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Abstract: Background/Objectives: Obesity and type 2 diabetes (T2D) are associated with
significant alterations in various metabolic biomarkers. Isthmin-1 (Ism1) has recently
emerged as a potential marker of metabolic health and was shown in animal studies to
associate with metabolic-associated fatty liver disease (MAFLD). In this study, we aimed
to investigate the circulatory levels of Ism1 in individuals with obesity compared to non-
obese individuals and evaluate their association with insulin resistance, MAFLD, and
T2D. The primary outcomes of this study are obesity, insulin resistance, MAFLD, and
T2D, while the secondary outcome is hypertension; Methods: This is a cross-sectional
study involving 450 participants, who were divided based on their obesity status into
people with obesity (n = 182) and those without obesity (n = 265). Circulating Ism1 levels
were measured by ELISA and were compared between the groups. Insulin resistance
was assessed using the homeostasis model assessment of insulin resistance (HOMA-IR),
and fatty liver was evaluated using Fibroscan; Results: Our results showed a significant
reduction in circulating Ism1 levels in individuals with obesity (p-value = 0.002). Ism1
levels were negatively associated with the odds of T2D, possibly suggesting a protec-
tive role. Additionally, individuals with higher CAP scores demonstrated significantly
lower Ism1 levels, and the Spearman’s rank correlation revealed a negative association
between Ism1 and both CAP scores (r = —0.109, p-value = 0.025) and insulin resistance
(r = —0.141, p-value = 0.004). Logistic regression analysis further supported Isml as an
independent significant protective factor against obesity-related metabolic dysfunction.
This significance persisted after adjusting for several confounders. Furthermore, our ROC
results indicate that circulatory Ism1 levels possess significant diagnostic capability for
identifying individuals with obesity-related metabolic imbalances with an area under
the curve of 0.764 (95% CI = 0.718, 0.811). Finally, the adjusted multinomial analysis sug-
gested that higher levels of Ism1 may play a protective role against pre-diabetes (AOR
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= (.88, 95% CI = 0.838, 0.925) and T2D (AOR = 0.87, 95% CI = 0.814, 0.934); Conclusions:
This study suggests that reduced Ism1 levels are linked to increased insulin resistance,
MAFLD, and T2D in obese individuals. Our findings further corroborate the protective
role of Ism1 and highlight its potential utility as a biomarker for monitoring obesity-related
metabolic diseases.

Keywords: obesity; pre-diabetes; diabetes; MAFLD; metabolic diseases; Isthmin-1;
adipokines

1. Introduction

Metabolic diseases refer to a broad range of diseases by which the process where
the body turns food into energy is disrupted [1]. Obesity is categorized as a chronic
illness where individuals have a body mass index (BMI) of over 30 kg/m? with excess
adiposity. According to the World Health Organization (WHO), in 2022, one in eight
people around the world were obese, a figure which has more than doubled since 1990 [2].
Kuwait ranks among the highest countries in the world for obesity, with a substantial
proportion of the adult population classified as overweight or obese. Different organs
are impacted by obesity, raising the chance of developing other comorbidities, including
type 2 diabetes (T2D), insulin resistance, cardiovascular diseases, and cancer. Additionally,
obesity can be influenced by a combination of genetic susceptibility, metabolic pathways,
and environmental factors [3].

Insulin resistance is associated with obesity, driven by reduced glucose uptake in fat
tissue and muscle and altered hepatic insulin action [4]. Consequently, the combination of
increased BMI and distributions of abdominal fat has been shown to enhance the likelihood
of developing T2D [5]. T2D is characterized by chronic hyperglycemia emanating from
deficiencies in insulin production, insulin action, or both. Management of T2D requires
a combination of lifestyle modifications and pharmacological interventions [6]. Obesity,
insulin resistance, and T2D are closely linked to the accumulation of excess fat in the liver,
leading to the development of fatty liver disease (FDL) [7]. FLD progresses through several
stages, starting from simple fatty liver (steatosis) and advancing to metabolic dysfunction-
associated fatty liver disease (MAFLD). In MAFLD, fat makes up 5-10% of the liver’s
weight, which could potentially further progress to metabolic-associated steatohepatitis
(MASH). MASH is characterized by severe inflammation that contributes to fibrosis and
liver damage [8,9]. It has also been reported that MASH could further evolve to develop
cirrhosis, leading to liver failure or even hepatocellular carcinoma (HCC) [10]. Taken
together, the various developmental stages of fatty liver highlight the crucial link between
metabolic risk factors, such as obesity, insulin resistance, and T2D, and the progression of
FLD itself.

One of the key signaling pathways involved in T2D regulation is the AMP-activated
protein kinase (AMPK) pathway [11]. AMPK also plays a regulatory role in glycogen
metabolism, promoting its production. Other key players involved in insulin signaling
are the phosphoinositide 3-kinase (PI3K) and protein kinase B (Akt) signaling pathways
implicated in enhancing insulin sensitivity [12]. Additionally, insulin receptor substrate
1 (IRS-1) and phosphoinositide-dependent protein kinase 1 (PDK1) are essential for the
overall regulation of insulin sensitivity and hyperglycemia management in T2D [13,14].
The mammalian target of rapamycin (mTOR) is another crucial regulator of insulin signal-
ing that lies both upstream and downstream of Akt. Once activated, it regulates various
cellular functions, including protein biogenesis and cell growth [15]. Taken together, the
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PI3K/Akt/mTOR pathway is a significant player and therapeutic target for the prevention
and treatment of metabolic diseases [16]. Recent studies have demonstrated that Ism1 plays
a role in regulating glucose uptake via the PI3K/Akt/mTOR signaling pathway [17-19].
Ism1 is an adipokine that has also been implicated in different signaling pathways, includ-
ing cancer suppression and apoptosis regulation [20-22]. Recently, Jiang et al. revealed a
dual role of Ism1, where it caused increased adipocyte glucose uptake while suppressing
hepatic lipid synthesis in a PI3K/Akt/mTOR-dependent manner [23]. This led to improved
hyperglycemia and reduced lipid accumulation in mice. This finding suggests a potential
therapeutic role for Ism1 to simultaneously treat T2D and FLD, a promising avenue for
future research and clinical applications. Other studies have reported reduced Ism1 levels
in obese individuals with T2D compared to their non-diabetic counterparts, indicating a
potential link between Ism1 deficiency and the development of T2D [24].

Obesity and T2D are highly prevalent in Kuwait and the Arabian Gulf region [25,26].
This study aimed to estimate the correlation between Ism1 levels and several anthropomet-
ric and blood biomarkers in the Kuwait population and investigate its potential association
with metabolic disease risk factors such as obesity, insulin resistance, MAFLD, and T2D.

2. Materials and Methods
2.1. Study Population

The Kuwait Adult Diabetes Epidemiological Multidisciplinary (KADEM) program is a
study conducted at the Dasman Diabetes Institute, which was approved by the DDI ethical
committee (Study Number RA-2019-030) and registered on clinical trials.gov (NCT06115876,
accessed on 23 May 2022). This study was conducted in accordance with the ethical frame-
work of the Helsinki Declaration. All participants signed a consent form before participating
in this study. A total of 450 participants who were either non-diabetic or diagnosed with
type II diabetes were enrolled in the KADEM. People with type 1 diabetes were excluded
from participation. Anthropometric measures were recorded, including age, gender, and
BMI, as well as clinical lab tests evaluating lipid profiles, liver function tests, and glucose.
BMI was calculated by dividing the weight in kilograms by the square of height in me-
ters, an electronic weighing scale determined weight, and portable inflexible measuring
bars were used to measure height (BMI = kg/m?), where individuals were classified as
non-obese (BMI < 30 kg/m?) and obese (BMI > 30 kg/m?). Blood pressure and heart
rate readings were obtained as the average of three measurements, taken using an Omron
HEM-907XL digital sphygmomanometer, with a 5 to 10 min rest interval between each
measurement. Participants with malignancies, autoimmune diseases, active infections, en-
docrine disorders other than diabetes, chronic kidney disease, or those who were pregnant
or lactating were excluded.

MAFLD was assessed by a trained specialist using vibration-controlled transient elas-
tography (VCTE) Fibroscan elasticity techniques. To assess clinical variables, participants
were asked to fast for at least 10 h overnight for blood samples to be collected for measur-
ing lipid and glycemic profiles, including triglycerides (TG), hemoglobin Alc (HbAlc),
fasting plasma glucose (FPG), total cholesterol (TC), high-density lipoprotein (HDL), and
low-density lipoprotein (LDL). A Siemens Dimension RXL chemistry analyzer was used
for glucose and lipid profiles, while HbAlc levels were determined by the VARIANT™ II
Hemoglobin Testing System.

2.2. Blood Processing

Blood samples were collected in EDTA tubes and centrifuged at 400x g for 10 min
at room temperature to separate the plasma. The plasma was centrifuged at 800x g for
10 min to obtain a clear supernatant, which was aliquoted into fresh tubes. Plasma samples
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were stored at —80 °C for future tests. For the ELISA assay, the required plasma samples
were thawed at room temperature and centrifuged at 10,000 x g for 5 min to remove any
particles or precipitates. Samples were aliquoted into the appropriate plate layout.

2.3. Measurement of Circulating Levels of Isthmin-1 by ELISA

Levels of human Ism1 in plasma were determined using the Isthmin-1 ELISA Kit
(Human) (Cat. No. AG-45B-0032-KI01) from Adipogen Life Sciences, Liestal, Switzerland.
Plasma samples were diluted 1:4 with 1X sample diluent from the kit, and an ELISA assay
was performed following the manufacturer’s protocol. The ELISA plate was read at 450 nm
using a plate reader within 30 min of stopping the reaction. Color intensity is directly
proportional to Ism1 levels in the samples. The concentration of Ism1 in the samples was
extrapolated from the Ism1 standard curve. The intra-assay and inter-assay coefficients of
variation (CV%) were less than 10%.

2.4. Statistical Analysis

All analyses were performed using SPSS V.29.0 software (IBM Corp., Chicago, IL,
USA). Data were coded and checked for any abnormalities. Categorical variables were
presented as counts and percentages, while continuous variables were presented as the
median (IQR) to represent the center due to skewness. To test for an association between
categorical variables, the Pearson chi-square test of independence was implemented if the
expected cell counts for 80% of the cells were more than 5; otherwise, the Fisher exact test
was implemented. The Mann-Whitney U test was implemented to compare the median of
the groups due to the non-normality of the variables. To measure the strength of the linear
relationship between two continuous variables and due to the presence of outliers, the
Spearman’s rank correlation was implemented. Finally, to model the association between
the binary outcome and a set of covariates, multiple logistic regression modeling was
implemented, and the receiver operating characteristic (ROC) curve was produced to shed
light on the model’s predictive ability. Furthermore, the multiple logistic regression model
was checked for significance using the omnibus test and for fitting the data well using the
Hosmer and Lemeshow test. All tests were two-tailed, and a significant level was set at 5%.

