemic control was
achieved in every fifth participant with T2DM and in every third participant who received
therapy. The data obtained show a low percentage of achieving the target glycemia levels
in elderly patients.

Vladimir B. Berikov et al. (contribution 6) developed machine learning-based mod-
els for the short-term prediction of nocturnal hypoglycemia in patients with TIDM. The
models were created based on continuous glucose monitoring data, and eight parame-
ters from this study were included. Combinations of continuous monitoring parameters
and clinical data (23 parameters) were also evaluated. Basal insulin dose, duration of
diabetes, proteinuria, and HbAlc were the most important clinical predictors of nocturnal
hypoglycemia. Machine learning is a modern method for predicting various conditions,
including hypoglycemia.

In an article by Ahmad Bairqdar et al. (contribution 7), variants of genes related to
adipocyte function, as well as variants of genes associated with metabolic aberrations
and concomitant disorders in visceral obesity, are considered. It is known that genetic
predisposition and the influence of environmental factors contribute to the development of
obesity. The article presents an extensive analysis of changes in the structure and functional
activity of the genes encoding adipocytokines.

Xavier Eugenio Le6n Aguilera et al. (contribution 8) analyzed the data on the influence
of microbiota on the development of obesity. Dysbiosis was recognized as one of the
many factors associated with obesity characterized by the predominance of Firmicutes, a
decrease in Bifidobacterium in the intestine, and a subsequent decrease in the synthesis
of short-chain fatty acids, which led to a decrease in the action of incretins and increased
intestinal permeability. Bacteria, bacterial endotoxins, and toxic bacterial products enter
the bloodstream, leading to systemic inflammation associated with obesity. The authors
examined these relationships in detail, as well as the effects of pro- and prebiotics on them.

Nurana Nuralieva et al. (contribution 9) compared three different methods—multiplex
micromatrix, cellular, and enzyme immunoassays—to detect antibodies to omega-interferon
and alpha2-interferon. Only a cell-based immunoassay can determine the neutralizing
activity of autoantibodies; a microarray-based immunoassay can serve as a highly specific
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and sensitive screening test to identify patients with positive results for antibodies to
interferon 1.

In an article by Gerson Fabian Gualdrén-Bobadilla et al. (contribution 10), the changes
occurring in the stomatognathic system of patients with obesity following bariatric surgery
were studied. Studies published between 2010 and October 2021 in the main databases
were reviewed. An analysis of changes and structures in patients with obesity and candi-
dates for bariatric surgery showed that changes in the stomatognathic system during the
preoperative period are understandable due to the availability of a wide range of informa-
tion. However, information remains limited regarding the postoperative period. Therefore,
further research is needed, focusing on the characteristics of the system after surgery.

3. Conclusions

This collection of articles on topical issues in endocrinology covers modern methods
of diagnosis and therapy of common endocrine diseases. The articles describe the results of
research on common endocrine pathologies (type 1 and type 2 diabetes mellitus) and rare
diseases (MODY and sarcopenia), which is of interest not only to endocrinologists but also
to doctors of other specialties.
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Abstract: Nocturnal hypoglycemia (NH) is a potentially dangerous and underestimated complication
of insulin therapy. In this study, we aimed to determine which patterns of nocturnal glucose profiles
are associated with NH in patients with type 1 diabetes (T1D) managed with multiple daily insulin
injections. A dataset of continuous glucose monitoring (CGM) recordings obtained from 395 adult
subjects with T1D was used for modeling. The clustering of CGM data was performed using a
hierarchical clustering algorithm. Ten clusters without hypoglycemia and six clusters with NH
episode(s) were identified. The differences among the clusters included initial and final glucose
levels, glucose change during the night, and the presence of uptrends or downtrends. Post-midnight
hyperglycemia was revealed in 5 out of 10 clusters without NH; in patterns with downtrends, initially
elevated glucose prevented NH episodes. In clusters with initially near-normal glucose levels and
downtrends, most episodes of NH were observed from midnight to 4 a.m.; if glucose was initially
elevated, the episodes occurred at 2-4 a.m. or 4-6 a.m., depending on the time of the start of the
downtrend. The results demonstrate the diversity of nocturnal glucose profiles in patients with T1D,
which highlights the need for a differentiated approach to therapy adjustment.

Keywords: type 1 diabetes; hypoglycemia; continuous glucose monitoring; clustering; prediction

1. Introduction

According to the International Diabetes Federation Atlas Report from 2022 [1], there are
8.75 million people living with type 1 diabetes (T1D) globally, and there were an estimated
182,000 deaths due to T1D in 2022. In real-world clinical practice, glycemic control remains
sub-optimal for most people with T1D [2]. Hypoglycemia is a known barrier to achieving
glycemic control goals in people with diabetes. Fear of hypoglycemia is common in subjects
with T1D and affects their psychosocial well-being and diabetes management [3].

In the population of people with diabetes, individuals with T1D on basal-bolus in-
sulin therapy have the greatest risk of hypoglycemia. In a recent international study
evaluating the incidence of hypoglycemia in patients with insulin-treated diabetes, hypo-
glycemic events were reported by 97.4% of participants with T1D, with an estimated rate of
6.86 events per patient per month [4]. A growing body of evidence indicates that hypo-
glycemia induces a wide range of molecular and physiological changes in targeted organs,
including the cardiovascular and nervous systems [5]. In patients with T1D, severe hypo-
glycemia is associated with a 4-10% increase in mortality [6]. Nocturnal hypoglycemia
(NH) is considered to be a particular challenge, given the difficulty in recognition, pre-
vention, and treatment. In healthy subjects, hypoglycemia usually triggers awakening,

J. Pers. Med. 2023, 13, 1454. https:/ /doi.org/10.3390 /jpm13101454 5
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but this effect is reduced in patients with T1D [7]. An episode of NH may be a cause of
sleep disturbances and morning headache, chronic fatigue, and mood changes; it is also
associated with cardiac arrhythmias, resulting in “death-in-bed syndrome” [8,9]. Therefore,
the prevention of NH is an important task in T1D management.

Continuous glucose monitoring (CGM) has provided new opportunities for the assess-
ment of nocturnal glucose profiles and the detection of NH. Studies with the use of CGM
showed a significantly higher prevalence of asymptomatic NH in patients with T1D than
previously anticipated [10,11]. The forecasting of NH events is a difficult challenge. Previ-
ous studies indicate that both low and high glycated hemoglobin Alc (HbAlc) levels are
associated with NH episodes in patients with T1D [10-13]. Additionally, glucose variability
and antecedent daytime hypoglycemia turned out to be reliable predictors of NH [12,13].
Therefore, the existence of various NH patterns with different relationships with mean and
pre-bedtime glucose levels and nocturnal glucose trends could be speculated.

In this study, we applied cluster analysis to CGM data to identify different patterns of
interstitial glucose fluctuations at night in people with T1D managed with multiple daily
insulin injections (MDIs). Clustering analysis is applied in medical research for mining
knowledge and classifying patients, events, laboratory data, etc. [14]. In diabetology, cluster
analysis techniques were used for the identification of diabetes subtypes [15]. In some
recent studies, the clustering of CGM data was applied to different clinical tasks. Kahkoska
et al. identified three dysglycemia clusters in youth with T1D based on CGM parameters
measuring hypoglycemia, hyperglycemia, and glucose variability [16]. Schroder et al.
applied clustering algorithms for the classification of postprandial glycemic patterns in
T1D subjects under closed-loop control [17]. Tao et al. recognized four glucose clusters
in patients with type 2 diabetes (T2D) based on CGM and clinical data [18]. Li et al.
extracted and clustered the trend components of CGM data to assess and predict the effect
of treatment on T2D [19]. In the study by Varghese et al., “time in range profile”, “hypo
profile”, and “hyper profile” were identified from the CGM data of patients with T2D [20].
Inayama et al. categorized the CGM data of women with gestational diabetes into three
clusters depending on glucose level and variability [21].

The aim of this study was to identify patterns of nocturnal glucose profiles with and
without NH episodes by clustering CGM data in patients with T1D.

2. Materials and Methods
2.1. Database

We used a dataset of CGM recordings from the database of RICEL—a branch of
IC&G SB RAS—a tertiary referral hospital. The recordings were obtained from 395 T1D
patients, 153 men and 242 women, aged from 18 to 67 years, managed with MDIs. We
applied the following set of exclusion criteria: current diabetic ketoacidosis, hyperglycemic
hyperosmolar state, congestive heart failure (class IV according to NYHA), end-stage renal
disease, known malignant neoplasm, acute infectious disease, and pregnancy.

CGM was performed with Medtronic Paradigm MMT-722, MiniMed Paradigm Veo
(MMT-754), and Medtronic CareLink Pro™ v. 2.5.A software (Medtronic, Minneapolis, MN,
USA). These systems measure the level of glucose in interstitial fluid at intervals of 5 min
in the range from 2.2 to 22 mmol/L.

2.2. CGM Data Cleaning and Preprocessing

In the first step, nocturnal (0.00-6.00) segments with a length of 72 measurements
were extracted from CGM records. Time intervals with a gap of three or more consecutive
values, or more than 10% of all values, were excluded. We filled missing values with an
average of the nearest left and right non-zero values. If the first or last value in the time
series was omitted, the gaps were filled with the nearest numeric value.

In the next step, we divided all time series into two groups depending on the presence
of NH. The NH was defined as an episode of interstitial glucose < 3.9 mmol/L lasting at
least 15 min between 0 and 6 a.m. [22].
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The final step of preprocessing was standardization, which consisted of transforming
the glucose series from each patient into series with zero mean and unit variance.

After excluding recordings with missing data (about 17%) and outliers (4%), 2519 time
series, including 256 with NH, were analyzed.

2.3. Clustering Procedure

By now, a number of methods for time series clustering have been proposed [23].
Taking into account the rather short length of the intervals (72 measurements for a nocturnal
interval) and a large degree of glucose variability, we chose an algorithm of hierarchical
clustering that allowed us to determine the structural properties of the data. The number
of clusters was established empirically based on the Silhouette Score (SS) [24], visualization
of solutions, and expert evaluation.

Ward’s method was chosen as the criterion responsible for the merging classes [25].
Ward’s minimum variance criterion minimizes the total within-cluster variance. To imple-
ment this method, at each step of the clustering algorithm, we found the pair of clusters
that leads to the minimum increase in total within-cluster variance after merging. This
increase is a weighted squared distance between cluster centers. The Euclidean distance
was chosen as the metric responsible for the distance between time series since it penalizes
more for the difference in coordinate positions. Moreover, Ward’s method requires the
distance between observations to be Euclidean.

2.4. Assessment of Clustering Quality

The evaluation of the cluster partitions was carried out by data visualization and the
SS. Based on the definition of the SS, we tried to find the highest SS with a constraint on the
number of clusters.

For analyzing the obtained solutions, the Monte Carlo method was applied. This
is a numerical method of assessing the statistical reliability of the revealed clustering
structure, which consists of testing statistical hypotheses. This method is usually applied in
complicated tasks where standard techniques are impractical due to the lack of information
on the statistical properties of data. We proposed a null hypothesis, which was that there is
no cluster structure in our data; in other words, all observations in the dataset form one
cluster. For testing the null hypothesis, we compared the quality of clustering on a real
sample with the quality of clustering on synthetically generated samples of glucose data
with the same number of records and lengths of time series. The quality was assessed
with SS. Generation was made from a fixed probability distribution, provided that the
null hypothesis is fulfilled. This meant that synthetically generated time series had no
cluster structure.

In a study by Kirilyuk IL and Senko OV [26], clustering was considered reliable
for a given number of selected clusters if the index value on the real sample turned out
to be greater than the value of the quantile of the p level for artificial data (in our case,
p = 0.95). However, the method proposed did not take into account the fact that clustering
objects are time series. Since time series usually have a dependency between neighboring
components, this means that many time series have autocovariance. Thus, to assess the
statistical reliability of clustering structures, we used the Monte Carlo method and took
into account the autocovariance of the clustered time series for the first few lags. In our
work, the autocorrelation was taken into consideration for generating time series. This
made it possible to make the artificial data more similar to the real data.

Probability distribution that was used for generating time series was multivariate
Gaussian distribution N(E,C), where vector E is the sample mean, and C is a covariance
matrix over the dataset. Autocorrelation was used as follows: first, over the entire time
series, we found the sample means my, mj, mp, ms of the corresponding autocovariances
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atlags lag,, lag,, lag,, and lag,; (autocovariance at zero lag stands for the variance). Then,
we constructed a covariance matrix as follows:

mg m; my mg O O
m; mp mj; My m3
my; m; mp mp; 1My
m3 mp; m; my Iy

0 mg mp; m; mg

o o o O
o

Finally, we generated a multivariate Gaussian vector that is a synthetic time series.
Such an approach to generation best fits our time series model since it takes into account
the autocorrelation of the original time series.

2.5. Calculation of Quantitative Parameters of Clusters

To characterize the clusters, we calculated the initial and final glucose levels, as well
as the differences between these parameters (absolute glucose change). The initial and final
glucose levels were determined as the average of the first three and the last three values in
each time series. For clusters with NH, the start time of an episode of hypoglycemia was
also estimated. If there were two or more episodes in an interval, we recorded the time of
the first event.

2.6. Coding

We used PyCharm for coding and Jupiter Notebook (JetBrains, Prague, Czech Repub-
lic) to visualize the solutions. The programming language was Python v. 2020.3.3. The
main libraries were NumPy, pandas, SciPy, sklearn, and matplotlib.

2.7. Other Statistical Procedures

The Statistica 13.0 software package (Dell, Round Rock, TX, USA) was used to as-
sess the clinical parameters of the patients. The Kolmogorov-Smirnov test was applied
to test the normality. Quantitative data are presented as medians and lower and up-
per quartiles; frequencies are expressed as percentages (%). p-Values below 0.05 were
considered significant.

3. Results
3.1. Clinical Characteristics of Patients

We analyzed the results of CGM recordings from 395 patients with T1D, 153 men and
242 women, from 18 to 67 years of age (median 39 years). Diabetes duration varied from 0.5
to 55 years (median 16 years). All patients were on basal-bolus therapy with long-acting
insulin analogs: glargine 100 IU/mL (n = 140), glargine 300 IU/mL (n = 135), detemir
(n =63), and degludec (n = 57). Daily insulin dose was 48 (12-132) IU/kg, or 0.7 (0.2-2.0)
IU/kg. The level of HbAlc was 8.2 (7.4; 9.4)% (median (25; 75 percentile), range: 4.7-15.1%.
The mean monitored glucose was 8.4 (7.3; 9.5) mmol/L; Time in Range (3.9-10 mmol/L):
68.9 (55.3; 81.7)%; Time Above Range: 30 (15.3; 42.4)%; Time Below Range: 0.6 (0.0; 1.9)%;
and Coefficient of Variation 30.5 (27.2; 34.2)%.

Severe hypoglycemia in medical history was recorded in 113 (28.6%) patients. One
hundred fifty individuals (38%) had impaired awareness of hypoglycemia. Other complica-
tions and diabetes-related diseases included diabetic neuropathy (n = 300, 75.9%), diabetic
retinopathy (n = 218, 55.2%), chronic kidney disease (n = 216, 54.7%), peripheral artery
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disease (n =72, 18.2%), arterial hypertension (n = 71, 18%), and coronary artery disease
(n = 25, 6.3%). Most of the patients had a normal body mass index (BMI, 18.5-24.9 kg/m?),
108 were overweight (BMI 25-29.9 kg/m?), and 60 individuals had obesity
(BMI > 30 kg/m?).
3.2. Glucose Clusters without NH Episodes

Ten clusters without NH were identified (Figures 1 and 2).
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Figure 1. Clusters of nocturnal glucose without episodes of NH in patients with T1D.
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Figure 2. Medoids of glucose clusters without episodes of NH in patients with T1D.
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The differences between the clusters included glucose levels at the start and at the end
of the interval, absolute glucose changes, and the presence of ascending and/or descending

glucose trends. The numerical parameters of the clusters are presented in Table 1.

Table 1. Parameters of glucose clusters without episodes of NH in patients with T1D.

Median .
Cluster Parameter (25; 75 Percentile) Min-Max
Initial glucose, mmol/L 6.1 (5.4; 6.8) 3.8-9.0
1 Final glucose, mmol/L 6.0 (5.2;6.8) 3.9-10.8
Glucose change, mmol/L —0.2(—1.1;0.7) —3.3-4.8
Initial glucose, mmol/L 7.7 (6.7, 8.4) 3.8-10.9
2 Final glucose, mmol/L 7.8 (7.1;8.8) 49-115
Glucose change, mmol/L 0.3 (—0.8;1.6) —4.0-5.8
Initial glucose, mmol/L 9.1 (8.0;10.4) 5.0-16.4
3 Final glucose, mmol/L 5.6 (5.0;6.2) 4.0-9.2
Glucose change, mmol/L —34(—4.7, -2.4) —11.9-0.5
Initial glucose, mmol/L 15.8 (14.9; 17 .4) 11.9-21.0
4 Final glucose, mmol/L 10.7 (9.4; 11.4) 7.5-13.7
Glucose change, mmol/L —5.6 (—7.4; —4.0) —-12.7--1.0
Initial glucose, mmol/L 13.4 (12.2; 15.1) 8.7-21.6
5 Final glucose, mmol/L 13.5(12.1; 15.1) 9.0-19.5
Glucose change, mmol/L 0.0(—-1.7; 1.6) —7.5-7.0
Initial glucose, mmol/L 11.7 (10.4; 12.9) 7.3-16.7
6 Final glucose, mmol/L 10.4 (9.8; 11.1) 6.9-14.1
Glucose change, mmol/L —1.0(—2.6;0.4) —8.0-5.9
Initial glucose, mmol/L 10.2 (9.5; 11.1) 8.2-13.7
7 Final glucose, mmol/L 14.0 (12.8; 15.3) 11.3-21.2
Glucose change, mmol/L 34(24;54) —0.5-12.4
Initial glucose, mmol/L 74 (5.9; 8.4) 4.2-10.0
8 Final glucose, mmol/L 12.4 (11.4;13.4) 9.0-15.9
Glucose change, mmol/L 5.4 (3.8; 6.5) 1.8-9.9
Initial glucose, mmol/L 10.3 (9.3;11.5) 5.1-19.3
9 Final glucose, mmol/L 8.0(7.3;8.8) 4.2-13.0
Glucose change, mmol/L —22(-3.7,-1.0) —12.4-3.8
Initial glucose, mmol/L 9.2 (8.2;10.0) 5.2-12.5
10 Final glucose, mmol/L 10.1 (9.5; 10.8) 7.6-13.4
Glucose change, mmol/L 1.2(-0.1;2.2) —3.2-5.2

The most common pattern (cluster 1 in Figure 1) demonstrated a glucose profile similar
to the physiological one with normal or near-normal initial glucose and stable glucose
levels during the night. Cluster 2 was also characterized by stable glucose levels, but the
initial and final glucose concentrations were higher.

Three clusters (clusters 3, 8, and 10) showed close to normal or slightly elevated
glucose levels at the beginning of the time interval (mean levels < 10 mmol/L) but with
different dynamics during the night. Cluster 3 was characterized by a decrease in glu-
cose levels, cluster 8 had a pronounced upward trend, and the glucose level in cluster
10 was stable.

The next group of clusters was characterized by hyperglycemia (median >10 mmol/L)
at the beginning of the time interval (clusters 4-7, 9). In cluster 7, glucose continued to
rise during the analyzed interval (mean glucose change +3.4 mmol/L). On the contrary,
clusters 4 and 9 showed marked downtrends (glucose change —5.6 and —2.2 mmol/L,
respectively). The remaining clusters (5 and 6) represented stable hyperglycemia without
significant changes in glucose levels (mean glucose change <1 mmol/L).

11
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3.3. Glucose Clusters with NH

Six clusters with at least one episode of NH were identified (Figures 3 and 4). The
quantitative characteristics of these clusters are presented in Table 2. No episode of severe
hypoglycemia was observed.
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Figure 3. Glucose clusters with NH in patients with T1D.
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Figure 4. Medoids of the glucose clusters with NH in patients with T1D.

Most observations (clusters 2, 3, and 4) corresponded to the patterns with initially
normal glucose levels (medians 5.2, 5.1, and 5.2 mmol/L, respectively) and gentle down-
trends. In the most frequent pattern (cluster 4), episodes of NH typically happened between
midnight and 3 a.m., the post-event uptrend was slight or even absent, and the glucose
level at the end of the time interval was near the cut-off point of hypoglycemia (median
4.3 mmol/L). In cluster 3, NH was observed mainly in the first two hours after midnight,
and the glucose level increased after the episode. In cluster 2, the episodes also typically
occurred in the first two hours after midnight, followed by a marked increase in glucose
levels, leading to hyperglycemia in the early morning.

Less commonly, NH episodes were revealed in recordings with post-midnight hyper-
glycemia (clusters 5 and 6). These clusters demonstrated the highest overnight glucose
decline (median —6.8 and —2.8 mmol/L, respectively). In cluster 5, glucose levels began

13
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to decrease after 2 a.m., and episodes of hypoglycemia were observed at 4-6 a.m. On
the contrary, in cluster 6, the downward trend was already present after midnight, and

hypoglycemia occurred more often at 2—4 a.m.

clear uptrend during the night (+9.6 mmol/L).

In rare cases (cluster 1), NH was observed at the beginning of the time interval
(0-1 a.m.). The initial glucose level was low (median 3.4 mmol/L). In addition, there was a

Table 2. Parameters of glucose clusters with NH in patients with T1D.

Median .
Cluster Parameter (25; 75 Percentile) Min-Max
Initial glucose, mmol/L 3.4 (3.2;4.1) 2.6-7.0
Final glucose, mmol/L 14.1 (12.7; 15.3) 8.5-16.4
Glucose change, mmol/L 9.6 (8.3, 12.4) 5.9-12.7
Start time of NH episode 0(0; 0) 0-1.1
Initial glucose, mmol/L 5.2 (4.1;5.8) 2.2-10.8
Final glucose, mmol/L 9.8 (8.5;12.2) 4.7-15.5
Glucose change, mmol/L 4.6 (3.3;6.6) —-2.0-114
Start time of NH episode 0.8 (0.2;1.6) 0.0-3.2
Initial glucose, mmol/L 5.1 (4.6;5.6) 2.6-7.6
Final glucose, mmol/L 6.3(5.2,7.2) 3.1-10.0
Glucose change, mmol /L 1.3(0.1; 2.6) —2.7-5.3
Start time of NH episode 1.3 (0.8;2.1) 0.0-5.7
Initial glucose, mmol/L 5.2 (4.4;6.1) 2.39.1
Final glucose, mmol/L 4.3 (3.8,4.9) 2.2-74
Glucose change, mmol/L —0.8(—2.0;0.2) —-5.3-23
Start time of NH episode 2.1(0.6;3.9) 0.0-5.7
Initial glucose, mmol/L 10.0 (9.5; 10.6) 7.7-13.9
Final glucose, mmol/L 3.4 (3.2;3.6) 22-74
Glucose change, mmol/L —6.8(—7.4; —5.3) —5.3-2.3
Start time of NH episode 52 (4.4;5.5) 0.0-5.7
Initial glucose, mmol/L 9.4 (8.2;10.6) 7.7-13.9
Final glucose, mmol/L 6.4 (4.0;,7.9) 2.2-11.1
Glucose change, mmol/L —2.8(—54; —04) —-9.1-2.7
Start time of NH episode 2.9(2.5;4.0) 1.2-5.2

3.4. Clustering Quality
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As mentioned above, the number of clusters was chosen based on the SS. The relation-
ships between the SS and the number of glucose clusters are presented in Figure 5.
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Figure 5. Relationships between the SS value and number of glucose clusters. NH, nocturnal

hypoglycemia.
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The index value in both cases was close to 0, but nevertheless, it was a positive
indication that clusters intersect and overlap each other. The time series with NH had S5
values slightly higher than those without.

The assessment of the statistical reliability of the obtained solutions showed reliable
clustering at p < 0.05 (Figure 6).
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Figure 6. Dependence of the SS on the number of selected clusters.

4. Discussion

In this study, we performed a cluster analysis of CGM data from T1D patients managed
with MDI to identify patterns of nocturnal glucose changes. We formed two groups of
clusters depending on the presence of NH, a serious and hardly predictable event. We
identified 10 glucose clusters without NH and 6 clusters with NH episodes.

In previous studies, a number of algorithms were used for cluster analysis of CGM
data. In particular, hierarchical clustering [21], centroid-based clustering [17,27], non-
negative matrix factorization [20], and the multilevel clustering approach [18] were tested.
In this study, we applied hierarchical clustering to identify different patterns of interstitial
glucose fluctuations and the Monte Carlo method to assess the statistical reliability of the
obtained solutions. We also took into account the autocovariance of the initial glucose time
series. Thus, our study provides further development of the cluster analysis methodology
as applied to CGM data.

The obtained results indicate diversity in the patterns of nocturnal glucose profiles
in T1D subjects on insulin therapy. Compared to the results of other authors [18,21], we
discovered more clusters in CGM data. Although the results are clinically challenging, they
may provide a rationale for a new individualized approach to diabetes management with a
focus on reducing the risk of NH.

In our sample, most observations of NH belonged to three clusters with normal or near-
normal glucose levels after midnight (medians 5.1-5.2 mmol/L) and delicate downtrends.
Most episodes of hypoglycemia with this glucose dynamics occurred from midnight to
4 a.m. Another group of clusters was characterized by hyperglycemia at the beginning of
the night. In these patterns, the timing of NH episodes depended on the start time and the
rate of glucose decline. Depending on the time of the start of the downtrend, the episodes
occurred between 2 and 4 a.m. or 4 and 6 a.m. These data clearly demonstrate the limited
value of pre-bedtime glucose as a predictor of NH. The presence of a downtrend may be
a more important risk factor than pre-bedtime glucose. In agreement, the role of glucose
variability as a risk factor for NH has been established [13,28].

The rate and amplitude of the rise in glucose levels after hypoglycemia varied sig-
nificantly between clusters, affecting glucose levels in the early morning. Interestingly,
in the most common glucose pattern, the episodes of NH were not accompanied by a
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significant increase in the post-event glucose level. Impaired glucose counter-regulation as
a result of the dysfunction of regulatory mechanisms and/or excessive insulin levels may
be responsible for this abnormality. It should be emphasized that normal pre-bedtime and
morning glucose levels do not exclude NH episodes.

Different patterns of glucose dynamics were identified in the analysis of CGM records
without NH. Most of these patterns can hardly be considered optimal due to the presence
of hyperglycemia and/or downward or upward glucose trends. High glucose levels at
the beginning of the night without a pronounced downtrend explain the absence of NH
episodes in a number of identified clusters.

Thus, the majority of the identified nocturnal glucose patterns should be considered as
motivators for revision of the treatment. Identification of the pattern of glucose fluctuations
may be the basis for treatment adjustment. The presence of NH in patients with initially
low glucose values or a pronounced downtrend mostly indicates an overdose of basal
insulin. Hyperglycemia and/or an overnight uptrend without hypoglycemia indicate the
opposite. Clusters with high pre-bedtime glucose and a pronounced downtrend are a
particular problem. As a first step, the causes of high pre-bedtime glucose levels should be
identified and eliminated. The persistence of a downward trend in glucose levels that is
not corrected by reducing the dose of basal insulin may be an indication that a change of
insulin is required. Second-generation insulin analogs (glargine 300 U/mL and degludec)
provide a more stable glucose profile and may have advantages over first-generation ones
in reducing the incidence of NH in patients with T1D [29-31]. Switching to subcutaneous
continuous insulin infusion with sensor-augmented pumps or closed-loop control systems
may be another option for patients with an increased risk of NH [32-34].

Single-site data and a relatively small sample size are the obvious limitations of our
study. Nevertheless, this is the first study identifying nocturnal glucose patterns in T1D
patients depending on NH. The results provide the rationale for the classification of NH
depending on the time of the event, preceding glucose dynamics, and pre-bedtime and
early morning glucose. Identifying a nocturnal glucose profile could be considered to be a
promising approach to achieving safer and individualized diabetes care. Future research
should address clinical factors that contribute to different nocturnal glucose profiles in
subjects with T1D.

5. Conclusions

In this study, we performed a hierarchical cluster analysis of nocturnal CGM recordings
in patients with T1D depending on the presence of NH episodes. Ten clusters without NH
and six clusters with NH were identified. The results clearly show a variety of nocturnal
glucose patterns with and without NH and provide the rationale for the classification of
NH depending on the time of the event, preceding glucose dynamics, and pre-bedtime
and early morning glucose levels. Obviously, a wide range of nocturnal glucose dynamics
requires a differentiated therapeutic approach. Identifying a nocturnal glucose profile could
be considered a promising approach to achieving safer and individualized diabetes care.
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Abstract: Background: It is important to determine the influence of traditional risk factors on the
development of type 2 diabetes mellitus (T2DM) in young adults. Goal of the research: To study
the incidence of T2DM and factors that increase the risk of its occurrence during the observation
of a cohort of young adults. Materials and methods: 1341 people aged 25-44 were included in the
study from 2013 to 2017, of whom 622 were men (46.4%). The examination included anamnesis,
anthropometric data, and a blood test. Cases of developed T2DM were identified by comparing the
Diabetes Mellitus Register, medical records of patients, and the database of examined individuals
from 2019 to 2023. T2DM Results: In the examined population, 11 participants (0.82%) developed
T2DM. The prevalence of T2DM was 0.96% in men and 0.69% in women. Patients with T2DM had a
higher waist circumference, BMI, SBP, TG, and lower HDL than patients without T2DM, and were
also less likely to have a higher education. The risk of developing T2DM increases 6.5 times at a BMI
of >30kg/ m?, and 5.2 times at a TG level of >1.7 mmol/L, regardless of other risk factors. In the
absence of a higher education, the risk of developing T2DM is increased by 5.6 times. Conclusion: In
young people, high triglyceride levels, obesity, and a low level of education are associated with the
risk of developing type 2 diabetes, regardless of other factors.

Keywords: cohort study; persons 25-44 years old; type 2 diabetes mellitus; obesity; hypertriglyceridemia;
educational status

1. Introduction

Type 2 diabetes mellitus (I2DM) is a disease with a rapidly growing prevalence world-
wide that is largely associated with obesity and a sedentary lifestyle [1]. The prevalence of
established T2DM in Russia is 3.2% [2]. At the age of 25-44 years, according to the NATION
study, the prevalence of T2DM is 1.5%. By age subgroups, the prevalence of T2DM is: at the
age of 25-29 years, 1.14%; at the age of 30-34 years, 0.82%; at the age of 35-39 years, 1.64%;
and at the age of 4044 years, 2.75% [3]. At the same time, the proportion of participants
with prediabetes and T2DM increased with increasing body mass index (BMI).

The global trend of increasing T2DM prevalence, including among all patients with
DM [4], is also confirmed by data from Russian studies [5,6]. Global and Russian trends
also predict an epidemic of type 2 diabetes among people of young working age. The
influence of lifestyle and weight loss on the risk of developing T2DM may vary for different
people depending on age and body composition [7]. At the same time, given the increasing
prevalence of obesity in the Russian Federation at a young age [3,8], it becomes important
to determine its influence as well as the influence of other traditional risk factors on the
development of T2DM in young adults for personalized prevention.

J. Pers. Med. 2023, 13, 1403. https:/ /doi.org/10.3390/jpm13091403 19
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The aim of this study was to study the incidence of type 2 diabetes mellitus and factors
that increase the risk of its occurrence during the observation of a cohort of young adults
aged 25-44 years.

2. Materials and Methods

The study design was a prospective cohort study. Based on the IIPM—Branch of
IC&G SB RAS, a survey of the population of Novosibirsk from 2013 to 2017 was conducted.
The study was approved by the local ethics committee of IPM—Branch of IC&G SB RAS
(Proto-col No. 6/2013 of 25 June 2013).

The Territorial Compulsory Health Insurance Fund’s base, which consists of residents
of one of Novosibirsk’s districts between the ages of 25 and 44, was utilized to create
the sample. Using a random number generator, a sample of 2500 people was selected at
random to reflect the population. Since invitations to young age groups are the least likely
to be accepted, step-by-step incentive approaches, such as invites sent via mail, phone calls,
and media messages were employed. At the screening, 1512 individuals were assessed;
those with any known form of diabetes, women who were pregnant, and individuals who
had fatal events occur during follow-up were removed. 1341 individuals were included
in the final analysis, including 622 men (46.4%) and 719 women (53.6%) (Figure 1). The
respondents’ average age was 37.08 [31.75; 41.75]. Informed consent of all was obtained for
the examination and processing of personal data.

Random sample at the
start of the study, n =
2500

— Examined patients, n = 1512

(

' Excluded: patients with any known type
— of DM, pregnant women, patients with
. fatal events

e e e e e e e e e e e e e e e e e e e e e e e e

-~ ——————

Patients included in the study
n = 1341, 622 men (46.4%)

Figure 1. Flow chart of the study population according to inclusion and exclusion criteria.

The endpoint in the form of cases of developed T2DM were identified by comparing
the Diabetes Mellitus Register, medical records of patients, and the database of examined
individuals from 2019 to 2023. A group of medical professionals with training in standard-
ized epidemiological screening techniques performed the screening. The survey program
contained a number of components, such as demographic and social data, a smoking habits
survey, a socioeconomic survey, Rose’s cardiological questionnaire, anthropometry, 2-fold
blood pressure measurement, spirometry, ECG recording with transcription in accordance
with the Minnesota Code, and others.

Educational level was divided into 3 groups: higher education, secondary and special-
ized secondary education, and primary and incomplete secondary education. All groups
were included in the analysis, and the final analysis included higher education against
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all other types of education. Waist circumference (WC) was measured with a centimeter
tape placed horizontally in the center between the sacral iliac bone and the lower edge
of the costal arch [9,10]. Body mass (kg) divided by the square of height (m?) is the for-
mula used to calculate the body mass index (BMI) [10]. Elevated BMI was considered
>30 kg/m?. Physical activity was considered sufficient if more than 3 h of physical activity
per week [10].

After a 5 min break, blood pressure was checked twice with a 2 min gap on the right
hand while seated and registered as the average of the two readings using an Omron M5-I
automated tonometer. Systolic blood pressure (SBP) of more than 140 mmHg and/or dias-
tolic blood pressure (DBP) of more than 90 mmHg were classified as arterial hypertension
(AH) [10].

Smokers were defined as those who smoked at least one cigarette each day.

On an empty stomach, 12 h after eating, a single blood sample was taken from the ul-
nar vein. On a KoneLab 30i automatic biochemical analyzer (Finland), blood parameters for
lipid profile (total cholesterol (TCH), low-density lipoprotein cholesterol (HDL-C), triglyc-
erides (TG), lilow-density lipoprotein cholesterol (LDL-C)), glucose, albumin, urea, and
creatinine were analyzed using an enzyme-based approach. The formula used to convert
serum glucose into plasma glucose was plasma glucose (mmol/L) = —0.137 + 1.047 x serum
glucose (mmol/L) [10]. The levels of low-density lipoprotein cholesterol were calculated
using the Friedwald formula (TCH — (TG/5) — HDL-C). Decreased blood levels of HDL-C
were estimated to be less than 1 mmol/L for men and less than 1.2 mmol/L for women,
while elevated blood levels of TG were estimated to be more than 1.7 mmol/L, and elevated
blood levels of LDL-C were estimated to be 3 mmol/L [10]. The calculation of GFR was
carried out according to the formula CKD-EPI (Chronic Kidney Disease Epidemiology
Collaboration), taking into account race, gender, age, and serum creatinine level.

The SPSS software tool (version 13.0) was used to statistically process the results. The
Kolmogorov-Smirnov criterion was used to examine the distribution. Continuous variables
have non-normal distributions; hence, the data are presented as Me [25; 75], where Me
is the median and 25 and 75 are the first and third quartiles, respectively. For categorical
indicators, the data are presented as absolute and relative values, 1 (%). To compare two
independent samples, the nonparametric Mann-Whitney U-test was employed. To compare
the fractions, Pearson’s chi-squared test was employed. Multivariate models of logistic
regression analysis were performed to identify independent prognostic predictors of the
development of diabetes mellitus. The critical significance level of the null hypothesis (p)
was assumed to be 0.05.

The work was supported by the grant of the Russian Science Foundation No. 21-15-
00022 (statistical processing, collection of endpoints). The funding organization played
no role in the development of the study, data collection, analysis, interpretation of data or
writing of the manuscript.

3. Results

In the examined population, 11 cases (0.82%) of T2DM developed during the cohort
observation. The prevalence of T2DM in men was 0.96%, and in women it was 0.69%.
During the first stage of our study, the clinical and anamnestic data of patients with and
without T2DM were analyzed. Patients with developed diabetes mellitus, compared to
patients without T2DM, had a waist circumference 1.2 times higher (101.00 (90.00; 122.00)
vs. 85.00 (76.0; 95.40]), p < 0.001), a BMI 1.3 times higher (32.37 (29.78; 39.44) vs. 25.01 (22.04;
28.70), p < 0.001), an SBP 1.1 times higher (132.50 (121.50; 140.00) vs. 119.00 (110.00; 129.00),
p =0.033), a TG 1.9 times higher (1.75 (1.22; 2.89) vs. 0.94 (0.68; 1.38), p = 0.003), and an
HDL-C 1.3 times lower (1.03 (10.90; 1.16) vs. 1.29 (1.08; 1.52). p = 0.001), and were also less
likely to have a higher education. There were no differences in age, sex, smoking status,
level of physical activity, civil partnership status, employment, DBP, presence of AH, LDL-
C, TCH, Creatinine, glomerular filtration rate (GFR), Albumin, Urea, and Glucose levels
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between patients with and without T2DM. The characteristics of the examined patients are
presented in Table 1.