3. Results
3.1. Study Population Characteristics

The investigated sample involved 450 participants, and a comprehensive descriptive
analysis of the comparison of an array of variables stratified by the primary outcome of
obesity is presented in Table 1. The sample was divided based on BMI and included a total
of 265 non-obese (BMI < 30 kg/m?) and 182 obese participants (BMI > 30 kg/m?). The
results showed a significant difference in the medians for weight, BMI, waist circumfer-
ence, hip circumference, waist-to-hip ratio, wrist circumference, systolic blood pressure
(SBP), diastolic blood pressure (DBP), FBG, albumin, TG, HDL, homeostasis model as-
sessment of insulin resistance (HOMA-IR), Ism1, controlled attenuation parameter (CAP)
score, aspartate aminotransferase (ALT), alanine aminotransferase (ALT), ALT/AST ratio,
Fibrosis-4 (FIB-4), platelet, and aspartate aminotransferase-to-platelet ratio index (APRI)
(AST /platelet) between individuals with obesity compared to those from the non-obese
group (p-value < 0.05). Additionally, participants with obesity presented significantly
increased insulin resistance reflected by a higher HOMA-IR median and a significant in-
crease in the median of CAP scores, while showing significantly lower Ism1 median levels
compared to the non-obese group. Furthermore, obese participants showed significantly
higher medians for ALT, ALT/AST ratio, and platelets but significantly lower medians for
the FIB-4 index and APRI (AST/platelet), as shown in Table 1.
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Table 1. Descriptive analysis of biochemical parameters comparing non-obese with obese partici-

pants.
All Participants Non-Obese (BMI < 30) Obese (BMI > 30)
n ¢ =450 n =265 n =182 p-Value
(100%) (59.3%) (40.7%)

Gender
Male 234 145 (62.5) 87 (37.5) 0.1512
Female 216 120 (55.8) 95 (44.2)
Age (years) 49 (15.3) 48 (16) 49.5 (14.3) 0.099 b
Height (cm) 167 (15) 168 (15) 165 (15.6) 0.151°
Weight (kg) 81.7 (25.0) 72 (18) 97 (19.8) <0.001
BMI (kg/m?) 28.7(7.7) 25.9 (4.38) 33.8 (5.15) <0.001
Waist Circumference (cm) 98 (20.5) 89 (15) 109 (13) <0.001
Hip Circumference (cm) 107 (16) 101 (10) 117 (12.5) <0.001
Waist/Hip Ratio 0.905 (0.11) 0.891 (0.12) 0.931 (0.12) <0.001
Wrist Circumference 17 (1.9) 16.4 (1.85) 17 (1.55) <0.001"
SBP (mmHg) 126 (19) 125 (20) 129 (16) <0.001"
DBP (mmHg) 79 (14) 78 (14) 80 (11) 0.047 P
Heart Rate 76 (14) 74.5 (14) 78 (13) 0.053 P
FBG (mmol/L) 52 (1.1) 52 (1.1) 5.3 (0.97) 0.032°
Albumin (g/L) 40 (4) 41 (5) 39 (4) <0.001"
Total Chol (mmol/L) 5.15(1.4) 5.1(1.5) 52(1.3) 0.402°
TG (mmol/L) 0.98 (0.71) 0.83 (0.68) 1.14 (0.77) <0.001 "
HDL Cholesterol (mmol/L) 1.43 (0.47) 1.46 (0.5) 1.38 (0.41) 0.026 ©
LDL Cholesterol (mmol/L) 3.2(1.3) 3.2(1.3) 3.2(1.3) 0.369 P
HbAlc (%) 5.6 (0.8) 5.5(0.8) 5.6 (0.9) 0.066 P
HOMA-IR 2.87(3.2) 2.19 (2.71) 3.83 (3.98) <0.001 "
Ism1 (ng/mL) 4.11 (7.45) 5.17 (8.28) 3.15 (5.79) 0.002°
CAP Score 247 (74) 232.0 (62) 275.0 (77) 0.002°
ALT 28.0 (16) 27 (15) 30 (16) 0.036 P
AST 20.0 (8) 20 (8) 20 (7) 0.192°
ALT/AST Ratio 1.44 (0.61) 1.375 (0.61) 1.556 (0.62) <0.001°
Platelet 266 (83) 260 (84) 273.5 (93) 0.012°
FIB-4 Index 0.65 (0.43) 0.760 (0.35) 0.570 (0.32) 0.034 P
APRI (AST/platelet) 0.075 (0.04) 0.078 (0.05) 0.071 (0.04) 0.005 P

2 p-value calculated using Pearson chi-square test of independence, ® p-value calculated using Mann-Whitney U
test due to non-normality of at least one of the groups. ¢ The numbers do not add up to N due to missing values.
Bold values in the table indicate statistically significant findings (p < 0.05).

3.2. Levels of Ism1 Correlate with Various Clinical Parameters

To better understand the nature of the relationship between Ism1 and clinical co-
variates, we applied the Spearman’s rank correlation. Our data revealed a significant
negative correlation between Ism1 levels and various parameters, including age, BMI, hip
circumference, SBP, FBG, HbAlc, HOMA-IR, and CAP score (Table 2). To further explore
the relationship between obesity and various variables including Ism1, we employed uni-
variate analysis (Table 3). Our analysis indicated that Ism1, SBP, TG, HDL cholesterol,
HOMA-IR, and CAP scores are significantly and independently associated with obesity.
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Additionally, adjusted analysis demonstrated that increased Ism1 and HDL levels have a
protective effect against obesity. Specifically, a one-unit increase in the Ism1 level was asso-
ciated with a 5.6% decrease in the odds of being obese (AOR = 0.944; 95% CI: 0.904-0.987,
p-value = 0.010). Similarly, a one-unit increase in HDL is associated with a 47.6% reduction
in the odds of being obese (AOR = 0.524; 95% CI: 0.314-0.875, p-value = 0.014). It is worth
noting that the multiple logistic regression model presented in Table 3 produced an area
under the ROC curve of 0.764 (95% CI: 0.718, 0.811) (Figure 1), indicating a good predictive
ability for Ism1 to discriminate between obese and non-obese participants. According to
the omnibus test, the multiple logistic regression model was significant (chi-square = 92.15,
p-value < 0.001) and fits the data (chi-square =11.92, p-value = 0.155) according to the
Hosmer and Lemeshow test.

Table 2. Spearman’s rank correlation between Ism1 and various parameters in the study participants

(n = 450).

Variables 2 Correlation p-Value
Age (years) —0.153 0.002
Height (cm) 0.045 0.354
Weight (kg) —0.093 0.055
Body Mass Index (kg/ m?2) —0.143 0.003
Waist Circumference (cm) —0.091 0.117
Hip Circumference (cm) —0.123 0.011
Waist/Hip Ratio 0.001 0.999
Wrist Circumference —0.009 0.850
SBP (mmHg) —0.138 0.004
DBP (mmHg) —0.023 0.644
Heart Rate —0.015 0.753
Fasting Glucose (mmol/L) —0.140 0.004
Albumin (g/L) —0.013 0.785
Total Cholesterol (mmol/L) 0.039 0.426
TG (mmol/L) —0.080 0.100
HDL Cholesterol (mmol/L) 0.092 0.060
LDL Cholesterol (mmol/L) 0.034 0.493
HbA1lc (%) —0.247 <0.001
HOMA-IR —0.141 0.004
CAP Score —0.109 0.025
ALT 0.006 0.900
AST 0.070 0.152
ALT/AST Ratio —0.057 0.247
FIB-4 Index —0.155 0.241
Platelet —0.018 0.713
APRI (AST/platelet) 0.076 0.117

2 Due to the skewness of most covariates, the Spearman’s correlation coefficient was implemented to down-weight
the effect of outliers. Bold values in the table indicate statistically significant findings (p < 0.05).
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Table 3. Multiple logistic regression modeling showing the association between obesity and Ism1

(n = 450).
Covariate Uniéalii(a;;;? réall)ysis p-Value A(}Ajt(l)slt{egg;:aclil)s is p-Value
Ism1 (ng/mL) 0.937 (0.902, 0.974) <0.001 0.944 (0.904, 0.987) 0.010
SBP (mmHg) 1.020 (1.007, 1.033) 0.002 1.008 (0.992, 1.025) 0.308
FBG (mmol/L) 1.032 (0.925, 1.152) 0.574 0.788 (0.611, 1.018) 0.068
Total Chol (mmol/L) 1.043 (0.961, 1.131) 0.317 1.026 (0.904, 1.164) 0.696
TG (mmol/L) 1.439 (1.113, 1.860) 0.006 1.132 (0.770, 1.663) 0.528
HDL Chol (mmol/L) 0.524 (0.314, 0.875) 0.014 0.685 (0.338, 1.386) 0.293
LDL Chol (mmol/L) 1.144 (0.926, 1.413) 0.213 1.015 (0.758, 1.360) 0.920
HbAlc (%) 1.046 (0.932,1.174) 0.442 0.986 (0.727, 1.338) 0.929
HOMA-IR 1.131 (1.069, 1.197) <0.001 1.076 (1.001, 1.158) 0.048
CAP Score 1.017 (1.013, 1.022) <0.001 1.015 (1.010, 1.021) <0.001

Estimates in the adjusted analysis are adjusted for age and gender. OR: odds ratio, AOR: adjusted odds ratio.
Bold values in the table indicate statistically significant findings (p < 0.05).
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Figure 1. Area under the receiver operating characteristic curve for the model presented in Table 3.

To investigate the significance of Ism1 further, we examined the relationship between
T2D and Ism1 with other variables (Table 4). Our analysis indicated that Ism1 and TG are
significantly and independently associated with pre-diabetes and T2D. Adjusted analysis
showed that increased Ism1 levels have a protective role against T2D. Compared to people
with no diabetes (reference group), a one-unit increase in Ism1 resulted in a 12% decrease
in the pre-diabetes odds after adjusting for all other covariates included in the model.
Additionally, compared to the reference group, people with no diabetes showed that a
one-unit increase in Ism1 resulted in a 12.8% decrease in the odds of having T2D after
adjusting for all other covariates included in the model. Our analysis implies that higher
levels of Ism1 could potentially provide a protective effect against pre-diabetes or T2D
compared to people without diabetes.
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Table 4. Multinomial logistic regression modeling showing the association between diabetes status
and Ism1.

Pre-Diabetes T2D

Covariate * AOR (95% CI) p-Value * AOR (95% CI) p-Value
Ism1 (ng/mL) 0.880 (0.838, 0.925) <0.001 0.872 (0.814, 0.934) <0.001
SBP (mmHg) 1.011 (0.993, 1.029) 0.249 1.014 (0.991, 1.036) 0.229
Total Cholesterol (mmol/L) 1.180 (0.607, 2.295) 0.625 0.987 (0.352,2.771) 0.980
TG (mmol/L) 1.958 (1.113, 3.444) 0.020 2.934 (1.437,5.992) 0.003
HDL Cholesterol (mmol/L) 0.398 (0.145, 1.094) 0.074 0.378 (0.090, 1.588) 0.184
LDL Cholesterol (mmol/L) 0.787 (0.377, 1.642) 0.523 0.648 (0.215, 1.955) 0.441

* Estimates in the adjusted analysis are adjusted for age and gender. AOR: adjusted odds ratio, the outcome
reference group is the non-diabetic one. Bold values in the table indicate statistically significant findings (p < 0.05).