Table 1. Characteristics of the studied sample of 25-44-year-old participants in Novosibirsk.

Parameters Patients with Developed T2DM Patients without T2DM p
n=11 n =1330

Age 39 (31; 44) 37 (31; 41) 0.253

Men (n, %) 6 (54.5%) 616 (46.3%)
Women (11, %) 5 (45.5%) 714 (53.7%) 0763
Physical activity less than 3 h/week (1, %) 9 (81.8%) 882 (66.6%) 0.355
Smoking (1, %) 5 (45.5%) 438 (33.1%) 0.386
Married (1, %) 7 (63.6%) 953 (71.9%) 0.515
Employed (1, %) 7 (63.6%) 1108 (83.6%) 0.076
Higher education (1, %) 2 (18.2%) 833 (62.9%) 0.003
WC, sm 101.00 (90.00; 122.00) 85.00 (76.0; 95,40) <0.001
SBP, mm Hg 132.50 (121.50; 140.00) 119.00 (110.00; 129.00) 0.033
DBP, mm Hg 84.50 (76.00; 96.00) 78.00 (71.00; 86.00) 0.095
Presence of AH 4 (36.4%) 237 (17.9%) 0.120
BMI, kg /m? 32.37 (29.78; 39.44) 25.01 (22.04; 28.70) <0.001

<25 kg/m? 0 663 (49.9%)
25-29.9 kg/m> 3 (27.3%) 425 (32.0%) <0.001
>30 kg/m2 8 (72.7%) 240 (18.1%) <0.001
TG, mmol/L 1.75 (1.22; 2.89) 0.94 (0.68; 1.38) 0.003
TG > 1.7 mmol/L (n, %) 7 (63.6%) 216 (16.3%) 0.001
HDL-C, mmol/L 1.03 (10.90; 1.16) 1.29 (1.08; 1.52) 0.001
HDLHTJO@T‘;LQ I;Vfgrrn?rfr(‘na“/‘% <12 7 (63.6%) 389 (29.4%) 0.020
LDL-C, mmol/L 2.85(2.17; 3.77) 3.13 (2.53; 3.69) 0.370
LDL-C > 3 mmol/L (1, %) 4 (36.4%) 739 (55.9%) 0.231
TCH, mmol/L 5.22 (3.85; 5.68) 4.96 (4.34; 5.63) 0.715
TCH > 5 mmol/L (1, %) 6 (54.5%) 646 (48.9%) 0.769
Creatinine, umol/L 72.00 (65.00; 81.50) 74.00 (67.00; 82.00) 0.701
GFR ckp.gpr, mL/min/1.73 m2 1(10.0%) 220 (23.6%) 0.467
GFR ckp-gp1 < 90 mL/min/1.73 m?2 (1, %) 106.38 (94.98; 110.323) 101.47 (90.66; 110.21) 0.505
Albumin, g/L 41.65 (38.65; 43.93) 42.70 (40.80; 44.60) 0.267
Urea, mmol /L 3.95 (3.05; 5.63) 4.30 (3.70; 5.20) 0.534
Glucose, mmol/L 5.83 (5.31; 6.98) 5.73 (5.31; 6.04) 0.251
Glucose > 6.1, mmol/L 4 (36.4%) 292 (22.1%) 0.257

Note: AH—arterial hypertension, BMI—body mass index, DBP—diastolic blood pressure, HDL-C—high-density
lipoprotein cholesterol, LDL-C-low-density lipoprotein) cholesterol, SBP—systolic blood pressure, TCH—total
cholesterol, TG—triglycerides, WC—waist circumference.

To study the associations of cardiometabolic parameters with the risk of developing
diabetes mellitus, a logistic regression analysis was performed (Table 2). The analysis
showed that the risk of developing diabetes mellitus is associated with an increase in
SBP (by 35.7% per 10 mm Hg), TG (by 47.5% per 1 mmol/L and by 9 times at a level of
TG greater than 1.7 mmol/L), WC (by 8.6% per 1 cm and by 13 times in the presence of
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abdominal obesity (AO)), BMI (by 20% per 1 kg/ m?), and a decrease in HDL-C (by 45 times
per 1 mmol/L and by 4.4 times at a level of HDL-C less than 1.1 mmol/L for men and
<1.2 mmol/L for women), as well as with other types of education, except higher education.

Table 2. One-factor logistic regression analysis of the association of cardiometabolic risk factors with
the development of diabetes mellitus adjusted for gender and age.

Logistic Regression Analysis

Indicators 95% Confidence Interval (CI)

OR Lower Bound Upper Bound P
BMI, per 1 kg/m? 1.200 1.119 1.287 <0.001
SBP, per 10 mm Hg 1.357 1.010 1.842 0.050
TG, per 1 mmol/L 1.475 1.079 2.017 0.015
TG > 1.7 mmol/L vs. TG < 1.7 mmol /L 9.013 2.491 32.614 0.001
HDL-C, per 1 mmol/L 0.022 0.002 0.293 0.004
HDL-C <1 mmol/L for men((vvss'. Zzll.zmnrlnn(:i)/lh)d;nd <1.2 mmol/L for women 4413 1271 15.322 0.019
WC, by 1 ecm 1.086 1.049 1.123 <0.001
AO (WC > 80 cm vs. WC < 80 cm for women and >94 cm vs. WC <94 cm for men)  12.967 1.634 102.927 0.015
Level of education, higher education vs. other types of education 7.014 1.484 33.151 0.014

Note: AO—abdominal obesity, BMI—body mass index, HDL-C—high-density lipoprotein cholesterol, SBP—
systolic blood pressure, TG—triglycerides, WC—waist circumference.

The next stage was the construction of models for multivariate logistic regression
analysis (Table 3). Model 1 included gender, age, TG level, and the presence of AO
(determined by WC); in Model 2, the presence of AO was replaced by BMI. Models 3 and 4
additionally include education status.

Table 3. Multivariate logistic regression analysis of the association of cardiometabolic risk factors
with the development of diabetes mellitus.

Model 1 Model 2 Model 3 Model 4
Analyzed Factors o o o o
OR (95% CI) p OR (95% CI) p OR (95% CI) p OR (95% CI) p
1.083 0.992 0.884 1.353
Gender,malevs. female 305 5811y 0900 goes371n) 090 (02263450 O8O0 (03674086 OO
1.029 1.053 1.043 1.018
Age, per 1 year (0.922-1.149) 0.606 (0.938-1.183) 0.381 (0.925-1.176) 0.493 ©912-1.137) 074
TG > 1.7 mmol/L vs. 5.314 5.119 5.365 5.220
TG < 1.7 mmol/L (1.424-19.833) 0.013 (1.345-19.477) 0.017 (1.371-20.995) 0.016 (1.348-20217) 0017
Availability of AO vs. 7.893 0.056 ) ) ) B ) )
absence of AO (0.945-65.914) '
1.184 1.183
BMI, per 1 kg/m? - - (1.098-1.277) <0.001 (1.085-1293) <0.001 - -
BMI > 30 kg/m? vs. ) ) i i ) ) 6.461 0.009
BMI < 30 kg/m? (1.600-26.098) :
Level of education, all
types of education except - - - - a. 0257—12762 035) 0.046 (1'172‘_6;79'09 4) 0.030

higher vs. higher education

Note: AO—abdominal obesity, BMI—body mass index, TG—triglycerides, WC—waist circumference.
The multivariate logistic regression analysis showed that TG, BMI, and education

status were associated with the risk of developing T2DM. In Model 4, the risk of developing
T2DM increases 6.5 times at a BMI of >30 kg/ m?2, as well as 5.2 times at a TG level of
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>1.7 mmol/L, regardless of other cardiometabolic risk factors. Additionally, in the absence
of a higher education, the risk of developing T2DM increases 5.6 times.

4. Discussion

The main purpose of this study was to study the influence of various cardiometabolic
and social factors on the risk of developing T2DM. After conducting a study on a sample
of young participants in Novosibirsk, we found that high triglyceride levels, a high body
mass index, and a low level of education were associated with the risk of developing T2DM,
independent of other cardiometabolic risk factors. In general, our data are consistent
with previous studies. The prevalence of T2DM in young adults in Novosibirsk was
studied earlier and amounted to 2.2% [11], which is consistent with the all-Russian data
of the NATION study. According to the results of this study, 0.82% of people in the study
developed T2DM (taking into account the fact that patients with a history of T2DM were
excluded from the analysis).

Chronic diseases like diabetes and obesity are becoming more prevalent everywhere [12].
Body mass index, as well as diabetes and insulin resistance are closely related. NEFA,
glycerol, hormones, cytokines, proinflammatory chemicals, and other compounds that
are involved in the development of insulin resistance are present in higher amounts in
obese people. Insulin resistance with impairment of 3-cell function leads to the develop-
ment of diabetes [13]. According to the NATION study, the number of participants with
prediabetes and T2DM increased as BMI increased. In the group with a BMI of less than
25 kg/m?, the prevalence of T2DM was 1.1%. In the group with a BMI of more than 25
and less than 30 kg/m?, the prevalence of T2DM was 3.9%, and among obese people, the
prevalence of T2DM was 12.0%. The data obtained show that T2DM is more common
in obese people than in people with a normal body mass (p < 0.001) [3]. In China, in a
cross-sectional study of 5860 people, the chance of having T2DM in people with abdom-
inal obesity was 1.55 times higher (95% CI 1.08-2.24) [14]. At the same time, in studies
that included high-risk overweight and obese populations, weight loss was an important
factor in preventing diabetes or delaying its development; a greater benefit was usually
observed with greater weight loss [15,16]. In a cohort study of individuals aged 56.1 years
(range 50-65), obesity and an unfavorable lifestyle were associated with a higher risk of
developing T2DM, regardless of genetic predisposition. Even among people with a healthy
lifestyle, obesity was associated with a more than 8-fold risk of developing T2DM compared
to people with normal weight in the same lifestyle group [17]. In the study, all patients
with T2DM had a BMI of more than 25 kg/m?, while a BMI of more than 30 kg/m? is
associated with a 6-fold risk of developing T2DM in young patients, which underscores
the importance of early prevention in the form of recommendations for weight loss at
any age. BMI does not accurately reflect the adipose tissue distribution throughout the
body, and it is unable to distinguish between fat mass and muscle mass. Visceral adipose
tissues seem to play a significant role in the emergence of metabolic problems linked to
obesity [18,19]. The distribution of adipose tissue is a well-documented and major factor
linked to the development of insulin resistance, and WC, which is an index of body fat
distribution, could be used as a criterion for evaluating abdominal obesity [20]. Along
with BMI, WC can be used to assess the distribution of adipose tissue in young adults.
In our study, an increase in WC was associated with an increase in the risk of 2DM in
a single-factor analysis; however, BMI turned out to be more significant in multivariate
analysis models. Our result was consistent with some earlier studies which revealed that
the TG level might be an influential factor for T2DM in young men [21] and women [22].
The results of an 8-year prospective observation of the middle-aged and elderly Chinese
population (61.49 £ 13.85 at the time of inclusion) showed that triglycerides are an indepen-
dent predictor of the development of T2DM. Compared with the group with a normal level
of TG, the risk coefficients for developing T2DM in the borderline (TG 1.7-2.25 mmol /L)
and high (TG > 2.26 mmol/L) TG groups were 1.30 (95% CI 1.04-1.62) and 1.54 (95% CI
1.24-1.90), respectively. Survival analysis has shown that higher levels of TG can predict
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an earlier onset of T2DM [23]. In another Chinese study of 7329 people over 45 years of
age, hypertriglyceridemia also increased the risk of developing T2DM by 1.9 times (95%
CI1.49-2.46) [24]. In a prospective 5-year follow-up of 5085 younger patients without T2DM,
42.8 4+ 9.0 years old, every 10 mg/dL increase in triglyceride levels significantly increased
the risk of developing T2DM by 4%. This relationship persisted even when the triglyc-
eride level remained within the generally accepted norm (<150 mg/dL (<1.7 mmol/L),
p < 0.001) [25]. In our study, the risk of T2DM was 5.2 times higher in patients with a TG
level of more than 1.7 mmol/L in young adults. T2DM can be caused by a variety of things,
both hereditary and acquired, but the exact mechanism is yet unknown. As an endocrine
organ, adipose tissue can affect the metabolism of glucose and lipids. TGs are the most
prevalent lipid in adipose tissue [26]. The free fatty acid (FFA) metabolic pathways can be
mentioned as the probable mechanism connecting TG to T2DM. Because adipose tissue
with an excessive amount of FFA, resistin, TNF-«, interleukin-6, and other substances
might result in insulin resistance [27]. Furthermore, raising the level of FFA produced by
TGs can increase insulin resistance [28].

The level of education was also previously studied in the context of the risk of de-
veloping T2DM: 17.2% of the cases of diabetes in men and 20.1% of the cases in women
were associated with a lower level of education in Sweden in all age groups; diabetes
mellitus was more common in the group with a low level of education in groups older
than 70 years [29]. In a population of 53,159 Danish men and women aged 50-64 years
with a follow-up period of 14.7 years, differences in the incidence of T2DM were estimated
depending on the level of education per 100,000 person-years. Compared with a high level
of education, a low level of education was associated with 454 (95% CI 398-510) additional
cases of T2DM, and an average level of education was associated with 316 (CI 268-363)
additional cases [30]. At the same time, the authors believe that different susceptibilities to
being overweight or having obesity are important mechanisms in the relationship between
education and the incidence of T2DM. Previous studies have shown that from 8% [31]
to 64% [32] of the relationship between the level of education and type 2 diabetes can be
explained by different exposures to being overweight or having obesity [33]. In another
Danish study, which included 83,759 and 91,083 participants aged 30-65 years, from a
cohort of patients with T2DM and cardiovascular diseases, respectively, a low level of
education was positively associated with a higher risk of developing T2DM (OR 1.24, 95%
CI 1.04-1.48) [34]. Education establishes an individual’s non-material resources, such as
knowledge, skills, and self-efficacy, which lowers obstacles and enables people to be more
receptive to health messages and convert those messages into healthy behaviors. Addition-
ally, people with a lower level of education are less physically active, smoke more, and
consume fewer fruits and vegetables than people with a high level of education [30], which
may have an indirect effect on the development of T2DM, but was not separately evaluated
in this study. The analysis of our data provides very important additional data on the risk
factors for developing T2DM in a young population. The results show that despite the fact
that people with obesity and dyslipidemia may benefit from lifestyle changes, their high
risk of developing T2DM may persist depending on their initial level of education.

Gender and age in the conducted study did not affect the risk of developing T2DM;
perhaps this is due to the initially young age of the population and the insufficient follow-up
period for these variables to have an impact.

This study’s strengths include the large sample size and extended follow-up. We were
able to account for numerous potential confounders because of the inclusion of numerous
comprehensive clinical and biochemical examinations. After reading various references,
our research is one of the few in Russia and the first in Novosibirsk evaluating risk factors
for the development of T2DM in young adults.

This study has several limitations. First, this study was a single-center investigation,
and the enrolled participants were primarily residing in the city. Further investigations
should be conducted as multi-center studies that include various areas. Second, limitations
of the study include lack of access to information regarding family history of diabetes
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mellitus, age of diagnosis, and lack of information about gestational diabetes. There was
also no information about glucose levels during the observation period, which does not
allow to exclude latent T2DM. Also, the estimate of the effect of educational level on type
2 diabetes may be inflated due to unmeasured confounding factors from early life, such as
family socioeconomic position, family history of T2DM and fetal /neonatal factors.

5. Conclusions

In young people, high triglyceride levels, obesity, and a low level of education are
associated with the risk of developing type 2 diabetes, regardless of other factors. These
data can be taken into account when developing personalized preventive measures for
different age groups.
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Abstract: The high prevalence of obesity and of its associated diseases is a major problem worldwide.
Genetic predisposition and the influence of environmental factors contribute to the development
of obesity. Changes in the structure and functional activity of genes encoding adipocytokines are
involved in the predisposition to weight gain and obesity. In this review, variants in genes associated
with adipocyte function are examined, as are variants in genes associated with metabolic aberrations
and the accompanying disorders in visceral obesity.

Keywords: adipocyte; obesity; gene

1. Introduction

High prevalence of obesity and of its associated diseases is a major problem world-
wide [1]. Genetic predisposition and an influence of environmental factors that contribute
to the development of obesity represent a set of causes of excess body weight [2-6]. Hered-
itary factors involved in the development of obesity lead to the formation of syndromic,
monogenic, and polygenic types of obesity [7].

Monogenic obesity is a pathology caused by a mutation in a single gene. Monogenic
obesity is extremely rare and is characterized by early onset, development in childhood,
and extreme values of body weight [8,9]. Monogenic types of obesity are caused by a
mutation in one of genes LEP, LEPR, POMC, PCSK1, and MC4R, which encode proteins of
the leptin—melanocortin system. This system is key for the regulation of eating behavior
and energy metabolism [10]. The leptin-melanocortin system is activated by leptin, which
is secreted by adipocytes but exerts its action via leptin receptor, thereby leading to the
activation of pro-opiomelanocortin. Under the influence of an enzyme called prohormone
convertase 1, adrenocorticotropic hormone and «-melanocyte-stimulating hormone are
generated from proopiomelanocortin; x-melanocyte-stimulating hormone in turn activates
receptor MC4R, which launches satiety signaling [8]. Environmental factors have little
effect on the development of nonsyndromic monogenic obesity but may be crucial for
treatment. Physical activity, socioeconomic status, and diet type may influence obesity
severity in these patients [11].

Syndromic obesity is obesity that develops in chromosomal and other genetic syn-
dromes (e.g., Prader-Willi, fragile X, Bardet-Biedl, Cohen, and Albright) and is accompa-
nied by a set of congenital aberrations [11].

Polygenic obesity is caused simultaneously by many genes and their interactions both
with each other and with the external environment. Polygenic obesity is widespread in
many populations [12]. In research on polygenic etiology of obesity by means of genome-
wide association studies, 127 loci associated with obesity have been found in the human
genome [7]. This number constantly changes as new studies come out regarding the poly-
genic etiology of obesity as a complex multifactorial disease [13]. Although polygenic
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obesity is the most common type of obesity and is the most responsive to clinical inter-
ventions, it is the least investigated owing to its sensitivity to environmental factors and
because of its variation among ethnic groups [14].

Obesity is associated with various pathological metabolic changes in the human body:
impaired glucose tolerance, insulin resistance, dyslipidemia, nonalcoholic fatty liver disease,
and hypertension [15-19]. Visceral adiposity may have a negative effect on longevity [20].
From the point of view of the development of metabolic disorders in obesity, it is important
to study visceral adipose tissue and its role as a hormonally active structure [21]. Adipocytes
of visceral adipose tissue secrete a set of biomolecules: adipocytokines, which are signaling
and regulatory peptides that regulate various metabolic processes [22-24]. In Whites
with a BMI > 25.0 kg/ m? and in Asians with a BMI > 23.0 kg/ m?2, waist circumference
(WC) measurement is recommended as a simple and informative method for diagnosing
abdominal obesity. Values of WC > 80 cm in women and WC > 94 cm in men are said to
correspond to abdominal obesity and increased risk of cardiovascular events [25,26]. This
method does not apply to pregnant and lactating women.

Changes in the structure and function of genes encoding adipocytokines are involved
in the predisposition to weight gain and obesity [7,27,28]. In this review, selected genes
associated with adipocyte function are examined, as are variants in genes associated with
metabolic aberrations that contribute to visceral obesity (Table 1).

Table 1. Genes examined in this review that are associated with secretory activity of visceral adipocytes.

Gene Genes Associated with the Secretory Activity of Visceral Adipocytes References
ADIPOQ This gene is expressed in adipose tissue excluglvely.. Mutatlons in this gene are associated with [29]
adiponectin deficiency.
This receptor is located mainly in adipose tissue and is involved in the regulation of lipolysis and
ADRB3  thermogenesis. Obesity-related and body weight-related disorders correlate with polymorphisms in [30]
this gene.
Apelin is secreted by adipose tissue. Apelin and its receptor are widespread in the human body and
APLN, . ) . - . .
APLNR take part in many physiological processes, such as glucose and lipid metabolism, homeostasis, [31]
endocrine responses to stress, and angiogenesis.
CCL2, Chemokines CCL2 and CL7 have been implicated in the pathogenesis of several disorders,
. . . [32]
CCL7 including obesity.
FTO This gene shows a strong association with the BMI, obesity risk, and T2DM. [33]
GCG The glucagon (GCG) family of peptide hormones plays a role in central control of feeding behavior. [34]
GLPIR The hormone called glucagon-like peptide 1 (GLP-1) plays an important part in the signaling [35]
cascades resulting in insulin secretion.
This gene encodes ghrelin-obestatin preproprotein, which is cleaved thus yielding two peptides:
GHRL ghrelin and obestatin. Ghrelin regulates multiple phenomena, including hunger and pancreatic [36]
glucose-stimulated insulin secretion. Obestatin has multiple metabolic functions, including
regulation of adipocyte function and glucose metabolism.
This gene encodes an incretin hormone. This protein is important for glucose homeostasis because it
GIP is a potent stimulator of insulin secretion from pancreatic {3 -cells after food ingestion and [37]
nutrient absorption.
This gene codes for insulin: a peptide hormone that plays a vital role in the regulation of
INS g ) [38]
carbohydrate and lipid metabolism.
This gene encodes a protein that is secreted by white adipocytes into the circulation and performs a
LEP major function in the modulation of energy homeostasis. Circulating leptin binds to leptin receptor [39]
in the brain, thereby triggering downstream signaling pathways that inhibit feeding and promote
energy expenditure. Mutations in this gene and in its regulatory regions induce severe obesity.
NAMPT This gene encodes a protein that participates in many important biological processes, including [40,41]

metabolism, stress responses, and aging. Levels of NAMPT in adipose tissue are rather high.
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Table 1. Cont.

Gene Genes Associated with the Secretory Activity of Visceral Adipocytes References
This hormone acts as a regulator of pancreatic and gastrointestinal functions and may be important
pPPY : : [42]
for the modulation of food intake.
PYY Rare variations in this gene may increase susceptibility to obesity. [42]
RBP4 Vitamin A can affect obesity progression and the development of obesity-related diseases including [43]
insulin resistance, T2DM, hepatic steatosis, steatohepatitis, and cardiovascular diseases.
This gene codes for a protein called resistin. Resistin is secreted by adipocytes and may be the
RETN . L . [44,45]
hormone potentially linking obesity to T2DM.
SCT Secretin activates brown adipose tissue, reduces central responses to appetizing food, and delays the [46]
motivation to refeed after a meal.
UCP? This gene is expressed in many tissues, and the highest expression is seen in skeletal muscle. The [47]

product of this gene plays certain roles in unregulated thermogenesis, obesity, and diabetes mellitus.

In this review, we analyzed the PubMed database [48] by means of the following
search string: “abdominal obesity” [Title/ Abstract] AND “single nucleotide polymorphism”
[Title/ Abstract]. We found 177 full-text articles for the period 2002-2022. Only 20 of the
177 articles (11.3%) contained information on polymorphic variants of genes associated
with abdominal obesity. These 20 articles were included in the review.

At the next stage, we performed an additional search in PubMed for articles containing
information about single-nucleotide polymorphisms in genes associated with adipocyte
secretory activity: ADIPOQ, ADRB3, APLN, APLNR, CCL2, CCL7, FTO, GCG, GLPIR,
GHRL, GIP, INS, LEP, NAMPT, PPY, PYY, RBP4, RETN, SCT, and UCP2. At this stage, we
included 175 full-text articles in the review (Figure 1).

Articles identified in a PubMed database search: /Additional records identified SNVs of genes associated\
"abdominal obesity"[Title/Abstract] with secretory activity of visceral adipocytes ADIPOQ,
AND ADRB3, APLN, APLNR, CCL2, CCL7, FTO, GCG, GLP1IR,
"single nucleotide polymorphism"[Title/Abstract] GHRL, GIP, INS, LEP, NAMPT, PPY, PYY, RBP4, RETN, SCT,

and UCP2: "abdominal obesity"[Title/Abstract]
AND
\ "single nucleotide polymorphism"[Title/Abstract] /

N
Full-text articles from 2002 to 2022 )
n=177 Full-text articles from 2002 to 2022
1 n=216
. L . )
Full-text articles containing information on gene Full-text articles containing information on gene variants
variants associated with abdominal obesity: associated with abdominal obesity:
n = 20 full-text articles ) n = 179 full-text articles )

~ et

n =195 articles

E

Articles for Introduction

n = 8 articles

L After duplicates were removed ‘

»
>

)

[ Total number = 203 articles J

Figure 1. A flowchart of the initial publications in PubMed.

We included an additional 8 full-text articles in Introduction. In this review, the total
number of articles is 203.
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Variants in the genes examined in our review participate in the development of
polygenic obesity.

2. Results
2.1. ADIPOQ

The ADIPOQ gene encodes the protein adiponectin, which shares similarities with
collagens X and VIII and complement factor C1q. The gene is expressed predominantly
in adipose tissue, and the encoded protein circulates as various isoforms in blood plasma.
Adiponectin participates in the regulation of many metabolic and hormonal processes, in-
cluding carbohydrate and lipid metabolism, and has anti-inflammatory effects. Adiponectin
interacts with two types of receptors: AdipoR1 and AdipoR2 [49]. Mutations in this gene
can lead to adiponectin deficiency [50]. Adiponectin levels inversely correlate with both
total body weight and visceral fat mass [51].

The ADIPOQ gene has many variants that result in low adiponectin levels, which
correlate with obesity: the rs1391272583 variant in a Brazilian population [52], rs17366568
in a Malaysian population [53], rs266729 in a young Nigerian population [54], variants
1rs266729, rs16861205, rs1501299, rs3821799, and rs6773957 in a Finnish population [55], and
variants rs17846866 and rs1501299 in the Indian population of Gujarat [56]. Other variants
in this gene have been associated with type 2 diabetes mellitus (T2DM): rs62625753 and
rs17366743 in a French white population [57], rs185847354 in a Japanese population [58],
and rs2241766, rs2082940, and rs266729 in a Finnish population [55]. The ADIPOQ rs266729-
G allele affects body fatness in response to dietary monounsaturated fatty acids [59].

2.2. ADRB3

This gene encodes a receptor that belongs to the -adrenergic receptor family. The
activity of the gene is regulated by catecholamines. ADRB3 is expressed mostly in adipose
tissue and is responsible for the modulation of lipolysis and thermogenesis [60]. Lipolysis-
produced free fatty acids via upregulation of ADRB3 accelerate transcription of the UCP1
gene and raise the activity of the UCP1 protein [61].

Several variants of the ADRB3 gene are associated with the development of obesity and
T2DM. One of the first studied variants in this gene, rs4994, has been found to correlate with
severe cases of obesity and insulin resistance in a Japanese population [62]. Subsequently,
the rs4994 variant has been investigated in many populations and has shown an association
with the risk of childhood and adolescent obesity and being overweight [63]. The correlation
of 1s4994 (ADRB3 gene) with obesity may be mediated by the impact of this polymorphism
on adipokines. Carriers of its C allele have anomalous blood levels of adipokines and
lipids [64]. Variants rs72655364 and rs72655365 of this gene correlate with T2DM in a
Chinese population [65].

2.3. APLN and APLNR

The APLN gene codes for a preproprotein that is subsequently cleaved and activated
in the endoplasmic reticulum. The protein apelin is secreted as a peptide hormone that
binds to apelin receptors located in various organs. Apelin plays an important part in the
regulation of many biological functions, including insulin secretion [66].

The rs2281068 variant (APLN gene) is associated with T2DM in the Chinese Han
population [67], whereas the rs3115757 variant correlates with obesity among women in a
Chinese population [68]. The receptor (encoded by the APLNR gene) to which apelin binds
is expressed in the spleen, brain, placenta, and adipose tissues [69].

Studies on APLNR gene variants have not detected any associations with diabetes
mellitus or obesity [70]. Some variants in the APLNR gene correlate with the risk of
hypertension [71].
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2.4. CCL2 and CCL7

Genes CCL2 and CCL7 are members of the CC subfamily of the chemokine superfamily,
which plays a crucial role in immunomodulatory and inflammatory processes. The two
genes are located side by side on chromosome 17 [72].

The serum concentration of CCL2 correlates with insulin resistance and a high body—
mass index (BMI) [73]. In a Mexican population, the G allele of variant rs1024611 is
associated with lower serum insulin levels, a lower BMI, lower adipose-tissue volume, and
higher adiponectin levels than is the A allele [74]. The G allele of variant rs1024611 is less
common among women with gestational diabetes mellitus, whereas its GG genotype is
associated with a lower BMI among women with gestational diabetes mellitus [75].

CCLY7 is overexpressed in the adipose tissue of obese people [76]. This upregulation is
induced by elevated expression of interferon regulatory factor 5 in adipose tissue [77].

2.5. FTO

The FTO gene codes for a protein that plays an important part in the development
of obesity and T2DM [78]. The FTO gene was one of the first identified loci correlat-
ing with obesity in genome-wide association studies [7]. This gene is widely expressed
within the human body, with the highest expression in the brain. Several reports from
different populations indicate an association of some variants of FTO with obesity in chil-
dren and adults [79]. Two of the earliest genome-wide association studies in this field
showed a correlation of FTO variants with early onset of obesity in a German popula-
tion [80] and with T2DM in a Finnish population [81]. The rs1421085 variant of FTO is
associated with impaired differentiation of adipocytes. The FTO SNP rs1421085 disrupts
the binding site of repressor ARID5B [33]. The FTO SNP rs1558902 correlates with the
BMI [82,83]. FTO variants implicated in obesity have been found in diverse populations:
rs1421085, rs8050136, and rs9939609 in an Indian population [84], rs9939609 in a Russian
population [85], 159939609, rs1121980, and rs1558902 in a Japanese population [86,87], and
rs9939609 in a Saudi Arabian population [88]. Rs9939609 is associated of with the risk
of central obesity in Chinese children [89]. Rs9939609 has shown a significant correla-
tion with male visceral obesity in an Indonesian population [90]. Increased abdominal
fatness is associated with the AA genotype of a common SNP of FTO (rs9939609, T/A)
when measured as waist circumference and intra-abdominal adipose tissue [91]. On the
other hand, the 159939609 polymorphism of this gene correlates with fat accumulation
in the whole body without being associated with abdominal fat accumulation in Turkish
adults [92]. Rs9939609 is in the same linkage region as rs8050136 (r2 = 1) [93]. A rare
variant—rs140101381 (R80W)—is associated with early onset of obesity [27]. The T allele at
the rs3751812 locus has been implicated in increased waist circumference in Asian-Indian
populations [94]. Rs7185735 is associated with an increase in subcutaneous adipose tis-
sue and a decrease in the visceral adipose tissue/subcutaneous adipose tissue ratio and
correlates with the childhood BMI [95,96]. FTO rs9936385 is responsible for significant
differences in the BMI between adults <50 years of age and adults aged >50 years [97].

2.6. GCG and GLPIR

The GCG gene encodes glucagon, a hormone that regulates blood glucose levels.
GCG is expressed mainly in pancreatic o-cells in the islets of Langerhans and in the small
intestine. As a consequence of a post-translational modification in «-cells of the pancreas,
glucagon is generated, and in the small intestine, a post-translational modification results in
the production of glucagon-like peptides 1 and 2, oxyntomodulin, and glicentin. Glicentin
is a 69 amino acid peptide, which contains the entire sequences of oxyntomodulin (and
hence glucagon) and glicentin-related pancreatic peptide [98].

GCG variants related to T2DM and obesity have been identified. In a Danish popula-
tion, carriers of the homozygous GG genotype of rs4664447 have lower plasma glucose-
stimulated insulin levels [99]. The rs12104705 variant correlates with general and abdominal
obesity [34].
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The GLPIR gene encodes a transmembrane receptor for glucagon-like peptide 1 [100].
The receptor is internalized by binding to GLP1 or its analogs, and activation of this receptor
results in insulin secretion [35].

In 2004, an association of rs367543060 of the GLPIR gene with both impaired in-
sulin secretion and aberrant insulin sensitivity was identified for the first time in patients
with T2DM [101]. Variants rs2268641 and rs6923761 in this gene correlate with a high
BMI [102,103]. Carriers of the AA genotype of rs6923761 have a higher risk of obesity
and higher glucose levels [104]. Variant rs10305492 in a European population [105] and
rs3765467 and rs10305492 in a Chinese population [106] have been implicated in metabolic
syndrome and a higher risk of T2DM. Interaction between various factors, including
the single-nucleotide polymorphisms (SNPs) that alter signaling, transport, and receptor
activity, is key to the design of next-generation personalized agonists of GLP1R [107].

2.7. GHRL

The GHRL gene (ghrelin and obestatin prepropeptide) encodes a preproprotein that is
later cleaved thereby yielding ghrelin and obestatin, which are expressed and secreted pri-
marily in the stomach and much less often in the small intestine. The peptide ghrelin binds
to its receptor (GHSR) in the hypothalamus and drives growth hormone secretion [108].
Ghrelin modulates many metabolic pathways and performs a crucial function in the reward
system via the mesolimbic pathway [109]. Higher prevalence of variants rs34911341 and
rs696217 has been found among obese people than in the general population [110,111].

Subsequent research has uncovered an association of various other GHRL variants
with obesity: rs4684677 in a general-population cohort of European origin [112]; rs35682
and rs35683 in a white American population [113], and rs696217 in a Japanese popula-
tion [114]; in addition, rs35681 correlates with the development of obesity in polycystic
ovary syndrome [115].

Some variants in the GHRL gene are associated with disorders of carbohydrate
metabolism. Rs27647 correlates with lower insulin levels in the oral glucose tolerance
test (at 2 h after the glucose challenge) [112]. One of ghrelin’s effects related to weight
changes is an alteration of eating behavior; for example, variants rs696217 and rs2075356
have been implicated in bulimia nervosa [116].

2.8. GIP

The GIP gene (gastric inhibitory polypeptide) is located on chromosome 17 and
encodes an incretin hormone that regulates insulin secretion and ensures blood glucose
homeostasis [117].

Three SNPs (rs3895874, rs3848460, and rs937301) have been analyzed in the 5’ region
of the human GIP gene. Functional studies have revealed that in the promoter region
of GID, rare alleles of these three SNPs [haplotype GIP(—1920A)] correspond to signifi-
cantly lower transcriptional activity than do the common alleles of these SNPs [haplotype
GIP(—1920G)] [118]. Rs9904288, which is located at the 3’ end of GIP, is significantly
associated with visceral fat area [119].

2.9. INS

The INS gene codes for the hormone insulin, which is responsible for the modulation
of carbohydrate and lipid metabolism. The gene is located on chromosome 11 [120]. Insulin
synthesis in pancreatic 3-cells starts with preproinsulin [121]. During transport to the
endoplasmic reticulum, the signal peptide located at the N terminus is cleaved off, then
the remaining polypeptide is folded with the formation of disulfide bridges between the
o and {3 chains, after which proinsulin is transported to the Golgi apparatus, where it is
packaged into vesicles. Proinsulin is cleaved in vesicles and loses its C-peptide, which is
subsequently secreted along with insulin molecules in equal amounts [122,123].

Some mutations in the insulin gene can lead to specific subtypes of diabetes, such as
mutant INS gene-induced diabetes of youth (MIDY), maturity onset diabetes of the young
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(MODY), or neonatal diabetes [124,125]. Variants A24D, F48C, and R89C (INS gene), which
are implicated in the development of neonatal diabetes, result in inefficient processing of
proinsulin [126]. Rare variants R6H and R46Q have been described in familial cases of
maturity onset diabetes of the young [127]. The A24D variant is associated with inefficient
cleavage of preproinsulin [124], whereas the V92L variant weakens the affinity of insulin
for insulin receptor [125], and both lead to mutant INS gene-induced diabetes of youth.

2.10. LEP

The leptin gene encodes a protein that is expressed by white adipocytes and secreted
into the blood. Leptin plays an important role in the regulation of energy homeostasis and
body weight control [128]. Leptin circulating in the blood binds to leptin receptor and has
a central effect and peripheral effect. In the brain, leptin activates appetite-regulating sig-
naling pathways that cause a decrease in food intake. The influence of metabolic stressors
on leptin secretion has become a major focus of research on feeding behaviors [129]. The
identification of central actions of leptin during signaling through its specific LepRls in neu-
rons of neuroendocrine and hippocampal circuits has revealed complex integrated central
control of body energy (expenditure vs. storage) and sophisticated self-defense of the brain,
thus shedding light on how leptin modulates satiety and compulsion [130]. Reductions in
energy reserves and in leptin production appear to cause a compensatory change in the
reward system and the secretion of orexigenic and anorexigenic neuropeptides [131,132].

Leptin also regulates bone mass and the secretion of hypothalamic—pituitary—adrenal
hormones. At the periphery, leptin accelerates basal metabolism and modulates the function
of pancreatic 3-cells and insulin secretion. In intestines, leptin activates protein kinase C
and reduces glucose absorption [133]. Leptin levels also correlate with the waist-to-hip
ratio and BMI. Leptin levels are higher in individuals with obesity compared to those
without obesity [134].

Mutations in this gene may be the cause of severe obesity [133]. Mutations in the LEP
gene have also been associated with the development of T2DM [128].

Mutations in the leptin gene leading to leptin deficiency are some of the causes of
monogenic obesity with such symptoms as impaired satiety, hyperphagia, early onset of
obesity, and many metabolic and immunological disorders [135]. These autosomal recessive
pathogenic mutations are well studied and differ from the LEP variants that do not lead to
monogenic obesity but may be a risk factor of obesity and other metabolic disorders.

In a study on common variants in the leptin gene, researchers showed an association of
the AA genotype of the rs7799039 variant with the development of obesity in the population
of South India [136]. The A allele of rs2167270 significantly correlates with an elevated risk
of prediabetes in Jordan and in the population of South India [137-139]. Rs6966536 (allele
G) of the LEP gene has been implicated in the development of obesity in a South African
population [140].

Among African Americans, two SNPs of the LEP gene (rs4731427 and rs17151919)
have been associated with weight, BMI, and WC. Among whites, rs2167270 and rs17151913
(in this gene) correlate with weight, whereas in women, rs28954369 is associated with
weight, BMI, and WC [141]. In a study by Yaghootkar et al., missense variant Val94Met
(rs17151919) was found to occur only among people of African descent, and its association
with lower concentrations of leptin was specific to this origin [142].

Despite abundant research on leptin, the mechanisms of action of variants on the
expression and stability of leptin or on its interaction with its receptor are still being
investigated. A study by Hagglund et al. offers an explanation that includes the following
mechanisms: (1) weaker affinity of leptin for its receptor, (2) blockade of leptin receptor,
(3) destabilization of leptin, and (4) improper coagulation/aggregation of leptin [143].

2.11. NAMPT

This gene encodes an enzyme that catalyzes the condensation of nicotinamide with
5-phosphoribosyl-1-pyrophosphate. The gene is located on chromosome 7 [144]. The
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enzyme is secreted into extracellular space, and its secreted form is known as visfatin. The
latter acts as a cytokine and adipokine [145].

Many NAMPT variants have been identified that correlate with changes in its metabolic
function and adipokine activity. The T allele of the —948G/T variant is associated with
lower fasting insulin levels [146] and higher levels of high-density lipoprotein choles-
terol [147]. NAMPT variants rs10487818 and rs3801266 correlate with changes in body
weight [148,149]. The rs3801267 variant has shown an association with a lower BMI in a
Chinese population [150]. Rs34861192 and rs13237989 (NAMPT) affect insulin levels and
the glycemic index [151]. The aforementioned variants cause either higher or lower serum
levels of visfatin, which in turn leads to alterations of insulin and blood glucose levels [152].

2.12. PYY and PPY

Genes PPY and PYY code for two peptides from the neuropeptide family: pancreatic
polypeptide (PP) and peptide YY (PYY). Both genes are located on chromosome 17 [153,154].

Neuropeptides typically affect the gut-brain axis by regulating appetite and energy
homeostasis. The peptides of this family act through five receptors called “Y-receptors”:
Y1, Y2, Y4, Y5, and Y6. These receptors differ in their tissue distribution, function, and
selectivity of binding to various neuropeptides. Peptide PYY acts on the arcuate nucleus of
the hypothalamus, where the Y-receptors are located that have strong affinity for PYY [155].
Gene variants in PYY are associated with changes in body weight and with obesity. Variants
rs11684664, rs162430, and rs1058046 have been implicated in the development of obesity in
various reports [156-158].

Peptide PPY is synthesized in the pancreas as a 94-amino-acid polypeptide; then, it
is cleaved into 2 peptides, with only the 36-amino-acid PPY fragment being active [153].
The secreted peptide performs a function similar to that of PYY but has stronger affinity
for receptor Y4. The PPY peptide is secreted by very rare y-cells in pancreatic islets [159].
According to one research article, the GG genotype of variant rs231472 in the PPY gene
correlates with the risk of obesity in children in Korea [160].

2.13. RBP4

The RBP4 gene is located on chromosome 10 and codes for a protein that binds retinol
and helps to transport it from the skin to peripheral tissues. The protein is expressed mostly
in the liver (and at lower levels in adipose tissues). Retinol bound to RBP4 is then imported
into the cell by STRA6, which serves as a receptor of the RBP4-retinol complex [161].

RBP4 was first described as an adipokine in 2005 [162]. Variants rs34571439 and
rs3758539 are associated with decreased insulin secretion in whites [163]. The rs34571439
variant (RBP4 gene) has been implicated in hypertriglyceridemia [164] and childhood obe-
sity [165]. Variant rs7091052 is associated with the risk of gestational diabetes mellitus [166].

2.14. RETN

This gene encodes a protein called resistin. The resistin gene is located on chromosome
19 [167]. Resistin has a pleiotropic role in inflammation, in the biology of stress, and in the
pathogenesis of obesity [168].

Variants in the RETN gene correlate with signs of metabolic syndrome. Investigation
has revealed an association of variant rs1862513 with the risk of obesity and T2DM [169,170].
Other variants (rs3745367, rs1423096, and rs10401670) of this gene have been associated
with some parameters of metabolic syndrome in various populations [171-173].

Differences in serum resistin levels may be related to alterations of methylation pat-
terns in the RETN promoter region [174]. Variants in coding regions of RETN have a greater
impact on this protein’s stability [175].

2.15. SCT

The SCT gene is located on chromosome 11 and codes for hormone secretin. Secretin
stimulates bile and bicarbonate secretion in the duodenum, pancreas, and bile ducts [176].
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Secretin expression activates brown adipose tissue, reduces central responses to appetizing
food, and delays motivation for eating again after a meal [177,178].

2.16. UCP2

The UCP2 gene is in the same cluster as the UCP3 gene and is situated on chro-
mosome 11 [179]. It is thought to take part in unregulated thermogenesis, obesity, and
diabetes mellitus [180]. Variant rs659366 is associated with the risk of obesity [85,181-184],
whereas variant rs660339 correlates with the risk of obesity in a specific population:
Indonesians [185-187].

Modern molecular genetic and biochemical technologies are key to solving such
fundamental problems as the formation of overweightness and obesity, thereby making it
possible to identify genes and their products participating in the pathogenesis of obesity, to
investigate the molecular mechanisms of relevant pathological processes, and to determine
molecular biological heterogeneity of pathological phenotypes [7,188].

In addition to the determination of the BMI and WC, a Body Shape Index (ABSI) is
used to diagnose obesity. ABSI takes into account body height, weight, and WC. ABSI has
independent genetic associations [189,190]. ABSI can more precisely quantify abdominal
obesity in metabolic syndrome [191]. Other indicators may also help to diagnose abdominal
obesity, but all of them maintain a significant correlation with the BMI [192]. The association
of polymorphisms of genes with ABSI may be an interesting research topic for clarifying
functional significance of SNPs.

An effective method of early diagnosis and prevention of obesity is the identification
of genetic markers of predisposition to this pathology and research on their characteristics
in various populations [193]. Most results presented in the review have been obtained
in case-control studies. This method complements data from genome-wide association
studies [194-196]. Table 2 shows the main variants that are associated with metabolic
disorders and located in the genes presented in this review.

Table 2. Single-nucleotide variants associated with metabolic disorders.

Minor Allele ClinVar

Type of

Gene de?)NP l\gildfl()tlde Variation/Amino Frequency Variation ID/LOVD Assoc%tied xe:abOIIC
anges Acid Changes (GnomAD) Database ID sorde
+268 Missense Variant allele A is associated
ADIPOQ 1s62625753 G>A G>S 0.004625 708724 with T2DM risk
2KB Upstream _ allele C is associated
ADIPOQ  rs266729 C>G Variant G =0.09786 - with T2DM risk
+331 Missense Variant allele C is associated
ADIPOQ rs17366743 T>C Y>H 0.030445 - with T2DM risk
46-23525 . allele A is associated
FTO rs9939609 T>A Intron Variant 0.41025 - with obesity
FTO  rsla2iogs 1043098 Intron Variant 0.419704 214481 allele C is associated
T>C with obesity
_ GG genotype is
GCG rs4664447 254+ 672 Intron Variant € =0.00792 - associated with insulin
A>T G =0.00000 i
level abnormalities
152 Missense Variant 20100/ allele A is associated
GHRL 534911341 G>A R>Q 0.007960 00293181 with metabolic syndrome
. . allele T is associated with
GHRL 15696217 214 Missense Variant 0.080526 20101 metabolic syndrome and
C>A L>M .
obesity
269 Missense Variant allele A is associated
GHRL rs4684677 AST Q>L 0.06097 20102 with obesity
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Table 2. Cont.

dbSNP Nucleotide . T?fpe of . Minor Allele . C linVar Associated Metabolic
Gene D Changes Variation/Amino Frequency Variation ID/LOVD Disorder
8 Acid Changes (GnomAD) Database ID
1224 +
GLPIR rs2268641 1751 Intron Variant 0.39129 - Associated with BMI
C>T
. . GG genotype is
GLPIR  rs6923761 502G > A Mlssegsi \S/anant 0.324795 -/00208599 associated with higher
BMI and CV risks
Missense Variant allele A is associated
GLPIR  1rs10305492 946G > A AST 0.015874 - with T2DM risk
allele C is associated
NAMPT — rs9770242  C>A 2KB Upstream C =023919 - with lower fasting
Variant plasma glucose and
insulin levels
allele C is associated
2KB Upstream C =0.23662 with lower fasting
NAMPT  rs1319501 T>C Variant A =0.00001 ) plasma glucose and
insulin levels
448303 allele T is associated with
NAMPT  rs10487818 T>A Intron Variant 0.01841 -/00028958 protection against
obesity
allele T is associated with
A =0.0000 obesity-related
pyy rs11684664 C>T T =0.00038 phenotypes in women
only
270-61 . allele A is associated
PYY 15162430 C>T Intron Variant 0.105072 - with childhood obesity
allele C is associated
RBP4  rs34571439 A>C 500B Downstream 0.186457 - with reduced insulin
Variant .
secretion
RBP4 3758539 Cs>T ZKBURstream 016303 ) allele T 1s' assogated Wlth
Variant reduced insulin secretion
RETN  rs3745367 110 +181 Intron Variant 0.248110 - allele A is associated
G>A with obesity
2KB Upstream allele T is associated with
UCp2 rs659366 C>T Variant 0.370248 22904 higher BMI
164 Missense Variant allele A is associated
LUCP2 rs660339 C>T ASV 0.402632 136143 with obesity

Based on the analysis of functional significance of the variants, a scale of an individual’s
genetic risk of obesity may be constructed. The creation of such a scale is an important task
for modern endocrinology. The complexity of this task is due to population specificity of
(i) prevalence rates of obesity, (ii) characteristics of climatic and social living conditions,
and (iii) genetic factors. When a scale of individual genetic risk is created, it is important
to take into account the ethnicity of the patients included in the research. For example,
according to many studies, the same scale of individual genetic risk detects an association
with cardiovascular events in one population and does not in another [197,198]. At present,
there are not many published studies on the development of an ethnospecific scale of
individual genetic risk of obesity. Most of these studies have been conducted on white
cohorts, and the results may not be applicable to other populations. In research projects
examining the association between a scale of individual genetic risk and diseases, Cox’s
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proportional hazards model and logistic regression analysis are used. Correlations between
a genetic risk scale and anthropometric and biochemical parameters are assessed via linear
regression. ROC (receiver operating characteristic), the area under the ROC curve (i.e.,
C-statistic), NRI, and integrated discrimination improvement are metrics of the quality of a
scale of individual genetic risk as compared to traditional risk factors [199].

The risk of obesity, as assessed by the genetic risk scale, can be modified, for example,
by a therapy aimed at weight loss and alleviation of comorbidities. It is now recognized
that our everyday exercise and nutrition choices have long-term consequences for our brain
function [200-203]. Early detection of a genetic risk may help to improve quality of life and
life expectancy and to reduce economic costs of treatment.

3. Conclusions

It is necessary to study each population, both in terms of the nature of the variation of
genes predisposing to diseases associated with excess body weight and in terms of specific
features of their phenotypic manifestation. High-throughput sequencing technologies
allow investigators to obtain new information about the variation of the structure of
genes in groups from the general population and in clinical groups of overweight and
obese individuals.
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Abstract: During differential diagnosis of diabetes mellitus, the greatest difficulties are encountered
with young patients because various types of diabetes can manifest themselves in this age group (type
1, type 2, and monogenic types of diabetes mellitus, including maturity-onset diabetes of the young
(MODY)). The MODY phenotype is associated with gene mutations leading to pancreatic-3-cell
dysfunction. Using next-generation sequencing technology, targeted sequencing of coding regions
and adjacent splicing sites of MODY-associated genes (HNF4A, GCK, HNF1A, PDX1, HNF1B, NEU-
ROD1, KLF11, CEL, PAX4, INS, BLK, KCNJ11, ABCC8, and APPL1) was carried out in 285 probands.
Previously reported missense variants ¢.970G>A (p.Val324Met) and ¢.1562G>A (p.Arg521Gln) in the
ABCCS8 gene were found once each in different probands. Variant c.1562G>A (p.Arg521GlIn) in ABCC8
was detected in a compound heterozygous state with a pathogenic variant of the HNF1A gene in a
diabetes patient and his mother. Novel frameshift mutation c¢.4609_4610insC (p.His1537ProfsTer22)
in this gene was found in one patient. All these variants were detected in available family mem-
bers of the patients and cosegregated with diabetes mellitus. Thus, next-generation sequencing of
MODY-associated genes is an important step in the diagnosis of rare MODY subtypes.

Keywords: 15]maturity-onset diabetes of the young; MODY; diabetes mellitus; next-generation
sequencing; ABCCS; SUR1; single-nucleotide variant

1. Introduction

Maturity-onset diabetes of the young (MODY) is a rare monogenic type of diabetes
mellitus with autosomal dominant inheritance and includes 14 subtypes, which are classi-
fied by causative genes: HNF4A, GCK, HNF1A, NEUROD1, PDX1, HNF1B, KLF11, CEL,
PAX4, INS, BLK, KCNJ11, ABCCS, or APPL1 [1]. The complexity of diagnosing MODY is
due to the similarity of its clinical signs with type 1 diabetes mellitus (TIDM) and type
2 diabetes mellitus (T2DM) [2]. Patients with monogenic types of diabetes mellitus require a
personalized approach to the selection of a proper treatment [3]. Verification of these types
of diabetes is possible only through molecular genetic testing. Without this analysis, up to
80% of cases of monogenic diabetes can be misdiagnosed or may go undiagnosed [4]. Most
MODY cases (70%) are due to mutations in the GCK or HNF1A gene, whereas pathogenic
variants in other genes are rarer [5]. The gene of adenosine triphosphate (ATP)-binding
cassette subfamily C member 8 (ABCCS) is reported to be associated with the MODY12
subtype, permanent or transient neonatal diabetes mellitus, and an opposite phenotype:
hyperinsulinemic hypoglycemia [6-8]. This gene is located on the short arm of chromosome
11, consists of 39 exons, and encodes a protein of 1581 amino acid residues. The product of
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ABCC8 is a sulfonylurea receptor (SUR1), a regulatory subunit of the ATP-sensitive K* chan-
nel in membranes of pancreatic 3-cells. This channel is composed of four inward-rectifier
potassium ion pore-forming subunits (Kir6.2) and four SUR1 subunits combined into a
hetero-octameric complex [9]. One of the main functions of this channel is the regulation
of insulin secretion through changes in the membrane potential of the cell [10]. When the
glucose level rises, the ATP/adenosine diphosphate (ADP) ratio increases in (3-cells, thus
leading to the closure of the K* channel with the subsequent opening of a voltage-gated
calcium channel. Insulin secretion goes up as a consequence [10]. An increase in ADP
concentration influences SUR1 by forcing the channel to open and preventing an insulin
release [11]. SURI is known to be a multidomain protein that includes transmembrane-
domain 0 (TMDO, exons 1-4), loop 0 (L0, exons 5 and 6), transmembrane domain 1 (TMD1,
exons 6-12), a part of nucleotide-binding domain 1 (NBD1, exons 13-15), and a sulfonylurea
receptor motif (exons 2, 3, 5, and 7). Exons 17 to 39 code for P-loop-containing nucleoside
triphosphate hydrolase, transmembrane domain 2 (TMD2), and nucleotide-binding domain
2 (NBD2) [12]. More than 400 mutations in the ABCCS8 gene have been described, most of
which are located in coding parts of the gene (www.hgmd.org, accessed on 2 November
2022). Hyperinsulinism of various severity levels is usually induced by inactivating muta-
tions in ABCC8 [13]. Activating mutations in the ABCCS8 gene reduces the sensitivity of the
channel to the inhibitory effect of ATP and enhances its sensitivity to ADP, thereby leading
to the channel opening regardless of glucose levels. Such mutations can cause permanent or
transient neonatal diabetes, MODY, or T2DM [14-16]. Most patients with ABCC8 mutations
have diabetes only; however, a greater decrease in the channel’s sensitivity to ATP gives
rise to a more severe clinical phenotype, which may include neurological features, such
as a developmental delay, seizures, epilepsy, mild dystonia, tonic posture, and muscle
weakness [14,15].

The ABCCS-associated phenotype may depend on the type of mutation: variants
activating the channel cause diabetes mellitus, whereas inactivating ones usually induce
hyperinsulinism [13,14]. Few cases are described where the carriage of the same substitution
in the same residue causes hyperglycemia or congenital hyperinsulinism in different
patients [17,18]. There are also cases when congenital hyperinsulinism transforms into
diabetes mellitus later in life [19-21]. An association of common variant rs757110 G of
the ABCC8 gene with the risk of T2DM has also been shown in the global population [22].
Clinical variability of symptoms and genetic heterogeneity of patients carrying mutations
in the ABCC8 gene complicates MODY12 diagnosis. Most cases of ABCC8-dependent
diabetes are misdiagnosed as other types of diabetes mellitus, and insulin is mistakenly
prescribed, which can result in poor control of carbohydrate metabolism [23]. Therefore,
genetic testing is required for the identification of a causative gene in patients with a family
history of diabetes.

In this study, the screening of rare genetic variants in ABCC8 was performed using next-
generation sequencing (NGS) technology in patients with hyperglycemia accompanied by
the absence of antibodies against pancreas islet cells and glutamic acid decarboxylase and
without ketoacidosis. The pathogenicity of the genetic variants was evaluated according to
the standards of the American College of Medical Genetics (ACMG) and Genomics and the
Association for Molecular Pathology [24], available databases, and literature data.

2. Materials and Methods
2.1. Study Subjects

The study protocol was approved by the local Ethics Committee of the Institute of
Internal and Preventive Medicine (a branch of the Institute of Cytology and Genetics, the
Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia), protocol number
7 of 22 June 2008.

The total group of unrelated patients consisted of 285 persons (23.1 &= 11.7 years old
[mean + SDJ; 37.9% males) examined at the Clinical Department of the Institute of Internal
and Preventive Medicine from the year 2014 to 2022. Diabetes mellitus was diagnosed

49



J. Pers. Med. 2023, 13, 172

according to the criteria of the American Diabetes Association (Arlington County, VI, USA):
HbA1C > 6.5%, or fasting plasma glucose > 126 mg/dL (7.0 mmol/L), or 2-h plasma
glucose > 200 mg/dL (11.1 mmol/L) during an oral glucose tolerance test (in the absence
of unequivocal hyperglycemia; the result had to be confirmed by repeat testing), or a
patient with classic symptoms of hyperglycemia or a hyperglycemic crisis with a random
plasma glucose level > 200 mg/dL (11.1 mmol/L) [25]; a debut of the disease in probands
at the age of 35 years or earlier; a family history of diabetes mellitus; the absence of obesity;
the absence of antibodies against pancreas islet cells and glutamic acid decarboxylase;
intact secretory function of 3-cells; normal or mildly reduced C-peptide levels; no need
of insulin therapy; and the absence of ketoacidosis at the onset of the disease. The study
population could include patients with MODY as well as TIDM patients with a negative
antibody test result and an early onset of T2DM. Patients with clinical features of atypical
diabetes mellitus (differing from those of TIDM and T2DM) and, in some cases, lacking
a family history were included in this study [26]. Patients with tuberculosis or human
immunodeficiency virus infection, as well as those who underwent antiviral therapy for
hepatitis B or C, who abused psychoactive substances or alcohol within 2 years prior to the
study, were excluded.

2.2. Sequencing of MODY-Associated Genes and Bioinformatic Analysis

After informed consent was obtained, venous blood (5 mL) was collected from all the
studied patients. DNA was extracted from the venous blood using phenol-chloroform
extraction [27]. The quantity and quality of the DNA were assessed on an Epoch microplate
spectrophotometer (BioTek, Winooski, VT, USA). The first step of the preparation of a DNA
library included DNA fragmentation using the KAPA HyperPlus Kit (Roche, Switzerland).
SeqCap EZ Prime Choice Probes (Roche, Basel, Switzerland) were employed for NGS target
enrichment. Targeted regions included coding regions and adjacent splicing sites of the
following MODY-associated genes: HNF4A, GCK, HNF1A, PDX1, HNF1B, NEURODI,
KLF11, CEL, PAX4, INS, BLK, KCNJ11, ABCCS, and APPL1. The HyperCap Target Enrich-
ment Kit (Roche, Switzerland) was used for the recovery of captured DNA regions. The
quality of the analyzed DNA and of the prepared libraries was evaluated by means of
a capillary electrophoresis system, Agilent 2100 Bioanalyzer (Agilent Technologies Inc.,
Santa Clara, CA, USA). The prepared DNA samples were sequenced on the Illumina MiSeq
platform (Illumina, San Diego, CA, USA) at the multi-access center Proteome Analysis
(Federal Research Center of Fundamental and Translational Medicine, Novosibirsk, Russia).
Automated processing and annotation of the obtained NGS data were carried out on the
NGS Wizard platform (genomenal.com, accessed on 19 May 2021).

Data on the clinical significance and pathogenicity prediction of the annotated single-
nucleotide variants (SNVs), ClinVar and VarSome, and literature data were employed for
the analysis. Allele frequencies were annotated using databases GnomAD v3.1.2 [28] and
RUSeq, 2 November 2022 (http:/ /ruseq.ru/). Variants described in ClinVar or VarSome or
predicted in silico to be benign/likely benign, as well as variants with minor allele frequency
higher than 0.01% according to gnomAD and RUSeq, were excluded from the analysis. The
pathogenicity of new variants was assessed in accordance with the recommendations of
the ACMG and Genomics and the Association for Molecular Pathology [24].

The present study is focused on the spectrum of rare variants in the ABCC8 gene.

2.3. ABCCS8 Confirmation Analysis

The detected substitutions c.970G>A (p.Val324Met), c.1562G>A (p.Arg521GIn), and
¢.4609_4610insC (p.His1537Profs*22) in the ABCC8 gene (NM_000352.6) were verified by
Sanger sequencing of the corresponding DNA fragments of the ABCCS gene in probands
and their relatives available for the analysis. The oligonucleotide primers used are shown in
Table 1. The design of the oligonucleotides was performed in the Primer-Blast software 19
May 2021 (https:/ /www.ncbi.nlm.nih.gov/tools/primer-blast/). The sequencing reaction
was performed on an ABI 3500 instrument (Thermo Fisher Scientific, Waltham, MA, USA)
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using the BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific, USA) in
accordance with the manufacturer’s protocol. The sequences were analyzed in Chromas,
2 June 2021 (http:/ /technelysium.com.au/wp/) and Vector NTI® Advance 11 (Thermo
Fisher Scientific, USA) software; a fragment of the ABCCS8 gene (NG_008867.1) served as a
reference sequence for alignment.

Table 1. Sequencing primers used with the identified variants.

Forward Revers
SNV Primer Primer Product Length
5'-3/ 5/-3/
¢.970G>A (p.Val324Met) GCCCAGCCGTGAATTAGCC CCTCTGGCATTTCTGTTGACCA 429
c.1562G>A (p.Arg521Gln) CTTTGAGTAGGCCACTTCACCT CAGAGCCAGTTTGAGGCTCC 501
c.4§09_46101nsC CCTGTCCCAAGGCCTTATATGT GTATGGGCAGGGTCCGAATG 502
(p-His1537Profs*22)

3. Results

The search for pathogenic variants was carried out in 14 MODY-associated genes. No
such variants were identified in PDX1, NEUROD1, KLF11, CEL, PAX4, INS, BLK, KCNJ11,
and APPLI. In total, 55 out of the 285 probands proved to be carriers of pathogenic or
probably pathogenic (previously described in ref. [29,30] or new) variants in GCK, HNF1A,
HNF4A, HNF1B, and ABCC8 (Supplementary Materials; Table S1.). Among these 55, only
3 probands are carriers of rare variants in the ABCCS8 gene.

3.1. Variants in Genes GCK, HNF1A, HNF4A, and HNF1B

A total of 36 probands out of the 55 were found to be carriers of pathogenic and
probably pathogenic variants (nonsense mutations, small deletions, missense mutations,
or splice site mutations) in the GCK gene, and 13 probands are carriers of variants in the
HNFI1A gene.

Among the additionally examined patients, previously described GCK variants were
identified: two patients (P398 and P412) turned out to be carriers of c.238G>A (p.Gly80Ser)
in exon 2; ¢.556C>T (p.Argl86*) and c.562G>A (p.Alal88Thr) in exon 5 were found in
probands P186 and P188, respectively; c.659G>A (p.Cys220Tyr) in exon 6 and ¢.683C>T
(p-Thr228Met) in exon 7 was detected in probands P384 and P433, respectively (Supple-
mentary Materials; Table S1). Novel dinucleotide deletion AC c.11_12del (p.Asp4Glufs*47)
was revealed in one proband (P437) in exon 1 of the GCK gene (Supplementary Materials;
Table S1).

In the HNF1A gene, novel variant c.335delA (p.Prol112Argfs*43) and previously de-
scribed ¢.872dupC (p.Gly292Argfs*25) and c.872delC (p.Pro291GInfs*51) were identified
(Supplementary Materials; Table S1). Proband P73 is a carrier of the ¢.160C>T (p.Arg54*)
variant in the HNF1A gene and ¢.1562G>A (p.Arg521GlIn) in the ABCC8 gene (Supplemen-
tary Materials; Table S1). Novel single-nucleotide deletion ¢.85delC (p.Asn30Thrfs*74) in
the HNF4A gene was detected in a heterozygous state in one proband: P381. We described
the patient’s medical history and clinical features in ref. [31].

Two unrelated participants with diabetes and negative for autoimmunity (P27 and
P400) carry previously described variant c¢.1006C>A (p.His336Asp) in the HNF1B gene.
Some variants of this gene are associated with the MODY5 subtype and congenital anoma-
lies of the kidneys and urinary tract and, less often, of the pancreas or genitalia [32]. In P27’s
family, variant p.His336 Asp did not cosegregate with a pathological phenotype. Family
members of P400, other than the healthy mother, were not available for genetic analysis,
and we had no information about any kidney or other anomalies among them. There are
no published data with clear evidence of p.His336Asp pathogenicity [33,34], and it has
been classified as a variant of uncertain significance in the LOVD database or a variant
with conflicting interpretations of pathogenicity in ClinVar.
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3.2. Variants in ABCC8

Because the MODY12 subtype is extremely rare in most populations [35], it is of
interest to analyze variants in the ABCCS gene in patients with diabetes mellitus.

Earlier, we published a detailed clinical case of proband P12 [36].

The ABCCS gene variants identified in this study in the 285 probands (including three
rare variants detected in this study) are presented in Table 2. Some common variants of
this gene are reported in the literature to be associated with T2DM, but these results are
ethnospecific [37]. No potentially pathogenic variants were identified here in adjacent
regions of splice sites of this gene. Variants c.354C>T (p.Val118=), c.1678G>A (p.Val560Met),
and ¢.2274G>A (p.Ala758=) were not included in the analysis because they were identified
as benign in ClinVar (Variation ID: 255930, 188919, and 1097104, respectively) and in
VarSome. Three heterozygous variants ¢.970G>A (p.Val324Met), ¢.1562G>A (p.Arg521Gln),
and ¢.4609_4610insC (p.His1537ProfsTer22) were selected for further analysis.

Table 2. The genetic variants in ABCCS8 exons identified in our patients, their minor allele frequencies
in our group of patients and according to the gnomAD and RUSeq databases, and associated
phenotypes according to the literature data.

Substitution Nucleotide Minor Allele Minor Allele Minor Allele Associated
dbSNP ID (NM._000352.6) Changes Frequency Frequency Frequency Phenotype
- ’ (NM_000352.6) (Our Study) (gnomADv3.1.2)  (RUSeq) [Reference *]
rs1048099 p-Pro69= c207T>C 0.468 0.459 0.478 -
rs8192695 p-Alal10= ¢.330C>T 0.046 0.065 0.043 -
rs137873871 p-Valll8= ¢.354C>T 0.008 0.004 0.009 -
rs2301703 - ¢.579 + 14C>T 0.390 0.470 0.384 -
ND/TND
rs1328072266 p- Val324Met c.970G>A 0.002 - - [38-40]
rs368114790 p-Arg521GIn c.1562G>A 0.002 0.000 0.000 [ 4];1)1;/[2]
rs2074308 - c.1672-74G>A 0.159 0.121 0.153 T[Zzgl]\/[
rs4148619 p-Val560Met c.1678G>A 0.002 0.000 0.000 -
rs1799857 p-His562= c.1686C>T 0.390 0.441 0.408 -
rs1799858 p-Lys649= c.1947G>A 0.131 0.166 0.142 T[ZB)I]VI
rs1799854 - c2117-3C>T 0.523 0.372 0.480 T[Zﬁl]\/[
rs761258571 p-Ala758= c.2274G>A 0.002 0.000 - -
rs1801261 p-Thr759= c.2277C>T 0.002 0.028 - T[Zzgl]\/[
rs1805036 p-Leu829= €.2485C>T 0.079 0.140 0.099 -
151799859 p-Argl273= c.3819G>A 0.295 0.387 0.273 T[24121]\/[
rs757110 p-Alal1369Ser c.4105G>T 0.605 0.712 0.622 T[221§1]v1
rs72559717 p-Alal457Thr c.4369G>A 0.002 0.000 - M[E)E])Y
New p-His1537Profs*22  ¢.4609_4610insC 0.002 - - -
rs8192690 p-Vall572lle c.4714G>A 0.055 0.051 0.069 -

DM: diabetes mellitus, ND: neonatal diabetes, T2DM: type 2 diabetes mellitus, TND: transient neonatal diabetes
mellitus; * an association is reported in the literature.

3.3. The Phenotype of Patients with MODY12

Diabetes mellitus was diagnosed at ages of up to 27 in probands and up to 50 among
their family members. At the onset of the disease, fasting hyperglycemia was determined
during a routine examination or during pregnancy. There were no islet cell cytoplasmic
antibodies (ICA), insulin antibodies (IAA), antibodies to glutamate decarboxylase (GAD),
tyrosine phosphatase (IA2), antibodies to the zinc transporter (ZnT8A), and there were no
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symptoms of ketoacidosis at the onset of the disease. The weight of all patients was within
the age norm (body-mass index (BMI): 18.2-22.6). In all the families examined, there was a
family history of pathology of carbohydrate metabolism.

When observed for 3 years (2019-2022), hyperglycemia ranged from asymptomatic
to significant decompensation of carbohydrate metabolism in the probands. Macro- and
microvascular complications were not detectable at the time of examination and observation.
All three probands (P293, P73, and P330) were on insulin therapy. Available family members

of the three probands were examined for the presence of corresponding variants in the
ABCCS8 gene (Figure 1).
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Figure 1. The screened families with identified variants. (A,B) c.970G>A (p.Val324Met),
(C,D) c.1562G>A (p.Arg521Gln), and (E,F) c.4609_4610insC (p.His1537Profs*22) in the ABCCS gene.
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Heterozygous missense mutation c¢.970G>A (p.Val324Met) in ABCCS8 was identified in
proband P293, her affected father, and little daughter (Figure 1A,B) and was absent in the
proband’s healthy mother. Close monitoring of carbohydrate metabolism parameters in
proband P293's daughter was recommended because of the high risk of diabetes mellitus.
We did not find other pathogenic variants in other MODY-associated genes in the proband.
This variant is classified as pathogenic in ClinVar (Variation ID: 1338342) and VarSome
(ACMG: PS3, PP3, PP5, PM1, and PM2). The variant was absent in databases gnomAD and
RUSeq (Table 2).

Heterozygous missense mutation ¢.1562G>A (p.Arg521Gln) in the ABCC8 gene was
identified in proband P73 and his affected mother (Figure 1C,D). Other family members
were unavailable for the examination. The proband and his mother also proved to be
carriers of pathogenic variant c.160C>T (p.Arg54*) in the HNFIA gene [29]. Arg521GlIn in
the ABCCS gene is classified as “conflicting interpretations of pathogenicity” in ClinVar
(Variation ID: 157683) and as “Uncertain Significance” in VarSome (ACMG: PM1, PM2,
PP5, and BP4). This variant is described in gnomAD v3.1.2 with minor allele frequency
(MAF) = 0.0001117 and RUSeq (MAF) = 0.0004160, eastern Russia) (Table 2). In both
databases, this variant is described only in a heterozygous state. In the proband and his
mother, the variant cosegregated with the disease (criterion PP1).

In proband P330, the ¢.4609_4610insC (p.His1537Profs*22) variant of the ABCC8 gene
was identified (Figure 1E,F). It is not described in databases gnomAD v3.1.2 and RUSeq
(criterion PM2) or in the literature. The patient’s relatives were not available for the
analysis. The ¢.4609_4610insC variant (p.His1537Profs*22) is a single-nucleotide deletion of
cytosine that results in a frameshift and probably a premature stop codon. Loss-of-function
mutations in the ABCC8 gene have been repeatedly described and are pathologically
significant (criterion PVS1). In silico analysis showed that the variant is damaging (criterion
PP3). Thus, according to the set of criteria (PVS1, PM2, and PP3), p.His1537Profs*22 was
assumed to be pathogenic.

4. Discussion

MODY was suspected in the probands owing to the age of onset of diabetes mellitus
before 45 years, the presence of relevant family history, the absence of ketoacidosis at the
onset of the disease, the absence of relevant antibodies, and the absence of symptoms of
insulin resistance. We did not find any MODY12-specific symptoms common among the
three probands and their relatives other than the usual clinical signs of MODY.

The c.970G>A (p.Val324Met) substitution is located in the transmembrane domain
TMD1 of SUR1. There is a report of heterozygous carriage of this mutation in a female
patient (age at diagnosis: 2 days) with transient neonatal diabetes mellitus without relapse
at the time of examination (22 weeks) [47]. The substitution was inherited on the maternal
side, but the proband’s mother had no signs of diabetes. A male patient with neonatal
diabetes and a severe developmental delay at 74 days of life has been described who carries
substitutions ¢.970G>A (p.Val324Met) and Argl1394Leu in the ABCCS gene; at the age of 6,
he still had diabetes (C-peptide level 0.07, HbAlc 61 mmol/mol, and the absence of relevant
antibodies), and his treatment was changed to sulfonylureas [38]. Carriage of a c.970G>A
(p.Val324Met) and the Trp688Arg compound heterozygous variant in the ABCC8 gene was
associated with permanent neonatal diabetes mellitus in a 17-year-old Italian female (age of
manifestation: 15 days) [39]. A successful treatment change from insulin to sulfonylureas
was reported. It is likely that the patient’s deceased mother was a carrier of the c.970G>A
(p-Val324Met) variant because the 74-year-old grandfather of the proband is a carrier of
this variant and has diabetes mellitus (2 h plasma glucose: 14 mmol/L). The paternal
grandmother of the proband is a carrier of the Trp688Arg variant and features impaired
glucose tolerance (2 h plasma glucose: 8.4 mmol/L) [39]. A heterozygous male carrier
of c.970G>A (p.Val324Met) with transient neonatal diabetes mellitus (absence of relevant
antibodies, glucose at 24 mmol/L, and presence of ketoacidosis) and a developmental
speech delay has been described [40]. The diabetes relapsed at age 9, and treatment with
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insulin was prescribed. After identification of the mutation, the treatment was switched
successfully to glibenclamide [40]. Functional studies on a cell line have shown that the
c.970G>A (p.Val324Met) variant causes a severe activating gating defect and reduces SUR1
expression on the cell surface, followed by attenuation of its functional effect on 3-cells [48].

Variants responsible for the development of late-onset autosomal dominant diabetes in
genes of ATP-sensitive K* channels have rarely been described [42]. Heterozygous variant
¢.1562G>A (p.Arg521Gln) in the ABCCS8 gene has been found in a man with nonimmune
diabetes mellitus and a family history of diabetes; the age of manifestation is 34 [41].
The same variant has been identified by laboratory tests in another person with diabetes
mellitus [42]. The same as p.Val324Met, p.Arg521GlIn is located in transmembrane domain
1 of the SURI protein; this domain is involved in ATP binding. In proband P73 and his
mother (Figure 1C), this variant was found to be combined with a substitution in the HNFI1A
gene. In terms of the clinical phenotype, carriers of pathogenic ABCCS8 gene variants are
similar to patients with HNF1A and HNF4A MODY [7]; therefore, it was not possible to
identify a contribution of a specific mutation to the clinical signs.