4. Discussion

Ism1 is a newly studied adipokine with potential roles in obesity and T2D, in par-
ticular [23,24]. However, a comprehensive understanding of its distribution, function,
and association with various phenotypic parameters remains elusive. Previous studies
reported a link between higher levels of Ism1 and improved glucose tolerance with lower
T2D risk [23,24], while others linked the severity of albuminuria to a substantial increase
in serum Isml in people with T2D [24,27]. The primary cause of such differences and
ambiguous correlations might have resulted from differences related to sample size, study
design, and population characteristics, in particular an incomplete adjustment for potential
confounders. In this study, we investigated the circulating Ism1 as a potential biomarker
for conditions of metabolic diseases in a well-phenotyped population of individuals with
obesity compared to those without obesity. Our data showed a significant reduction in
Ism1 levels in people with obesity, in addition to increases in insulin resistance and MAFLD
indicated by increased HOMA-IR and CAP scores, respectively. Our analysis also revealed
a negative association between Ism1 and odds of T2D, suggesting a protective role for Ism1
against T2D. Similarly, individuals with high CAP scores showed significantly reduced
Ism1 levels, and a negative correlation with Ism1 according to Spearman’s rank correlation.
As a result, our logistic regression analysis suggests Ism1 as an independent protective
factor to monitor obesity progression.

People with obesity, in particular abdominal obesity, are at increased risk of develop-
ing T2D and MAFLD [28-30]. Several studies reported that in over 50% of patients, T2D
was accompanied by MAFLD [31,32]. Many studies have shown that metabolic comor-
bidities, including obesity, T2D, dyslipidemia, and hypertension, significantly influenced
the prevalence and incidence of MAFLD [33]. In line with other studies, our study sample
demonstrated that obese individuals, with a median BMI of 33.8 kg/m? and waist size of
109 cm depicting abdominal obesity, were more likely to have increased CAP scores, which
is reflective of MAFLD and increased insulin resistance. This group of participants was
presented with significantly reduced levels of circulating Ism1 (3.15 ng/mL) compared to
those without obesity (5.17 ng/mL). These findings were consistent with those of a recent
study by Wang et al., where they reported low levels of Ism1 as an independent risk factor
for the development of T2D [24]. However, they did not find a clear link between changes
in Ism1 levels and the development of MAFLD in people with T2D [24].

Considering the strong association between Ism1 and obesity, we evaluated the di-
agnostic potential of circulating Ism1 for obesity using ROC analysis. Our ROC results
indicate that serum Ism1 levels possess significant diagnostic capability for identifying
individuals with obesity. The area under the ROC curve was 0.764, indicating good predic-
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tive ability in distinguishing the outcome. These findings suggest that Ism1 may serve as a
promising novel biomarker for assessing obesity-related metabolic disorders and predicting
the risk of developing obesity-related comorbidities.

Additionally, our findings indicate that low levels of Ism1 are significantly associated
with an increased risk of developing pre-diabetes and T2D. Specifically, compared to people
with normal glucose, the adjusted odds ratios suggest that for each unit increase in Ism1,
the odds of pre-diabetes decrease by 12% (AOR = 0.88, 95% CI = 0.838, 0.925, p < 0.001) and
the odds of T2D decreases by 13% (AOR = 0.87, 95% CI = 0.814, 0.934, p < 0.001). These
results underscore the protective role of Ism1 against the development of diabetes. The
significant association implies that maintaining higher levels of Ism1 may be beneficial
in reducing the risk of transitioning from normal glucose regulation to pre-diabetes and
subsequently to T2D. Given that pre-diabetes is a critical stage where intervention can
prevent the progression to T2D, Ism1 could potentially serve as a valuable biomarker for
the early identification of individuals at risk. This highlights the importance of further
research into Ism1’s mechanisms and its potential as a target for therapeutic strategies
aimed at preventing diabetes onset.

Some of this study’s strengths are the large sample size and the rigorous data analysis
and biostatistical modeling techniques implemented. Additionally, the covariates used
in the analysis were measured in the laboratory, so there was no recall bias. However,
some limitations include the fact that, due to the cross-sectional design, the results can be
used only to establish associations but not causations or temporality. Also, the sampling
conducted was a non-probability sampling technique.

5. Conclusions

In conclusion, our findings demonstrated an association between T2D and increased
insulin resistance with reduced Ism1 levels. Furthermore, we observed reduced levels of
circulating Ism1 in people with obesity and MAFLD. Collectively, our findings suggested a
potential protective role for Ism1 against obesity and its complications, indicating it as a
potential biomarker or diagnostic tool for early detection of metabolic diseases, warranting
further investigation into its therapeutic potential.
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Abstract: Background/Objectives: Diabetic foot ulcers (DFUs) are a common and severe complica-
tion of diabetic patients, with significant global prevalence and associated health burdens, including
high recurrence rates, lower-limb amputations, and substantial associated economic costs. This study
aimed to understand the user needs of healthcare professionals treating diabetic foot ulcers for newly
developed material technologies. Methods: An open-ended questionnaire was used to identify user
needs, identify the limitations of current treatments, and determine the specific requirements for ideal
treatment. This information was used to develop a list of key considerations for creating innovative
material technologies to improve diabetic wound treatment results. Results: Most respondents
indicated that they followed published treatment guidelines for DFUs but noted that treatment often
required a case-specific approach. Antibiotics and surgical debridement were commonly used for
infection control. The participants showed a strong preference for wound dressings with lasting
antibacterial properties. Respondents identified ideal properties for new products, including ease of
use, enhanced antibacterial properties, affordability, and targeted biological activity. The respondents
also highlighted the importance of a holistic approach to DFU management, integrating product
development with comprehensive care strategies and patient education. Conclusions: This study
highlights the complexity of DFU care, emphasizing that no single product can address all treatment
needs. Future materials could focus on combination therapies and specific use cases. Additionally,
understanding global variations in treatment practices and educating users on the proper application
of newly developed material technologies is crucial for improving the management of DFUs and
patient outcomes.

Keywords: diabetic foot ulcers; osteomyelitis; wound care; wound dressings; material technologies;
user needs

1. Introduction

Diabetic foot ulcers represent a significant health burden, characterized by high inci-
dences, recurrence rates, and substantial associated economic costs. Diabetic foot ulcers
have an annual incidence rate of 2% in the general diabetic population [1]. However,
individuals with established neuropathy are at an even higher risk, experiencing ulceration
rates between 5.0% and 7.5% [2]. Throughout their lifetime, diabetic patients face a 19 to
34% risk of developing a foot ulcer. This translates into 9.1 million to 26.1 million diabetic
patients with foot ulcers per year [2]. Following the initial ulceration, morbidity remains
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high. Recurrence rates reach 65% within 3-5 years, and patients experience a 20% lifetime
risk of lower-limb amputation alongside a 50-70% mortality rate within 5 years [3-6]. The
consequences of DFUs extend beyond patient well-being, imposing a significant economic
burden on healthcare systems. In Europe, for instance, annual costs per DFU patient
range from EUR 7000 to EUR 13,500, with substantial variations attributable to healthcare
systems, treatment approaches, and study methodologies [7]. However, these costs pale
compared to the lifetime costs associated with amputation, estimated at USD 350,465-USD
509,2645 per patient [5,8]. DFUs present a global prevalence of 6.3% [9] and are caused by
a combination of neuropathy (nerve damage), trauma, peripheral artery disease (PAD),
excessive pressure on the foot [10], and chronic kidney disease [11]. DFUs are susceptible
to infection [12,13], with over 50% of ulcerations developing an infection [14]. This high
rate of infection is attributed to compromised immune function [15], poor circulation [16],
edema, neuropathy, and prolonged inflammation, all of which may be present in diabetic
patients [17].

The specific classification of a DFU is crucial for providing appropriate wound care
and therapeutic interventions [10]. DFUs can be classified as neuropathic [18], ischemic [19],
or neuroischemic [20]. Neuropathic ulcers develop due to nerve damage, leading to sensory
loss, callus formation, and increased pressure on the foot, often resulting in deep, painless
ulcers on the plantar surface [18]. Ischemic ulcers arise from reduced blood flow caused
by peripheral artery disease (PAD), presenting as painful, pale wounds with poor healing
potential [19]. Neuroischemic ulcers, the most prevalent type of DFUs, combine features of
both neuropathic and ischemic ulcers, occurring in individuals with both nerve damage
and reduced blood flow [20,21]. A study performed in Catalonian primary care centers
shows that the prevalence of neuroischemic ulcers among DFUs was 44.1% while 20.3%
were neuropathic, and 20.3% were ischemic [21].

The International Working Group on the Diabetic Foot (IWGDF) Guidelines recom-
mends that DFU treatment should involve a multidisciplinary team to provide individual-
ized care tailored to the complex needs of each patient [22]. This guideline recommends
that treatment consists of extensive surgical debridement, antibiotic therapy [23], topi-
cal dressings, wound decompression, vascular assessment, and glycemic control [24,25].
Dressings play a fundamental role in the quality and speed of wound healing [26]; how-
ever, dressings suitable for chronic wounds, such as diabetic foot ulcers are not currently
available [27]. DFUs remain a complex therapeutic challenge despite recent advances in
diabetes treatment and wound dressings [16,28,29]. Hyperglycemia in diabetes leads to
inflammation, hypoxia, and immune dysfunction, increasing infection risk due to delayed
leukocyte migration [30]. Fibroblasts exhibit impaired differentiation and cytokine release,
hindering adaptive wound healing [31]. Epithelial cells such as keratinocytes have their
migration and proliferation inhibited, delaying re-epithelialization and prolonging wound
closure [32]. Diabetes also impairs the signaling of vascular endothelial growth factor
(VEGF), which is key in promoting angiogenesis; this affects the growth and function of
endothelial cells which are essential for new blood vessel formation [33]. If the wound be-
comes infected, the healing process is further challenged [34]. The prolonged inflammation
in DFUs delays wound healing; additionally, bacteria produce enzymes that break down
newly formed tissue and extracellular matrix components [17,35]. These factors underscore
the complexity of DFUs and the need for specialized treatment.