Heterozygous variant c.4609_4610insC (p.His1537Profs*22) was found in proband
P330. During the survey, a family history of disorders of carbohydrate metabolism was
revealed (Figure 1E), but his relatives were not available for the analysis. The detected
variant is located in NBD2, which is responsible for the binding of Mg-nucleotides and, as a
result, channel opening and membrane hyperpolarization, which leads to the prevention of
insulin secretion. Known mutations in ABCC8 that cause diabetes mellitus either increase
the activation of the Mg-nucleotide-mediated channel or alter the intrinsic gating [49].
Functional studies on this variant have not yet been conducted, and there are no data on
this variant in the literature and databases.

Thus, in patients with a MODY phenotype in the Russian population, 18 previously
described and one novel [c.4609_4610insC (p.His1537ProfsTer22)] variant as revealed in the
ABCCS8 gene. Among them, we identified four potentially causative variants [c.970G>A
(p.Val324Met), c.1562G>A (p.Arg521GIn), ¢.4369G>C (p.Alal457Thr), and ¢.4609_4610insC
(p-His1537Profs*r22)], which cosegregated with diabetes mellitus in the available family
members of the patients.

Limitations

This study has some limitations due to the unavailability of information about some
family members.

5. Conclusions

Our results suggest that variants ¢.970G>A (p.Val324Met), c.1562G>A (p.Arg521GIn),
and ¢.4609_4610insC (p.His1537ProfsTer22) in ABCC8 could be the cause of MODY-ABCC$8
in the Russian population. We did not detect any specific clinical features of MODY among
patients carrying pathogenic variants of ABCCS, thereby confirming the need for genetic
testing of patients with a MODY phenotype using NGS for correct diagnosis and treatment
as well as for counseling the patients’ relatives.
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Abstract: Autoantibodies against type 1 interferons (IFN-I) are a highly specific marker for type 1
autoimmune polyglandular syndrome (APS-1). Moreover, determination of antibodies to omega-
interferon (IFN-w) and alpha2-interferon (IFN-«?2) allows a short-term diagnosis in patients with
isolated and atypical forms of APS-1. In this study, a comparison of three different methods, namely
multiplex microarray-based, cell-based and enzyme-linked immunosorbent assays for detection of
antibodies against omega-interferon and alpha2-interferon, was carried out. A total of 206 serum
samples from adult patients with APS-1, APS-2, isolated autoimmune endocrine pathologies or
non-autoimmune endocrine disorders, and healthy individuals were analyzed. In the APS-1 patient
cohort (1 = 18), there was good agreement between the results of anti-IFN-I antibody tests performed
by three methods, with 100% specificity and sensitivity for microarray-based assay. Although only
the cell-based assay can determine the neutralizing activity of autoantibodies, the microarray-based
assay can serve as a highly specific and sensitive screening test to identify anti-IFN-I antibody
positive patients.

Keywords: autoantibodies; type I interferon; interferon-w; interferon-«2; multiplex assay; protein
microarray; cell-based autoantibody assay; ELISA

1. Introduction

Autoantibodies against type 1 interferons (IFN-I) are highly specific for type 1 autoim-
mune polyglandular syndrome (APS-1), a monogenic disease caused by a mutation in the
AIRE gene [1]. The formation of these autoantibodies (auto-Abs) is presumably caused
by a disorder in the negative selection for IFN-I-specific T-lymphocytes in the thymus [2].
For APS-1 patients, it has been shown that Abs against omega-interferon (IFN-w) are 100%
specific and antibodies against alpha2-interferon (IFN-o2) are 99.9% specific [3]. However,
such auto-Abs are also typical for patients with myasthenia gravis and/or thymoma [4],
and can be detected in patients with systemic lupus erythematosus, rheumatoid arthritis [5],
Sjogren’s syndrome [6], and incontinentia pigmenti [7].

Nevertheless, recent data indicate that anti-interferon auto-Abs are more common
in the population than previously thought. Over the past two years, the role of auto-Abs
against IFN-I in SARS-CoV-2 infection has been demonstrated [7]; moreover, they have
been shown to underlie severe side effects after vaccination with a live attenuated yellow
fever virus vaccine [8]. Multiple studies have shown that more than 10% of patients with
neutralizing auto-Abs against IFN-I had life-threatening COVID-19 pneumonia [9-11]. The
presence of auto-Abs against IFN-I appears to remain clinically asymptomatic in people
prior to their infection with SARS-CoV-2. To date, a case of APS-1 was diagnosed in two
brothers, 7-year-old and 13-year-old, with life-threatening pneumonia caused by COVID-19.
Due to the severity of COVID-19 and their medical history, APS-1 was suspected and the

J. Pers. Med. 2022, 12, 1948. https:/ /doi.org/10.3390 /jpm12121948 59

https:/ /www.mdpi.com/journal /jpm



J. Pers. Med. 2022, 12, 1948

patients underwent appropriate molecular testing. In addition to a mutation in the AIRE
gene, the patients were found to carry auto-Abs against IFN-I [12]. Thus, the long-standing
opinion that there is no increased susceptibility to viral infections in patients with APS-1,
despite the presence of auto-Abs against IFN-I [13], is refuted. Currently, there are also
suggestions about the possible role of autoantibodies against IFN-I in other severe viral
and malignant diseases, especially in the elderly [14].

At the same time, the work on the development and implementation of screening
tests for anti-cytokine antibodies, including antibodies against IFN-1 for patients with
endocrine diseases, is in progress. For instance, recently, Sjegren et al., using screening tests
for auto-Abs against IFN-w and interleukin-22 (IL-22) on a large cohort of patients with
endocrine diseases, followed by subsequent genetic testing of positive samples, identified
patients with undiagnosed APS-1 as well as several patients with previously unknown
monogenic or oligogenic causes of organ-specific autoimmunity and immunodeficiency [15].
Identification of patients with endocrine autoimmune conditions is important to ensure
targeted treatment and personalized follow-up aimed at preventing complications. Thus,
the development of new effective methods for the detection of auto-Abs against IFN-I
is extremely important. The simplicity of the assay and its availability is a priority for
conducting exploratory research and screening tests.

There are various methods for detecting auto-Abs against IFN-I, for example, antiviral
interferon neutralizing assay [1], time-resolved immunofluorometric assay [2], radioim-
munoassay [16], magnetic-beads-based assay [17] and microarray-based assay [18], as
well as some commercially available enzyme-linked immunosorbent assays (ELISA). Until
now, in Russia, the study of auto-Abs against IFN-I was carried out for the purpose of
APS-1 diagnostics using a cell-based autoantibody assay (CBAA) [19]. Orlova et al., who
introduced the method for the qualitative determination of auto-Abs against IFN-w and
IEN-« using the human embryonic kidney (HEK)-blue cell culture in Russia, confirmed
its high sensitivity and specificity for APS-1 [20,21]. However, due to the need for cell
cultivation, this method is rather laborious.

Earlier, our research group developed and tested a microarray to detect auto-Abs
associated with endocrine autoimmune diseases, both organ-specific (auto-Abs against
thyroperoxidase (TPO), thyroglobulin (Tg), glutamic acid decarboxylase (GAD-65), islet
cell cytoplasmic antigen (ICA), tyrosine phosphatase-like protein (IA2) and steroid 21-
hydroxylase (21-OH)) and anti-cytokine autoantibodies (anti-IFN-w, anti-IFN-«-2a and
anti-interleukin 22(IL-22)-auto-Abs) [22]. Using this microarray, we detected a characteristic
triplet of anti-cytokine auto-Abs in 89% of patients with APS-1 in the studied cohort; 100%
of them were found to carry auto-Abs against IFN-I. However, a method to compare auto-
Abs against IFN-I was not available in this study. The aim of this work was to compare
the specificity and sensitivity of anti-IFN-I auto-Abs detection using various methods:
multiplex microarray analysis, CBAA and a commercially available ELISA.

2. Materials and Methods
2.1. Patients, Healthy Donors and Serum Samples

The study included 206 participants: the main group—18 patients with APS-1 (group 1),
and three control groups—89 patients with autoimmune endocrine pathology (group 2),
71 patients with non-autoimmune endocrine pathology (group 3) and 28 healthy individu-
als (group 4).

Group 2 included patients with the following pathologies:
- Autoimmune polyendocrine syndrome type 2, n = 38;
- Autoimmune thyropathies (autoimmune thyroiditis (AIT) and Graves’ disease), n = 23;
- Type 1 diabetes mellitus (T1D)/latent autoimmune diabetes in adults (LADA), n = 21;
- Hypergonadotropic hypogonadism (HH) of autoimmune origin, n = 4;
- Autoimmune adrenal insufficiency (AAI), n = 3.

Group 3 included patients with the following pathologies:

- Non-autoimmune thyroid diseases, n = 5;
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- Non-autoimmune diabetes, n = 5;

- Non-autoimmune HH, n = 6;

- Non-autoimmune adrenal insufficiency (Al), n = 17;

- Non-autoimmune pathology of the parathyroid glands, n = 6;

- Multiple endocrine pathology of non-autoimmune origin, n = 32.

Group 4 included healthy individuals, in particular, carriers of antibodies that are
markers of autoimmune damage of the pancreatic islet apparatus without carbohydrate
metabolism disorders. In addition, group 4 included the parents of a patient with APS-1
(#194 in Table S1) who were heterozygous carriers of a mutation in the AIRE gene without
any diagnosed autoimmune diseases.

Criteria for inclusion and exclusion from this study are summarized in Table S2. The
characteristics of the participants are provided in Tables S1 and S3. Before inclusion into
the study, a comprehensive examination of all patients and healthy individuals was carried
out. To clarify the genesis of the disease, all participants underwent an examination of
the level of organ-specific autoantibodies using the following assays: ELISA (anti-21-OH
(BioVendor, Czech Republic), anti-GAD (Euroimmun, Germany), anti-IA2 (Medipan Gmbh,
Berlin, Germany), anti-ICA (Medipan Gmbh, Berlin, Germany)) and chemiluminescent
cicroparticle immunoassay (CMIA) (anti-TPO (Abbott Laboratories, Chicago, IL, USA),
anti-TG (Roche Diagnostics, Switzerland)) (Table S1).

Patient serum samples were frozen and stored at —80 °C until analysis.

2.2. Microarray-Based Assay

Hydrogel microarrays with immobilized antigens, including IFN-w (Cat # 300-02], Pepro-
Tech, Cranbury, NJ, USA) and IFN--2a (Cat # 11100-1, PBL Assay Science, Piscataway, NJ, USA),
were manufactured as described previously [22]. Each antigen was immobilized in 4 repeti-
tions to increase the reproducibility of the assay results. Patient serum samples were diluted
1:100 (100 mM Tris-HCl buffer with 0.1% Triton X-100, Sigma-Aldrich, St. Louis, MO, USA)
and applied to the microarray (100 pL). After overnight incubation at 37 °C, intermediate
washing for 20 min (PBS with 0.1% Tween 20, Sigma-Aldrich, St. Louis, MO, USA), rins-
ing and drying, the microarrays were developed with fluorescently labeled anti-species
antibodies. As detecting antibodies, we used F(ab’)2-Goat anti-Human IgG Fc gamma Sec-
ondary Antibody (Cat # 31163, Invitrogen, Waltham, MA, USA) labeled with Cy5 cyanine
dye. After incubation for 30 min at 37 °C, the microarrays were washed (PBS with 0.1%
Tween 20, 30 min), rinsed and dried by centrifugation. Registration of fluorescent images
of microarrays and calculation of fluorescent signals were performed using a microarray
analyzer and software developed at the Engelhardt Institute of Molecular Biology, Moscow.
Interpretation of the results of analysis on a microarray with the determination of the pres-
ence/absence of auto-Abs against IFN-w and IFN-x-2a in blood serum were performed
as described previously [22]. The determination of anti-IFN-w and anti-IFN-«-2a by the
microarray-based multiplex analysis was carried out in serum samples from all participants
in the study (Table S1).

2.3. Anti-IFN-w Cell-Based Autoantibody Assay

The study of auto-Abs against IFN-w was carried out by the method of qualita-
tive determination using the HEK-blue cell culture according to a previously developed
method [19]. The method is based on the ability of cells to synthesize alkaline phosphatase
in the presence of IFN. With a high titer of neutralizing IFN antibodies in the patient’s
serum, the ability of the cell to synthesize alkaline phosphatase is suppressed, which in
turn is registered by measuring the optical density. The presence of secreted alkaline phos-
phatase is determined using a spectrometer with the determination of the optical density of
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the test liquid at a wavelength of 650 nm (Abs650). IFN inhibition is given as a percentage
of neutralization (Abs index) and is calculated by the formula:

Abs650 negative control — Abs650 sample
Abs650 negative control — Abs650 positive control

Abs index =

Determination of auto-Abs against IFN-w using the HEK-blue cell culture was car-
ried out in 200 study participants: group 1-17 patients with APS-1, and control groups
(groups 2-4)—87 patients with autoimmune endocrine pathology, 68 patients with non-
autoimmune endocrine pathology and 28 healthy individuals, respectively (Table S1).

2.4. Anti-IFN-« Autoantibodies ELISA

To detect autoantibodies against IFN alpha, serum samples were tested by ELISA ac-
cording to the manufacturer’s instructions (Cat # BMS217, Invitrogen, Waltham, MA, USA).
The determination of auto-Abs against IFN-« by ELISA was carried out for positive sam-
ples identified using a microarray-based assay, and selectively for 10 negative samples. In
total, the determination of auto-Abs against IFN-« by ELISA was carried out for 29 study
participants: 17 patients with APS-1 (group 1), 2 patients with non-autoimmune endocrine
pathology (group 3) and 10 healthy individuals (group 4) (Table S1).

3. Results and Discussion
3.1. Autoantibodies against IFN-I among APS-1 Patients

In this work, a comparison of three different methods, namely multiplex microarray-
based, cell-based and enzyme-linked immunosorbent assays for anti-IFN-I antibody detec-
tion, was carried out on a sample of APS-1 patients, patients with autoimmune endocrine
pathologies and non-autoimmune endocrine pathologies, and healthy individuals. The
results of detection of autoantibodies against IFN-I using microarray-based assay, CBBA
and ELISA for APS-1 patients are summarized in Table 1.

Table 1. Characteristics of the type I autoimmune polyglandular syndrome (APS-1) patients and
results of testing serum samples for the presence of anti-omega-interferon (IFN-w) and anti-alpha-
interferon (IFN-«) autoantibodies using microarray-based, cell-based and enzyme-linked immunosor-
bent immunoassays.

APS-1 Components Anti-TFN-0  Anti-TFN-oc

Endocrine Non-Endocrine Auto-Abs Auto-Abs
=
2 >
] 56
AIRE ‘3 <« ) > >
le # A 3] =
Sample ge Gender Mutations * _‘5 a e = @) £ % ::t g !
= = | — S w ° o —
: fF z < % 8 = : &8 § =
& & = = p=
& o
e
3 49 m R257X/R257X + + - - - + - + + + n/a
Malabsorption
19 20 i R257X/R257X  + + - + + + syndrome, tooth + + + N
enamel hypoplasia,
total alopecia, vitiligo
51 18 f R257X/- + + - - + + - + + + +
64 29 £ pRS7*/pWZBR  + + - - + + Atrophic gastritis, + + : +
cataract
103 18 £ R257X/R257X + . - - + + Atrophic gastritis, + + + N
cataract
115 30 f R257X/R257X  + + + + - + Total alopecia, + + + +

atrophic gastritis
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Table 1. Cont.

APS-1 Components Anti-TFN-w  Anti-IFN-o
Endocrine Non-Endocrine Auto-Abs Auto-Abs
£
2 5
AIRE 2 < ) > B>
le # A, S =
Sample &e Gender Mutations * 5 E‘ e - @) £ % ::ﬂ g !
= =] - - ® ° =] —
S F 5 T E OB & : 8 & =
s a 9] s S
1) = =
& 5
e}
B12 deficiency anemia,
malabsorption
124 18 m R257X/ A58V + — — — — + syndrome, tooth + + + +
enamel hypoplasia,
spleen hypoplasia
Atrophic
. gastroduodenitis,
125 45 f not studied + + - + - + L + + + +
vitiligo, cataract,
corneal dystrophy
129 45 m not studied + + - - - + Alopecia areata + + + +
Autoimmune
133 27 m — + + — + — + fibrosing alveolitis, + n/a + +
total alopecia
Vitiligo,
malabsorption
syndrome, corneal
135 30 f R257X/R257X  + o+ — =+ + dystrophy, partial + - + +
eyelid ptosis,
asplenia, atrophic
gastroduodenitis,
autoimmune hepatitis
136 28 f R257X/c.931delT  + + - - + + Corneal dystrophy, + + + +
atrophlc gastritis
Subtotal alopecia,
tooth enamel
152 27 f R257X/- + + - - + + dysplasia, chronic + + + +
tubulointerstitial
nephritis
156 36 m not studied + + - - - + — + + + +
Diffuse alopecia,
168 32 f R257X/R257X + + - — + + AR + + + +
vitiligo
Atrophic
gastroduodenitis,
malabsorption
189 31 f R257X/R257X + + — — + + syndrome, tooth + + + +
enamel hypoplasia,
retinitis pigmentosa,
cataract, strabismus
191 44 f R257X/R257X + + - - + + Cataract + + + +
194 25 f R257X/c.821delG  + + - + + + Atrophic gastritis + + + +

* Abbreviations: m—male; f—female; AAl—autoimmune adrenal insufficiency; T1ID/LADA—type 1 diabetes
mellitus/latent autoimmune diabetes in adults; AIT—autoimmune thyroiditis; HH—hypergonadotropic hypogo-
nadism; CMC—chronic mucocutaneous candidiasis; CBAA—cell-based autoantibody assay; ELISA—enzyme-
linked immunosorbent assay.

Samples from 206 patients were analyzed using a previously developed microarray
for multiplex detection of auto-Abs [22]. All APS-1 patients (n = 18) were positive for
auto-Abs against IFN-w and IFN-«-2a. As an example, Figure 1a shows a fluorescent image
of a microarray after assay with an APS-1 patient sample. According to the previously
described algorithm for interpreting the results [22], positive signals indicating the presence
of auto-Abs in blood serum were detected for groups of elements containing IFN-w and
IFN-«-2a, as well as for groups of elements containing IL-22, 21-OH, GAD-65, TG and
TPO (not considered in this work). Figure 1b shows the results of microarray-based assay
with serum from a patient with multiple endocrine neoplasia type 1. Positive signals
indicating the presence of autoantibodies in serum were detected only for a group of
elements containing IFN-«-2a.
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Figure 1. Fluorescence images of microarrays after assay with serum samples from: an APS-1

patient (a), a patient with multiple endocrine neoplasia type 1 (b). Groups of elements with immobi-
lized omega-interferon (IFN-w) and alpha2a-interferon (IFN-«-2a) are indicated by solid lines.

Using the CBAA method [19], samples from 200 patients were analyzed for auto-Abs
against IFN-w. All analyzed APS-1 samples (1 = 17), except for one, were anti-IFN-w
auto-Abs positive. A negative anti-IFN-w auto-Abs result was detected using CBAA in
APS-1 patient #135 with a common AIRE mutation and the classic triad (Table 1). For
technical reasons, it was not possible to re-examine this sample by CBAA. On the one
hand, the results are consistent with data of other researchers: for example, the absence of
auto-Abs against IFN-w in patients with mutations in AIRE and only one component of
APS-1 (hypoparathyroidism) was observed in the work of Cervato et al. [23]. On the other
hand, patient #135 was shown by microarray-based multiplex assay to carry both auto-Abs
against IFN-w and auto-Abs against IFN-«; the presence of the latter was also confirmed
by ELISA.

Using a commercially available ELISA, samples from 29 patients (among them,
17 APS-1 patients) were analyzed for auto-Abs against IFN-«. For anti-IFN-« auto-Abs, an
agreement between the results of the two methods (microarray-based assay and ELISA) was
observed; all analyzed APS-1 patient samples were anti-IFN-« auto-Abs positive for both
methods (Table 1). Since the ELISA kit was quantitative, it is worth noting that all positive
samples were oversaturated (>1 pg/mL) on initial analysis. For individual samples, the
concentration was estimated at a 5000-fold dilution or more, resulting in a concentration of
anti-IFN-« antibodies in the samples, on average, of about 1 mg/mL, taking into account
the dilution.

3.2. Anti-IFN-I Autoantibodies among Control Groups

The microarray-based assay identified two patients who were anti-IFN-w and/or
anti-IFN-a-2a auto-Abs positive among patients from groups without diagnosed APS-1.
Sample #56 (male, 70 years old) was positive for both anti-IFN-w and anti-IFN-«-2a auto-
Abs, and sample #147 (female, 45 years old) was positive for auto-Abs against IFN-x-2a.
These two serum samples were also shown to be anti-IFN-a auto-Abs positive by ELISA.
However, serum sample #56 was found to be anti-IFN-w auto-Abs negative using CBAA.
The frequency of detection of anti-IFN-I auto-Abs in the groups by different methods is
summarized in Table 2.
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Table 2. Anti-IFN-I positive patients by group (n/n total), sensitivity and specificity of assays.

Group

Anti-IFN-w Auto-Abs  Anti-IFN-w Auto-Abs  Anti-IFN-x Auto-Abs Anti-IFN-« Auto-Abs

Microarray CBAA Microarray ELISA
1 18/18 16/17 18/18 17/17
2 0/89 0/87 0/89 n/a
3 1/71 0/68 2/71 2/2
4 0/28 0/28 0/28 0/10
Total number of 206 200 206 29

samples tested

Not determined. The

Sensitivity, 95% CI 100.0% [78.9%; 100.0%]  94.1% [70.7%; 100.0%]  100.0% [78.9%; 100.0%] assay was used as a
comparative test

Not determined. The

Specificity, 95% CI 99.5% [96.7%; 100.0%]  100.0% [97.5%; 100.0%] 98.9% [95.9%; 99.9%] assay was used as a

comparative test

Anti-IFN-I auto-Abs positive patients from control group 3 had severe and complex
medical conditions. For instance, patient #56, who was tested positive for anti-IFN-w
auto-Abs using the microarray-based assay, was diagnosed with adrenal insufficiency of
non-autoimmune origin as a result of adrenal metastasis (presumably, the primary tumor
was lymphoma). Using multiplex analysis, auto-Abs against IFN-x2 were also detected in
the patient, later confirmed by ELISA. The patient denied that he underwent therapy with
IFN drugs, as well as the presence of a thymoma in anamnesis, which may be the cause of
the formation of anti-IFN-I auto-Abs [4,24]. During an ophthalmological examination, the
presence of myasthenia gravis was not detected.

Anti-IFN-« auto-Abs positive patient #147 (by microarray-based assay and by ELISA)
had a genetically proven syndrome of multiple endocrine neoplasia type 1 (multiple
insulinomas, non-functioning tumors of the pancreas, duodenal gastrinomas, primary
hyperparathyroidism, lung carcinoids, multifocal hormonally inactive formations in both
adrenal glands, hyperprolactinemia). The formation of anti-IFN-« auto-Abs in this patient
can also be related to antiviral therapy for hepatitis C 17 years prior to participation in
this study; similar cases have been described previously [25]. In light of an emerging
assumption about a possible role for anti-IFN-I auto-Abs in severe viral or malignant
diseases [14], these anti-IFN-I auto-Abs positive patients identified by microarray-based
assay are of great interest.

APS-1 is an orphan disease. The prevalence of APS-1 in different European countries
averages from 1:90,000 to 1:200,000 [26]. Unfortunately, there are currently no data on the
frequency of occurrence of APS-1 in the population in Russia. The largest Russian APS-1
cohort described to date included 112 patients [27]. Since the symptoms may debut at
intervals of several years and non-specific clinical manifestations can occur, diagnosis is
often delayed. Autoantibodies against IFN-w and IFN-«2 are specific and sensitive markers
of APS-1, which makes it possible to use them for screening diagnostics of patients with
autoimmune diseases to exclude atypical forms of the disease. Although there are a number
of research tests for the detection of antibodies against IFN-I, including those that allow the
determination of the neutralizing activity of autoantibodies, studies aimed at comparing
the specificity and sensitivity of these methods in the diagnostics of APS-1 are extremely
limited. The main problem of such studies is the small sample of APS-1 patients, which
makes it difficult to validate the results. In the present study on a small cohort of APS-1
patients, there was a good agreement between results of the tests for anti-IFN-1 antibodies
performed by microarray-based assay and previously validated cell-based autoantibody
and enzyme-linked immunosorbent assays. The results indicated that microarray-based
assay can serve as a highly specific and sensitive screening test to identify anti-IFN-1
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antibody positive patients. The introduction of such tests into clinical practice would make
it possible to increase the availability of testing for antibodies against IFN-I in diagnostically
difficult cases, as well as to study larger cohorts of patients with various severe viral and
malignant diseases.

4. Conclusions

Microarray-based assay showed almost 100% sensitivity and specificity in detection of
anti-IFN-I antibodies in patients with endocrine disorders. Determination of antibodies
to IFN-w and IFN-a2 can be used as an inexpensive and rapid way to diagnose APS-1.
Thanks to these antibodies, the number of people who need to undergo genetic analysis
can be reduced, i.e., in patients who do not have antibodies to IFN-w and IFN-«2, the
diagnosis of APS-1 can be ruled out without testing for the AIRE gene. In addition, this
analysis may be recommended for individuals who do not fully meet the diagnostic
criteria: patients who failed to detect a second mutation in the AIRE gene, or patients with
dominant-negative mutations.
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Abstract: Sarcopenia is a condition that is characterized by a progressive loss of muscle mass,
strength, and function, resulting in reduced quality of life. The aim of the study was to analyze the
significance of pro-inflammatory markers in the prognostic diagnosis of sarcopenia. The participants
were divided into two groups: the main group of 146 people and the control—75 people. The
complex of examinations included neuropsychological testing (Hospital Anxiety and Depression
Scale (HADS), quality-of-life questionnaire for patients with sarcopenia (SarQoL), and short health
assessment form (MOS SF-36)), a 6 m walking speed test, manual dynamometry, bioimpedancemetry,
and metabolic markers (nitrates, fibroblast growth factor 21, and malondialdehyde). When analyzing
metabolic markers in the main group, a twofold increase in nitrates in the main group was recorded
in a subsequent analysis adjusted for multiple variables, there was a negative association between
the nitrate levels for weak grip strength and appendicular muscle mass. An additional analysis
revealed that the complaint of pain in the lower extremities was more frequent in patients of the
main group, as well as constipation and the pathology of thyroid gland, and they were more
frequently diagnosed with arterial hypertension. At the same time, patients from the main group
more frequently took vitamin D. When conducting body composition, the main group recorded a
higher weight visceral fat content, as well as a decrease in appendicular and skeletal muscle mass;
these changes were accompanied by a decrease in protein and minerals. Among the markers that
differed significantly were nitrates, and it was this that was associated with decreased muscle strength
and appendicular mass, which may indicate both a possible mechanism and a possible predictive
marker. The results of this study can be used to develop a screening method for diagnosing sarcopenia
at the outpatient stage.

Keywords: pro-inflammatory markers; probably sarcopenia; middle-aged individuals

1. Introduction

Every year, the number of people in the world increases by 250 thousand people,
mainly due to the elderly [1]. According to experts of the United Nations Organization, the
number of the elderly will increase to 21% by 2050 and will amount to 2.1 billion people [2].
One condition that worsens prognosis and quality is sarcopenia. Sarcopenia is a progressive
and generalized skeletal muscle disorder involving the accelerated loss of muscle mass
and function that is associated with increased adverse outcomes, including falls, functional
decline, frailty, and mortality. It occurs commonly as an age-related process in older people,
influenced not only by contemporaneous risk factors, but also by genetic and lifestyle
factors operating across the life course. It can also occur in mid-life in association with a
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range of conditions. The prevalence of sarcopenia in persons 60-70 years old is 5-13%, and
in the group over 80 years old, it increases to 50% [3]. Currently, the number of patients
with sarcopenia in the world is 50 million people, and this figure is predicted to quadruple
in 40 years [4]. According to studies, presarcopenia is more susceptible to men over the age
of 60 years and women over 80 years old [5]. The prevalence of sarcopenia is 10-15% lower
than in Russia [6].

The pathogenesis of sarcopenia is quite complex; at present, many factors have been
identified that affect the decrease in muscle mass, among which endocrine ones play a
significant role. At the same time, the prognosis remains unfavorable since there are no
registered pathogenetic drugs for the treatment of sarcopenia [7].

Severe sarcopenia is known to be associated with decreased quality of life and symp-
toms of depression, which requires mandatory diagnosis in the examination, but there is no
information on such changes in probable sarcopenia, which is also interesting to study [8].

As one of the biomarkers, we consider fibroblast growth factor 21 (FGF21), which, in a
healthy population, is responsible for many processes, including muscle function [9]. In
one study, FGF21 was identified as another independent biomarker of successful aging,
increased by a counterregulatory mechanism when compensating for metabolic stress,
including in muscle tissue [10]. Circulating levels of FGF21 are elevated in patients with
mitochondrial disorders affecting skeletal muscle [11]. Thus, FGF21 may be involved in the
regulation of body muscle and in the modulation of metabolism, and thus be associated
with presarcopenia.

Other promising metabolites are nitrates. In the human body, nitric oxide (NO) is one
of the key endogenous regulators of the cardiovascular and other systems. The endothelium
can be considered a giant endocrine organ in which the cells are not collected together, as
in the endocrine glands, but dispersed, in the vessels. Its activation is mainly associated
with hemodynamic changes occurring in the body [12]. Many articles have been published
information about the effect of nitrates on the cardiovascular system. However, there are no
large-scale studies in patients with sarcopenia. Nitric oxide synthase inhibitors (iNOS) have
been studied as a therapeutic point [13]. This scientific work revealed a mutual correlation
of high iNOS expression with activation of cytokine-induced storm. Inhibitors of iNOS
activity had a positive effect on the prevention of muscle mass reduction [14]. The main
consequence of the decrease in NO in the muscle is a decrease in the flow of vasodilation,
which directly correlates with muscle strength and physical functioning, respectively, can
influence the development of sarcopenia [15].

Malonic dialdehyde is a produced form of peroxidation of polyunsaturated fatty acids.
This marker easily reacts with proteins, forming a wide range of intra- and intermolecular
covalent adducts. These metabolic products gradually accumulate in the vascular system,
leading to cellular dysfunction and tissue damage [16]. Loss of muscle mass in healthy older
adults is associated with the development of lipid peroxidation, and taking antioxidants
or exercising improves muscle-system parameters, indicating a possible evaluation of
antioxidant system parameters in the preclinical stage of sarcopenia [17,18].

Currently, there is evidence that the loss of muscle mass occurs much earlier, starting
as early as age 55 in men and 45 in women, respectively [19]. The diagnosis of sarcopenia
rests on muscle-mass measurements and on functional tests that evaluate either muscle
strength or physical performance (walking and balance). No specific biomarkers have
been identified to date. The identification of a single metabolic marker or a panel of
markers can verify a decrease in muscle mass in the preclinical stage, when preventive and
rehabilitative measures are effective. The aim of the study was to analyze the significance
of pro-inflammatory markers in the prognostic probably sarcopenia in middle-aged adults.

2. Materials and Methods

The study was performed in accordance with Good Clinical Practice and the principles
of the Declaration of Helsinki. The study protocol was approved by the ethical committee
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of Siberian State Medical University No. 8888 dated 29 November 2021. Prior to inclusion
in the study, written informed consent was obtained from all participants.

The study was conducted in the medical prevention office of the Center for Public
Health and Medical Prevention for one-quarter of 2022. All patients who were 45-85 years
old, who have signed informed consents, with no exclusion criteria were included in the
study (Figure 1). Of the many criteria, those that could affect the results of the study have
been chosen, meaning that it is they, not sarcopenia, that will determine the results obtained
even as early as the first stage of randomization, which would violate the purity of the
experiment. Vital functions, including blindness, can affect physical activity and muscle
mass. In this regard, the status of these functions was necessarily taken into account during
randomization. Exclusion criteria: pregnant women, alcohol abusers, patients with liver
diseases, respiratory and cardiovascular systems, gastrointestinal tract in decompensation
stage, musculoskeletal pathology, moderate-or-severe cognitive impairment, and immo-
bilization in the last 6 months. A total of 460 patients were included in the study. Of all
included patients, 158 were excluded due to musculoskeletal pathology, 56 had cognitive
impairment of moderate severity or dementia, 15 had blindness, and 16 had stroke. A
total of 221 people aged 45 to 85 years participated, including 145 women and 56 men (the
predominance of women in the study is associated with more frequent use of medical care
for disease prevention).
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Figure 1. Recruitment protocol for the patients.

The patients were divided into 2 groups according AWGS 2019: the main group with
reduced muscle mass of 146 people (118 women and 28 men) and the control group of
75 people (47 women and 28 men) based on testing [20]. A dynamometer and walking-
speed test were used as primary testing to differentiate into groups. Patients were divided
into groups according to the results of physical strength and function assessment, thus
belonging to the group according to the classification features “probable sarcopenia”. The
protocol included measuring handgrip strength while taking maximum readings in two
trials, using both arms in isometric contraction with maximum force; the standard was
sitting position with 90° elbow extension for the dynamometer. The diagnostic criteria for
low handgrip muscle strength was <28.0 kg for men and <18.0 kg for women [20]. To assess
the functions, we measured the time taken to walk 6 m at a normal pace from the start
without slowing down and took the average result of at least two trials, using a handheld
stopwatch, as the recorded speed. A level <0.8 m/s to <1.0 m/s, independent of floor, was
used for the criteria.
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A screening test SarQol for probable sarcopenia was performed on everyone, but
because the patients included in the pain study were younger than the generally accepted
age for sarcopenia, it was not used as a cutoff point. To exclude the influence of neu-
ropsychological parameters on the development of sarcopenia, all patients underwent an
assessment. For this purpose, we used the hospital anxiety assessment scale (HADS), as
well as the general quality of life questionnaire (SF36 SF36).

All participants underwent bioimpedance measurement with the help of an Inbody
770 device (Korea), with an evaluation of the following parameters: analysis of proteins,
minerals, total body water, total weight, fat mass, skeletal muscle mass, muscle mass,
analysis of extracellular and intracellular fluid, analysis of fat tissue by segments (right
arm, left arm, trunk, right leg, and left leg), and appendicular skeletal mass index. The
appendicular skeletal mass index (SMI) was calculated by the ratio of lean muscle mass
of all to the height parameter in square meters. Measurements were taken according to
the manufacturer’s manual, in a vertical position, with the legs and arms in contact with
the base electrodes and the capture electrodes, respectively. AWGS 2019 low muscle mass
values of <7.0 kg/m? and <5.7 kg/m? for men and women, respectively, were used as
cutoff points [19].

For the study of metabolic markers, blood was taken, with further laboratory analysis:
fibroblast growth factor 21, nitrates, malondialdehyde (MDA), and lactate dehydrogenase
by enzyme immunoassay.

A statistical analysis and data processing were performed by using SPSS Statistica
software. For sample-size calculations, we took limb extremities’ muscle mass as the
outcome index and used the mean and standard deviation values in Shahar et al. with a
fixed power of 80% and an « level of 5% for the main variable [21]. This gave a sample size
of 70 subjects for each group. However, by taking into account the exclusion criteria and
possible dropout from the study, the main and control groups were increased in size. The
methods of descriptive statistics were quartiles—for non-normally distributed data. Testing
of statistical hypotheses of normally distributed quantitative parameters was performed
by using the following parametric criteria: Student’s ¢-test for paired comparison. The
correlation analysis was assessed by using Pearson’s criterion. To assess reliability of
differences in qualitative characteristics, we used conjugation tables with the calculation
of x? (chi-square). The null hypothesis was rejected at the level of statistical significance
p <0.05.

3. Results

This section presents the results of the examination of patients with probable sar-
copenia, who were divided according to gender (because there are gender differences and
norms) in the tables.

The characteristics of the patients are presented in Table 1.

Table 1. Characteristics of included patients stratified by gender.

Women Men
Parameters Main Group Control Group 14 Main Group Control Group 14
(n=118) (n=28) (n=47) (n=28)

Age, years 54 [48-65] 55 [48-66] 0.453 53 [49-59] 52 [47-56.5] 0.534
Body mass index kg/m 28.5[25.1-31.8]  28.5[25.1-31.8] 0.285 28.5[25.1-31.8]  28.5[25.1-31.8] 0.285
Waist-to-hip ratio 0.97 [0.93-1.01] 0.96 [0.9-1.02] 0.435 0.94[0.8-1.02] 0.95[0.8-1.05] 0.435
Right hand, kg 24 [19-31] 40 [38-53] 0.001 17 [15-24] 35 [27-39] 0.001
Left hand, kg 23 [19-29] 38 [33-51] 0.001 15 [13-22] 33 [25-36] 0.001
Gait speed, m/s 0.95[0.8-1.25] 1.15[0.8-1.4] <0.001 1.0 [0.9-1.3] 1.2[0.9-1.5] <0.001
Glycemia, mmol/L 4.9[4.6-5.3] 495 [4.6-5.3] 0.834 47[4.3-5.2] 4.5[4.2-5.0] 0.745
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We analyzed neuropsychological characteristics, namely depression and quality of life,
and the groups did not differ (Table 2).

Table 2. Parameters of neuropsychological testing in the main and control groups.

Options Main Group Control Group p
SarQol 80.54 [67.89-86.895] 78.03 [63.81-89.19] 0.833
HADS (anaxiety) 4 [2-7] 4 [2-6] 0.108
HADS (depression) 4 [2-6] 3 [1-5] 0.142
SFE36, physical component 55 [49-59] 56 [50-60] 0.228
SF36, psychological component 45 [42-48] 46 [43-49] 0.499

Table 3 presents data on the composition of the body.

Table 3. Bioimpedancemetry parameters in the main and control groups.

Women Men
Parameters Main Group Control Group p Main Group Control Group P
(n=118) (n =28) (n =47) (n =28)
Body fat mass (kg) 28 [25.1-36] 26.5 [20.65-35] 0.011 30 [26.1-38] 26.5 [20.65-35] 0.002
0 33.7
Body fat percentage (%) 35.9 [35.4-41.3] [29.85-40.1] 0.0001 39.7 [35.6-44.8]  35.1[29.7-40.5]  0.0001
144.2 129.1 154.7 132.3

‘ 2

Visceral fat area (cm”) [1283-1761]  [922-16925] "9 [1283-1984] [95.3-183.5] 00

Skeletal muscle mass (kgz)

25.5[23.4-279]  28.6[22.9-33.3] 0.043 23.2[21.4-274] 26.4[22.5-34.1] 0.003

Appendicular muscle mass (m?) 6.7 [5.9-7.3] 7.8 [6.5-8.9] <0.001 6.4 [5.85-7.1] 7.6 [6.3-8.5] <0.001
Protein content 8.9 [8.1-10.0] 9.5 [8.25-11.6] 0.048 8.4[7.5-9.4] 9.3 [8.25-11.6] 0.002
Minerals 3.1[2.8-3.4] 3.9[2.9-4.0] 0.03 3.0 [2.5-3.5] 3.6 [2.8-3.9] 0.044

According to the bioimpedancemetry data, the main group showed an increase in fat
mass, percentage of fat mass, and visceral fat area compared with the control group, as
well as a more pronounced decrease in skeletal muscle mass than in the control group and
also content of protein and minerals. The appendicular mass scores were reduced in both
men and women in the main group.

The next step was the evaluation of proinflammatory and oxidative stress markers in
patients with and without sarcopenia (Table 4).

Table 4. Distribution of metabolic markers in patients with and without sarcopenia.

. Main Group Control Group
Metabolites (F=M = 47) (F = M = 28) p
Fibroblast growth factor 21 ng/L 263.8 [251.4-274.8] 267 [246.5-273.5] 0.80
Nitrates, mmol /L 0.21 [0.21-0.355] 0.105 [0.07-0.14] 0.05
Malondlﬂileg}/’ie (MDA), 290.32 [260.97-290.32]  147.42 [78.06-216.77] 0.76

When analyzing the metabolic parameters in the main group, there was an increase in
nitrates in comparison with the control two times (p = 0.05). Fibroblast growth factor 21
and malondialdehyde values were not statistically significant.

In a subsequent analysis adjusted for multiple variables, there was a negative asso-
ciation of nitrate levels for weak grip strength (p = 0.004) and appendicular muscle mass
(p = 0.005).
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An additional analysis revealed that the complaint of pain in the lower extremities was
more frequent in patients of the main group (p = 0.023), as well as constipation (p = 0.008)
and pathology of thyroid gland (p = 0.026), and they were more frequently diagnosed with
arterial hypertension (p = 0.032). At the same time, patients from the main group more
frequently took vitamin D (p = 0.014).

So, as a result of the study, it was found that the groups did not differ according to
the questionnaires. The dynamometry values for the main group were lower than those
for the control group. The walking speed test did not allow us to objectively evaluate the
functional ability of the muscles, because the walking time in the control group was longer
than in the main group, both in men and in women. When conducting body composition,
the main group recorded a higher weight and visceral fat content, as well as a decrease in
appendicular and skeletal muscle mass, these changes were accompanied by a decrease
in protein and minerals. Among the markers that differed significantly were nitrates, and
it was this that was associated with decreased muscle strength and appendicular mass,
which may indicate both a possible mechanism and a possible predictive marker, as well as
malonic dialdehyde indices, which are significantly increased in the main group, but are
not statistically significant.

4. Discussion

There is now evidence that sarcopenia can be diagnosed at a younger age, so in Poland,
sarcopenia has been found in 4.5-5.1% at a young age (20-35 years) by appendicular
mass [22]. In this regard, the relevance of assessing the signs or predicting factors for the
development of sarcopenia at an age less than 65 years is of interest and will also allow the
preclinical stage to identify the risk group and conduct rehabilitative measures.

Screening by questionnaires for depression and quality of life in patients with sar-
copenia did not differ between the groups. This is probably because the participants
were middle-aged patients who did not have significant clinical symptoms of sarcopenia
yet. In a recent study the investigators assessed quality of life in patients with osteoporo-
sis/osteopenia and sarcopenia, and the SF-36 questionnaire showed decreased quality of
life; it should be considered that this study involved people over 65 years of age [23]. In a
survey of elderly people aged 65 years and older living in South Korea, the relationship
between reduced quality of life by the SarQoL questionnaire and nutritional risk was statis-
tically significant [24]. Therefore, these questionnaires have little significance in persons
with preclinical signs of sarcopenia, but they can be used in the older age group to assess
disease progression and therapy efficacy.

Perhaps a more extensive questionnaire than the SARC-F is needed to assess nutritional
status. For example, a study was conducted in Poland to evaluate the effectiveness of
a version of the MRSA (Mini Sarcopenia Risk Assessment) questionnaire. It includes
questions assessing age, weight loss in the last year, frequency of hospitalizations in the
last year, physical activity level, frequency of food intake, and intake of dairy products
and protein. As a result, PL-MSRA-5 is more effective than PL-MSRA-7 for sarcopenia risk
assessment [25]. An analysis of a patient’s nutritional status is very important because a
lack of protein-containing foods leads to a progressive decline in muscle mass [26].

Although the sarcopenia screening questionnaire did not differ between groups and
showed no risk of sarcopenia, muscle mass and muscle function were reduced. The diagno-
sis was confirmed by bioimpedanceometry; in middle-aged patients, in addition to changes
in adipose tissue, altered skeletal muscle was registered, and the diagnosis of sarcopenia
was confirmed by sarcopenia. Sarcopenic obesity is associated with low functional status
and high mortality. The low prevalence of verification of the diagnosis seems to be due to
the underestimation of sarcopenia in obese individuals; this can be avoided when using
the body-mass-index assessment, where an isolated skeletal musculature assessment is
performed, and the appendicular skeletal mass index. It should be noted that this condi-
tion occurs not only in middle age but also at a young age. The Danish study assessing
sarcopenic obesity involved a group aged 20 to 59 years with a BMI > 35 kg/m? and comor-
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bidities or a BMI > 40 kg/m?. The body composition was assessed by dual-energy X-ray
absorptiometry (DEXA), and muscle function and strength were assessed by dynamometry
and a functional test (standing up from a chair five times). As a result, low leg-muscle
strength was found in 33% of participants, and the prevalence of sarcopenia ranged from
11.1% to 13.9%, with a higher prevalence in middle-aged women than in men [27]. Our
study confirms these findings and, once again, proves the importance and timeliness of
diagnosing a decrease in muscle mass and strength in middle-aged individuals.

Muscle mass showed a moderate correlation with hand-grip strength, which is partly
explained by age-related fibrosis of some myocytes, as well as their replacement by adipose
tissue [28]. These data are supported by high levels of fat mass in our study. Studies
show that the degree of obesity is associated with greater muscle mass and absolute
muscle strength when compared to non-obese people. However, when the body mass or
muscle mass are normalized, people living with obesity have reduced muscle performance
in comparison with individuals of normal weight. Therefore, a high-protein diet, in
combination with exercise, should be used when losing weight in order to maintain lean
body mass and prevent loss of muscle mass in the process of weight loss [29].

The muscle-weakness criterion and hand dynamometry scores of the EWGSOP2
algorithms are likely to identify different populations of older people as likely to have
sarcopenia, given the same prevalence when either measure was used alone, but when
both measures were used simultaneously, the prevalence of sarcopenia was much higher.
The decrease in bone mass in the main group can be explained by an excessive amount
of visceral fat, which is associated with increased proinflammatory activity of adipocytes
and insulin resistance, which eventually leads to changes in the protein structure of the
bones [30]. The results of our study contradict data obtained by colleagues in Spain, where
the combined prevalence of sarcopenic obesity and osteoporosis was 0% [31]. This is due
to the fact that, in this study, only the BMI was taken into account; bioimpedance measure-
ments were not performed. Protein deficiency in the group of patients with sarcopenia may
be of an alimentary nature in the sense that it is associated with an unbalanced diet due to
excessive intake of carbohydrates and fats; it could also be of an endogenous origin due to
the predominance of catabolic processes, due to the activation of proinflammatory markers.
The absence of differences in fibroblast growth factor in the main and control groups is
explained by the multifocal property of this metabolic regulator in middle-aged and el-
derly people; its increase is probably associated with a compensatory decrease in insulin
resistance, as well as correction of dyslipidemia due to activation of lipolysis, b-oxidation
in the liver [28]. In a study conducted in South Korea in elderly people aged 70 to 84 years,
a decrease in plasma FGF21 levels was observed in participants with decreased muscle
strength than in participants with normal muscle strength. At the same time, there was an
increase in FGF21 in the group with decreased muscle strength than in the control group,
which confirms our results [32]. This may be due to the fact that the participants in our
study were middle-aged.

When conducting a review of the literature review, there are not enough publications
on the study of nitrates in sarcopenia, but it was found that the decreased expression of
inhibitor of nitric oxide synthase (iNOS) in the early stage of myocyte damage leads to
disruption of satellite cell accumulation and muscle regeneration [33]. It can be assumed
that their increase in the main group manifests itself as a response to fibrosis, since nitric
oxide acts as a neurotransmitter, improving blood circulation, as well as cellular respi-
ration processes [34]. Indeed, low nitrate levels have been reported in older adults, and
dietary expansion showed the potential benefit of a nitrate-rich diet on muscle strength and
physical function in a large cohort of older women [35]. Among the supplements tested,
nitrates have received ample evidence to support their acute beneficial effects on muscle
strength [36]. In addition, vasodilators increase levels of vitamin D, which is known to
maintain mineral homeostasis, as well as improve muscle function [34]. There is great inter-
est in assessing muscle mass and strength and nitric oxide levels in patients taking vitamin
D supplements. A placebo-controlled study conducted in 2020 found improvements in grip
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strength, decreased time to get up from stool, and decreased body fat in the main group
taking supplements for 12 weeks [37].

Currently, malondialdehyde is considered to be a marker of oxidative stress, which
is one of the links in the pathogenesis of sarcopenia [36]. Previously, reliable data on its
increase in coronary heart disease, stroke, and liver damage were obtained [37]. Perhaps
their increase is concomitantly associated with excess body weight, since there is evidence
of increased malondialdehyde in persons with sarcopenic obesity [38], and in our work,
we observed excess body weight in both the main and the control groups. As a result,
changes in high-density lipoprotein levels and malondialdehyde-low-density-lipoprotein
ratios were significantly and independently associated with changes in muscle strength [39].
Antioxidants (dark chocolate and astaxanthin) were found to reduce oxidative LDL and
malondialdehyde levels for a month and increase nitric oxide levels, helping prevent
muscle mass loss [40].

It was found that combined aerobic and strength training during body weight loss can
reduce the levels of proinflammatory markers IL-6 and TNF-a, due to a decrease in visceral
fat and improved protein synthesis and myocyte cell membrane strength [41]. Extended
studies are needed to further investigate the mechanisms by which physical activity affects
chronic inflammatory processes and pro-inflammatory markers.

The pathophysiology of sarcopenia resembles that of other prototypical geriatric con-
ditions for which a multifactorial etiology is at play, involving many of the biological
hallmarks of aging (i.e., genomic and epigenetic instability, loss of proteostasis, mito-
chondrial dysfunction, telomere shortening, dysregulated nutrient signaling, stem-cell
exhaustion, cellular senescence, and altered intercellular signaling). The currently available
biomarkers of biological aging might not capture the multitude of intrinsic and extrinsic
factors underlying the decline in physical function that characterizes sarcopenia.

The sample size was a limitation of the study, but material is being recruited for an
epidemiologic evaluation of the potential of bioimpedance and metabolic markers in the
early preclinical screening of probable sarcopenia and will be expanded. In addition, an
older cohort is needed in the supplement to evaluate the content of predictive markers in
confirmed sarcopenia and to provide a diagnostic algorithm; recruitment is ongoing and
will be considered in future publications.

5. Conclusions

Anxiety, depression, and quality-of-life assessments show no change in middle-aged
patients. Thus, for the primary screening of muscle mass reduction, it is objective to
use bioimpedancemetry u dynamometry. These techniques will allow for the timely
identification of patients from the risk group, which will allow early preventive and
rehabilitative measures to be carried out. In addition, the use of bioimpedance as a method
of assessing the dynamics of weight loss in overweight patients will make it possible
to select a training program aimed at preserving muscle mass. Evaluation of the ratio
of protein, minerals, and fluids in the body may be relevant for the development of an
individual nutrition program. Early screening of the disease at the presarcopenia stage and
preventive measures will reduce the number of patients with severe forms of sarcopenia,
thereby increasing the quality of life and life expectancy of older people.

Because of the current high prevalence of carbohydrate metabolism disorders (type 2
diabetes mellitus and obesity), further study of the role of metabolic markers in sarcopenic
obese individuals in a broader population is required. Further results on the study of
metabolic markers may clarify new pathogenetic features associated with the development
of sarcopenia. This will allow for the identification of new points for drug exposure, as
well as the confirmation of statistical significance in a wider population, along with the use
a panel of biomarkers for the predictive diagnosis of sarcopenia. I=The implementation
of a multivariate predictive diagnostic methodology for sarcopenia will provide a way to
stratify the risk of muscle mass loss, facilitate identification of a deteriorating condition,
and provide monitoring of treatment effectiveness. In addition, such a marker as nitrates
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was not previously underestimated in the cross-section of decrease and loss of muscle mass
and strength, which requires more in-depth study and will, in the future, probably open
new fundamental ways of development of sarcopenia in middle age. Nitrates should be
studied in more depth not only from the standpoint of sarcopenia, but also for predictive
diagnosis in middle-aged individuals.
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Abstract: We aimed to analyze the profile of glucose lowering therapy (GLT) in persons with diabetes
mellitus type 2 (DM2) in an aging Russian population. A random population sample (n = 3898,
men/women, 55-84) was examined in Novosibirsk, during 2015-2018 (HAPIEE Project). The design
of the present work is a cross-sectional study. DM2 was defined in those with a history of DM2
receiving GLT, or at a level of fasting plasma glucose (FPG) >7.0 mmol/L. The entire DM2 group was
included in the analysis (1 = 803); of these, 476 persons were taking GLT and were included in the
analysis at stage 2. Regular GLT medication intake for 12 months was coded with ATC. In studied
sample, the prevalence of DM2 was 20.8%. Among subjects with DM2, 59% of individuals received
GLT, 32% did not. Glycemic control (FPG < 7.0 mmol/L) was achieved in every fifth participant with
DM2 (35% in those receiving GLT). In frequency of GLT use, biguanides ranked in first place (75%),
sulfonylurea derivatives in second (35%), insulins in third (12%), and iDPP-4 in fourth (5%). Among
those receiving GLT, 24% used combined oral therapy, and 6% used insulin-combined therapy. In
conclusion, in a population sample aged 55-84 examined in 2015-2018, glycemic control was achieved
in every fifth participant with DM2, and in every third participant receiving GLT. The proportion of
participants using new GLT drugs was small, and there was a lack of HbAlc monitoring for intensive
glycemic control.

Keywords: diabetes mellitus type 2; glucose lowering therapy; glycemic control; HAPIEE cohort;
population

1. Introduction

Diabetes mellitus (DM) is a global problem, due to an annual increase in its preva-
lence in the world. According to the latest data, the global number of patients with
type 2 diabetes (DM2) has reached 463 million people [1]. In the Russian Federation (RF),
a similar situation has been observed, and, according to the Russian Diabetes Register,
this figure had reached 4.58 million people (3.1% of the population) by 1 January 2019 [2].
According to our early data, DM2 was found in 11.4% of subjects in a population sample
aged 45-69 years in Novosibirsk [3,4].

The financial burden for people with diabetes and for society as a whole is growing
due to lifelong daily care, glycemic control, treatment of diabetes complications and hospi-
talizations, as well as by indirect costs associated with reduced quality of life and disability.

The most dangerous consequences of DM2 include vascular complications—nephropathy,
retinopathy, lesion of coronary, cerebral and lower extremities arteries. These complications
are the main cause of disability and mortality in patients with DM2. Among the methods
of evidence-based medicine that have demonstrated the highest effectiveness in reducing
the risk of diabetic complications, the achievement of targeted glycemic control is the
most essential [5].
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Early achievement of stable glycemic control is a key component of effective man-
agement of patients with DM2 [6-8]. A prospective study, UKPDS, demonstrated that
absolute reduction in glycated hemoglobin (HbAlc) by 1.0% was associated with a 21%,
14% and 37% reduction in the risk of diabetes-related death, myocardial infarction and
microvascular complications, respectively [6].

Based on these data, most clinical guidelines recommend a target level of HbAlc <7.0%
or <6.5%, depending on additional factors such as age, duration of diabetes, comorbidities,
and risk of hypoglycemia [9-11]. When a patient’s HbAlc level is above the target level for
more than 6 months following the last update of therapy, an intensification of treatment
is recommended [11,12]. Despite established guidelines and the availability of modern
glucose-lowering medications, there is evidence of poor achievement of glycemic targets
and untimely intensification of therapy [13,14].

The achievement of target levels of HbAlc was assessed in the EUROASPIRE I-V [15]
and NHANES [16] studies. According to the summarized data, about 50% of patients
with DM2 did not reach the target levels of HbAlc. The 3-year project DISCOVER, which
studied 15,992 subjects aged >18 years with DM2 who received standard medical care as
determined by their treating physicians in 38 countries including Russia, confirmed this
fact [17]. In particular, stable high levels of HbAlc were observed in patients with DM2 at
the beginning of their second-line therapy: about one half of patients had HbAlc levels
>8.0% and more than a quarter had HbAlc levels >9.0%. Overall, <20% of patients had an
HbAlc < 7.0% [17]. In the NHANES study, the percentage of subjects with diabetes who
achieved glycemic control (HbAlc < 7%) decreased from 57.4% (in the period 2007-2010)
to 50.5% (in the period 2015-2018) [18]. According to the Russian Diabetes Register in 2017,
the distribution of DM2 patients by HbAlc level was as follows: HbAlc <7, 52.2%; from
7% t0 7.9, 29.0%; from 8% to 8.9, 9.9%; and >9.0, 8.8% of patients [19].

Knowledge on the effectiveness of glucose-lowering therapy (GLT) in the Russian
population has mainly been obtained from clinical trials; there are a lack of population
studies in different regions and age ranges. In ageing, the size of the DM2 problem is rising.
Therefore, in connection with changing approaches to the treatment of diabetes, permanent
monitoring is relevant.

The aim of this study was to analyze the profile of GLT in persons with DM2 aged
55-84 years in a Russian population sample (Novosibirsk).

Early findings on drug therapy for atrial fibrillation, antihypertensive and lipid-
lowering therapy in the studied population have previously been reported [20-22]. The
present paper continues a systematic series of works on the pharmacotherapy of car-
diometabolic diseases in the modern Russian population, using a population-based urban
sample of older age persons in Novosibirsk.

2. Material and Methods
2.1. Participants

The study was performed on the material of a population cohort examined in Novosi-
birsk (the Russian arm of the multicenter project “Determinants of cardiovascular diseases
in Central and Eastern Europe: cohort study”, the HAPIEE Project) [23]. A random sam-
ple of men and women aged 45-69 was drawn from residents of two districts typical of
Novosibirsk in terms of infrastructure, demographic indicators and the level of population
migration. The sample was formed on the basis of electoral lists using a table of random
numbers and stratified by 5-year age groups; the design and protocol of the project have
been published previously [23]. The design of the present work is a cross-sectional study.
At baseline 9360 people were examined in 2003 /05 (98% Caucasians, 61% response), the
cohort was re-examined twice in 2006/08 and 2015/18. The present study focused on a
sample of the third wave (n = 3898, age 55-84, response 60.1%). The analysis included
3896 people with the full required data set. The study was approved by the Ethics Commit-
tee of Research Institute of Internal and Preventive Medicine—Branch of the Institute of
Cytology and Genetics, SB RAS. All participants signed an informed consent.
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2.2. Study Questionnaire

The details of protocol and methods of the study have been published previously [23].
In brief, the protocol included the epidemiological assessment of cardiovascular diseases
(CVD) and their risk factors using standardized questionnaires (medical history of hy-
pertension and diabetes and their treatment, history of CVD and other chronic diseases,
smoking, alcohol consumption, socio-demographic characteristics) and objective measure-
ments (anthropometry, blood pressure measurement, electrocardiography, lipid and blood
glucose levels).

A person who smoked at least 1 cigarette a day was considered a smoker. Alcohol
consumption was assessed using the Graduated Frequency Questionnaire (GFR) and
5 groups were distinguished according to the frequency of consumption: non-drinkers, less
than 1 time per month, 1-3 times per month, 1-4 times per week, 5 or more times per week.

2.3. Objective Measurements

Blood pressure (BP) levels were measured three times using an Omron M-5 tonometer
on the right arm in a sitting position after a 5 min rest, with 2 min intervals between
measurements. The mean value of three measurements of the office BP was used in
analysis. Hypertension (HT) was defined according to the ESC/ESH criteria, 2018 [24], at
systolic (SBP) or diastolic (DBP) BP levels >140/90 mmHg and/or taking antihypertensive
drugs within the last 2 weeks.

Waist-hip ratio (WHR) and body mass index (BMI) were calculated using the formula:

BMI (kg/ m?) = body weight (kg)/ height2 (m?) 1

WHR (units) = waist circumference /hip circumference )

A 12 lead ECG was recorded on electrocardiograph Cardiax (IMEDLtd., Budapest,
Hungary) and assessed using the Minnesota code (MC).

Blood samples were collected at fasting stage; levels of total cholesterol (TC), triglyc-
erides (TG), high-density lipoprotein cholesterol (HDL-C), and glucose in blood serum
were measured by the enzymatic method on a KoneLab 300i autoanalyzer (Thermo Fisher
Scientific, Waltham, MA, USA). The level of low-density lipoprotein cholesterol (LDL-C)
was calculated using the Friedewald formula. The conversion of fasting blood serum
glucose into fasting plasma glucose (FPG) was performed according to the formula of the
European Association for the Study of Diabetes, 2007 [25]:

FPG (mmol/L) = —0.137 + 1.047 X serum glucose concentration (mmol/L) 3)

DM2 was established by having a history of DM2 with treatment and/or a FPG level
>7 mmol/L [26]. All individuals with DM2 history or first ever revealed DM2, were
included in the analysis of hypoglycemic therapy.

Coronary heart disease (CHD) was defined by epidemiological criteria: a positive
score of the Rose Angina questionnaire or ischemic ECG changes (MC classes 1, 4, and
5) [27,28], or a medical history of myocardial infarction (MI), acute coronary syndrome,
or coronary revascularization (confirmed by hospitalization). A composite CVD category
was defined in the presence of CHD, based on above specified criteria or a history of
stroke/transient ischemic attack (confirmed by hospitalization information).

The regular intake of hypoglycemic drugs was evaluated as a daily intake for the
last 12 months without taking into account the dosage of the drug substance. Medicinal
products were coded according to the Anatomical Therapeutic Chemical Classification
System (ATC) [29]. The following drugs were included in the analysis: insulins (code
A10A), biguanides (code A10BA), sulfonylurea drugs (SU, code A10BB), alpha-glucosidase
inhibitors (iAG, code A10BF), thiazolidinediones (glitazones) (TZD, code A10BG), inhibitors
DPP-4 (iDPP-4, code A10BH), glucagon-like peptide-1 receptor agonists (aGLP1, code
A10BJ), inhibitors of sodium glucose cotransporter type 2 (gliflozins) (iSGLT-2, code A10BK),
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glinides (meglitinides) (code A10BX), and other drugs. Coding was performed by three
specialists (cardiologists and endocrinologists). Reproducibility was assessed in a 10%
subgroup by a double-blind fashion, and the Kappa agreement coefficient was 0.84.

A total of 3896 people were examined. At stage 1, the analysis included 803 persons
with DM2. Of these, 476 persons were taking GLT and were included in the analysis at stage
2. The proportion of people who reported specific GLT was more than half—322 people.
Next, we analyzed the proportion of glycemic control among all individuals with DM2
(including newly diagnosed) and among those taking GLT.

2.4. Statistical Analysis

Statistical analysis was carried out using the SPSS package v.13.0. Data are presented as
means and standard deviation, M (SD), or as proportions, 1 (%). The frequency of the trait in
the groups was compared using the x2-Pearson test and the non-parametric Mantel-Hansel
and Cochrane tests; ANOVA (analysis of variance) was used for quantitative comparisons.
The Mann-Whitney test was used for abnormal distribution. Hypothesis testing was
performed at a 95% confidence level for two-tailed tests.

3. Results
The general characteristics of the study sample aged 55-84, are presented in Table 1.

Table 1. General characteristics of the studied population sample (men and women 55-84 years old,
Novosibirsk, nn = 3896).

) General Men Women .
Risk Factors Sample Mean (SD)/1 (%) g

Examined, 1 3896 1499 (38.42) 2397 (61.58)
Age, years 69.29 (6.89) 69.04 (6.95) 69.46 (6.85) 0.061
SBP, mmHg 145.72 (21.31) 146.88 (20.64) 145.0 (21.69) 0.007
DBP, mmHg 83.63 (11.37) 85.79 (11.82) 82.28 (10.87) <0.001
Heart rate, b/min 71.75 (11.41) 71.34 (12.16) 72.01 (10.91) 0.084
BMI, kg /m? 29.47 (5.49) 27.76 (4.59) 30.55 (5.73) <0.001
WHR, unit 0.90 (0.08) 0.95 (0.07) 0.87 (0.07) <0.001
TC, mmol/L 5.46 (1.19) 5.17 (1.14) 5.65 (1.19) <0.001
LDL-C, mmol/L 3.46 (1.06) 3.28 (0.99) 3.58 (1.08) <0.001
HDLC, mmol/L 1.32 (0.39) 1.24 (0.38) 1.38 (0.38) <0.001
TG, mmol /L 1.49 (0.92) 1.44 (0.89) 1.52 (0.94) <0.005
FPG, mmol/L 6.34 (1.81) 6.41 (1.83) 6.29 (1.8) 0.041
HT, 1 (%) 3137 (80.9) 1162 (78.0) 1975 (82.6) <0.001
Treatment of HT (among subjects with HT), n (%) 2399 (77.4) 723 (62.8) 1676 (86.1) <0.001
DM2, 1 (%) 803 (20.8) 299 (20.1) 504 (21.2) 0.463
Treatment of DM2 (among subjects with DM2), n% 476 (59.3) 143 (47.8) 333 (66.1) <0.001
CHD, 1 (%) 573 (14.9) 261 (17.5) 312 (13.2) <0.001
CVD, n (%) 769 (19.9) 337 (22.6) 432 (18.2) 0.001
Menopause, 1 (%) ) (-) 1924 (81.5) (-)
Smoking, n (%)

Smokers 714 (18.6) 572 (38.5) 142 (6.0)

Former smokers 515 (13.4) 410 (27.6) 105 (4.4) <0.001

Non-smokers 2619 (68.1) 504 (33.9) 2115 (89.5)
Frequency of alcohol intake, 11 (%)

2-4 times/week 47 (1.2) 40 (2.7) 7 (0.3)

Once a week 413 (10.7) 326 (21.9) 87 (3.7)

1-3 times/month 835 (21.7) 444 (29.9) 391 (16.6) <0.001

Less than once a month 1609 (41.8) 413 (27.8) 1196 (50.6)

Non-drinkers 944 (24.5) 263 (17.7) 681 (28.8)
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Table 1. Cont.

General Men Women .
Risk Fact
1ok racors Sample Mean (SD)/n (%) g
Education, n (%)
Primary 246 (6.3) 86 (5.7) 160 (6.7)
Professional 1063 (27.3) 335 (22.3) 728 (30.4) 0.001
Secondary 1252 (32.1) 478 (31.9) 774 (32.3) <0
University 1335 (34.3) 600 (40.0) 735 (30.7)
Marital status, 1 (%)
Single 1535 (39.9) 230 (15.5) 1305 (55.1) <0.001
Married 2319 (60.2) 1258 (84.5) 1061 (44.9)
Note: * p comparison by sex, for categorical variables—non-parametric Mann-Whitney test, for quantitative
variables—Pearson’s x? test. SBP/DBP—systolic/diastolic blood pressure, HR—heart rate, BMI—body mass
index, WHR—ratio of waist circumference/hip circumference, FPG—fasting plasma glucose, TC—total cholesterol,
TG—triglycerides, HDL-C—high-density lipoprotein cholesterol, LDL-C—low-density lipoprotein cholesterol,
HT—hypertension, DM2—diabetes mellitus type 2, CHD—coronary heart disease, CVD—cardiovascular diseases.

In the studied sample, the average age of the respondents was 69.3 years (SD 6.89) and
was similar in men and women. The distribution of the participants by 10-year groups was
32.1% for the age of 55-64 years, 40% for the age of 65-74, and somewhat less (27.2%) for
the group 75 years of age and older. Women, compared with men, had higher BMI and
blood lipid values, a higher frequency of HT and antihypertensive therapy, and a similar
prevalence of DM2 with a higher frequency of taking GLT; more often women had a low
level of education and the status of “single.” Compared with women, men had higher
levels of BP, WHR and FPG, a higher prevalence of CHD and CVD, and smoking and
alcohol consumption was more common.

The prevalence of DM2 in the population sample aged 55-84 years was 20.8%, and
was similar in men and women (20.1% and 21.2%, respectively, p = 0.463). Among subjects
with DM2, 59.3% received GLT, women more often than men (66.1% vs. 47.8%, respectively,
p <0.001), Table 2. About 32% of subjects with DM2, including newly diagnosed diabetes,
did not receive GLT, and another 8.8% did not provide information on GLT.

Table 2. The frequency of use of GLT and blood glucose control in persons with DM2 (population
sample, 55-84 years old, n = 3896).
Parameters General Sample Men Women P m-w
Examined, n 3896 1499 2397
DM2, 11 (%) 803 (20.8) 299 (20.1) 504 (21.2) 0.463
GLT among persons with DM2 (total), n (%) 476 (59.3) 143 (47.8) 333 (66.1)
Not receiving GLT, n (%) 256 (31.9) 112 (37.5) 144 (28.6) <0.001
No data on receiving GLT, 1 (%) 71 (8.8) 44 (14.7) 27 (5.4)
Proportion of GLT with specified drugs, n (%) 322 (67.6) 87 (60.8) 235 (70.6) 0.037
Proportion of undifferentiated GLT, n (%) 154 (32.4) 56 (39.2) 98 (29.4) ’
Effective control of blood glucose in subjects
with DM 2 (total), 1 (%) 1 = 803 166 (20.7) 38 (12.7) 128 (25.4) <0.001
Effective control of blood glucose (in those
receiving GLT), 1 (%) 1 = 476 166 (34.9) 38 (26.6) 128 (38.4) 0.013
Effective control of blood glucose (in those
who specified GLT drug, n (%) n = 322 102 (33.2) 21(241) 81 (345) 0.184
Effective blood glucose control (in those with 64 (42.2) 17 (30.4) 47 (48.0) 0.068

undifferentiated GLT), n (%) n = 154

Note: —p comparison by sex, Pearson’s x? test. GLT—glucose-lowering therapy, DM2—diabetes mellitus type 2.

FPG control < 7.0 mmol/L was achieved in every fifth participant with DM2 and in
35% of those taking GLT, Table 3, Figure 1. Participants who reported the name of a specific
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drug had control of glucose levels in about the same proportion (33%). Overall, women
monitored their blood glucose levels more often than men.

Table 3. The profile of drug classes of GLT in persons with DM2 (population sample, 55-84 years old).

Classes of GLT in Persons Who Specified

Medicinal Products, n = 322 Total Men Women P m-w
GLT, n 322 87 235
Insulins, total, 1 (%) 38 (11.8) 12 (16.1) 24 (10.2) 0.146
Biguanides, n (%) 242 (75.2) 60 (69.0) 182 (77.4) 0.118
Sulfonylureas, 1 (%) 114 (35.4) 35 (40.2) 79 (33.6) 0.271
Heterocyclic sulfonamides, n (%) 0(0.0) 0(0.0) 0(0.0) -
Alpha-glucosidase inhibitors, 1 (%) 0(0.0) 0(0.0) 0(0.0) -
Thiazolidinediones, 1 (%) 0(0.0) 0(0.0) 0(0.0) -
iDPP-4, 1 (%) 15 (4.7) 9 (10.3) 6 (2.6) 0.003
aGLP1, n (%) 0(0.0) 0(0.0) 0(0.0) -
iSGLT-2, n (%) 0(0.0) 0(0.0) 0(0.0) -
Combined oral drugs, n (%) 76 (23.6) 26 (28.9) 50 (21.8) 0.042
Combined GLT, total, n (%) 95 (29.5) 35 (40.2) 60 (25.5) 0.010

Note: —p comparison by sex, Pearson’s x? test. GLT—glucose-lowering therapy, DM2—diabetes mellitus
type 2, iDPP-4—dipeptidyl peptidase-4 inhibitors, aGLP1—analogues of glucagon-like peptide-1 receptors,
iSGLT-2—inhibitors of sodium-glucose cotransporter type 2.

70
60
50
40
30
20
10

W BG control

GLT

BG control
men

women

both
sexes

Figure 1. Frequency of glucose-lowering therapy (GLT) and blood glucose control (BG control)
among people with type 2 diabetes, n = 803 (population sample, 55-84 years old).

In frequency of GLT use, biguanides ranked first place (75%), sulfonylurea derivatives
in second place (35%), insulins in third place (12%), and DPP4 inhibitors in fourth place
(5%). Combination GLT drugs were used by about one-third of individuals with DM2
(24% oral, another 6% in combination with insulin). One third of individuals with DM2
(including those newly diagnosed) did not receive GLT, which significantly affects the
insufficient control of DM in the population.

4. Discussion

The prevalence of DM2 in the Novosibirsk population sample aged 55-84 years was
20.8%. Among persons with DM2, including newly diagnosed disease, 35% did not receive
GLT. The target values of glycemia (FPG < 7.0%) were achieved in 20.7% of the group
with DM2 and in 31.9% among those taking GLT. HbAlc levels were not assessed in this
population study. Women effectively controlled glycemia more often than men.

In our study, in the entire DM2 group, we identified 35% of individuals with newly
diagnosed diabetes who had not previously received GLT, which potentially contributes to
a strong prediction of future CVD. The worsened prognosis is supported by the findings of
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a negative effect of prior hyperglycemia on coronary circulation, by an increased likelihood
of having more severe and extensive CHD, and by the poorer profile of cardiometabolic
risk factors in newly revealed DM2, compared with those with known diabetes [30,31].

It has also been reported that among patients with ST-elevation MI (STEMI) under-
going percutaneous coronary intervention (PCI), those with overt or newly diagnosed
diabetes have a similar in-hospital and 3-year mortality rate, though mortality is lower in
patients with pre-diabetes or no dysglycemia [32]. Patients with increased FPG or newly
diagnosed diabetes following MI have an increased incidence of major adverse cardiac
events (MACE) with the negative outcomes [33].

Plasma glucose measurement plays an important role in predicting adverse events,
especially in subjects with previously unknown DM2 [34]. Given the above, more attention
should be paid to individuals with newly diagnosed DM who should be screened for
complications, particularly among those with a history of CV events.

The frequency of GLT use in our sample was expectedly lower compared with the
EUROASPIRE-V study, which analyzed a sample of patients after a coronary event [15]. In
the EUROASPIRE I-V study, 29% of all patients reported having DM2; of them, GLT was
taken as follows: insulin, 32%; oral GLT, 74%; and 16% of the examined patients did not
assess their blood glucose levels after discharge [15].

Our results were closer to the findings of a retrospective analysis of medical and phar-
macological data on GLT use in the United States (more than 1.6 million, age 18-75+) [35],
where the proportion of patients with diabetes who did not take GLT in the period 2006-2013
ranged from 25.7 to 24.1%.