Traditional and modern dressings are readily available, although all of them present
limitations in wound management [36]. Traditional dressings require frequent replacement
due to inadequate exudate absorption, leading to potential tissue damage and increased
patient discomfort [37]. Moreover, they tend to create a dry wound environment [38],
hindering granulation tissue formation and delaying wound healing [36,37]. Modern
wound dressings offer significant advancements in wound healing, including enhanced
granulation tissue formation, reduced inflammation, and antibacterial properties [39,40].
However, while offering numerous benefits, they also present limitations. For instance, the
moist environment they create can lead to maceration of surrounding skin if not managed
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properly [41]. Dressings such as foams do not allow us to visualize the wound without
removal, and this makes clinical monitoring difficult [41]. Modern wound dressings
are also more expensive than traditional dressings [27] and may require a secondary
dressing to ensure adhesion to the wound bed. Many new materials used in advanced
dressings require complex manufacturing techniques that limit widespread production
and availability [42]. Storage can also be an issue, as some advanced dressings may have
specific storage requirements or are more difficult to handle than traditional dressings [27].
Given the advantages and limitations of current wound dressings, we decided to explore
the user needs of healthcare professionals who use advanced dressings to treat diabetic foot
ulcers (DFUs). The poor clinical outcomes of diabetic ulcers in comparison to non-diabetic
ulcers [2,43] made it clear that this investigation was necessary. This led us to create a user
needs questionnaire to investigate what an ideal product for treating DFUs would resemble
from the perspective of healthcare professionals directly involved in such treatments.

This exploratory study uses a questionnaire to ascertain what healthcare professionals
and material scientists experienced in DFUs consider relevant when developing therapeutic
material technologies and products.

1. First, we inquired about the current challenges, limitations, and unmet needs.

2. Secondly, we inquired about what healthcare professionals consider an ideal treatment.

3.  Third, we created an overview of what user needs should be considered when devel-
oping innovative therapeutic material technologies to treat DFUs.

2. Methods
2.1. Research Design

The open-ended questionnaire was distributed from January 2023 to September 2023
to purposively sample healthcare professionals and material experts with experience in
DFU treatment.

Questionnaire development

The first draft of the user needs questionnaire was developed (MV) based on a system-
atic literature review of emerging materials for DFU treatment, published by our group [44],
and an existing user needs questionnaire by a product manager specializing in biomaterials.
Subsequentially, material experts (n = 3) and clinicians (n = 2) were consulted to review
and formulate the final version of the questionnaire.

The final questionnaire (Appendix A) included three sections and sixteen questions.

e  Section 1 (7 questions): addressed objective 1, which involved identifying current
treatment options and shortcomings.

e  Section 2 (7 questions): focused on objective 2, exploring the desired user needs of a
treatment product for DFUs.

e  Section 3 (2 questions): provided respondents with the opportunity to offer additional
insights and clarify any points in the questionnaire.

2.2. Data Collection

The questionnaire was distributed by a QR code with a link to a Google Forms ques-
tionnaire, through the European Wound Management Association (EWMA), the 14th Pisa
International Diabetic Foot Course in Pisa, the Oxford Bone Infection Conference (OBIC),
and the Annual Meeting of the European Bone & Joint Infection Society (EBJIS). These
channels ensured respondents had experience in the clinical wound treatment field. Re-
spondents could complete the questionnaire on paper or online through a Google Form.
Questionnaires filled out on paper were transcribed to the Google Form (MV).

2.3. Data Analysis

The questionnaire data were extracted to Microsoft Excel, and all answers were read by
MYV and JA to familiarize themselves with the data. Then, MV coded sections of the respon-
dents” answers using the hybrid approach to thematic analysis as described by Feredey and
Muir-Cochrane [45]; answers were coded inductively as well as deductively. Qualitative
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content analysis was applied to further analyze reoccurring themes. The frequency of
occurrence of these themes was reported. The quantitative data were supplemented with
quotes from respondents. The codes used can be found in Appendix B.

3. Results
3.1. Sample Characteristics

The questionnaire received 29 responses. All respondents had experience in the
treatment of DFUs or the development of DFU material technologies. Respondents most
often worked in Europe (n = 24; Australia [n = 2], the United States [n = 2], or the Philippines
[n =1]). Most respondents worked in a hospital (n = 19), which was most often a university
hospital (n = 12). The other respondents (n = 10) worked in peripheral clinics, as wound
consultants, or were self-employed. Respondents worked in plastic surgery, orthopedics,
dermatology, internal medicine, or the development of medical devices. Most professionals
mentioned they were experts in wound healing (n = 15), and this includes physicians
and nurses.

The results presented correspond to the analysis of the information from the user
needs questionnaire, which was divided into three sections.

3.2. Section 1: Participant Background—~Profiles of Commonly Treated Patients and
Wounds Managed

3.2.1. Medical and Demographic Characteristics of Patients Treated for Diabetic Wounds

The characteristics of patients treated by the healthcare professionals (respondents)
are as follows:

Age: Sixteen respondents indicated that they generally treat patients above 60 years
of age. Ten respondents did not specify an age or just mentioned that all age groups were
difficult to treat for different reasons. Three respondents said that young people were more
difficult to treat as they wanted to be more physically active.

Medical Status: Many patients treated by the respondents have additional health is-
sues such as cardiovascular disease, obesity, neuropathy, and immune system impairments.
These comorbidities significantly affect wound healing and treatment approaches. Out of
the 29 respondents, 25 answered this question. In total, 32% of the respondents (n = 8) men-
tioned that patients treated presented several comorbidities. For the several comorbidities
category, obesity was mentioned in combination with cardiovascular disease (twice) and
hepatic disease (once). The remaining respondents in this category (n = 5) indicated that
patients generally have various comorbidities but did not specify. Cardiovascular diseases
were reported by 28% (n = 7) of respondents as common among their patients, followed by
obesity at 24% (n = 6), and hepatic diseases at 16% (n = 4).

The respondents noted that medical treatment is often hindered by patients” non-
compliance, low levels of education, and low socioeconomic status, which also limits access
to available treatment options.

3.2.2. Distribution of Encountered DFU Types

The healthcare professionals who answered the questionnaire indicated that they han-
dle various types of wounds, including neuropathic, ischemic, or neuroischemic wounds
located at different pressure points on the foot. Each wound varies in depth, size, and
infection status. Ten respondents said they often encounter wounds on patients’ toes. Eight
respondents did not specify a location, seven found more on the plantar area of the foot,
and four found them on the heels.

3.2.3. Diabetic Foot Guidelines

Most of the respondents (59%, n = 17) reported following a published treatment
guideline, while 31% (n = 9) indicated they did not follow any guidelines because of
the heterogeneity of the patient population. The guidelines referenced by respondents
include IWGDE, M.O.LS.T. (moisture balance, oxygen balance, infection control supporting
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strategies, and tissue management) [46], T.L.M.E. (Tissue management, Infection and inflam-
mation control, Moisture balance, and Edge of the wound) [47], the Diagnostic Therapeutic
Care Path, ESVS Guidelines, the MD Approach, Best Practice Guidelines, and the DF
Protocol, as well as various national and international guidelines.

3.2.4. Infected DFUs

Most respondents (69%, n = 20) stated that they commonly encounter infected wounds,
17% (n = 5) said that the wounds they treat are usually not infected, 7% indicated that it is
variable (n = 2), and 7% (n = 2) did not answer.

Fifteen distinct treatment options for infection were mentioned, and as respondents
could answer more than once, a total of 45 answers were registered. Antibiotics were the
most frequently mentioned intervention (31.1%, n = 14), followed by surgical debridement
(26.7%, n = 12). Silver-based products (13.3%, n = 6) and antimicrobial dressings (6.7%,
n = 3) were also reported. The remaining interventions (22.2%, n = 10) included a variety
of approaches such as skin grafts, betadine, negative pressure wound therapy, honey,
Granudacyn solution, topical oxygen therapy, and iodine.

3.2.5. Wound Healing Time

Respondents mentioned that wound healing time depends on multiple factors as
illustrated by the following quote:

“Healing time is often related to the type of ulcer (...). The factors that most contribute
to the delay in healing are infection, ischemia, compliance, and I would add the process of
management.” [P21, wound care specialist]

Some respondents provided an estimated healing time for the wounds they usually
encounter; these values were divided into categories by the authors. In total, 31.0% (n = 9)
of the respondents did not give an approximate healing time; they mentioned that it varies
greatly from case to case. A total of 27.5% (n = 8) of respondents indicated that wounds
took between 1 and 3 months to heal, and an additional 27.5% (n = 8) mentioned that
wounds took more than 3 months to heal; most wounds taking more than 3 months to heal
were specified to be neuroischemic. At the same time, 14.0% (n = 4) stated that the wounds
they treat heal between 1 and 4 weeks.

3.2.6. Current Treatment Techniques and Limitations

There is a considerable variation in the products used by medical professionals for the
treatment of DFUs, with respondents mentioning a total of twenty-eight different products.
Forty-eight answers were recorded, as respondents could provide more than one answer.
Silver-based materials were the most mentioned by the respondents (28%, n = 8) in the
treatment of infected wounds. Honey-based products were also commonly mentioned
(17%, n = 5) for treating wounds with extensive necrotic tissue, as honey provides a wound
healing environment.

To achieve non-load bearing on the wounds, respondents often used casting, noting
that in such cases, additional wound care products need to be long-lasting (7 to 14 days)
to minimize the frequency of cast removal. Respondents also pointed out that the high
moisture levels commonly found in DFUs can make it challenging for patches like Urgotul
to manage exudates effectively, requiring supplementary bandages. Limitations cited
included the availability and affordability of specialized wound care products, as well as
the fact that these specialized dressings are not always covered by insurance. Additionally,
the need for tailored treatments and dressings at different stages of wound healing was
seen as a drawback of current treatment options.

3.3. Section 2: Material Development
3.3.1. Medical Professionals’ Perspectives on Ideal Treatment Features

According to the respondents, ideal features in material technologies for DFU treat-
ment include the following:
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e  Product application: Medical professionals emphasize the importance of products
that are easy to apply and manage, with some suggesting features like color change to
indicate loss of functionality.

o  Treatment outcome: Antibacterial activity is desired, with many respondents indicat-
ing a preference for materials that provide antibacterial effects.

e  Health economics: Treatments should be affordable and ideally reimbursed by health
insurance to ensure broader accessibility and adherence.

Healing time: Products that expedite the healing process of DFUs are highly desired.
Additional properties: Other desired properties include moisture control, non-adherence
to the wound, breathability, and the ability to determine bacterial types present for more

targeted treatment.

Figure 1 shows a more detailed overview of the ideal material technology characteris-
tics mentioned by the respondents.

Absorbs exudate

Lasts multiple days

Keeps wound moist

Differente Sizes

Cost-effective

Stimulates Healing

Figure 1. Frequency of desired product characteristics reported by respondents. Data from 29 respon-
dents. Multiple responses were allowed (47 registered responses).

When asked which biological processes should be stimulated, respondents were able
to provide more than one answer (see Table 1). They indicated that for effective wound
healing, a product should primarily promote processes like angiogenesis (21%, n = 6) and
granulation (24%, n = 7), along with re-epithelialization and fibroblast stimulation (14%,
n = 4 for both of them). Additionally, 10% (n = 3) of the respondents mentioned that the
product should stimulate every process involved in wound healing. Conversely, respon-
dents said that the product should avoid causing adverse effects, particularly inflammation
(28%, n = 8) and infection (14%, n = 4), which are critical to prevent. Additional concerns
include avoiding the promotion of blood clots and necrosis (with 14% [n = 4] and 7% [n = 2],
respectively), as well as minimizing pain and scar tissue formation, and ensuring that the
product does not contribute to necrosis (7%, n = 2).