The level of glycemic control among those receiving therapy in our sample was 35%
(<7.0 mmol/L) and was approximately two times lower than the achieved control by the
target HbAlc < 7.0% in the general EUROASPIRE-V cohort (54%) [15], and 1.5 times lower
than in the Russian portion of the EUROASPIRE-V cohort (47%) [36]. At the same time,
in the NHANES study, 2009-2014 [37], the results were close to our data. In particular, in
the NHANES study, 2009-2014, the prevalence of intensive glycemic control was studied,
taking into account the factors contributing to the achievement of the target level of HbA1C
< 7.0%, such as duration of diabetes, smoking, comorbidities, disability, depression and
taking the definite drugs, as well as socio-demographic factors. After adjusting, it was
found that in the adjusted model, the frequency of intensive control was 23.5%, 32.5%,
and 35.6%, for persons aged 50-64, 65-74, and 75+ years, respectively, with no significant
difference by sex [37]. Lipska K]J et al., 2017, similarly, showed that less than half of the
youngest patients (48.0%), but more than 60% of the oldest patients (61.6%) achieved the
level of HbAlc < 7.0% [37]. Thus, older people have been shown to be treated more aggres-
sively than young people to achieve HbAlc < 7.0% despite the presence of comorbidities
and other factors.

In the Tromso study, which included 27,281 women and men aged 40-84 years, there
was a linear increase in the prevalence of diabetes from 1994 to 2016. The overall prevalence
of diabetes, including HbAlc > 6.5%, increased from 3.2% to 5.9% in women and from 3.7%
to 7.9% in men. According to the latest survey, the treatment goal (HbAlc <7.0% or <7.5%)
was achieved in 43.8% of women and 38.5% of men using antidiabetic drugs, compared
with 83.6% and 76.1% of women and men, respectively, who did not take antidiabetic
drugs [38]. The authors found that target achievement was lower among patients using
antidiabetics compared with non-users, which could be explained by less severe disease
among non-users (i.e., diet-regulated diabetes).

According to the Russian DM Register, in 2017, the number of people who reached
the level of HbAlc < 7.0% was 52.2% [20], which was higher, compared with our study,
according to the other criterion of FGP < 7 mmol/L.

In the profile of hypoglycemic therapy in the Novosibirsk sample, about 90% of
individuals treated for DM2 took oral agents, and 12% received insulin. The proportion
of oral therapy in our study was higher, and insulin therapy two times lower, than in the
general EUROASPIRE-V cohort where insulin therapy and oral GLT were 32% and 74%,
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respectively [15]. In the Russian sample of EUROASPIRE-V, the frequency of insulin therapy
was close to ours, at 14.9%, and the proportion of oral therapy was lower, at 72.4% [36].

In our study, two-thirds of patients with DM2 received monotherapy, 30% took com-
bined therapy, including near 24% who received oral drugs combination. These figures are
close to the data from the Federal Russian Register, which showed that in the structure of
DM2 therapy in the RF in 2017, the prescription of oral GLT prevailed (75.2% of patients),
mainly in the form of monotherapy (46.8% of patients); 25.6% of patients received a combi-
nation of two drugs, and 2.8% a combination of three drugs. The number of patients with
DM2 on insulin therapy in 2017 was 18.6%, of which 10.8% received insulin therapy com-
bined with oral GLT, and 7.8% were on insulin monotherapy [19]. Among the oral agents
in our study, metformin was predominantly used (75.2%), SU derivatives were in second
place (35.4%), about 5% of people with DM2 took iDPP-4. TZD group, aGLP-1 and iSGLT-2
were not taken by the participants of the examined sample. Similar data with a slightly
lower proportion of metformin use were shown by the Russian DM Register, where the
most commonly prescribed drugs in monotherapy were metformin, 57.3%, and SU, 41.2%;
in third place by prescription in monotherapy was iDPP-4, 1.0%. The remaining classes
of glucose-lowering medications accounted for less than 1% of monotherapy: glinides,
0.5%; iSGLT-2, 0.1%; TZD group, aGLP-1 and iAG—less than 0.01%. The most frequent
combinations of two glucose-lowering medications were metformin and SU (92.58%), and
metformin and iDPP-4 (5.63%) [19].

In DIGAMI 2, metformin was not associated with lower CVD mortality, but it con-
ferred a reduced risk of non-fatal MI or stroke in the short-term follow-up [39], and lower
mortality rates and risk of death from neoplasms in the long-term period [40]. Metformin
is considered cardioprotective, since treatment with this agent is associated with a lower
risk of mortality (compared with sulfonylurea or insulin therapy) in patients with diabetes
and heart failure or MI, and with a decreased risk of non-fatal MI or stroke in patients with
diabetes and MI [39]. For example, although some studies found no increased risk of ad-
verse outcomes in patients receiving sulfonylurea before an index event [41], other studies
found that patients with diabetes and MI on sulfonylurea, at the time of admission for a
CV event had higher CV risk compared with those receiving metformin [42]. According
to a large-scale CVD-REAL study (300,000 patients with DM2 from national registers), in
clinical practice in Europe and the United States in the structure of GLT for the period of
2015-2017, metformin was prescribed in 78.7%, SU derivatives in 38.7%, iDPP-4 in 33.3%,
TZD in 8.9%, aGLP-1 in 20.3%, and insulin in 29.3%, of patients [43].

Lipska K] et al., 2017, reported a retrospective study based on the U.S. Pharmacological
Service, which analyzed the data for 1,657,610 individuals with DM2 (age 18-75+) from
2006 to 2013. During the study period, the use of metformin (from 47.6 to 53.5%), iDDP-4
(from 0.5 to 14.9%), aGLP-1 (from 3.3 to 5.0%) and insulin (from 17.1 to 23.0%) increased,
but the proportion of SU (from 38.8 to 30.8%) and TZD (from 28.5 to 5.6%) (all p < 0.001)
decreased. Increased insulin use was caused primarily by contribution of basal insulin
analogs (10.9 to 19.3%; p < 0.001) and rapid-acting insulin analogs (6.7 to 11.6%; p < 0.001)
while the use of human insulin products actually decreased (from 11.6% to 5.6%; p < 0.001).
The proportion of diabetic patients who did not intake any GLT, decreased slightly (from
25.7% to 24.1%; p < 0.001). Considering the complexity of treatment, the use of oral
monotherapy increased slightly (from 24.3 to 26.4%) and the use of multiple (two or
more) oral agents decreased (from 33.0 to 26.5%), while the use of insulin alone and
in combination with oral agents increased (from 6.0 to 8.5%, and from 11.1 to 14.6%,
respectively; all values p < 0.001) [35].

Similar trends were observed in the Russian Federation, in 2013-2017. The pre-
scription of metformin increased to 68.3% and insulin to 19.8%, and the share of SU
decreased to 53.6% [19].

While alogliptin and lixenatide have shown safety in the EXAMINE study in the
earlier phase after ACS, empagliflozin (EMPA-REG [44], liraglutide (LEADER [45]), and
semaglutide (SUSTAIN-6 [46]) may offer an opportunity for effective secondary prevention
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of cardiovascular disease. In our region, the percentage of people receiving this therapy
is extremely small, which yields a poor level of secondary prevention of CVD in patients
with type 2 diabetes.

A recent analysis of patients in the U.S.A. showed no improvement in overall glycemic
control and noted an increase in the proportion of patients with HbAlc > 9.0%
(from 9.9 to 12.2%; p < 0.001) between 2006 and 2013, despite the increased use of newer and
more expensive glucose-lowering drugs among these patients [35]. These data, combined
with our present results, highlight the urgent need to re-evaluate existing therapies for
patients with DM2 in order to improve glycemic control.

In the group with effective glucose control, the frequency of metformin use as expected,
was higher compared with the group with ineffective control. We found differences neither
by the frequency of combined therapy nor by the average number of drugs depending on
the effectiveness of glycemic control, in our sample.

5. Study Limitations

The present study had a number of limitations. In a population-based screening, we
were not able to assess the level of HbAlc, and the level of blood glucose was measured
at one visit, which may have affected the identification of DM2. However, this limita-
tion was minimized by the standardized blood sampling procedure (8 h of fasting, the
same personnel and storage protocol) and the performance of analyses according to a
unified protocol on one autoanalyzer KoneLab 300i device (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) using the same Thermo Fisher kits in a certified [IPM—Branch of
IC&G SB RAS laboratory.

The antihyperglycemic profile was analyzed on the basis of self-assessment, which
may have been a source of inaccuracy. However, about 70% of those receiving GLT named
specific drugs; ATC coding was performed by three certified specialists (cardiologists
and an endocrinologist); and in the 10% group, reproducibility was controlled with a
double-blind approach (coefficient of agreement 0.84); this made it possible to eliminate
significant errors in the results. Additionally, the present analysis did not include data on
other drugs or comorbidities. The focus of the paper was SLT in a population-based sample
of DM2, while the interaction between mentioned conditions and profile of DM2 treatment
and glucose control, requires a specific analysis, and is not in the scope of current paper.
Furthermore, non-inclusion of other diseases and drugs for the present analysis is unlikely
to affect the estimates of coverage by GLT, drug profile and frequency of glucose control
among persons with DM2 in a studied population.

Another potential limitation was that we were not able to take into account the
regimen and dosage of drugs in a population epidemiological study, but this did not
affect the assessment of the frequency of use and the profile of GLT, or the revealed fact of
insufficient glycemic control in general. In addition, the applied epidemiological approach
provided comparability with a number of population studies, including long-term studies
for dynamic evaluation.

The results of the analysis are limited to the Novosibirsk sample and cannot be
extrapolated to other Russian regions. At the same time, a typical urban population was
studied, which had a country-specific epidemiological profile and medical care practices,
as well as mortality rates close to the average Russian mortality rates, and the results allow
us to state the insufficiency of GLT on the example of a certain Russian population.

The analysis was carried out in a sample of predominantly elderly people, which limits
the generalization of the results, but given the highest incidence of DM2 in older age, the
results informatively reflect the profile of GLT in a more susceptible part of the population.

Altogether, this study has several strengths. In general, GLT in the Russian Federation
has been investigated by the Federal Register of Diabetes [19]. Data from 2016-2017 on key
cardiometabolic factors in the secondary prevention of CVD, including DM2, have recently
been discussed on the basis of the Russian sample of EUROASPIRE-V for patients after
a coronary event [31]. As an advantage of the present study, we continued monitoring in
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the Siberian region and provided new knowledge on the assessment of the GLT profile
and DM2 control in a non-selective Russian population. The analysis revealed a significant
prevalence of undiagnosed DM2 and insufficient glycemic control. In addition, these
findings were based on a large sample, for the first time establishing the magnitude of
a lack in glucose control at a population level in Russia. In the management of DM2,
the proportion of new glucose-lowering medications was shown to be small, and HbAlc
monitoring was insufficient for appropriate glycemic control, which has a public health
implication to define directions and strengthen efforts for diabetes control.

6. Conclusions

In a population sample of men and women 55-84 years old, examined in a typical
Russian city in 2015-2018, the frequency of DM2 was about 21%. Glycemic control was
achieved in every fifth participant with DM2 (fasting plasma glucose < 7.0 mmol/L) and
in every third participant receiving GLT. Overall, women monitored their blood glucose
levels better than men. In the GLT profile in terms of frequency of use, biguanides ranked
first place, sulfonylurea derivatives ranked second place, insulins ranked third place, and
iDPP-4 ranked fourth place. Combined GLT was used by about one third of individuals
with DM2 (24%—oral, and another 6% in combination with insulin). One third of persons
with DM2 (including those newly diagnosed) did not receive GLT, which significantly
affects the insufficient control of diabetes mellitus in the population.
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Abstract: Background: Obesity is a multifactorial chronic disease involving multiple organs, devices,
and systems involving important changes in the stomatognathic system, such as in the orofacial mus-
cles, temporomandibular joint, cheeks, nose, jaw, maxilla, oral cavity, lips, teeth, tongue, hard /soft
palate, larynx, and pharynx. Patients with obesity indicated for bariatric surgery reportedly pre-
sented with abnormalities in the structures and function of the stomatognathic apparatus. This
occurs through the accumulation of adipose tissue in the oral cavity and pharyngeal and laryngeal
regions. Therefore, this systematic review aimed to elucidate the changes occurring in the stomatog-
nathic system of patients with obesity after undergoing bariatric surgery. Method: Information was
searched based on the equations developed with the descriptors obtained in DECS and MESH using
the PRISMA methodology. Studies published between 2010 and October 2021 in databases including
PubMed, ProQuest, Scielo, Dialnet, EBSCO, and Springer Link were considered. Results: Eighty
articles met the inclusion criteria after evaluating the articles, thereby allowing for the determination
of the morphophysiological correlation of the stomatognathic system with the population studied.
At the morphological or structural level, changes were observed in the face, nose, cheeks, maxilla,
jaw, lips, oral cavity, teeth, tongue, palate, temporomandibular joint, neck, muscles, head, shoulders,
larynx, and pharynx. At the morphological level, the main changes occurred in, and the most infor-
mation was obtained from, the labial structures, teeth, muscles, pharynx, and larynx. Physiological
changes were in breathing, phonation, chewing, and swallowing, thereby revealing the imbalance
in basic and vital functions. Conclusions: Analyzing the changes and structures of obese patients
and candidates for bariatric surgery revealed that, in the preoperative period, the evidence is clear
owing to the presence of a wide range of information. However, the information is more limited
regarding the postoperative period; thus, further research focusing on characterization of the system
postoperatively is warranted.

Keywords: obesity; bariatric surgery; stomatognathic system; physiology

1. Introduction

The stomatognathic system is an integrated and coordinated morpho-functional unit
comprising skeletal, muscular, angiological, nervous, glandular, and dental structures
organized around the occipito-atloidal, atlantoaxial, cervical vertebral, temporomandibular,
dento-dental in occlusion, and dentoalveolar joints, which are organically ligated and
functionally related to the digestive, respiratory, phonological, and facial aesthetic ex-
pression systems. Consequently, this system is associated with the senses of taste, touch,
balance, and orientation. It intervenes in functions of suction, oral digestion (mastication,
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salivation, tasting, and degradation of carbohydrates), swallowing, verbal communication
(phonological modulation, articulation of sounds, speech, and whistles), oral sexuality
(smiling, laughing, orofacial gesticulation, and kissing, among other aesthetic-affective
manifestations), alternate breathing, and vital defense (coughing, expectorating, sneezing,
yawning, sighing, and exhalation and vomiting), which are considered essential for an
individual’s survival [1].

Obesity has become a 21st century problem, as well as one of the fastest growing
health problems worldwide [2,3]. Currently, it is one of the most important and concerning
public health conditions, which is why it has become a priority [4]. According to the Center
for Disease Control and Prevention, obesity is defined as “weight above what is adequate
or considered healthy given the height of each subject”. Concurrently, it defines it as a
chronic disease requiring timely medical care, thereby limiting the activities of daily living.
Its main characteristic is excessive accumulation of body fat that has harmful effects on
health. However, it is considered a treatable disease [3,5,6].

According to statistics from the World Health Organization (WHO), in 2005, 1.6 billion
people aged > 15 years were classified as overweight and 400 million were classified
as obese [7]. Currently, there are approximately 1200 million people in the world with
problems related to overweight and obesity [8]. This constitutes evidence of high levels of
prevalence of the disease, which affects approximately 23% of the adult population of Latin
America and the Caribbean, or ~140 million people [9].

However, the Colombian Ministry of Health and Social Protection (MinSalud) esti-
mates that the prevalence of overweight people in Colombia is approximately 56.4% and,
thus, it is considered a public health problem for the country. Based on data provided by
the same entity, it is predicted that, by the year 2030, 1 out of 2 adults will be obese, and
1 in 4 adults will have severe obesity [10,11]. However, obesity is a preventable disease,
and it can be addressed through multidisciplinary intervention, which includes allowing
the interaction of several professionals during treatment, involving diet, physical exercise,
and pharmacological treatment [12]. However, the combination of eating, sports, and
medicinal habits is sometimes not effective or successful. Therefore, patients resort to
extreme alternatives, such as bariatric surgery, since it provides an effective solution to the
problem in order to reduce food intake and nutrient absorption. This is despite the fact
that the procedure includes invasive surgical intervention in the digestive system [2,13].
It is necessary to clarify that not everyone is an ideal candidate for the procedure, even
though bariatric surgery is a reliable method for long-term weight loss. Candidates must at
least be adults, with a body mass index (BMI) > 40 kg/ m? or with a BMI between 35 and
39.9 kg/m? and a severe associated comorbidity [12,13].

Historically, bariatric surgery emerged in the United States in the 1950s. It was the
pioneering country in the American continent, followed by Brazil, the second country in
the world to perform more bariatric surgeries, with approximately 80,000 surgeries per
year [4,14]. For this approach, it must be highlighted that a suitable bariatric technique must
primarily be very safe; i.e., with a morbidity of <10% and a mortality of <1%. Second, such a
technique must be able to cause the loss of at least 50% of the additional weight, which must
be maintained for a period of approximately 5 years, thereby improving the patient’s quality
of life. It should be noted that there are three techniques for performing these interventions
(malabsorptive, restrictive, and mixed) [15]. The restrictive technique consists of reducing
the capacity of the stomach and preventing the passage of food. However, over time, this
technique forces patients to undergo a reintervention. The malabsorptive technique reduces
the capacity of the stomach by half, producing crossover with the intestine, so that there
is a malabsorption of nutrients from food, forcing the patient into restrictive control after
surgery. The mixed technique has a restrictive and somewhat malabsorptive character,
which allows it to be a well-tolerated procedure, without the patient presenting long-term
complications or requiring reintervention [16]. Another technique used to address this
problem is sleeve gastrectomy (SG) (the malabsorptive type), and it has been the most
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commonly performed technique in the world, and in Colombia, since 2004, followed by the
Roux-en-Y gastric bypass (RYGB) (the mixed type) [17].

In conclusion, it is important to highlight that, despite the many benefits of making
use of this procedure, there are also various changes and anomalies in the structures
and functioning of the different systems, including the stomatognathic system [18,19].
The literature and the investigated studies make it clear that these anomalies severely
compromise the entire stomatognathic system due to the accumulation of adipose tissue
in the oral cavity and in the pharyngeal and laryngeal regions [19], with the adiposity of
these regions being the etiology responsible for the changes in these large and important
structures of the patient, thus compromising morphology and physiology [20]. Considering
the arguments and findings previously revealed, the following research question arises:
how are the stomatognathic systems of obese patients, and those of obese patients with
bariatric surgery, characterized?

2. Materials and Methods

This review was performed following the parameters proposed by the PRISMA
methodology. For this, the databases were identified, and thesauruses were defined in
the search for information. The studies were also selected based on inclusion and exclu-
sion criteria that facilitated the assessment of the studies’ quality and reliability and that,
eventually, allowed answering the research question posed [21-23].

The PICO tool was used to construct the research question. This tool was employed
owing to the fact that it is used to improve the specificity and conceptual clarity of the
clinical problems to be studied, as well as to perform searches with greater quality and
precision, which allows for the collection of pertinent and accurate data to answer the
problem question [24,25].

2.1. Research Question

In accordance with the theme established for the research, the components of the PICO
strategy shown in Table 1 were established, resulting in the following research question:
how are the stomatognathic systems of obese patients, and those of obese patients with
bariatric surgery, characterized?

Table 1. Research Question.

Component Description
P: Patient or problem of interest (Population) Obese patient and post-bariatric surgery
I: Intervention Assessment of the stomatognathic system
C: Comparison Stomatognathic system

Alterations or changes in anatomical and

: Outcom .
O: Outcome functional structures

2.1.1. Inclusion Criteria

1.  Overweight subjects, those with obesity or morbid obesity, or those who had under-
gone bariatric surgery

2. A publication time window of 10 years;

3. Articles focused on the evaluation of aspects related to the distal airways, upper
airways, lower airways, stomatognathic system (morphology and physiology), respi-
ratory system, masticatory system, and swallowing mechanics;

4.  Studies conducted with humans;

Full-text articles;

6.  Free-access articles and current DOIs.

4
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2.1.2. Exclusion Criteria

1.  Articles with DOIs that were not current within the databases for download;
Research with a time window of >10 years;

Articles that were not related to human beings;

Grey literature, such as theses, white books, research and project reports, annual
or activity reports, conference proceedings, preprints, working papers, newsletters,
technical reports, recommendations and technical standards, patents, technical notes,
data and statistics, presentations, field notes, laboratory research books, abstracts,
academic courseware, lecture notes, and evaluations, were excluded.

Ll

2.2. Sources of Information

The key terms were selected from the Descriptors in Health Sciences (DECS) and the

Medical Subject Headings (MESH) (see Table 2).

Table 2. DECS and MESH descriptors.

Source Keyword Related Terms
DECS Distal airways No records found
MESH Distal airways No records found
DECS Obesity No records found
. Morbid obesity, excess adipose tissue, abnormal weight
MESH Obesity gain
DECS Overweight No records found
MESH Overweight Excess weight, increased body fat, increased adipose
& tissue
DECS Bariatric surgery No records found
Weight reduction, metabolic surgery, bariatric surgical
L. procedure, stomach stapling, gastroenterostomy, gastric
MESH Bariatric surgery bypass, gastroplasty, jejunoileal bypass, lobectomy,
lipoabdominoplasty
DECS Upper respiratory tract No records found
. Respiratory system, respiratory tract, upper respiratory
MESH Upper respiratory tract tract
DECS Lower respiratory tract No records found
MESH Lower respiratory tract No records found
DECS Respiratory system No records found
MESH Respiratory system Airways, respiratory function
DECS Masticatory system No records found
MESH Masticatory system Stomatognathic system
DECS Masticatory apparatus No records found
MESH Masticatory apparatus No records found
DECS Masticatory dynamic No records found
MESH Masticatory dynamic No records found
DECS Swallowing disorder No records found
MESH Swallowing disorder Swallowing disorder, difficulty swallowing, dysphagia
DECS Swallowing reflex No records found
MESH Swallowing reflex No records found
DECS iﬁ;ﬁﬂ%‘fgg}% No records found
MESH i)‘/}i;lsli(c))?(l)lg}% No records found
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Table 2. Cont.

Source Keyword Related Terms
DECS $wallow1n.g No records found
biomechanics
MESH Swallowm'g No records found
biomechanics
DECS Dysphagia No records found
. Swallowing disorder, neuromuscular disorder, or
MESH Dysphagia mechanical obstruction
DECS Aspiration No records found
MESH Aspiration Pneumonia, respiratory aspiration
DECS Myofunctlonal No records found
disorder
MESH Myo'functlonal No records found
disorder
DECS Orofacial disorder No records found
MESH Orofacial disorder No records found
DECS Swallowing No records found
MESH Swallowing Swallow
DECS Masticatory alteration No records found
MESH Masticatory alteration No records found
DECS Orofacial motor skills No records found
MESH Orofacial motor skills No records found
DECS Myofunctional therapy No records found
MESH Myofunctional therapy Orofacial myotherapy, orofacial myologies
DECS Stomatognathic system No records found
MESH Stomatognathic system No records found
DECS Breathing No records found
MESH Breathing Breath work
DECS Suction No records found
MESH Suction No records found
DECS Speech No records found
MESH Speech Verbal communication
DECS Phonation No records found
MESH Phonation Sound production
DECS Chewing No records found
MESH Chewing No records found

Source: Information obtained from DECS and MESH.

2.2.1. Search Strategies

A search strategy was developed with the aid of trained institutional professional librarians
from la Universidad Simén Bolivar, Colombia, and la Universidad de Pamplona, Colombia.

Subsequently, the search equations were designed with the terms found. These
equations were created using the logical operators AND/OR/NOT and symbols such
as “” and (). The information search was conducted in PubMed, ProQuest, Scielo, Dialnet,
EBSCO, and Springer Link in the English language (see Table 3).
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Table 3. Search equations.

Database Search Algorithm

(“Bariatric Surgery”) AND (“Disorders”) AND (“Myofunctional”)

(“Bariatric Surgery”) AND (“Disorders”) AND (“Myofunctional” OR “Orofacial”) OR (“Disorder
Physiology”) AND (“Obesity”)

(”Alteration”) AND (“Masticatory System”) AND (“bariatric surgery” OR “Obese”)

(“Deglutition”) AND (“bariatric surgery” OR “Obese”)

(“Orofacial Motor Skills”) AND (“Physiology”)

(“Myofunctional Therapy” OR “Stomatognathic System”) AND (“Physiology”)

(“Orofacial”) AND (“Disorder”) AND (“bariatric surgery”) AND (“Respiration” OR “Suction”
OR “Swallowing” OR “Speech” OR “Phonation”)

(“Orofacial” OR “Bariatric Surgery”) AND (“Breathing”)

(“Orofacial”) AND (“Disorder”) AND (“Bariatric Surgery”) AND (“Suction”)

(“Disorder”) AND (“Bariatric Surgery”) AND (“Swallowing”)

(“Bariatric Surgery”) AND (“Speech”)

(“Disorder”) AND (“Bariatric Surgery”) AND (“Phonation”)

(“Orofacial”) AND (“Disorder”) AND (“Obesity”) AND (“Breathing”)

(“Orofacial”) AND (“Disorder”) AND (“Obesity”) AND (“Suction”)

(“Orofacial”) AND (“Obesity”) AND (“Swallowing”)

PubMed, ProQuest, Scielo, (“Orofacial”) AND (“Disorder”) AND (“Obesity”) AND (“Speech”)

Dialnet, EBSCO, and Springer (“Orofacial”) AND (“Disorder”) AND (“Obesity”) AND (“Phonation”)

Link
(“Distal Airways”) AND (“Obesity”)

(“Distal Airways”) AND (“Overweight”)

(“Distal Airways”) AND (“Obesity”) AND (“Bariatric Surgery”)

(“Distal Airways”) AND (“Overweight”) AND (“Bariatric Surgery”)

(“Upper Airways”) AND (“Obesity”)

(“Upper Respiratory Tract”) AND (“Overweight”)

(“Upper Airway”) AND (“Overweight”) AND (“Bariatric Surgery”)

(“Lower Respiratory Tract”) AND (“Obesity”)

(“Lower Respiratory”) AND (“Overweight”)

(“Lower Respiratory Tract”) AND (“Obesity”) AND (“Bariatric Surgery”)

(“Respiratory System”) AND (“Obesity”)

(“Masticatory System”) AND (“Obesity”)

(“Masticatory Apparatus”) AND (“Obesity”)

(“Masticatory Dynamics”) AND (“Obesity”)

(“Swallowing Disorder”) AND (“Obesity”)

(“Swallowing Reflex”) AND (“Obesity”)

(“Swallowing Physiology”) AND (“Obesity”)

(“Swallowing Biomechanics”) AND (“Obesity”)

(“Dysphagia”) AND (“Obesity”)

(“Aspiration”) AND (“Obesity”)
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2.2.2. Characteristics of the Studies

Initially, the interventions and the respective descriptions of the treatment therapy
were classified. Likewise, these interventions were compared from the perspective of the
control and experimental groups—based on the characteristics of the therapies—including
the model, the technique (if applicable), whether they involved group or individual inter-
ventions, the characteristics of the sessions (number of sessions and frequency and duration
of each session), the effectiveness and benefit of therapies, the intervention protocol, ran-
domization, and the characteristics of the participants.

Additionally, the characteristics of the therapists and evaluators of the results, the
follow-up in time after the interventions, and the findings of the studies were identified. In
cases of missing or unclear data, emails were sent requesting the additional information.

2.3. Selection and Analysis

Initially, a preliminary selection of studies based on a review of inclusion criteria, pop-
ulation characteristics, type of study, and year was taken into consideration. Subsequently,
a registration table was filled out independently in Excel, prepared by the authors, in which
the key elements of each of the selected studies were specified. The process used in the
identification, screening, eligibility, and inclusion of articles is briefly described, following
the structure proposed by the PRISMA statement [26].

3. Results

The eligibility criteria were determined following the order established in the method-
ology by developing each of the phases of the PRISMA flowchart (Figure 1).

Incomplete/duplicate texts:
98,249

Non-compliance with criteria:
267,270

Selection of full texts - Total items included

n=50

]

Final sample 80 articles

= PUBMED: 460,295
a B Studies identified in PROQUEST: 580,424

= .33
E = the databases - SCIE:LO- -”07
£z (n=1,069,124) DIALNET: 356

3z EBSCO: 1,6405

= SPRINGER LINK: 11,314

L 1

E Eliminated

§ Discarded or

. ¢ 90 £5
P eliminated studies - T7pe of documents T
R e eriod: 356,863
E E (n=1,069,044) No access: 47,008
-

|

&4

[}

3

Fase 3
Inclusién

Figure 1. PRISM diagram.

3.1. Identification Phase

The search was performed in the databases PubMed, ProQuest, Scielo, Dialnet, EBSCO,
and Springer Link, according to the crosses of variables constructed from DECS and MESH
keywords. Then, the following filters were applied: type of document, time window, full
or duplicate text, articles without access, and non-compliance with criteria. Finally, articles
were selected to obtain the final sample of 80 articles that were used in this investigation
(See Table 4).
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Table 4. Filters applied.

Total Type of . Incomplete and/or Non-Compliance Selected
Database Atrticles Document Period Duplicate Texts No Access with Criteria Articles
PUBMED 460,295 29,752 330,324 79,016 20,345 832 26
PROQUEST 580,424 259,904 18,580 18,667 24,348 258,901 24
SCIELO 330 120 36 32 15 111 16
DIALNET 356 43 43 1 0 266 3
EBSCO 16,405 5280 4012 3 0 7105 5
SPRINGER
LINK 11,314 4555 3868 530 2300 55 6
TOTAL 1,069,124 299,654 356,863 98,249 47,008 267,270 80
3.2. Selection and Elimination Phase
The initial selection of the research articles was carried out through the preliminary
reading of the titles, summaries, and, later, the introduction, allowing the identification
of the most relevant articles regarding the subject under investigation, with a total of
80 selected articles. The results for each variable crossing in English are listed below (see
Table 5) for the six PubMed, ProQuest, Scielo, Dialnet, EBSCO, and Springer Link databases.
Table 5. Results of the English language crosses in the databases.
Matches/Databases PUBMED PROQUEST SCIELO DIALNET EBSCO SPRINGER LINK
Obesity + Bariatric Surgery 7 8 3 1 1 1
Obesity + Stomatognathic System 6 6 5 2 1 2
Obesity + Physiology 9 6 8 0 3 3
Obesity + Upper Airway 2 2 0 0 0 0
Obesity + Lower Airway 2 2 0 0 0 0
Total 26 24 16 3 5 6

In the first search, 17 crosses were made in English between the different variables,
resulting in 26 articles from PubMed, 24 from ProQuest, 16 from Scielo, 3 from Dialnet,
5 from EBSCO, and 6 from Springer Link, for a total of 80 items.

3.3. Inclusion Phase

The selection proceeded after reading the titles and the summaries of the articles,
and they were analyzed in their entirety with a complete read-through, applying criteria
that allowed a selection that, thus, made it possible to obtain those that clearly answered
the question posed initially. The selection corresponded to a final sample of 80 articles
(See Table 6).

Table 6. Study selection.

N Database

Title Author Year URL

1 DIALNET

Standardized care plan in

https:/ /dialnet-unirioja-es.unipamplona.

Mesa Garcia, C; Mufioz Del 2016 basesdedatosezproxy.com/servlet/articulo?

Castillo, M.

bariatric surgery [27]

codigo=7801587 (accessed on 23 November 2021)

Formulation of criteria to
record tongue position in

https://dialnet.unirioja.es/descarga/articulo/

2 DIALNET patients with atypical Pachon Salem, L. E. 2016 6045809.pdf (accessed on 23 November 2021)
swallowing [28]
Structural and Functional
Alterations of the Pérez Serey, J; Hernandez https:
3 DIALNET Stomatognathic System: Mosqueira, C; Fuenzalida 2021 / /arete.ibero.edu.co/article/view /art.17105

Speech-Language
Management [29]

Cabezas, R.

(accessed on 23 November 2021)
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Table 6. Cont.

N Database Title Author Year URL
https:/ /web-s-ebscohost-com.ezproxy.
Myofunctional and Bolzan Berlese, D; Copetti, uniminuto.edu/ehost/detail /detail?vid=0&
4 EBSCO electromyographic F; Maciel Weimmann, A; 2013 sid=97de324b-fcf4-47c4-a413-4b7a6cde6c62%40
characteristics of obese Fantinel Ferreira, P; redis&bdata=Jmxhbmc9ZXMmc210ZT11aG9
adolescent children [30] Bonfanti Haeffner, L. zdC1s5aXZIJnNjb3BIPXNpdGU%3d#AN=9059
4980&db=a%h (accessed on 04 December 2021)
Pulmonary Function and Carpio, C., Santiago, A., https:/ /scielo.isciii.es /scielo.php?script=sci_
5 EBSCO 0 i [§1]° a Garcia De Lorenzo, A; 2014 arttext&pid=50212-16112014001200009
y Alvarez-Sala, R (accessed on 04 December 2021)
Cdkzar.'la.(citerr1zartllorrilnof SIEZP Mores, R; Delgado, S. E;
szlteiast,iSng of ﬁ;ea Martins, N. F; Anderle, P; http:/ /www.rbone.com.br/index.php/rbone/
6 EBSCO stomatoenathic svstem of Da Silva Longaray, C; 2017 article/view /447 (accessed on 04 December
obesegcan di dat}r]as for Pasqualeto, V. M; Batista 2021)
bariatric surgery [20] Berbert, M. C.
Maximum phonation time
7 EBSCO in people with obesity not Fonseca, A; Salgado, W; 2019 https://www.hindawi.com/journals/jobe /20
undergoing or undergoing Dantas, R. 19/5903621/ (accessed on 04 December 2021)
bariatric surgery [11]
O:rfcsllg{ebi?:;;?tcosl?i)gr?{y M;i?::::«i \]/; éPSa;f;;do https:/ /pesquisa.bvsalud.org/portal /resource/
8 EBSCO health: A review of the Hissano, W; Wang, L; Sales 2019 pt/biblio-1051047 (Zc()czels)SEd on 04 December
literature [32] Peres, S.
Impaired swallowing reflex Teramoto. S: Sudo, E: https:/ /www.proquest.com/docview /200498
9 PROQUEST  in patients with obstructive Matstse ,T ,Oh a ,E ! 1999 630/9EDD348CC9A4A96PQ/2?accountid=4879
sleep apnea syndrome [33] s hga, B 7&forcedol=true (accessed on 17 December 2021)
. https:
10 PROQUEST Theafgfgéog;aﬁi‘;fes{f‘]tem Barreto, J. F 1999 / Jwww.redalyc.org/pdf/283/28330405.pdf
y (accessed on 17 December 2021)
Obesity and the lungs: 2 - https://www.proquest.com/docview /178177
Obesity and Crummy, F; Piper, A. J; 5154 /FFC00B28C8B14725PQ/73?accountid=48
1 PROQUEST sleep-disordered Naughton, M. T 2008 797 &forcedol=true&forcedol=true (accessed on
breathing [34] 17 December 2021)
The effect of dental status https:/ /www.proquest.com/docview /130625
12 PROQUEST on changes in chewing in Godlewski, A. E; Veyrune, J; 2011 2768 /9EDD348CC9A4A96PQ/4?accountid=48
obese patients after Ciangura, C; Chaussain, C. 797 &forcedol=true (accessed on 17 December
bariatric surgery [35] 2021)
Hgbltual snoring an.d Zicari, A. M; Marzo, G; https:/ /www.proquest.com/docview /119771
atopic status: Correlations
13 PROQUEST with res ira'tor function Rugiano, A; Celani, C; 2012 9038/8A83C372D8DF4F3DPQ/9 (accessed on 17
and tooFt)h OCCh)l’SiOI’I [36] Carbone, M. P. December 2021)
Impairment of the distal Marin, G; Gamez, A. S; / /www.proquest con}llt/tdp(s;:cview /14346215192
14 PROQUEST a‘rwaoiérs‘enxi)nrfelily[geﬁcme MOhI‘a\r,;CI}\L;eIfalaml' D; 2013 E1BA5SEDA485B4119PQ/4?accountid=48797
T (accessed on 17 December 2021)
Airway dysfunction in .
ObeSity?’Tge response to Bo ppen;elmer’th S Wl; // ht/th: /1494399689,/2
. erger, Kenneth I; Segal, www.proquest.com/docview
15 PROQUEST  volumary restoration of -t oopq1do N; Stabile, A; 2014 E1BASED485B4119PQ/2%accountid=48797
Voﬁl me [3%] & Coles, K. (accessed on 17 December 2021)
Perlopgratlve respiratory Pouwels, S; Smeenk, F. W; . . .
care in obese patients Manschot. L: Lascaris. B: https:/ /www.sciencedirect.com/science/
16 PROQUEST undergoing bariatric Nienhuii :S ]’3 ™ rl1 I/{ 2016 article/pii/S0954611116301287 (accessed on 17
surgery: Implications for € K'JISS’ui’s o Oltl/IwP an & December 2021)
clinical practice [39] ’ A
Therapeutic strategies for
the management of dry . L . . . . "
17 PROQUEST  mouth with emphasis on Tulek, A; Mulic, A; Hogset, 2021 https:/ /www.hindawi.com /journals/ijd /2021

electrostimulation as a
treatment option [40]

M; Utheim, T. P; Sehic, A.

/6043488/ (accessed on 17 December 2021)
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Table 6. Cont.