Table 1. Biological processes that are considered essential and detrimental to achieving wound
healing according to the respondents.

Detrimental Product

Essential Product Characteristics Counts . .. Counts
Characteristics

Angiogenesis 6 Inflammation (immune response) 8
Fibroblast stimulation 4 Pain to the patient 1
Granulation 7 Scar tissue 1
Re-epithelialization 4 Blood clots 4
Reduction in inflammation 2 Infection 4
Every process involved in 3 Necrosis 2

wound healing
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The desired duration of antibacterial properties includes a variety of responses. Most
respondents indicated that antibacterial properties should last during the time the material
is in direct contact with the wound.

3.3.2. Frequency of Product Exchange

Most respondents (52%, n = 15) expressed they would use a product that required daily
exchange if it resulted in faster wound healing. Meanwhile, 24% (n = 7) stated they would
not use it, and 10% (n = 3) indicated they would use it depending on the circumstances.

The respondents who answered negatively often mentioned that it is too time-consuming
and costly for them to make the change. Respondents who answered “maybe” said they
would use the product if the patient could apply it properly and independently. However,
they remained concerned about the potential challenges this might pose for patients.

“(...) we need to consider that patients are usually of advanced age, with poor eyesight
and reduced mobility. They will most likely not be able to reach the wound to treat it,
they also usually live alone.” [P4, Diabetic foot nurse]

3.3.3. The Most Important Factor in the Wound Healing Process

When asked what they considered the most important factor in the wound healing
process, one of the medical professionals said:

“It’s not just the bandage that heals the patient, it's the diet, physical activity, do they
smoke or not? It is a combination of everything.” [P1, Wound consultant]

The need for a holistic approach to wound healing is mentioned by eight of the
respondents, as illustrated by the following quote:

“The state of the patient, state of the wound, wound pre-treatment, person who treats
the wound, material used to cover the wound. Each one of these are key factors in
wound healing, together they all contribute to the healing process.” [P22, wound care
specialized nurse]

Educating the end users on how to apply the products and their working mechanisms
is a recurring topic in the respondents” answers (n = 6):

“Education is key, know how to treat the wound and how the product works.” [P1,
Wound Consultant]

One of the respondents indicated that current products can be effective when used correctly.

4. Discussion

This study addressed three primary objectives: first, to inquire into the current chal-
lenges, limitations, and unmet user needs faced by healthcare professionals and material
scientists in treating diabetic foot ulcers (DFUs); second, to inquire into what is considered
an ideal treatment for DFUs by these stakeholders; and third, to create an overview of
the key considerations for developing innovative therapeutic material technologies for
DFU treatment. To achieve these objectives, an open-ended questionnaire was distributed
through medical associations and conferences.

Understanding the types of wounds treated by respondents and the context of their
patient populations is crucial for developing effective new products. Most respondents treat
patients above 60 years of age who have a combination of comorbidities. Respondents also
mentioned that these patients usually have lower levels of education, making it difficult
for them to follow treatment plans, and they also have a lack of access to treatment options.
Consequently, 24% (n = 7) of respondents indicated that patients might not be able to
change a product by themselves daily and prefer longer-lasting options that a nurse could
manage. Common wound locations mentioned by the respondents were the toes and the
plantar area. This information is relevant to determine user and application needs for new
material technologies in DFU treatment.
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4.1. Product Characteristics

The ideal new product characteristics identified by respondents are consistent with
Roger’s principles for the diffusion of innovations [48]. Ease of use was the most commonly
mentioned feature, aligning with Rogers’ concept of minimizing complexity to facilitate
adoption [48]. Respondents emphasized that products should be easily adaptable to various
wound shapes and sizes, which increases compatibility with the existing practices and
needs of healthcare professionals. This adaptability is crucial as it enhances the product’s
fit within current workflows, thereby increasing the likelihood of clinical adoption.

Cost emerged as another major consideration for the respondents when developing
new material technologies, highlighting the importance of relative advantage [48]; new
products must be cost-effective to gain acceptance, especially among patients from lower
socioeconomic backgrounds who may struggle with expensive treatments. Studies such
as the one from Ka et al. (2022) [49] have pointed out that a low socioeconomic level is a
barrier to patients” adherence and access to medical treatments. The significance of relative
advantage is further underlined by the need for insurance coverage, which can mitigate the
financial burden on patients. To achieve this, the newly developed product must show clear
evidence of superior efficacy compared to existing alternatives, enhancing its observability
by making its benefits more apparent to users [48].

Respondents also pointed out the importance of educational materials accompanying
the product, targeted at patients and healthcare professionals. Effective wound treatment
options already exist, but improper use due to a lack of education can hinder positive
outcomes. By providing these materials, the product enhances its trialability [48], allowing
users to learn and experiment with its use in a controlled manner, thereby reducing
perceived risk. Education is a well-established behavior change technique [50]; an example
of this is an educational intervention carried out by Sikkens et al. (2018) [51]. They
performed a study on antibiotic prescribing skills and showed that a targeted e-learning
course led to an 11% higher exam pass rate among medical students compared to a control
group, demonstrating the long-term effectiveness of educational interventions [51].

In summary, these characteristics—ease of use, adaptability, cost-effectiveness, demon-
strable efficacy, and educational support—align with Rogers’ innovation characteristics
and collectively improve the likelihood of successful product adoption.

4.2. Guidelines for DFU Treatment

There is no single agreed-upon way to treat DFUs, with respondents citing up to 10
available treatment guidelines. Interestingly, 35% (n = 10) of the respondents reported that
they did not follow any guidelines and instead tailored treatment to individual patients’
needs and comorbidities due to the heterogeneity of patients. In this case, their experience
plays a key role in choosing the best treatment.

Implementing DFU treatment guidelines is challenging due to various factors, includ-
ing resource limitations, disparities in healthcare infrastructure, and the heterogeneity of
patient needs. Variability in outcomes, even within the same country, can be attributed to
differences in healthcare professionals’ training and emphasis on DFU management [45].
In low-resource settings, the limited availability of specialized care and resources further
complicates adherence to guidelines [52]. Additionally, DFU treatment often requires a
customized approach, depending on factors like ulcer severity, patient comorbidities, and
access to offloading devices or surgical options.

Given these challenges, healthcare providers may not strictly adhere to guidelines,
opting instead to rely on their clinical experience and judgment. While personalizing care
is important, established guidelines based on scientific research [53] advocate for a team-
based approach to patient care [54], which can improve outcomes, prevent amputations,
and reduce the overall impact of diabetes-related foot disease [25]. This highlights the
complex landscape of DFU treatment, where both adherence to guidelines and individual
professional experience play crucial roles.
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4.3. Infection in DFU

Infections in diabetic foot ulcers (DFUs) are complex [55] and multifaceted. An
infected wound in the context of DFUs is generally identified by the presence of clinical
symptoms such as redness, warmth, swelling, pain, or discharge [56]. These symptoms
can be subtle in diabetic patients due to neuropathy and poor blood circulation [57].
The timing of intervention is particularly challenging, as overtreatment with antibiotics
can lead to antimicrobial resistance [58], while delayed treatment of true infections can
result in serious complications, including limb loss [59]. Current guidelines recommend
initiating treatment when clear signs of infection are present and discontinuing antibiotics
when signs of infection have resolved [58], emphasizing the importance of individualized
patient assessment.

Reflecting this challenge, 74% (n = 21) of respondents reported that the wounds
they treat are often infected and mentioned antibiotics as the most common treatment
for infection. Nearly all respondents (93%, n = 27) expressed a desire for products with
antibacterial properties, and 33% out of this 93% (n = 9) wanted the antibacterial properties
to last as long as the product was in contact with the wound.

Diabetic foot infections (DFIs) affect 50-60% of patients with DFUs [60]. A common
pathogen in DFIs is Staphylococcus aureus, comprising 20-25% of bacteria isolated from
DFls [61]. S. aureus has shown resistance to several antibiotics, including methicillin
(MRSA) [62], making it difficult to treat. This suggests a need for wound care products with
antibacterial properties that do not rely solely on traditional antibiotics. These products
could complement current treatments by having a different mode of action to kill bacteria
compared to antibiotics in combating infection.

Debridement, which removes necrotic and avascular tissue [63], was the second most
mentioned treatment for infected DFUs. This is a crucial step in treatment since the first
stage of a diabetic foot infection by S. aureus is the bacteria attaching to surface components
of the skin, such as epidermal keratinocytes [64]. Since there are already good methods
for debridement, this should not be the main focus in the development of new material
technologies for DFUs.

Silver-based products have been used as a complementary treatment for infection in
diabetic foot ulcers. This was the third most mentioned treatment by the respondents in
our questionnaire. However, the widespread use of silver-containing compounds has led
to the emergence of silver-resistant bacteria, including four different S. aureus isolates in the
study by Hosny et al. (2019) [65]. The potential for resistance development may depend on
the specific silver formulation and the exposure conditions. These factors should be taken
into consideration during product development.

4.4. Biological Processes in Wound Healing

The respondents indicated specific biological processes that new products should or
should not stimulate. Angiogenesis was the most frequently mentioned process that respon-
dents desired the product to stimulate. We understand that angiogenesis is essential for
proper wound healing. However, it is important to note that excessive angiogenesis does
not necessarily guarantee faster healing and may even have negative consequences [66].
The level of angiogenesis often coincides with the inflammatory response because inflam-
matory cells produce numerous factors that promote angiogenesis [67]. While inflammation
is a necessary part of healing, excessive inflammation can lead to poor healing outcomes
and increased scarring [68]. For this reason, it is crucial to carefully tune the material’s
characteristics. While a few respondents indicated that, ideally, a product should stimulate
all processes involved in wound healing, achieving this across all stages of wound healing
with a single product is quite challenging. This is one of the reasons why it is important
to consider new products and material technologies as pieces of a larger puzzle and to
identify other material technologies alongside which they might work well. By identi-
fying complementary products, we can explore the potential benefits of a combination
therapy approach.
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4.5. Strengths and Limitations

Open-ended questionnaires allow healthcare professionals to freely share their experi-
ences, providing valuable insights into current DFU treatments and their shortcomings.
Unlike fixed-choice formats, this approach prevents potential misleading answers and
ensures we capture all relevant information. These detailed responses will inform the
development of products that align closely with clinicians’ needs, are user-friendly, and
address existing treatment limitations.

This study acknowledges limitations due to sample size, self-selection bias, and
challenges with online surveys. A small sample size and self-selection bias prevent findings
from being extrapolated as well as increase the possibility of assuming a false premise as
true [69,70]. Finally, the online format makes it difficult to clarify responses, especially for
open-ended questions. This can leave unclear or ambiguous data that require extra effort
to interpret. While the sample size limits applying the findings to the entire continent, the
results still provide valuable insights. They highlight the complex nature of DFU treatment
and the importance of a holistic approach.