N Database Title Author Year URL
Pulmonary vascular Oppenheimer, Beno W; https:/ /www.proquest.com/docview /177773
18 PROQUEST congestion: A mechanism Berger, Kenneth I; Saleem, 2016 5040/2E1BA5ED485B4119PQ/ 1?accountid=48
for distal pulmonary unit Ali; Segal, Leopoldo N; 797 &forcedol=true (accessed on 17 December
dysfunction in obesity [41] Donnino, R. 2021)
Comparison of Interview to
Questionnaire for Globus, I; Kissileff, H. R; https:
19 PROQUEST Assessment of Eating Hamm, J. D; Herzog, M; 2021 / /www.mdpi.com/2077-0383/10/6/1174
Disorders after Bariatric Mitchell, J. E; Latzer, Y. (accessed on 17 December 2021)
Surgery [4]
Food insecurity as a .
. o . . . https:/ /www.proquest.com/docview /198826
20 PROQUEST determinantof obesity in Ortiga, D; Andrews, C; 2017 4531/144D2D2995EF403FPQ/471 (accessed on
humans: The insurance Bateson, M.
hypothesis [3] 17 December 2021)
The impact of bariatric
surgery on
sleep-disordered breathing Mashaqi, S; Steffen, K; https:/ /www.proquest.com/docview /208048
21 PROQUEST  parameters from overnight Crosby, R; Garcia, L; 2018 7482 /8E81COCD3DA94C5EPQ/198 (accessed on
polysomnography and Cureus, P. 17 December 2021)
home sleep apnea
testing [13]
Perceived oral health in
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Table 7 shows the characterization of the stomatognathic system from its morphologi-
cal changes.
Table 7. Characterization of the stomatognathic system (morphological changes).
Obese Patient Structure Post-Bariatric Patient
e  Facial asymmetry with greater size in the middle and
lower third of the face [18,30] Face Theoretical information not evidenced
° Asymmetry in lip corners in normal position and in
smile [65,70]
e  Flattened and narrow nostrils (turbinate hypertrophy)
[30,36,52] Nose Theoretical information not evidenced
° Deviated septum [54]
° Tension with slight drop [18,70]
¢ Hypertor}m 18] Cheeks Theoretical information not evidenced
° Hypotonia [30,54]
° Dysfunction for inflating, retracting, and sucking [18]
e Atretic[30] Maxillary Theoretical information not evidenced
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Obese Patient

Structure

Post-Bariatric Patient

Impaired mobility [18,47]
Clockwise rotation of the mandibular angle [30]

Mandible

Theoretical information not evidenced

o  Contraction during swallowing [18]
Dysfunction when protruding, retracting, and

lateralizing on both sides [18]

Decreased tone [30,54,69,70]

Without lip seal [30,54]

Short upper lip and functioning hiccups [30]
Thick lower lip [15,29]

Dryness [30]

Lips

Theoretical information not evidenced

e  Mallampati scale with Class III (only the soft palate
and uvula are visualized) and Class IV (only the hard

palate is visualized) results [20]

Dental caries [32]

Open bite [30]

Protrusion of upper teeth [66]

Erosion, attrition, abrasion, and fraction [58]
Loss of teeth [54]

Oral cavity

Invariance of Class III and IV on the
Mallampati scale [20]

Dental caries and dental erosion due to
recurrent acidity in the oral cavity, with a
higher prevalence in patients undergoing a
Roux-en-Y gastric bypass [58]

Teeth

Increased periodontal disease and
hypersensitivity [2]

Abnormal position (lowered or low) [18,20,70]
Volume increase [18,20]

Decreased tone (hypotonia) [30,54,69]
Increased tone (hypertonia) [52,69]

dental arches [35,54]

Difficulty performing praxis or movements [30,69]
Tongue covered or interposed anteriorly between the

Tongue

Theoretical information is not evidenced

e  Dysfunction in the width and height of the hard palate

(deep ogival) [18,70]
Soft palate with reduced mobility [30]
Increased length of the soft palate [52]

Palate

Theoretical information not evidenced

° Presence of noise [18]

Temporomandibular
articulation

Theoretical information not evidenced

° Increase in circumference [42]

Neck

Theoretical information not evidenced

e  Presence of mental muscle tension during
swallowing [18]

Hypotonic orofacial musculature [30]
Mental muscle hyperfunction [30]

Presence of reduced tone in temporalis muscle [70]

Excessive contraction of the orbicularis oris muscle [54]

Muscles

Theoretical information not evidenced

Left leaning posture in hyperextension [70]
Hyperflexion [18]

Head

Theoretical information not evidenced

° Right shoulder higher than left [70]

Shoulders

Theoretical information not evidenced

° Narrowing due to accumulation of fat in the
respiratory tract [20]

° Thickening of the lateral walls with little possibility of

seeing the posterior pharyngeal wall [11,20,52]
e  Mechanical obstruction of the nasopharynx

(adenotonsillar hypertrophy) [36]
° Pharyngeal collapse [81]

Larynx and
pharynx

Theoretical information not evidenced

Table 8 presents the characterization of the stomatognathic system from its physiologi-

cal changes.
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Table 8. Characterization of the stomatognathic system (physiological changes).

Obese Patient

Function

Post-Bariatric Patient

Respiratory disorder with hypoventilation [13,57,62]
Obstructive sleep apnea [13,18,20,40,57,61,62,69,81]

Oral respiration [18,30,36]

Reduced olfactory ability due to chronic nasal obstruction [68]
Respiratory failure due to collapse of the upper airway [42,53]
Lung disease and asthma [20]

Decrease in the fundamental frequency due to obstruction of the
air flow [52]

Diaphragmatic dysfunction [59]

Difficulty in phonorespiratory coordination [52]

Presence of snoring [36]

Presence of moderate dyspnea [12]

Hypoxia [57]

Oxygen desaturation [57]

Reduced functional residual capacity [61]

Respiration

Significant reduction in obstructive sleep
apnea-hypopnea index >50% and -20 events per
hour [13]

Mild respiratory disturbances [57]

Presence of obstructive sleep apnea syndrome [57]
Adult respiratory distress syndrome (ARDS) [57]

Escape during the emission of phonemes [70]

Impaired spontaneous speech due to mandibular deviation [70]
Short maximum phonation time [11]

Altered voice quality (strangled, hoarse, and gasping) [11,79]
Presence of hoarseness, murmurs, vocal instability, altered
nervousness, and brilliance; in addition, strangulation of the voice
at the end of the emission [11]

Vocal fatigue with voice failure [37,52]

Phonatory dysfunction due to dehydrated mucosa [40,56]

Phonation

No significant improvement in MPT or maximum

phonation time [11]

Masticatory dysfunction due to:

Dental alterations [2]

Lack of bite force [18]

Chronic and mild unilateral preference [18,19,44]
Dehydrated mucosa [60]

No presence of grinding phase [18]
Hypotonicity of the lips and tongue [19]

Rapid masticatory pattern [70,72]

Taste reduction [80]

Alternate bilateral chewing [30]

Altered saliva production [40]

Mastication

Persistence of masticatory dysfunction

Swallowing dysfunction due to:

Tension of facial muscles and altered posture [18]

At the level of consistencies, 50% alteration in solids and 25%
alteration in liquids [18]

Dehydrated mucosa [40]

Adapted swallowing [30]

Low swallowing efficiency due to repeated swallowing of the
bolus [18]

Hypotonicity of the lips and tongue [20]

Neural deterioration [83]

Multiple swallows due to cheek hypotonicity [19]

Difficulty in oral propulsion due to pharyngeal, nasal, or palatal
obstruction [30]

Presence of food residues in the cavity [19,70]

Presence of large food bolus [70,72]

Gastroesophageal reflux [44,81,83]

Oropharyngeal dysphagia [84]

Esophagitis [83]

Swallowing dysfunction due to dehydrated mucosa [40]
Binge eating disorder [43,71]

Alteration in sense of taste and sensitivity of oral mucosa [77]
Nutcracker esophageal dysphagia [81]

Swallowing

Sensation of choking or stagnation [18,70]
Gastroesophageal reflux [2,18,70] after sleeve
gastrectomy [83]

Binge eating disorder [43,71]

Acid reflux is increased in patients undergoing
sleeve gastrectomy (SG) and decreased in patients
undergoing Roux-en-Y gastric bypass (RYGB) [64]

Alteration of suction due to:

Hypotonicity in cheeks [18]
Impaired mouth breathing [30]
Absence of lip seal with interposition of the tongue [54]

Suction

Theoretical information not evidenced
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4. Discussion

The stomatognathic system (SS) is also called the masticatory apparatus (MA), and
the word “stomatognathic” originates from the Greek “stoma” (mouth) and “gnathos”
(jaw). The stomatognathic system refers to structures that are anatomically and functionally
linked [51] to processes related to vital functions, such as breathing, sucking, chewing,
and swallowing, and social functions, such as phonation and articulation [78], and these
are integrated by different structures that allow the development of each function in a
harmonious and balanced way [38,41]. First, there are bony structures, such as the skull,
facial bones, hyoid bone, larynx, maxilla, mandible, and bony palate. There are also
muscular structures, such as the muscles for mastication and facial expression and the
muscles of the tongue, soft palate, pharynx, and neck, as well as other structures, such as
the head, nose, oral cavity, teeth, and shoulders [29].

Based on the above, any change or alteration in any of the bodily structures can lead to
its imbalance and this will simultaneously have an effect on the performance of its functions,
thereby generating a negative influence on people’s daily lives [48]. Currently, studies
demonstrate that obesity is the etiology of these structural and physiological changes,
given that obese patients present excessive accumulations of adipose tissue in regions
that have direct effects [19,75]. To reduce the dysfunctions associated with obesity, these
patients undergo surgical interventions, including bariatric surgery, which appears to
have a positive impact. However, if a patient does not receive an intervention for existing
alterations, the alterations reportedly persist and even worsen [39,50].

Within the investigated databases, it is possible to provide details on the characteri-
zation of the SSs of patients with obesity and post-bariatric surgery. In terms of the facial
features, patients with obesity may present an asymmetry, with differences in measure-
ments of the middle and lower thirds of the face [18,30], as well as in the corners of the lips
in the habitual position and when the subjects smile [70]. A flattened nose, with a possible
deviated septum and turbinate hypertrophy caused by the narrowing of the nostrils, may
trigger these patients to become oral breathers and affect other SS functions [36,52]. Hy-
potonic cheeks, with slight sagging on one side and dysfunction in performing requested
exercises, such as inflating, retracting, and sucking, may also be present [18]. However,
other authors state that the cheek hypertonia of the patients included in their studies was
attributable to continuous food intake, an argument contradicted by theory, as it has been
determined that obese patients do not perform the chewing phase correctly and have
preferences to swallow food whole [30,54].

Atretic maxilla is evidenced when the hard palate is arched or vaulted and the soft
palate, for its part, is increased in length and reduced in mobility, as well as being charac-
terized by mobility alterations in the mandible, with rotation of the mandibular angle [34],
and repercussions related to the presence of noises from the temporomandibular joint. Lips
show the presence of dryness and are contracted during the swallowing process. In the
usual state, they do not present a lip seal, their tone is decreased [54,72], and they exhibit
dysfunction when performing requested praxias (protruding, retracting, and lateralizing to
both sides) [18]. The upper lip, for its part, is short and hypo-functional, and the lower lip
is observed to have great volume [30].

Regarding the oral cavity, a study based on the Mallampati scale—which is useful
for analyzing air obstructions that prevent its passage from the nose and mouth to the
lower respiratory tract—reported that the results obtained by these patients were Class
III (indicating visualization of only the soft palate and uvula) and Class IV (indicating
visualization only of the hard palate) [20], states that may indicate the appearance of
obstructive sleep apnea [34]. Authors emphasize that the results of this scale in the case
of a post-bariatric patient will remain unchanged, since such changes only depend on the
gradual loss and reduction of the BMI, as structures such as the larynx and pharynx in obese
patients are affected through the accumulation of fat in the respiratory tract, thickening and
narrowing the lateral walls and obstructing the nasopharyngeal mechanics (adenotonsillar
hypertrophy), which is why pharyngeal collapse can occur [20,36,81].
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Dental wear is the gradual loss of tooth substance without the involvement of the
caries process or interference from the action of microorganisms or trauma. Changes
in lifestyle, diet, and behavior play a fundamental role in this process. Patients with
obesity usually consume unhealthy diets and, therefore, have an oral profile including
loss of teeth [54], erosion, attrition, abrasion, and dental fraction [58], as well as other
characteristics independent of their diet, such as dental caries, periodontitis [2,32,66], open
bite, and upper teeth protrusion [30]. Patients undergoing RYGB present recurrent acidity
in the oral cavity compared to those undergoing SG, affecting dental erosion, periodontal
disease, and hypersensitivity [2,58].

The orofacial muscles are crucial for the performance of stomatognathic functions that
are relevant to health and quality of life. Therefore, for example, problems may arise in
chewing and in the manipulation and propulsion of the food bolus during swallowing if
performance is affected [74]. In the case of patients with obesity, their musculatures will
be perceived as hypotonic with hyperfunction of the mentalis muscle and tension during
swallowing [30], excessive contraction of the orbicularis oris [54], and hypotonicity of the
temporalis muscle [70]. Regarding the musculature of the tongue, some studies register
an increased tone [52,70]; however, most studies agree that it is hypotonic [30,54,72]. In
addition, an increase in volume and an abnormal position, called “cloaked or low tongue”,
or sometimes interposed between the dental arches [18,20,54], can be observed.

Finally, structures such as the head, neck, and shoulders are also highlighted within the
information obtained from the studies, since functional harmony between them is necessary
to ensure that each of the functions involved in the SS is correctly developed. When patients
with obesity accumulate fat, the circumference of their neck increases, which is considered
an anthropometric predictor of the severity of obstructive sleep apnea syndrome and of a
possible collapse of the upper airway [42,52]. In addition, these patients adopt a head tilt
and hyperflexion posture, with one shoulder more inclined relative to the other [30].

Undoubtedly, the results obtained reflect a broad characterization of the functions of
the SS in obesity. Before bariatric surgery, patients with obesity suffer from respiratory
disorders, such as alveolar hypoventilation and obstructive sleep apnea [63], apnea being a
condition that has been reported on multiple occasions with a wide variety of evidence in
scientific articles [13,18,20,44,57,60,82]. The respiratory mode of obese patients is oral because
of the numerous structural changes; a chronic nasal obstruction is possibly maintained,
thereby leading to attempts to restore the function that is vital for the patient’s survival and,
consequently, affecting physiological breathing [18,36]. Likewise, there is an insufficient
ability to perceive odors from the environment [30]. In addition to this, the collapse in the
structures that make up the upper airway [42] may lead to respiratory failure and other lung
diseases, such as asthma [20]. When there is an obstruction of the flow of air coming from the
pulmonary complex, the vibration of the vocal folds and the number of times per second in
which they must vibrate are affected, which is known as a decreased fundamental frequency.
Phonorespiratory incoordination occurs because of poor air support as a result of affected
lung capacity, which leads to alterations in vocal mechanics [52].

Episodes of snoring are frequent and are the result of limitations related to and
increases in respiratory effort, causing hypoventilation or slow breathing and generating
sleep interruption, also known as apnea [36]. Likewise, patients experience moderate
dyspnea or a feeling of shortness of breath [44], which can, in extreme circumstances,
trigger hypoxia, decreased oxygen supply to various tissues, or low desaturation [57]
and reduced residual lung capacity. This indicates inadequate chest expansion and can,
therefore, affect normal respiratory function [76]. Obstructive sleep apnea persists even
after bariatric surgery; however, the development of adult respiratory distress syndrome is
also possible [61]. In contrast, some bibliographic bases show the existence of a significant
reduction in the rate of obstructive sleep apnea and hypopnea by >50% and of nocturnal
episodes to <20 events per hour, which can be characterized as adequate or within a range
of possible normality [57].
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In the phonatory field, one study reports, through a speech evaluation, an air leak dur-
ing the emission of phonemes, with mandibular deviation during spontaneous speech [70],
as well as a short maximum phonation time, justified because ventilatory pressures are
lower than expected during inspiration and expiration, causing a reduction in respiratory
muscle strength, lung capacity, and respiratory reserve volume [11]. Obese patients present
with fatigue and phonatory dysfunction because of the dehydration of the mucosa of the
area, generating altered vocal qualities (strangled, hoarse, and gasping voice), the presence
of murmurs, vocal instability, nervousness, and prosodic alteration of speech or vocal
brightness [52]. However, these patients do not report significant improvements in the
maximum phonation time after undergoing the surgical procedure [11].

The masticatory patterns of patients with obesity undergoing bariatric surgery are
strongly affected. The characteristics are maintained before and after bariatric surgery,
which means that the masticatory dysfunction does not change and is persistent. This
dysfunction is caused by dental alterations, the cause of which is, theoretically, the high
level of recurrent acidity in the oral cavity, which causes caries, erosion, or loss of teeth and
dental hypersensitivity [2], as well as, simultaneously, a weak bite force. There is also a
chronic unilateral preference [18,73] and mild mucosa in the dehydrated area [40], without
a crushing phase, according to the food bolus [18], and hypotonicity, or low muscle tone, in
the lips and tongue [28]. Chewing speed is also affected [69,70], and some patients show
the ability to taste outside the normal parameters or decreased ability to taste [30] and
low production of saliva or hyposalivation, which leads to difficulty in moistening and
macerating food adequately and satisfactorily [40].

The swallowing function of patients with obesity, like the other vital functions, is also
affected owing to the tension in the facial muscles and the abnormal position of the tongue
during chewing (hooded or lowered tongue). The information that suggests that obese
patients swallow repeatedly or abnormally is new, with alterations of 50% for swallowing
solid consistencies and 25% for swallowing liquid consistencies [18]. The mucosa that
converges in the process of swallowing food is dehydrated [4]. The swallowing pattern is
classified as having low efficiency because of repeated swallowing of the bolus or multiple
swallows [18]. These changes make it difficult to propel the food orally, in addition to
the existence of pharyngeal, nasal, or palatal obstructions [30]. Patients may also show
food residues in the oral cavity [70], a large food bolus construct [27,31], gastroesophageal
reflux disease [32,44,83], and oropharyngeal dysphagia (OFD) [55], a symptom that refers
to the difficulty in forming or moving the food bolus toward the pharyngeal wall or toward
the esophagus and which is concurrently related to difficulty in oral propulsion. OFD
causes alterations in safety (possible aspiration pneumonia) and efficacy (dehydration and
malnutrition), thereby increasing the morbidity and mortality of individuals experiencing
this condition and, consequently, deteriorating their quality of life [46,73]. Other features
of the swallowing function in obese patients include esophagitis or inflammation, which
damages the duct that extends from the throat to the stomach [83], and binge eating
disorder or compulsive behavior through binge eating, where the main characteristic
is loss of control over what is eaten [43,71]. The swallowing reflex is well coordinated
with breathing patterns in normal humans. However, patients with obstructive sleep
apnea syndrome may have a swallowing disorder that reflects abnormal nerve and muscle
function in the suprapharynx [34].

Furthermore, the observation that patients with obesity have a nutcracker-shaped
esophagus is frequently related to an anomaly or to hypercontractile motor disorder with
characteristically high amplitude waves in the distal esophagus—the main symptoms
being chest pain and dysphagia [81]. All the abovementioned alterations are categorized
under the terms “swallowing dysfunction” and “adapted swallowing”. Theory defines
adapted or atypical swallowing as an alteration in the oral phase of swallowing that
is characterized by the inadequate position of the tongue and other structures of the
oral cavity and that appears when there is an alteration in the form and function of the
same. This altered pattern is observed when the structures of the oral cavity have to
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adapt as a consequence of a structural or functional alteration [60]. Sensations of choking
or stagnation [18], gastroesophageal reflux [2,18], and binge eating disorder [43,71] are
alterations that, according to theory, continue to present even after the postoperative period,
which indicates that swallowing dysfunction persists after bariatric surgery.

In addition, the reviewed studies show the mechanical effects of obesity on pulmonary
physiology and the function of adipose tissue, this latter being an endocrine organ that
produces systemic inflammation and affects central respiratory control [49]. Patients with
morbid obesity show increased total, airway, peripheral, and tissue system resistance, even
though they do not show limitations in expiratory flow or reduced respiratory muscle
strength [63]. The already mentioned mechanical effects on the respiratory system can
trigger dyspnea, wheezing, and cough, thereby becoming a morbidity of the respiratory
system [47]. Major respiratory complications of obesity are considered to include increased
ventilatory demand, increased effort in breathing, respiratory muscle inefficiency, and
decreased respiratory compliance [48].

Changes in respiratory system compliance and lung volumes can negatively affect
pulmonary gas exchange and lead to upper airway obstruction and sleep-disordered
breathing. Therefore, the perioperative period should be carefully observed [82]. Among
other things, decreased functional residual capacity, decreased expiratory reserve volume,
decreased compliance, and increased resistance of the respiratory system imply breathing
with low lung volume, promoting airway closure in dependent lung zones with consequent
abnormalities in gas exchange, even though the capacity of the lungs to diffuse carbon
monoxide is normal or increased [83].

Obesity is characterized by increased systemic and pulmonary blood volume (pulmonary
vascular congestion). The concomitant abnormal diffusion of the alveolar membrane suggests
subclinical interstitial edema. In this setting, functional abnormalities should encompass the
entire distal lung, including the airways [38]. These abnormalities are caused by the reduction
in lung volume at rest; however, airway inflammation, vascular congestion, and/or concomi-
tant intrinsic airway disease may occur [41]. A study of obese women demonstrated that
the airways are characterized by hyperreactivity. Bronchial hyperreactivity is an exaggerated
response of the bronchial mucosa and is the cause of bronchospasm. Some of the agents
that can trigger bronchial hyperreactivity are respiratory infections, substances present in the
environment, such as pollen or smoke, and certain drugs [72].

Global dysfunction of the distal lung (alveolar membrane and distal airways) is asso-
ciated with pulmonary vascular congestion and failure to reach the high-output state of
obesity. Pulmonary vascular congestion and consequent fluid transudation and/or alter-
ations in alveolar-capillary membrane structure can be considered as often unrecognized
causes of airway dysfunction in obesity [41].

One study describes the phenotype of pulmonary dysfunction in obesity as reduced
functional residual capacity (FRC) with airway narrowing, distal respiratory dysfunction,
and bronchodilator response [38]. The repercussions of obesity on respiratory function
are associated, above all, with the restrictive alteration caused by excess adipose tissue.
Increased fat in the chest and abdomen can shift the elastic equilibrium point between
the chest and lungs, thereby reducing FRC [42]. Obesity also significantly interferes with
respiratory function by decreasing lung volume, particularly expiratory reserve volume,
and FRC [84].

For this reason, bariatric surgery effectively reduces neck and waist circumference, in-
creases peak ventilatory pressures, improves sleep architecture, and reduces sleep-disordered
breathing, specifically obstructive sleep apnea, in patients with severe obesity [80].

5. Conclusions

There are compromises that negatively affect the harmonious and joint form of the
morphological and physiological unit that is the stomatognathic system (SS) in patients
with obesity, which are due to an imbalance caused by the concentrated accumulation of
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adipose tissue characteristic of a BMI > 40 kg/m? or between 35 and 39.9 kg/m? above
that established for normality according to an individual’s height.

Breathing, chewing, and swallowing are the functions of the stomatognathic system in
patients with obesity that provided the most information during the evidence search process.
Most of the articles investigated coincided in specific information, which allowed the
broad characterization of each of these functions and, in the same way, of those structural
alterations that play a significant role in said functions. The most cited were lip dysfunction;
cloaked tongue, or lingual and cheek hypotonia; lip hypotonia with no lip seal; the presence
of periodontitis; dysfunction in the width and height of the hard palate; and, finally,
thickening of the lateral walls of the pharynx.

Swallowing dysfunctions caused by gastroesophageal reflux may vary according to
the bariatric procedure performed. If the patient undergoes RYGB, acid reflux will decrease,
given the implications of the procedure, unlike if they undergo SG, which favors an increase
in acid reflux in these patients and, simultaneously, the alteration of the stomatognathic
system (SS) at the morphological level.

The information evidenced within the literature reflects the need to develop and
implement multidisciplinary work with obese patients before and after they undergo
bariatric surgery, given that the alterations of the stomatognathic system, if not treated in
the preoperative period, may persist and even worse, thereby negatively impacting these
patients” quality of life.

After performing an exhaustive search on the stomatognathic system in patients with
obesity before and after surgery and analyzing all the information obtained on the structural
and functional alterations of this system, we noted that there is ample and clear evidence
regarding the condition of obese patients who are candidates for bariatric surgery. However,
when considering post-bariatric patients in relation to the stomatognathic system, the
information changes and shows great limitations. Certainly, in this case, the data obtained
were scarce.

It is evident how interest in bariatric surgery has grown in recent years. The number
of bariatric surgeons has been progressively increasing, along with the number of patients
undergoing these surgeries, which highlights considerable positive impacts on weight loss,
metabolic control, and self-esteem, among others. However, many other diseases in obese
patients that compromise this population’s quality of life, such as those of the SS, have been
forgotten, and there is a lack of knowledge about the advantages of this surgery for the SS.

Considering the abovementioned information, the greatest contribution of this review
would be to arouse interest in the evaluation of patients with obesity before and after surgery
beyond weight control. A comprehensive and multidisciplinary evaluation should be per-
formed that includes breathing, chewing, and swallowing as basic functions to be analyzed,
thereby allowing patients to have a great opportunity to improve their quality of life.
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Abstract: Obesity and its comorbidities are humans” most prevalent cardio-metabolic diseases
worldwide. Recent evidence has shown that chronic low-grade inflammation is a common feature in
all highly prevalent chronic degenerative diseases. In this sense, the gut microbiota is a complete
ecosystem involved in different processes like vitamin synthesis, metabolism regulation, and both
appetite and immune system control. Thus, dysbiosis has been recognised as one of the many factors
associated with obesity due to a predominance of Firmicutes, a decrease in Bifidobacterium in the
gut, and a consequent short-chain fatty acids (SCFA) synthesis reduction leading to a reduction in
incretins action and intestinal permeability increase. In this context, bacteria, bacterial endotoxins,
and toxic bacterial by-products are translocated to the bloodstream, leading to systemic inflammation.
This review focuses on gut microbiota composition and its role in obesity, as well as probiotics and
prebiotics benefits in obesity.

Keywords: obesity; gut microbiota; short chain fatty acids; probiotics; prebiotics

1. Introduction

Obesity is a chronic, complex, endocrine-metabolic disease that is a significant risk factor
for numerous comorbidities [1]. Data from the National Health and Nutrition Examination
Survey (NHANES) have shown that obesity prevalence in the United States increased from
30.5% in 1999-2000 to 42.4% in 2017-2018 [2], a fact that is conveyed in healthcare costs, not
only in the USA but in many countries with Westernized lifestyles [3-5].

Some risk factors such as daily calories ingested, socioeconomic level, place of resi-
dence (urban or rural), sex, age, physical activity, diet quality, and behavioural disorders [6],
among many others [7], drive obesity development throughout life in connection with
genetic factors. Thus, scientific evidence has been accumulating regarding gut microbiota
(dysbiosis) alterations can play a central role in the onset and further development of
obesity, leading to coin the term “obese microbiota”, as that microscopic community of
the distal digestive tract that swifts away from its typical architecture [8]. In this vein, the
gut microbiota refers to the microorganism population that usually inhabits the intestinal
lumen, which plays a pivotal role in the physiology, pathophysiology, and evolution of
multiple diseases such as diabetes mellitus [9], irritable bowel syndrome [10], Parkinson’s
disease [11], bronchial asthma [12], and even obesity [13], probably mediated by anti-
inflammatory and immune response regulators metabolites [14,15]. Moreover, a significant
proportion of individuals with obesity exhibit variations in their gut microbiota. There is
scientific evidence enough to support that dysbiosis and inflammation play a pivotal role
in many gastrointestinal and metabolic diseases, particularly obesity [16].

This review aims to briefly examine the intestinal microbiota structure, metabolism,
and possible changes in obesity and the potential link with the endocrine-metabolic dis-
orders usually associated with this condition. In addition, a critical analysis of first- and
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second-generation probiotics” usefulness in obesity management is presented, as well as
promising innovations in dysbiosis therapy and their possible impact on obesity prevention
and treatment.

2. Structure of the Human Gut Microbiota

The microbiota refers to the set of bacteria, fungi, and viruses found in different tissues
that, although individual, have a common characteristic in most microorganisms for a
particular host. Eubiosis occurs when microbiota microorganisms are functional composi-
tional and ecologically in equilibrium with the host [17]. The human microbiota comprises
nearly 10,000 microorganism species and sub-species [18], with the gut microbiome con-
taining over nine million genes [19]. Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria,
Fusobacteria, and Verrucomicrobia are the main microorganisms in the gut microbiota, with
a clear predominance of Firmicutes and Bacteroidetes representing 90% of the human gut
microbiota [20].

The phylum Firmicutes comprises Gram-positive endospores-forming bacteria and a
genome with low DNA G + C content [21]. More than 200 genera, including Lactobacillus,
Bacillus, Clostridium, Enterococcus, and Ruminicoccus, have rigid or semi-rigid walls, with
Clostridium accounting for 95% of them [22]. The phylum Actinobacteria, which consists
of Gram-positive, branched, non-motile, non-spore-forming microorganismes, is the least
predominant at the intestinal level and is represented by the genus Bifidobacterium [23] and
plays a vital role in the colonisation of the digestive tract of children born by vaginal deliv-
ery, conversely, it is significantly less in those born by cesarean section [24]. On the other
hand, the phylum Bacteroidetes is composed of Gram-negative bacteria of Bacteroides and
Prevotella genera [20], playing as primary polysaccharide processors [25] and whose final
products are substrates for enzymes from other bacterial genera that eventually participate
in the immune system regulation [26], intermediary metabolism [27] and intestinal-brain
axis signalling [28-30]. Bacteria such as Lactobacillus (Firmicutes) and Bifidobacterium (Acti-
nobacteria) hydrolyse and ferment very specific polysaccharides to produce the short-chain
fatty acids (SCFA) acetate, butyrate, and propionate (Figure 1) [31]. In this regard, propi-
onate is produced mainly by Akkermansia muciniphila, whereas butyrate is produced by
Faecalibacterium prausnitzii, Eubacterium hallii, and Eubacterium rectale [32].
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Figure 1. Gut microbiota composition: Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria are
the four “standard” Phyla in our gut intestinal microbiota. Each phylum comprises bacteria with
diverse structures, metabolism, and functions.
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3. Are the SCFA the Missing Link between Dysbiosis and Obesity?

SCFAs are G protein-coupled receptors (GPCRs) ligands, activating anti-inflammatory
signaling cascades [33]. In addition, SCFA may also act by preserving intestinal in-
tegrity [34], reducing luminal pH [35,36], protecting intestinal lining, especially the luminal
mucopolysaccharide layer [37], and regulating GAP and tight junction expression.

Although diffusion of short-chain fatty acids in their neutral (undissociated) form is an
important absorption mechanism, anionic form uptake by transporter proteins is the main
route for SCFA translocation across the cell membrane. Several transport systems have
been described for SCFA transport in colonocytes: MCT1 (SLC16A1) and MCT4 (SLC16A3)
are H+ coupled electroneutral transporter. MCT1 is expressed in the apical and basolat-
eral membrane of the colonic epithelium, whereas MCT4 is specifically expressed in the
basolateral membrane. SMCT1 (SLC5A8) is a Na+ a coupled electrogenic transporter [38],
whilst SMCT2 (SLC5A12) is a Na+ a coupled transporter but electroneutral. SMCT1 and
SMCT?2 are expressed exclusively at the apical membrane [39,40]. Finally, an anion ex-
change mechanism coupled to bicarbonate efflux has been reported in the literature, but
their identification and isolation have remained elusive. As a result of these mechanisms,
SCFAs are efficiently absorbed across the colonocyte apical membrane in approximately
90-95% [41].

The downstream SCFA effects are mediated, at least in part, by histone deacetylase
(HDAC) inhibition [42] downstream and thus decrease pro-inflammatory cytokine produc-
tion. In addition, other essential functions of SCFA involve the peroxisome proliferator-
activated receptor-alpha activation, increasing the substitution of old cells by renewed
epithelial colonic cells [43] and the induction of IL-10 in T cells, as well as increasing the
antibodies production through B cells differentiation into plasma cells [44] improving the
adaptative immunity response [45]. In addition, factors such as SCFA speed, volume,
and acetate/propionic/butyric ratio bring a complex interplay between fermentable diet
polysaccharides, microbiome diversity and activity, and, eventually, the gut transit time.

It is well-known that fermentable carbohydrate consumption and SCFA administra-
tion produce a wide range of health benefits, including body composition improvement,
increased insulin sensitivity, a low-risk lipid profile, body weight reduction, and cancer
risk reduction as colon cancer. In the same vein, SCFA also plays an essential role in
obesity pathophysiology by intermediary metabolism regulation and appetite control [46],
at least, in part, by stimulating the incretins synthesis and secretion by entero-endocrine
L cells, a specific butyrate-mediated effect [47,48]. Thus, an interesting group of scien-
tific papers conducted in humans by Chambers et al. [49] using soluble fiber as inulin
propionate-ester demonstrated an appetite and food intake attenuating effect mediated by
propionate. Other studies from the same group have found equivalent results regarding
food choice [50], improving pancreatic function and modulation of liver lipid metabolism.
Moreover, oral propionate administration increases fat oxidation in humans regarding
energetic metabolism regulation. Finally, in experimental models, propionate reduces
food intake via the gut-brain axis in animals [51]. This evidence highlights an SCFA-rich
diet’s importance in managing obesity and associated diseases, including hypertension and
other cardiovascular diseases. For instance, the butyrate induces renal prorenin receptors
and renin expression, attenuating the angiotensin-II effects [52], and acetate and propi-
onate regulate renin production via Olfr78 and a counter-regulation loop with FFAR3 [53]
(Figure 2).
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4. Molecular Basis of Intestinal, Immunological, and Metabolic Homeostasis Control

by Gut Microbiota

Dietary fiber is a sundry group of complex carbohydrates affecting human metabolism
and gut microbiota [54]. Arabinoxylans (AX) are cell wall components that constitute a
significant part of the dietary fiber fraction found in cereals and represent a significant fiber
source in the human diet [55]. These heteroxylans, especially AX, deserve special attention
with cellulose, (3-1,3;1,4-glucan, arabinogalactan peptide, and lignin, as they are the major

components of fiber in cereals [56].

Bifidobacteria metabolise non-digestible carbohydrates to produce acetate and lactate.
Some studies have screened for genes encoding several putative AXOS-degrading enzymes
in a wide Bifidobacteria variety species, but no clear correlation has been made regarding
these polysaccharides’ degradation [57,58]. The primary site for inulin fermentation is
the ascending colon. In contrast, AXOS fermentation occurs in the transverse colon [59],
and Bifidobacterium, Bacteroides, and Roseburia have been identified as the main fermenting

species of these carbohydrates (Figure 3) [60].
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Figure 3. Dietary fibre and its effects on human metabolism and gut microbiota.

A high-fat diet has been established to increase Clostridia and Bifidobacteria gut
population and decrease Bacteroides. However, there is also a significant influence on bile
acid metabolism [61], highlighting its potential impact on dysbiosis, which might lead to
changes in SCFA metabolism due to Bifidobacteria decrease.

5. Microbiota in Obesity: Cause, Effect, or Both?

Dysbiosis refers to the alteration of normal bacterial microbiota [62]. Several environ-
mental factors affecting gut microbiota are closely associated with dysbiosis and obesity [63].
Overall, these factors increase Firmicutes species such as Eubacterium rectale, Clostridium
coccoides, Lactobacillus reuteri, Clostridium histolyticum, and Staphylococcus aureus [64]. On the
other hand, a significant decrease in the relative abundance of several Bacteroidetes taxa
members such as Faecalibacterium prausnitzii, Bacteroidetes, Methanobrevibacter smithii, Lacto-
bacillus plantarum and Lactobacillus paracasei, L. rhamnosus, and Verrucomicrobia (Akkermansia
muciniphila) have been reported [16,65]. Depending on the microbiota alteration, dysbiosis
can be produced by the loss of beneficial microbial organisms, overgrowth of potentially
harmful microorganisms, or general microbial diversity loss [66]. Thus, obesity microbiota
is characterised by a significant Firmicutes increase and a 50% decrease in Bacteroidetes
at the terminal ileum [67]. It was also reported that Lactobacillus reuiteri and Lactobacillus
sakei are directly related to weight gain in adults, mainly in conjunction with a high-fat diet
consumption [68], while on the other hand, microorganisms of the Bifidobacterium genus
decrease the comorbidities associated with obesity, such as metabolic syndrome [69].

High-fat and high-carbohydrate diet consumption leads to Bacteroides, Bifidobacterium,
Lactobacillus, and Akkermansia deficit with a considerable increase in Clostridium and Pre-
votella driving Toll-like receptor 4 (TLR4) activation via lipopolysaccharides pathway
triggering to inflammation and claudin 1 and 3 expression decrease [70]. Claudin is a
family of 18 proteins that play essential structural and functional roles in determining tight
junction structure and permeability. Therefore, a reduction in these protein’s expression via
SCFA levels decrease alters the integrity gut epithelial barrier, causing bacterial transloca-
tion and expression of inflammatory cytokines [71] such as TNF« and interleukin-1 [72],
increasing Gram-negative bacteria adherence to the intestinal epithelium [73], leading to a
chronic pro-inflammatory state that triggers obesity and cardiometabolic comorbidities [74].
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Furthermore, it has been recognised that high-glucose or fructose rich-foods produce mi-
crobiota dysbiosis, also affecting intestinal permeability and inducing hepatic steatosis [75],
while on the other hand, glutamine, vitamin A, vitamin D, and dietary fibre preserve
intestinal permeability by increasing the production of butyrate and propionate [76].