4.6. Design Recommendations and Future Directions

This paragraph aims to recapitulate the results from our three research objectives,
emphasizing the need for material technology innovations in DFU treatment. Recognizing
that a single product cannot address all aspects of DFU care, the development of new
material technologies should focus on combination therapy and specific use cases. For
example, products intended for use alongside offloading therapy should be durable enough
to minimize disruptions caused by frequent device removal. The ideal new product for
DFU treatment should prioritize features like ease of use, enhanced antibacterial properties
for infected wounds, affordability, and targeted biological activity, such as promoting
angiogenesis without triggering excessive inflammation. By aligning new materials with
these desired characteristics, we can effectively address the limitations of current treatments,
leading to improved management of DFUs and, ultimately, better overall patient care.
Future research should also explore variations in treatment practices globally, given the
differences in healthcare resources [71] and patient demographics.

5. Conclusions

Healthcare professionals pointed out several limitations in current material technolo-
gies for the treatment of DFUs, such as the limited availability and high cost of specialized
wound care products as well as the need for various treatments and dressings to cover
all stages of wound healing. When developing new material technologies, it is crucial to
align with the specific needs of users of healthcare professionals. According to healthcare
professionals, an ideal product for the treatment of DFUs should feature products that
offer long-lasting antibacterial properties, are easy to use, and are cost-effective. Addition-
ally, the education of healthcare professionals and patients emerged as a critical theme,
emphasizing the importance of proper technology application and education for optimal
treatment results in DFUs.

This study highlights the complex nature of treating diabetic foot ulcers (DFUs). The
survey responses suggest that a single, universal treatment solution is unlikely to meet the
diverse needs of DFU management. Therefore, when designing new products, developers
should not only consider user needs but also how their material technology can work in
conjunction with complementary wound healing products.
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Appendix A

User Needs Questionnaire: Diabetic wound treatment

Part 1 (seven questions) focused on gathering background information about the
wounds being treated by the respondents and their current treatment methods, part 2
(seven questions) inquired about the desired features of a treatment product for DFUs, and
part 3 (two questions) allowed respondents to offer additional insights and address points
of the questionnaire that were unclear. Respondents were informed about the study’s
purpose and the voluntary nature of participation.

Date:

Respondent:

Field of expertise:

Goals:

1. Learn about the different types of diabetic wounds and patients that medical
professionals treat, as well as what their ideal treatment for these wounds would be.

2. Obtain input from medical professionals regarding the techniques that they are
currently using for the treatment of diabetic wounds and their limitations

Part I. Current Medical Practice

1. What is the type of diabetic wound you usually treat?

a.  Size, position in the body, any other relevant characteristic

i. If the wound is in the foot, can you specify the area of the foot it is in, as
well as the specific characteristics of this location

b.  Are these wounds usually infected, if so:

i. How do you treat the wound?
ii. How do you treat the infection?

c.  How do you decide if the wound is infected or not? Do you do a culture? Or do
you base your decision in the way the wound looks/smells, other?
i. Do you need to identify the pathogen in order for the treatment to be effective?
ii. Do infections cause the wound to be clearly more challenging to treat?

2. What are the demographics of patients that present the previously described wound
and the reported comorbidities? Which are the most challenging patient groups to treat?
3. How do you decide the treatment plan? Do you follow a specific guideline?

a. How do you treat the wound? Can you describe the process? Is there a stan-
dard procedure?
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b.  Which products do you use and why do you use them versus other avail-
able products?

c.  Which are the limitations you encounter when using these products?

d. How do you keep the product positioned/contained at the wound site?

4. How much time does it usually take the wound to heal? What are risk factors for
non-healing wounds?

5. Which type of wounds heal poorly or do not heal?

6. During the wound healing time is the product being exchanged, if so, how often?
How often would the ideal exchange time be?

7. If there were a very effective and fast treatment solution that always cleared the
infection and healed the wound but required daily exchange, would you use it? Please
elaborate on your answer.

Part II. Product Development

1. What would your ideal product be to treat the wounds you usually encounter?
Why? How would you like to apply this product?

2. What do you think is the most important factor in the wound healing process?
e.g., state of the patient, state of the wound, wound pre-treatment, person who treats the
wound, material used to cover the wound. ..

3. How often should the product be exchanged? If it stays on for 2 weeks, would it
be good enough for a wound with a diameter of *2* cm to heal? * wound size previously
mentioned*.

4. Should the wound and wound edges remain moist throughout all of the healing process?

5. Which biological processes should the product stimulate (e.g., Clot formation,
angiogenesis, fibroblast stimulation, remodeling of granulation tissue, others)?

6. Which biological processes should the product not stimulate?

7. Should the material have antibacterial activity, if so, how long should this activity
preferably last?

Part I11. Concluding Questions

1. Are there additional properties that were not mentioned previously that you would
like to see in your ideal product?

2. Are there any questions regarding this questionnaire?

The data retrieved from the user needs questionnaire can be obtained through the follow-
ing link: https://docs.google.com/spreadsheets/d /1wa4NGOh83wmD5T8WNY UkZb815
XoVTAI9/edit?usp=sharing&ouid=110983971402187884564&rtpof=true&sd=true (accessed
on 22 August 2024)

Appendix B

Data Analysis: Deductive and Inductive Themes

Deductive Themes: These themes were developed to understand respondents’ ideal
product characteristics in the context of the patients and wounds they are treating.

Patients” demographics and comorbidities

e  Wound characteristics, e.g., healing time, size, and position; this allows us to put answers
into context about current product limitations and desired product characteristics

e Presence of infection: to further characterize the wound and assess the need for

antibacterial properties in the materials

Infection treatment: more detail into current medical practices

Duration of antibacterial activity

Promotion of angiogenesis

Promotion of granulation

Price of the product: important to consider in the design process

Mode of application of the material: relevant for material design

Design features, e.g., shape, size, adhesive properties, etc.
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Inductive Themes:

Education of end users on the product’s application
Case-specific approach to DFUs

Holistic approach to DFU management
Inflammation control
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Abstract: Background/Objectives: Examining the risk of depression among patients with diabetes
is crucial for understanding the mental health burden of this chronic condition. This study examined
the likelihood of depression severity among participants in the National Health And Nutrition
Examination Survey (NHANES) from 2005 to 2020, based on glycemic control status. Methods:
Depression severity was categorized into three levels using the Patient Health Questionnaire-9
(PHQ-9), and glycemic control status was categorized into five groups based on prior diabetes
diagnoses and hemoglobin Alc (HbAlc) levels. Using multinomial logistic regression models, the
odds ratio (OR) and 95% confidence intervals (95%ClIs) of various severities of depression by glycemic
control status were calculated after comprehensive adjustments. Results: Out of 76,496 NHANES
participants from 2005 to 2020, 37,037 individuals who met our inclusion criteria were analyzed.
The likelihood of depression in individuals with prediabetes was not significantly different from
those with normoglycemia. In contrast, participants with diabetes had a higher likelihood of having
depression versus individuals with normoglycemia even when they kept their HbAlc within the
normal range (lower than 5.7%). Among individuals with diabetes, those with HbAlc < 5.7% had a
higher likelihood of mild depression (OR: 1.54, 95%CI: 1.02-2.34), while having HbAlc > 10.0% was
significantly associated with a greater likelihood of moderate to severe depression (OR: 1.53, 95%CI:
1.07-2.19) compared to those with HbA1lc levels of 5.7-10.0%. Conclusions: Our findings highlight
the need for a holistic approach to diabetes care that includes mental health considerations, especially
for those who are at the extremes of the HbAlc spectrum.

Keywords: diabetes; prediabetes; depression; HbAlc; NHANES; mental health; blood glucose control

1. Introduction

Diabetes and depression pose significant global health challenges, with diabetes
(total of type-1 and type-2) affecting 1 in 11 adults worldwide, and depression having a
lifetime prevalence of 11-15% [1]. Both conditions contribute to medical and economic
burdens, with diabetes accounting for 12% of global health expenditure [2]. Diabetes
often coexists with neuropsychiatric comorbidities, particularly depression [3]; however, it
remains a neglected condition in patients with diabetes, directly impacting their quality of
life. Depression ranks as the fourth leading cause of Disability-Adjusted Life Years (DALYs)
in developed countries, while diabetes holds the eighth rank [4].

Depression, a mood disorder defined in the American Psychiatric Association’s Diag-
nostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5), disrupts emotions,
cognition, and behaviors [5,6]. Diagnostic criteria include the core symptom of diminished
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mood or anhedonia, plus at least four additional symptoms, namely feelings of guilt or
worthlessness, fatigue, loss of concentration, suicidal thoughts, at least 5% change in weight,
a change in psychomotor activity, or sleep disruptions lasting for at least two weeks [7].

The treatment of depression in patients with diabetes is challenging, often proving in-
effective and sometimes refractory [8]. Further complicating matters, some antidepressant
medications can adversely affect blood glucose control [9]. On the other hand, the de-
manding nature of diabetes management for patients, including the complexities of blood
glucose control, medication adherence, and lifestyle adjustments, contributes to elevated
stress levels. The emotional burden associated with navigating the potential complica-
tions of diabetes also significantly heightens a susceptibility to developing or worsening
depression [10,11]. Coping with the uncertainty of managing a chronic condition and the
potential complications associated with diabetes, such as neuropathy or cardiovascular
issues, can further contribute to the development of depression [12].

Studies reveal an increased prevalence of depression in prediabetes and undiagnosed
diabetes, with markedly higher rates in individuals with diagnosed diabetes compared
to those with a normal glucose metabolism [13]. The interactions between the hypotha-
lamus, pituitary gland, and adrenal glands can cause alterations to cortisol production,
which could be an underlying mechanism of an increased depression risk in people with
impaired glucose tolerance [14]. Chronic inflammation and fluctuations in blood glucose
that could lead to mood swings and impact neurotransmitters could be other potential
causes of depression in those with diabetes or prediabetes [15]. Inflammatory markers
such as C-reactive protein (CRP) and interleukin-6 (IL-6) are often elevated in individuals
with depression, diabetes, and prediabetes. This chronic low-grade inflammation can affect
the brain and contribute to the development of depressive symptoms [16,17]. This in-
creased risk is intricately linked to the complex interplay between physical health, lifestyle
factors, and the psychological burden associated with managing a chronic condition like
diabetes [18,19]. The bidirectional association between diabetes and depression suggests
shared biological mechanisms, emphasizing the need for a comprehensive understanding
to enhance treatment and outcomes for these interconnected conditions [20]. The early
identification and comprehensive management of depression in individuals with diabetes
is critical for improving the overall outcomes and enhancing the quality of life of this
vulnerable population [21,22]. Thus, recognizing the risk factors of depression among
patients with diabetes is essential, and addressing both conditions comprehensively can
provide further benefits to overall health.

While the increased risk of depression among individuals with diabetes is widely
reported, the association between potential contributing factors—including diabetes control
status, anthropometric measures, and demographic variables—and varying degrees of
depression severity remains largely underexplored. Thus, it is important to investigate
the link between diabetes management and different levels of depression severity, while
accounting for potential covariates and stratifying according to influential predictors. This
comprehension can assist in identifying vulnerable populations and optimizing patient
treatment approaches.

We aimed to assess the likelihood of experiencing varying degrees of depression
across different categories of glycemic control status to identify patients with diabetes at
the highest risk of depression after a comprehensive adjustment.

2. Materials and Methods
2.1. Source of Data

Data from the National Health And Nutrition Examination Survey (NHANES), a
series of cross-sectional, nationally representative health examination surveys, spanning
2005 to 2020 were used [23]. The NHANES, conducted by the Centers for Disease Con-
trol and Prevention (CDC), assesses the health and nutritional status of the U.S. popula-
tion through interviews and physical examinations. Each year, NHANES samples about
5000 individuals using a complex, multistage probability-sampling design to ensure na-
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tional representativeness. The process begins with geographical stratification, dividing the
country into Primary Sampling Units (PSUs) based on factors like region and urbanization.
A random sample of PSUs is then selected, followed by smaller geographical segments
within each PSU, and then households within these segments. Finally, individuals within
these households are randomly chosen, with the oversampling of certain groups such as
the elderly, African Americans, Asians, and Hispanics to ensure sufficient data for these
populations. The survey is conducted annually, with different participants each year. How-
ever, some participants might be re-invited in subsequent survey cycles, although this is
not common [24,25]. For this study, the data were obtained from 76,496 participants who
had participated in NHANES from 2005 to 2020. Participants were eligible for our analysis
if they were aged 18+ years, had available test results for hemoglobin Alc (HbAlc), had
answered at least seven questions from Patient Health Questionnaire-9 (PHQ-9) [26], and
were non-pregnant/non-lactating. The final analysis included 37,073 participants. Figure 1
details the inclusion and exclusion criteria.

National Health And Nutrition Examination Survey (NHANES) dataset ranging from years
2005 to 2020:
76,496 participants

I

N

45,980 participants w ed 18 years and
partkIpan :ere = e 30,516 participants were 17 vears and below.
above.

s B )

45,238 participants did not report pregnancy at| | 742 female participants reported pregnancy at

the time of interview. the time of interview.
l " (s v
44,972 participants did not report lactation at | 266 female participants reported lactation at
the time of interview. the time of interview.
J
r g
40,610 participants had the reports of 4.362 participants had no reports of
hemoglobin Alc. hemoglobin Alc.
s t o < ]
37.073 participants had answered the Patient 3.537 participants had >= 3 unanswered
Health Questionnaire - 9 (PHQ-9). questions from the PHQ-9.

Final study participants: 37,073 men and women

Figure 1. Flowchart of eligible individuals, the National Health And Nutrition Examination Survey
(NHANES) 2005-2020.

Based on the participants” responses to the DIQ010 question (“Other than during
pregnancy, {have you/has SP}/{have you/has SP} ever been told by a doctor or health pro-
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fessional that {you have/{he/she/SP}has} diabetes or sugar diabetes?”) and the availability
of data from LBXGH (glycohemoglobin (%)), they were placed in five glycemic control
categories as follows: normoglycemia (no prior diagnosis, HbAlc < 5.7%), prediabetes (no
prior diagnosis, HbAlc 5.7%— <6.5%), Diabetes (diagnosed for diabetes with HbAlc < 5.7%,
Diabetes with 5.7% < HbAlc < 10.0%), and Diabetes with HbAlc > 10.0% [27]. Details
about the classification of participants into these categories are outlined in Figure 2.

{ Determination of glycemic control status }

‘ Response to DIQO010* (prior diagnosis of diabetes) }

L
[ [ 1 i ]l
No Borderline Refused Don’t Know Missing
Yes
Diabetes

HbAlc 2 6.5 HbAle <5.7

5.7<HbAlc <65

Normoglycemia

(HhAlc >10.0 ) (5.7 <HbAlc< 10.0) ( HbAle<5.7 )

Figure 2. The determination of glycemic control status in the National Health And Nutrition Ex-
amination Survey (NHANES) 2005-2020. * DIQ010 question: “Other than during pregnancy, {have
you/has SP}/{have you/has SP} ever been told by a doctor or health professional that {you have
/{he/she/SP}has} diabetes or sugar diabetes?”.

The severity of depression was defined based on the participants’ PHQ-9 scores. The
PHQ-9 is a screening tool for depression consisting of nine questions about symptoms
experienced over the past two weeks. The total scores range from 0 to 27, with higher scores
indicating more severe depression. Following NHANES instructions, the total score was
determined based on the sum of scores from responses to questions DPQ010 to DPQ090
from the NHANES website [23]. If participants did not respond to more than two questions
out of nine, then the data were considered invalid and excluded; however, if one or two
questions remained unanswered, then the prorated score calculation method was utilized
as suggested in the analytical notes of the PHQ-9 [26]:

Calculating prorated score for determining severity of depression:

Partial raw score (PRS) = sum of available questionnaire scores @D

Total score = (PRS x 9) / total number of answered questions 2)

The participants were then divided into three categories based on their scores from
PHQ-9: no depression (score: 0—4), mild depression (score: 5-9), moderate and severe
depression (score: 10-27) [26].

Information about age, sex, and race/ethnicity was obtained from the “Demographic
Variables and Sample Weights” data, while the body mass index (BMI) was extracted from
the “Body Measures” questionnaires. Participants were categorized into six BMI categories:
underweight (<18.5 kg/m?), normal weight (>18.5 and <25 kg/m?), overweight (>25
and <30 kg/m?), class I obese (>30 and <35 kg/m?), class I obese (>35 and <40 kg/m?),
and class III obese (>40 kg/ m?). Participants without information for their BMI were
categorized as missing. Physical activity levels were evaluated based on the Metabolic
Equivalent of Task (MET) hours per week (MET-hrs./week) using the Global Physical
Activity Questionnaire (GPAQ). The physical activity questionnaire used by NHANES
differed between the 2005-2006 period and 2007 onward. To ensure consistency in our
analysis, we categorized the 2005-2006 population into four distinct groups based on their
estimated physical activity intensity and aligned them with the MET categories applied
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to participants from 2007 onward. Further details on the categorization and alignment
of physical activity data from 2005-2006 with the rest of the dataset are provided in the
Supplementary Material, Appendix SA. The MET-hrs./week was calculated for data from
2007 to 2020 based on the NHANES guidelines, which assign eight MET points for vigor-
ous work and recreational activities and four MET points for moderate work, recreational
activities, and walking/bicycling. The calculation of MET-hrs./week for physical activity
involved using these MET scores, alongside the daily duration and frequency of the activi-
ties performed each week [28]. Participants with no physical activity (MET-hrs./week = 0)
were placed in the lowest category, while the others were divided into four additional
categories (quartiles), and a separate category was created for participants with missing
data [28].

2.2. Statistical Analysis

The odds ratio (OR) and 95% confidence intervals (Cls) for the association between
glycemic control status and severity of depression were evaluated by multinomial logis-
tic regression models. The primary outcome was depression severity. Survey analytic
techniques were used in descriptive and regression analyses to incorporate the complex
stratified sampling procedure and population weighting [23]. All analyses were conducted
using Stata software version 18, with statistical significance set at a two-sided p-value
of <0.05.

2.2.1. Examining the Association between Glycemic Control Status and Various Severities
of Depression

The odds of various severities of depression in individuals with prediabetes, diabetes
with HbAlc < 5.7%), diabetes with HbAlc between 5.7% and 10.0%), and diabetes with
HbAlc > 10.0%) versus those with normoglycemia were evaluated. Model 1 was adjusted
for age, sex, and race/ethnicity, while Model 2 included additional adjustments for BMI,
physical activity, and the year of data collection alongside the covariates from Model 1.

2.2.2. Examining the Associations between Diabetes Control Status and Various Severities
of Depression

The odds of various severities of depression related to diabetes control status were
examined among participants with diabetes. This model was applied to assess the severity
of depression in participants with diabetes across different HbAlc categories. Participants
with HbAlc levels lower than 5.7%, as well as those with HbAlc > 10.0%, were compared
to participants whose HbAlc levels were between 5.7% and 10.0%.

2.2.3. Examining the Association between Diabetes Control Status and Various Severities
of Depression among Participants with Diabetes, Stratified by BMI and Race/Ethnicity

We investigated whether the relationship between diabetes control status and de-
pression differed by BMI (BMI < 25 kg/m? vs. BMI > 25 kg/m?) and race/ethnicity
(Non-Hispanic White vs. other races/ethnicities).

3. Results

A total of 37,073 participants were eligible for inclusion in the study. The demographic
distribution of the study population is reported in Table 1. In summary, 38.86% of the
population with diabetes were 65 years or older. Non-Hispanic Whites were the largest
ethnic group in the entire population (67.87%), as well as across all diabetes status sub-
groups. Among participants with diabetes, 52.19% were males. Overweight and obesity
were prevalent among the general population of the study, with 32.50% being overweight
and 37.15% in obesity classes I, II, or IIL.
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Table 1. Characteristics of adult participants in the National Health And Nutrition Examination

Survey (2005-2020) by glycemic control classification.

(N‘:?rﬁ;l;ieo ¢ Par;l;:it;lan ts Normoglycemia Prediabetes Diabetes
Participants 1 (n = 37,073) (n =22,393) (n = 8815) (n = 5865)
Depression Categories
No Depression 76.63% 77.80% 76.91% 69.47%
Mild Depression 15.53% 15.12% 15.01% 18.72%
MOd];.I;;tfe;(s)igivere 7.84% 7.07% 8.08% 11.82%
Age Categories
18-34 Years 28.38% 38.16% 9.86% 4.28%
35-44 Years 17.18% 19.55% 13.56% 9.82%
45-54 Years 19.02% 18.23% 20.88% 20.35%
55-64 Years 16.72% 12.72% 24.23% 26.70%
65+ Years 18.70% 11.34% 31.47% 38.86%
Sex
Male 49.73% 49.90% 47.70% 52.19%
Female 50.27% 50.10% 52.30% 47.81%
Race/Ethnic Groups
Non-Hispanic White 67.87% 70.73% 62.69% 60.39%
Non-Hispanic Black 10.68% 8.41% 15.59% 15.20%
Mexican American 8.45% 8.26% 8.29% 9.82%
Non-Mexican Hispanic 5.71% 5.70% 5.55% 6.08%
Otherﬁiﬁg::giu‘hng 7.29% 6.91% 7.88% 8.51%
Body Mass Index (BMI) Categories
Normal Weight 1.60% 2.01% 0.99% 0.31%
Underweight 28.01% 33.96% 18.59% 10.14%
Overweight 32.50% 33.65% 33.08% 24.97%
Class I Obese 20.50% 18.14% 23.51% 28.83%
Class II Obese 9.54% 7.04% 13.17% 17.56%
Class III Obese 7.11% 4.57% 9.97% 16.75%
Missing 0.73% 0.62% 0.70% 1.44%
Physical Activity Categories
No Activity 18.83% 14.65% 24.00% 33.80%
Quartile 1 19.25% 18.22% 21.56% 21.16%
Quartile 2 24.46% 25.85% 21.28% 21.93%
Quartile 3 18.60% 20.53% 15.95% 12.16%
Quartile 4 18.84% 20.72% 17.18% 10.95%
Missing 0.02% 0.03% 0.02% 0.00%

1 The participant numbers in the table are based on unweighted data, whereas the percentages are derived from

weighted data.
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3.1. Glycemic Control Status and Various Severities of Depression

In Model 1, the likelihood of depression in participants with prediabetes was signifi-
cantly different than those with normoglycemia (OR for moderate to severe depression:
1.25, 95%CI: 1.09-1.45). However, this association didn’t remain significant when the data
was further adjusted for BMI, year of data collection, and physical activity in Model 2.
Additionally, a significantly increased likelihood of different severities of depression was
observed in individuals with diabetes withHbA1lc < 5.7%, 5.7% < HbAlc < 10.0%, and
HbA1lc > 10.0% compared to normoglycemia, in both Models 1 and 2. For instance, the
odds ratio for moderate to severe depression was 2.00 (CI: 1.40-2.88), 2.14 (CI: 1.81-2.54),
and 2.86 (95%CI: 2.07-3.94) for those with HbAlc < 5.7%, 5.7% < HbAlc < 10.0%, and
HbA1lc > 10.0%, respectively (Table 2, Model 1). This trend remained similar after adding
more covariates in Model 2. A greater likelihood of mild depression was also observed in
individuals with diabetes compared to the population with normoglycemia.