6. Are Probiotics Effective in Endocrine-Metabolic Disease Treatment? Are These
Supplements Effective in Intestinal Dysbiosis?

According to The World Health Organization, probiotics are “Live microorganisms
which when administered in adequate amounts confer a health benefit on the host” [77]. In
this area of intense development, scientific evidence has been accumulated, influencing
the appearance of new, rich, and sophisticated terminology. Since it has been shown
that inactivated, non-viable, or broken probiotics have beneficial effects on health, the
term paraprobiotics has been incorporated, including the true probiotics (functional),
pseudoprobiotics (inactive), and phantom probiotics (non-viable or broken) [78]. Thus,
a true probiotic, for instance, Lactobacillus plantarum improves IL-10 in the colon [79]
by adhering to the gut epithelium. Lactobacillus rhamnousus, adhering to the epithelium
and, in this case, also producing lactic acid [80]; Lactobacillus acidophilus is found at
the intestinal level and whose mechanism of action is by lactacin production and further
cholesterol adherence [81]. Bifidobacterium animalis increase intestinal motility and bile
salts hydrolysis [82]. Furthermore, Saccharomyces boullardii redistributes T cells in vitro
(Table 1) [83].

Table 1. The major species used as probiotics for the gastrointestinal tract in humans and their main
locations and mechanisms of action [78].

Microorganism

Location Mechanism of Action

Lactobacillus plantarum

Lactobacillus rhamnosus

Lactobacillus salivarius
Lactobacillus reuteri
Lactobacillus acidophilus

Lactobacillus casei

Lactobacillus bulgaricus

Bifidobacterium longum
Bifidobacterium adolescentis
Bifidobacterium animalis
Saccharomyces boullardii
Lactobacillus plantarum
Lactobacillus paracasei
Saccharomyces boulardii
Bifidobacterium sp.
Lactobacillus helveticus

Adhesion to epithelial cells
Improves IL-10 production in the colon
Adhesion to epithelial cells, lactic acid production,
Regeneration of epithelial cells, increases GABA
receptors in cortical regions and decreases in the
amygdala, hypothalamus, and Locus ceruleus

Gastrointestinal tract

Gastrointestinal tract and brain

Gastrointestinal tract Secretion of low molecular weight bacteriocins.
Gastrointestinal tract Reuterin (3-hydroxypropionaldehyde) production
Intestine Cholesterol adherence

Inhibits bacterial translocation, increases MUC gene
expression, inhibits cholesterol mycelia formation,
Intestine enhances NK cell activity, inhibits bacterial translocation,
increases MUC gene expression, inhibits cholesterol
mycelia formation, and enhances NK cell activity
Adherence to cholesterol, inhibits the formation of

Intestine cholesterol mycelia.

Intestine Binding to aflatoxin Bl

Intestine Binding to aflatoxin Bl

Intestine Increases intestinal motility and bile salts hydrolysis.
Intestine T-cell redistribution

Intestine Decreased translocation and adherence of pathogens
Intestine Enhances cancer cell apoptosis

Intestine Improves intestinal barrier function
Intestine Secretes superoxide dismutase

Intestine Secretes vitamin E
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There is a growing body of evidence that probiotics improve, maintain, or restore the
intestinal microbiota, a critical action because obesity has been linked to dysbiosis [84], thus
opening the door to innovative manoeuvres directed to microbiota architecture and diversity.

7. Efficacy of Probiotics in Obesity and Its Comorbidities: Fiction or Reality?

The benefit of probiotics in overweight and obese patients has long been controversial.
However, most research suggests limited health benefits, so they are only recommended as
adjuvant therapy for cardiovascular disease biomarkers reduction [85].

In this regard, a meta-analysis by Koutnikova et al. on 105 trials assessing the probi-
otic’s efficacy in obese patients concluded that while probiotics improved BMI and weight
by 3-5%, there was no statistically significant effect on HbAlc, cholesterol, triglycerides,
HOMA-IR, or liver function [86]. Conversely, a recent meta-analysis of randomised con-
trolled trials (RCTs) by Tabrizi et al., assessing probiotic effectiveness on clinical symptoms,
weight loss, glycemic control, blood lipids, endocrine profiles, inflammation biomarkers,
and oxidative stress tests in women with polycystic ovary syndrome, found improvements
in women consuming probiotics related to weight, BMI, FPG, insulin, HOMA-IR, triglyc-
erides, VLDL-cholesterol, C reactive protein, malondialdehyde, hirsutism, total testosterone,
QUICK]I, nitric oxide, total antioxidant capacity, reduced glutathione, and sexual hormones
binding globulin. However, it did not find changes in dehydroepiandrosterone sulfate
levels and total cholesterol, LDL, and HDL cholesterol levels in patients with PCOS [87].

Similarly, a meta-analysis by Lau et al. evaluated the probiotic effect on obesity, type 2
diabetes, hypertension, and dyslipidemia in 38,802 adults from the National Health and
Nutrition Examination Survey (NHANES) data between 1999 and 2014. In this research,
Probiotic ingestion was considered when a subject reported yoghurt consumption or when
a commercial probiotic supplemented it during the 24-h dietary recall or the Dietary Sup-
plement use 30-Day questionnaire. This study found a 13.1% reported probiotic ingestion
in the participants. The prevalence of obesity and hypertension was lower in the probiotic
group (obesity-adjusted Odds Ratio (OR): 0.84, 95% CI 0.76-0.92, p < 0.001; hypertension-
adjusted OR: 0.79, 95% CI 0.71-0.88, p < 0.001). Accordingly, even after analytic adjustments,
body mass index (BMI) was significantly lower in the probiotic group, as were systolic and
diastolic blood pressure and triglycerides; high-density lipoprotein (HDL) was significantly
higher in the probiotic group for the adjusted model [88].

In an interesting meta-analysis conducted by Kim et al. with data from 1953 and 2018,
including 246 obese cases and 198 normal controls, the primary goal was to determine
whether SCFA levels differ between obese and non-obese individuals and determine their
faecal microbiota structure. This study found differences in the levels of SCFAs in faeces
between obese cases and non-obese controls. The findings show that individuals with
obesity had higher acetate, propionate, and butyrate faecal levels. In addition, this study
found that obese individuals had low bacterial abundance in faeces regarding microbiota
architecture, but the differences were not statistically significant. The meta-regression anal-
ysis demonstrated that the abundance of the phylum Firmicutes was positively associated
with obesity for individuals 37 years or younger, while the Bacteroidetes abundance was
negatively associated with obesity for 47 or younger participants.

8. Prebiotics, the Cornerstone of Gut Microbiota

Since the prebiotic concept has experienced a continuous evolution over decades, the
classic definition proposed by Gibson et al. is “a non-digestible food ingredient that beneficially
affects the host by selectively stimulating the growth and/or activity of one or a limited number of
bacteria in the colon, thereby improving host’s health” [89] still being useful to understand the
fundamental properties of this substances. This concept has become more sophisticated
to include noncarbohydrate substances affecting the colonisation of beneficial bacteria
within our microbiota. Prebiotics are non-digestible oligosaccharides with diverse chemical
structures and functions, differing in molecular weight, monosaccharide type, origin
(vegetables, fruits, among others), and branching degree. Prebiotics are currently a new
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and flourishing research area with a profound impact as modulators of gut microbiota
and their effects on cancer, ulcerative colitis, irritable bowel syndrome, type 2 diabetes,
response to chemotherapy, immune modulation, and obesity, among others. Prebiotics
exert beneficial effects based on stimulating the growth of colon probiotics and beneficial
taxons with many anti-inflammatory capacities and in their catabolic products, especially
butyrate, which can carry out a diverse and complex cell cycle regulation in colonic cell
tumour, leading towards their apoptosis [90].

Prebiotics has demonstrated their usefulness in regulating satiety by increasing GLP-1
and PYY [91], as well as decreasing ghrelin secretion [92], which results in a reduction in
food intake and consequent weight loss [93]. Nutritionally, AX are the main component
of dietary fiber, and their enzymatic hydrolysis produces AXOS and XOS; which, when
cereal-based foods, such as bread and beer, are consumed, exhibit all of the characteristics of
prebiotics, including resistance to gastric acidity, fermentation by the intestinal microbiota,
and selective stimulation of the growth or activity of beneficial bacteria [55]. As a result,
AXOS and XOS selectively stimulate Bifidobacterium, which stops the increase in cholesterol,
triglycerides, postprandial glucose, and insulin levels [94].

9. Concluding Remarks

Humans have not escaped from the co-evolution with the vast microbial community
residing in our bodies. As a superorganism, the mammalian gut is an excellent niche
for microbes because of its constant temperature, predictable humidity, pH, and steady
food supply. In return, the microbes perform a pleiad of functions ranging from vitamin
production to immune system regulation and appetite control.

Until now, we had never had enough knowledge to modify this interaction to our
benefit since 10,000 years ago, when the most significant change in the host-microbiota
symbiosis occurred during the Neolithic revolution, a transition from hunting and gathering
to agriculture and permanent settlement. In this period, agriculture and animal husbandry
began to shape the genomes within us in an accelerated and non-stop fashion. The second
giant leap in this relationship occurred during the industrialisation process and, most
recently, during the Cocacolonization [95] and McDonalization [96] era, at least in the last
five decades, driving dramatic changes in the human gut microbiota structure as we see in
people with obesity, diabetes and other chronic diseases in the 20th and 21st century.

While we cannot entirely deny that the rationale for probiotics administration seems
solid, it is also clear that we have a long way to go in understanding both the microbiota
complexity and probiotics” effects on many diseases, including obesity. Each of us has
a unique gut microbiome, and thus, the effects of the different bacteria in commercial
probiotics can be highly variable; therefore, we believe their use should be tailored within a
framework of personalised medicine that takes into account the disease to be treated and
the microbiota affected by that particular patient for optimal benefits. Thus, it is almost
certain that current commercial products contain neither the correct strains nor the correct
amounts of bacteria to provide benefits for most of the diseases to be treated. Therefore,
while taking a supplement to improve health is undoubtedly an attractive prospect, there
are no robust controlled clinical trials aimed at assessing the efficacy of probiotics as
individual agents for treating obesity, as we have seen in dozens of anti-obesity drugs
that have been developed over the decades. Until now, those patients seeking to improve
chronic diseases such as obesity by helping their gut microbiota with probiotics pursue a
mirage under a promise from the manufacturing companies that take advantage of not
having to substantiate their claims with randomised controlled trials. Faced with this
knowledge gap, it should consider consuming a healthy diet rich in soluble fibre from fruits
and vegetables. In the meantime, rigorous clinical trials with very high-resolution genomic
analysis are needed to corroborate the potential health benefits and confirm whether all the
effects attributed to probiotics from the supplement industry are simply a myth or a new
health revolution helping us stop the ominous obesity epidemic.
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Abstract: Nocturnal hypoglycemia (NH) is a dangerous complication of insulin therapy that often
goes undetected. In this study, we aimed to generate machine learning (ML)-based models for
short-term NH prediction in hospitalized patients with type 1 diabetes (T1D). The models were
trained on continuous glucose monitoring (CGM) data obtained from 406 adult patients admitted to
a tertiary referral hospital. Eight CGM-derived metrics of glycemic control and glucose variability
were included in the models. Combinations of CGM and clinical data (23 parameters) were also
assessed. Random Forest (RF), Logistic Linear Regression with Lasso regularization, and Artificial
Neuron Networks algorithms were applied. In our models, RF provided the best prediction accuracy
with 15 min and 30 min prediction horizons. The addition of clinical parameters slightly improved
the prediction accuracy of most models, whereas oversampling and undersampling procedures did
not have significant effects. The areas under the curve of the best models based on CGM and clinical
data with 15 min and 30 min prediction horizons were 0.97 and 0.942, respectively. Basal insulin
dose, diabetes duration, proteinuria, and HbAlc were the most important clinical predictors of NH
assessed by RFE. In conclusion, ML is a promising approach to personalized prediction of NH in
hospitalized patients with T1D.

Keywords: type 1 diabetes; hypoglycemia; continuous glucose monitoring; machine learning;
random forest; artificial neuron networks; prediction

1. Introduction

Nocturnal hypoglycemia (NH) is a wide-spread and potentially dangerous compli-
cation of insulin therapy which often goes undetected. In subjects with diabetes, almost
50% of all episodes of severe hypoglycemia occur at night. A growing body of evidence
indicates that NH can cause sleep disturbances, morning headache, chronic fatigue, and
mood changes; it is also associated with cardiac arrhythmias resulting in “death-in-bed
syndrome” [1,2]. Hypoglycemia induces a wide range of changes in gene expression in
the cardiovascular and nervous systems and may be a trigger for the damage of target
organs [3]. Repeated episodes of hypoglycemia cause defective glucose counterregulation
and contribute to the development of an impaired awareness of hypoglycemia [4].

Patients with type 1 diabetes (T1D) on basal bolus insulin therapy are particularly
prone to NH [5]. In healthy subjects, hypoglycemia triggers awakening, but patients with
T1D are often unable to wake up when their blood glucose drops [6]. Therefore, reliable
and personalized predictive methods are urgently needed to reduce the risk of NH in
T1D subjects.

For a long time, the measurement of pre-bedtime glucose level was used for the NH
risk assessment [7]. However, the value of the bedtime glucose in predicting NH is limited
due to inter-individual and intra-individual differences in nocturnal glucose dynamics. A
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number of models based on clinical parameters, continuous glucose monitoring (CGM)
data, indices of glycemic control, and glucose variability were proposed in recent years to
identify patients at high risk of NH [8-11].

Machine learning (ML) technologies opened up new possibilities for personalized hypo-
glycemia forecasting. A comprehensive review [12] and meta-analysis [13] of research in this
area were recently published. Currently, various ML algorithms have been tested for short-
term NH prediction in subjects with T1D including Random Forest (RF) [14-16], Repeated
Measures RF [17], Artificial Neural Networks (ANNSs) [18], Support Vector Machine [14,19],
Long Short-Term Memory [14], Linear Discriminant Analysis [9], and Multilayer Percep-
tron [19]. To be of practical use, a ML algorithm must provide enough time to take action to
avoid hypoglycemia. In most of the above-mentioned studies, the prediction horizons (PHs)
ranged from 15 to 60 min; in one study [15], it was extended to 6 h.

Improving the predictive accuracy of ML models and assessing their applicability in
various clinical situations remains an important challenge. The complimenting of glucose
time series data with insulin doses, carbohydrate intake, and other clinical parameters, as
well as combinations of different ML algorithms, is used to improve the predictive accuracy
of the models [12]. In previous studies, ML algorithms were trained on CGM data obtained
under normal living conditions. Another urgent task is the prediction of hypoglycemia in a
hospital setting. It was demonstrated that in hospitalized patients hypoglycemia occurs
with greater frequency between 0 and 6 a.m. [20]. Inpatient hypoglycemia in people with
diabetes is associated with increased mortality and a longer hospital stay [21]. Previously,
Fralik M et al. applied supervised ML for prediction of severe hypoglycemia in patients
hospitalized under general internal medicine and cardiovascular surgery [22].

In this study, we aimed to develop ML-based models for short-term prediction of NH
in hospitalized patients with T1D. We have also tested whether the inclusion of a broad
set of clinical data and CGM-derived glucose variability parameters in the ML model, as
well as the application of an oversampling or undersampling technique, can improve the
accuracy of NH prediction.

2. Materials and Methods

The process of ML model generation in our study included the following steps:
(1) CGM data cleaning and preprocessing; (2) extracting metrics from CGM recordings;
(3) data sampling; (4) combination of CGM data with clinical and laboratory parameters;
(5) ML algorithm training; (6) evaluation of the model and NH predictors.

2.1. Databases

A database of CGM data obtained from 406 subjects with T1D was used to generate
ML models for NH prediction. Data were collected from men and women aged from 18 to
70 years, on basal bolus insulin therapy. The treatment with sensor-augmented pumps with
predictive low glucose suspend technology, current diabetic ketoacidosis or hyperglycemic
hyperosmolar state, end-stage renal disease, congestive heart failure (class IV according to
NYHA), malignant neoplasms, and acute infectious diseases were considered as exclusion
criteria. Patients were observed at the clinic of RICEL—Branch of IC&G SB RAS, a tertiary
referral hospital. All patients were admitted for a routine in-depth examination, screening
for complications and correction of therapy.

Blinded CGM was performed with an iPro™2, MMT-7741 (iPro2) CGM system and
CareLink iPro™ (CareLink iPro, MMT-7340) software (Medtronic, Minneapolis, MN, USA).
This system measures interstitial glucose values ranging from 2.2 to 22.2 mmol/L every
5 min. At least 4 capillary blood glucose measurements per day were performed with a
One Touch Verio Pro+ glucose meter (Johnson & Johnson, New Brunswick, NJ, USA) to
calibrate the CGM system. Mean CGM duration was 6.7 days; the range was from 3 to
11 days.
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The CGM database was matched to a clinical database containing demographic and
anthropometric characteristics of the included subjects, information about diabetes, compli-
cations and associated diseases, data from laboratory tests, and instrumental examinations.

2.2. Model Building

For the modeling, CGM records representing nocturnal intervals (from 00:00 to
05:59 am.) were used. The NH was defined as an episode of interstitial glucose
level <3.9 mmol/L for at least 15 min [23].

2.2.1. CGM Data Cleaning and Preprocessing

At the first step, we cleaned the data, looking for outliers and record defects. The CGM
records with data gaps of 30 min or more were excluded. Shorter intervals of missed values
were linearly extrapolated based on surrounding observations. At the preprocessing stage,
we cut intervals of length T from the suitable CGM records and divided these intervals
depending on the presence of an episode of NH at the selected PH value. Since the number
of intervals without hypoglycemia (NH- intervals) was much higher than those with the
episode (NH+ intervals) and their behavior for adjacent intervals looks quite similar, we
considered a sample of NH- intervals with starting moments ¢4, t1, 1125, ... Wheres > 11is
a gap parameter. The number of obtained intervals depended on T and s; for example, for
T =45 min and s = 4 we had 216 NH+ intervals and 36684 NH- ones.

2.2.2. Extraction of CGM Metrics

Since CGM data had a significant stochastic component and the amount of available
data was not very large, feature-based procedures were used. Each record was represented
as a series {Gj, ..., G, }, where n = T/(5 min). From the appropriate sets of CGM records
we derived parameters of glucose dynamics. These parameters included indices of glucose
variability and glycemic control that are used in diabetology: coefficient of variation (CV),
lability index (LI), low blood glucose index (LBGI), and 1 h continuous overlapping net
glycemic action (CONGA-1) [24,25]. In addition, we applied indices used in the time series
analysis: minimal value, difference between the last two values (DLV), acceleration over
the last values (ALV), and linear trend coefficient (LC). Ultimately, 8 metrics were chosen
(Table 1).

Table 1. CGM-derived metrics used for the engineering of ML models.

Parameter Formula

e\ CV = % x 100%, where G = # and SD = %G’f@

LI LI =7 (G~ Gi1)?/5
LBGI = 1y | rI(G;), where
rl(G;) = r(G;) if f(G;) < 0and 0 otherwise,

LBGI th(G;) = r(G;) if f(G;) > 0and 0 otherwise, r(G;) = 10 x f>(G;),
£(G;) = 1.509 x [(log(18 x G;)) 084 _ 5.381]

CONGA-1 CONGA(1) = \/ E22(P=D) yhere D = E2Di D — G, — G,
Minimum value Gmin = min (Gy, ..., Gn)

DLV Gn1— G

ALV (Gn - Gn—l) - (Gn—l - Gn72)

LC coefficient b; in a linear trend model G; = by + by t; +¢;

Abbreviations: ALV, acceleration over the last values; CONGA-1, 1-h continuous overlapping net glycemic action;
CV, coefficient of variation; DLV, difference between the last two values; LBGI, low blood glucose index; LC, linear
trend coefficient; LI, lability index.
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2.2.3. Data Sampling

As expected, the numbers of CGM intervals with a recorded NH episode were sig-
nificantly less than that of the intervals without. To get a more balanced distribution of
NH+ and NH- intervals in the training subset, we have applied oversampling and under-
sampling techniques. Oversampling consisted of perturbation with small Gaussian noise.
For each feature, we used normal distribution N(0,0), where parameter o equals 5% of the
standard deviation of the sample. This technique was applied for generating artificial CGM
records with a NH episode. Undersampling consisted of selecting the most representative
records without NH. To determine the representative records, we clustered NH- intervals
using a k-medoids algorithm with a number of clusters equal to the number of NH events.
The obtained medoids representing the intervals without NH were used for the consequent
analysis. The effects of oversampling and undersampling techniques on the prediction
accuracy were estimated.

2.2.4. Input Clinical Parameters into the Models

At the next step, clinical characteristics of patients were entered into the models. In
total, 23 clinical and laboratory parameters were assessed as potential contributors for
NH risk. These parameters included age, sex, body mass index (BMI), diabetes duration,
diabetic complications and associated diseases, insulin treatment characteristics, hypolipi-
demic and antihypertensive therapy, glycated hemoglobin Alc (HbAlc), renal function,
and albuminuria (Table S1).

2.2.5. ML Algorithms

We conducted a number of preliminary experiments with different kinds of ML meth-
ods for constructing a prediction model. Finally, we decided to use RF, Logistic Linear
Regression with Lasso regularization (LogRLasso), and ANN. RF is characterized by high
generalization ability and robustness, especially in situations with redundant and possibly
non-informative features [26]. LogRLasso is also a robust technique which provides an em-
bedded opportunity to select the most important features [27]. The Levenberg—-Marquardt
algorithm, known for its fast convergence and robustness [28], was applied for ANN train-
ing. We used an ANN with a fully connected feed-forward network architecture with two
hidden layers (5 neurons in each layer).

2.3. Model Evaluation

The quality of prediction was evaluated using 10-fold cross-validation. The model
parameters were evaluated for the PHs of 15 and 30 min.

If a decision taken by a classifier depended on a certain threshold, ROC curve analysis
was performed. Assessment of the quality of classifiers was carried out by the estimation
of area under the curve (AUC). This metric is independent of the decision threshold and
can be used in situations of significant differences in class frequencies. In addition, the
numbers of true positive, false positive, false negative, and true negative forecast results
were calculated. Based on these parameters, sensitivity (Se) and specificity (Sp) of the
models were estimated.

2.4. Assessment of NH Predictors

We used RF as a standard tool for estimating the value of predictors in a model [26].
This method ranks all available features according to their usefulness in the prediction:
the more frequently a feature is chosen in the ensemble of decision trees, and the more
accurate predictions it yields, the higher the rank. There were 500 trees in the ensemble.
In addition, we used LogRLasso to evaluate feature importance. Due to the embedded
regularization, this method reveals non-significant features which are attributed with zero
model coefficients. The method makes it possible to assess the direction of the influence of
features on the outcome (in our case, whether the risk of NH increases or decreases with an
increase in a feature value).
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3. Results
3.1. Characteristics of Patients

The clinical characteristics of patients are shown in Table 2. We observed individuals
aged from 18 to 70 years (median 36 years), with diabetes duration 0.5-55 years (median
16 years). The HbAlc level was 8.1% (range: 4.7-15.1%). All patients were on basal bolus
therapy with insulin analogues. One hundred and fourteen patients (28.1%) had severe
hypoglycemia in their medical history. An impaired awareness of hypoglycemia, assessed
by the Clarke method [29], was revealed in 148 (36.5%) subjects.

Table 2. Clinical characteristics of T1D patients.

General Demographic and Clinical Parameters

Sex, m/f, n (%) 147/259 (36.2/63.8)
Age, years 36 (28-48)
BMI, kg /m? 23.6 (21.2-27.1)
Waist-to-hip ratio 0.84 (0.78-0.91)
Current smoking, 1 (%) 68 (16.7)
Diabetes-related parameters and associated diseases
Diabetes duration, years 16 (10-25)
Daily insulin dose, IU 40 (29.1-53.6)
Daily insulin dose, IU/kg 0.59 (0.47-0.76)
Daily basal insulin dose, IU 19.0 (13.6-26)
Daily basal insulin dose, IU/kg 0.28 (0.21-0.38)
Diabetic retinopathy, 1 (%) 246 (60.6)
Chronic kidney disease, 1 (%) 274 (67.5)
Neuropathy, 1 (%) 301 (74.1)
Impaired awareness of hypoglycemia, 1 (%) 148 (36.5)
Arterial hypertension, n (%) 159 (39.2)
Coronary artery disease, 11 (%) 31(7.6)
Laboratory parameters
HbAlc, % 8.1(7.1-9.2)
Total cholesterol, mmol /L 5.0 (4.2-5.9)
LDL cholesterol, mmol/L 3.0 (24-3.7)
HDL cholesterol, mmol /L 1.5(1.3-1.7)
Triglycerides, mmol/L 1.0 (0.7-1.4)
Serum creatinine, pmol/L 81.9 (73.7-94.0)
eGFR, mL/min/1.73 m? 88.0 (73.0-100.0)
UACR, mg/mmoL 2.1 (2.0-7.65)

Continuous data are presented as medians (25th—75th percentiles). Abbreviations: BMI, body mass index; eGFR,
estimated glomerular filtration rate; HbAlc, glycated hemoglobin Alc; HDL, high-density lipoprotein; LDL,
low-density lipoprotein; T1D, type 1 diabetes; UACR, urinary albumin-to-creatinine ratio.

3.2. Evaluation of ML Models

Three ML methods, including RF composed of 500 trees, LogRLasso, and ANN, were
evaluated using baseline (no-sampling), oversampling, and undersampling procedures.
We have also compared the models based on the CGM metrics only with those included
combinations of CGM and clinical data (Table 3).
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Table 3. Quality metrics (%) of the ML models for NH prediction.

RF LogRLasso ANN

PH Sampling/Parameters CGM + CGM + CGM +
CGM Clinical Data CGM Clinical Data CGM Clinical Data

Se 93.6 (3.4) 90.9 (2.8) 93.6 (1.9) 93.0 (3.0) 90.5 (5.9) 90.8 (2.5)

(o8} Sp 90.1 (2.4) 91.8 (2.3) 91.9 (2.2) 93.0 (2.0) 91.4 (1.6) 89.1 (4.5)
AUC 0.958 (0.011) 0.953 (0.012) 0.962 (0.010) 0.968 (0.014) 0.946 (0.032) 0.935 (0.029)

. Se 91.8 (1.2) 94.5 (2.6) 93.6 (3.4) 92.4 (2.5) 88.6 (3.6) 90.3 (3.1)

15 min NS Sp 91.1 (3.9) 91.4 (3.3) 91.2 (2.5) 92.3 (3.7) 92.6 (3.1) 91.0 (1.6)
AUC 0.959 (0.020) 0.97 (0.017) 0.957 (0.021) 0.958 (0.025) 0.934 (0.032) 0.935 (0.027)

Se 88.2 (5.2) 92.3 (3.4) 90.5 (6.7) 90.8 (4.7) 90.0 (4.7) 91.9 (3.7)

UsS Sp 92.7 (2.1) 90.6 (1.3) 91.4(14) 91.2 (24) 90.2 (2.8) 88.9 (3.6)
AUC 0.953 (0.023) 0.956 (0.009) 0.947 (0.036) 0.947 (0.018) 0.947 (0.033) 0.945 (0.017)

Se 87.6 (1.9) 86.6 (3.6) 90.4 (1.7) 91.0 (3.5) 87.6 (3.9) 84.6 (5.2)

(o8} Sp 88.9 (3.1) 87.0 (2.6) 87.5(2.2) 87.7 (3.7) 88.0 (4.0) 87.2 (5.5)
AUC 0.927 (0.03) 0.911 (0.019) 0.932 (0.06) 0.94 (0.012) 0.918 (0.031) 0.881 (0.034)

. Se 87.1 (4.6) 90.4 (4.7) 87.1 (4.0) 86.9 (4.0) 86.6 (3.2) 83.3 (4.2)

30 min NS Sp 87.1 (6.0) 87.4 (1.6) 90.8 (1.9) 90.3 (1.9) 88.7 (2.2) 86.3 (2.8)
AUC 0.92 (0.036) 0.942 (0.028) 0.928 (0.012) 0.933 (0.012) 0.924 (0.018) 0.881 (0.049)

Se 89.5 (3.6) 924 (3.1) 85.1 (5.6) 90.3 (3.2) 85.1 (5.3) 85.2 (3.6)

UsS Sp 86.5 (2.8) 85.3 (1.2) 89.5 (1.8) 86.7 (1.9) 87.5(2.7) 84.8 (2.2)
AUC 0.912 (0.031) 0.923 (0.021) 0.913 (0.027) 0.92 (0.03) 0.908 (0.028) 0.901 (0.023)

The SD values of the estimates obtained with cross-validation process are shown in the parentheses. The
highest AUC values for each PH and ML algorithm are highlighted in bold. Abbreviations: ANN, Artificial
Neural Networks; AUC, area under the curve; CGM, continuous glucose monitoring; LogRLasso, Logistic Linear
Regression with Lasso regularization; NP, nocturnal hypoglycemia; PH, prediction horizon; RF, Random Forest;
OS, oversampling; NS, no sampling; US, undersampling; Se, sensitivity; Sp, specificity.

The models based on the LogRlasso algorithm and operating only with CGM data
were characterized by the highest AUC values (0.962 in a model with oversampling and
15 min PH; 0.932 in a model with oversampling and 30 min PH). At the same time, RF
provided the best prediction accuracy when CGM and clinical data were combined (AUC:
0.97 in a model without sampling and 15 min PH; 0.942 in a model without sampling and
30 min PH). ANN provided slightly worse results in the models trained on CGM only and
CGM and clinical data.

The sampling effect was quite modest and depended on the ML algorithm and PH.
In a one-way ANOVA, the effect of sampling on AUC was insignificant (p = 0.8 for all
algorithms). An application of a no-sampling approach provided the highest AUC values
in the RF model trained on the CGM and clinical data.

3.3. Evaluation of NH Predictors

Lower minimal glucose and LC, and higher LBGI, DLV, CONGA-1, proteinuria, basal
insulin dose, diabetes duration, and HbAlc, as well as the presence of autonomic neuropa-
thy, formed the list of the 10 most reliable NH predictors assessed by RF with a 15 min
PH (Table 4). At a 30 min PH, lower minimal glucose and HbAlc, higher LBGI, DVL,
daily and basal insulin doses, diabetes duration, proteinuria, eGFR, and BMI demonstrated
the highest importance. Among the clinical factors, insulin dose, diabetes duration, and
proteinuria were associated with the risk of hypoglycemia positively; meanwhile, HbAlc,
eGFR, and BMI demonstrated negative associations.

Table 4. The most important NH predictors revealed by RF in patients with T1D.

PH Parameters Importance Effect
Minimal glucose 1.000 -
15 mi LBGI 0.786 +
mm DLV 0.723 +
CONGA-1 0.625 +
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Table 4. Cont.

PH Parameters Importance Effect
LC 0.542 —
Proteinuria 0.494 +
Basal insulin dose,
IU/kg 0.488 +
Diabetes duration 0.457 +
Autonomic 0.383 +
neuropathy
HbAlc 0.379 -
Minimal glucose 1.000 —
LBGI 0.845 +
Daily insulin dose,
IU/kg 0.770 +
HbAlc 0.698 -
30 min Diabetes duration 0.693 +
Basal insulin dose,
IU/kg 0.666 +
Proteinuria 0.653 +
eGFR 0.652 +
DLV 0.589 +
BMI 0.577 -

Effect: the risk of NH increases as the parameter value increases (+); the risk of NH decreases as the parameter
value increases (—). Abbreviations: BMI, body mass index; CONGA-1, 1 h continuous overlapping net glycemic
action; DLV, difference between the last two values; eGFR, estimated glomerular filtration rate; HbAlc, glycated
hemoglobin Alc; LBGI, Low Blood Glucose Index; LC, linear trend coefficient; NH, nocturnal hypoglycemia; RF,
Random Forest; T1D, type 1 diabetes.

4. Discussion

The prevention of hypoglycemia, a frequent and potentially life-threatening complica-
tion of insulin therapy, remains a priority in diabetes care. Recent progress in the field is
related to the implementation of sensor-augmented pumps with predictive low glucose
suspend technology and closed-loop systems [30,31]. However, a significant proportion of
patients with diabetes remain on multiple daily insulin injections. Therefore, it is important
to develop reliable methods of hypoglycemia prediction for these patients also. In this
study, we engineered ML models for real-time NH prediction in patients with T1D in a
hospital setting. We assessed the predictive accuracy of the models based on CGM data and
three ML algorithms: RE, LogRLasso, and ANN. We also evaluated the effectiveness of the
use of clinical data as additional parameters, as well as oversampling and undersampling
techniques, in the NH prediction.

In our models, RF provided the best prediction accuracy (in terms of AUC cross-
validated estimates) at 15 min and 30 min PHs. LogRLasso was ranked as the second and
ANN as the third algorithm. The more modest result of ANN can be explained by the
relatively small sample size and the inherent stochastic nature of the data.

The choice of PH is an important step in the building of predictive models. In a
recent review, Mujahid et al. indicated a 30 min PH as the most commonly used in ML-
based models for NH prediction [12]. However, the optimal PH duration is still debatable,
since the rate of development and severity of hypoglycemia, as well as the response to
carbohydrates, can vary. Obviously, in the case of NH, the PH should not be too long;
otherwise, the duration and quality of sleep can be reduced significantly. However, the PH
should be long enough to enable patient or medical staff to take preventive actions. The
American Diabetes Association advises patients to follow the “15:15” rule for the treatment
of hypoglycemia: “have 15 g of carbohydrate to raise your blood sugar and check it after
15 min. If it’s still below 70 mg/dL, have another serving” [32]. Therefore, we believe that
15 min or 30 min PHs are acceptable in most cases.
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An uneven distribution of observations between the classes, or the problem of imbal-
anced data, is a challenge in the building of ML models. In our sample, the number of CGM
intervals with at least one episode of NH was much less than that of the intervals without
an episode: depending on the PH, we have analyzed 209-256 intervals with NH and about
40,000 intervals without. In data analysis, oversampling and undersampling techniques are
used to adjust the class distribution of a data set. These methods involve the generation of
artificial observations of the minority class (oversampling, or augmentation technique) or
the partial exclusion of observations from the majority class (undersampling) [33,34]. In this
work, we have tried both oversampling and undersampling techniques and estimated the
effects of these techniques on the prediction quality. The effect of the sampling depended
on the ML method and the PH. The use of the oversampling provided slightly better results
(in terms of AUC metric) compared to other techniques. At the same time, in the models
generated by RF, the application of a no-sampling approach provided the highest quality
of forecasting.

First, we trained ML models on CGM data only. The minimal glucose, LBGI, and DVL
were the most reliable NH predictors at 15 min and 30 min PHs. Besides, CONGA-1 and
LC were important in 15 min forecasting. At a 15 min PH, the highest AUC levels were
0.959% for RF, 0.962% for LogRLasso, and 0.947% for the ANN algorithm. In the models
with a 30 min PH, the highest AUC values: 0.927%, 0.932%, and 0.924% were obtained by
RE, LogRLasso, and ANN, respectively. Thus, parameters characterizing the concentration
of glucose and the dynamics of glucose levels before the episode of hypoglycemia had the
greatest prognostic value, as expected.

We have also investigated whether the inclusion of a set of clinical and laboratory
data could improve the quality of CGM-based prediction. For this purpose, we input
23 parameters in the models, including demographic characteristics, information about
diabetes, its complications and associated diseases, and laboratory test results. We did not
include carbohydrate data, having taken into account frequent inconsistence of these data
and the fact that most patients do not eat at night. Incorporating the clinical data in the
models increased the sensitivity and specificity of the forecast up to 2% at a 30 min PH.
Proteinuria, basal insulin dose, diabetes duration, and HbA1c turned out to be the most
important clinical predictors of NH at 15 min and 30 min PHs. Besides, daily insulin dose,
eGFR, and BMI were important for 30 min forecasting.

In general, all the models we had built showed good prediction quality assessed by
the sensitivity, specificity, and AUC. In particular, sensitivity and specificity varied from
94.5% and 91.4%, respectively, at a 15 min PH to 90.4% and 87.4% at a 30 min PH.

Our study has some evident limitations. The duration of CGM was quite short. The
datasets used were not very large and the number of observations with NH was limited.
At the same time, as far as we know, this is the first study aimed to develop ML-based
methods for short-term NH prediction in hospitalized patients with T1D. The resulting
models can be used to develop a decision support system for the prevention of NH in
hospitalized patients with T1D.

5. Conclusions

In this study, we have developed a ML-based approach for predicting NH in patients
with T1D in a hospital setting. The models trained on CGM data and operating RF,
LogRLasso, and ANN algorithms showed acceptable prediction accuracy in terms of
specificity, sensitivity, and AUC with PH lengths of 15 and 30 min. The incorporation of
clinical data into the models improved the sensitivity and specificity of forecast up to 2%.
Among the clinical parameters, basal insulin dose, diabetes duration, proteinuria, and
HbA1c turned out to be the most reliable NH predictors.

The development and implementation of decision support systems based on ML
algorithms seems to be a promising approach to reduce the burden of NH in patients with
T1D on multiple daily insulin injections.
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