Table 2. Odds ratio and 95% confidence intervals for the associations between glycemic control
status and various severities of depression among participants in the National Health And Nutrition
Examination Survey (n = 37,073).

Depression Categories

Mild Depression Moderate to Severe

Glycemic Control Status Number Depression
Odds o Odds o
Ratio 95%CI Ratio 95%CI
Model 1 *
Normoglycemia 22,393 1 (reference) 1 (reference)
Prediabetes 8815 1.07 0.96-1.19 1.25 1.09-1.45
Diabetes
(HbAIC < 5.7%) 367 211 1.42-3.15 2.00 1.40-2.88
Diabetes
(5.7% < HbAlc < 10.0%) 4915 1.48 1.32-1.66 2.14 1.81-2.54
Diabetes
(HbA1c > 10.0%) 583 1.71 1.22-2.40 2.86 2.07-3.94
Model 2 **
Normoglycemia 22,393 1 (reference) 1 (reference)
Prediabetes 8815 0.97 0.87-1.09 1.10 0.95-1.28
Diabetes
(HbAIC < 5.7%) 367 1.90 1.26-2.85 1.70 1.19-2.42
Diabetes
(5.7% < HbAlc < 10.0%) 4915 1.24 1.10-1.40 1.63 1.38-1.92
Diabetes 583 1.49 1.04-2.12 231 1.68-3.17

(HbA1lc > 10.0%)

The participant numbers in the table are based on unweighted data. * Model 1 adjusted for sex (men and
women), age (18-34, 35-44, 45-54, 55-64, and >65 years), race/ethnicity (Non-Hispanic White, Mexican American,
Non-Mexican Hispanic, Non-Hispanic Black, and other races—including multi-racial). ** Model 2 adjusted for
sex (men and women), age (18-34, 3544, 45-54, 55-64, and >65 years), race/ethnicity (Non-Hispanic White,
Mexican American, Non-Mexican Hispanic, Non-Hispanic Black, and other races—including multi-racial), BMI
[underweight (<18.5 kg/m?), normal weight (>18.5 and <25 kg/m?2), overweight (>25 and <30 kg/m?), class I
obese (>30 and <35 kg/ m?), class IT obese (>35 and <40 kg/ m?), class III obese (>40 kg/ m?), and missing values],
year of collecting data (continuous), and physical activity (MET-hrs./week = 0, quartiles, missing).

3.2. Diabetes Control Status and Various Severities of Depression

To examine the effect of diabetes control status on the likelihood of depression, partici-
pants with diabetes were compared across different categories of HbAlc levels. Compared
to those with an HbAlc between 5.7% and 10.0%, the likelihood of mild depression (OR:
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1.54, 95%CI: 1.02-2.34) was significantly higher among individuals with HbAlc < 5.7;
while the likelihood of moderate to severe depression (OR: 1.53, 95%CI: 1.07-2.19) was
significantly higher in those with HbAlc > 10.0% compared to those with HbAlc levels
between 5.7% and 10.0%, as shown in Table 3.

Table 3. Odds ratio and 95% confidence intervals for the associations between diabetes control status
and various severities of depression among participants with diabetes in the National Health And
Nutrition Examination Survey (n = 5865).

Depression Categories

Mild Depression Moderate to Severe

Diabetes Control Status Number Depression
g:t‘il; 95%CI g;‘il; 95%CI
Model 1 *
(Hbgila(};ite;y%) 367 1.46 0.99-2.16 0.94 0.65-1.36
(5.7% < Ry 10.0%) 915 1 (reference) 1 (reference)
(Hb Eliib;tleglo%) 583 1.24 0.87-1.76 1.42 1.01-2.01
Model 2 **
(Hbgila(]:git%sy()/o) 367 1.54 1.02-2.34 1.07 0.75-1.54
(5.7% g?{i@]fff “100%) 4915 1 (reference) 1 (reference)
(Hb Elijl;tle(s).OO/o) 583 1.26 0.89-1.79 1.53 1.07-2.19

The participant numbers in the table are based on unweighted data. * Model 1 adjusted for sex (men and
women), age (18-34, 35-44, 45-54, 55-64, and >65 years), race/ethnicity (Non-Hispanic White, Mexican American,
Non-Mexican Hispanic, Non-Hispanic Black, and other races—including multi-racial). ** Model 2 adjusted for
sex (men and women), age (18-34, 3544, 45-54, 55-64, and >65 years), race/ethnicity (Non-Hispanic White,
Mexican American, Non-Mexican Hispanic, Non-Hispanic Black and other races—including multi-racial), BMI
[underweight (<18.5 kg/m?), normal weight (>18.5 and <25 kg/m?), overweight (>25 and <30 kg/m?), class I
obese (>30 and <35 kg/ m?), class IT obese (>35 and <40 kg/ m?), class III obese (>40 kg/ m?), and missing values],
year of collecting data (continuous), and physical activity (MET-hrs./week = 0, quartiles, missing).

3.3. Diabetes Control Status and Various Severities of Depression among Participants with
Diabetes, Stratified by BMI and Race/Ethnicity

Since BMI and race/ethnicity play an important role in diabetes control and de-
pression [29,30], we also examined the associations between diabetes control status and
severity of depression after stratification for these covariates. When stratifying the data
by race/ethnicity (Non-Hispanic White vs. other racial/ethnic groups), significant posi-
tive associations between HbAlc < 5.7% and all severities of depression were observed
only among the other racial/ethnic groups, while the results did not reach statistical
significance in the Non-Hispanic White population. When stratified by BMI, significant
positive associations were observed between HbAlc < 5.7% and mild depression in partici-
pants with a BMI > 25 kg/m?, and moderate to severe depression in participants with a
BMI < 25 kg/m? (Table 4).
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Table 4. Odds ratio and 95% confidence intervals for the associations between diabetes control status
and various severities of depression among participants with diabetes in the National Health And
Nutrition Examination Survey (n = 5865), stratified by race/ethnicity and BMI

Depression Categories

Mild Depression Moderate to Severe Depression
Diabetes Control . . . Other . . . L
Status Non-Hispanic Whites Races/Ethnicities Non-Hispanic Whites  Other Races/Ethnicities
Odds o Odds o Odds o Odds o
Ratio 95%CI Ratio 95%CI Ratio 95%CI Ratio 95%CI
HbAIC <5.7% 1.53 0.81-2.88 1.66 1.08-2.54 0.74 0.39-1.42 1.81 1.24-2.64
5.7% < HbAlc < 10.0% 1 (reference) 1 (reference) 1 (reference) 1 (reference)
HbAlc > 10.0% 1.44 0.72-2.85 1.13 0.79-1.63 1.93 0.99-3.74 1.42 0.99-2.04
Depression Categories
Mild Depression Moderate to Severe Depression
D‘abestte:hf;’“t“’l BMI < 25 kg/m? BMI > 25 kg/m? BMI < 25 kg/m? BMI > 25 kg/m?
Odds o Odds o Odds o Odds o
Ratio 95%CI Ratio 95%CI Ratio 95%CI Ratio 95%CI
HbA1C <5.7% 0.50 0.20-1.29 1.62 1.03-2.55 4.29 110811; 0.74 0.50-1.10
5.7% < HbAlc < 10.0% 1 (reference) 1 (reference) 1 (reference) 1 (reference)
HbAlc > 10.0% 1.51 0.53-4.28 1.13 0.79-1.62 2.25 0.84-5.99 1.44 0.98-2.10

The models were adjusted for sex (men and women), age (18-34, 35-44, 45-54, 55-64, and >65 years),
race/ethnicity (Non-Hispanic White and other ethnicities including Mexican American, Non-Mexican His-
panic, Non-Hispanic Black, and other races—including multi-racial), BMI [underweight (<18.5 kg/m?), normal
weight (>18.5 and <25 kg/m?), overweight (>25 and <30 kg/m?), class I obese (>30 and <35 and kg/m?), class 1T
obese (>35 and <40 kg/ m?), class III obese (>40 kg/ m?), and missing values], year of collecting data (continuous),
physical activity (MET-hrs./week = 0, quartiles, missing). Note: Race/ethnicity was not included as a covariate in
the models when analyses were stratified by race/ethnicity, and similarly, BMI was excluded as a covariate in
models stratified by BMIL

4. Discussion

Overall, having diabetes was associated with a higher likelihood of all severities
of depression; however, no significant association was found between prediabetes and
depression after adjustments for the year of data collection, BMI, and physical activity. In
participants with diabetes and HbAlc < 5.7%, the likelihood of mild and moderate to severe
depression was 1.90- and 1.70-fold higher than in those with normoglycemia, respectively.
Similarly, among participants with HbAlc levels between 5.7% and 10.0%, the likelihood of
mild and moderate to severe depression was 24% and 63%, higher, respectively, compared
to those with normoglycemia. Additionally, for participants with HbAlc > 10.0%, the
likelihood of mild and moderate to severe depression was also notably high—1.49- and
2.31-fold greater than individuals with normoglycemia. Among participants with diabetes,
those with HbAlc < 5.7% had a higher likelihood of mild depression (54%), while those
with HbAlc > 10.0% had significantly higher chance of moderate to severe depression
(53%) than those with HbAlc between 5.7% to 10.0%. These results align with previous
studies that reported the risk of depression as being twice as high among individuals with
diabetes as among those without diabetes, as well as a higher risk of depression among
patients with low and high levels of HbAlc [22,31]. Similarly, in our study population, the
odds of depression were higher for individuals with HbAlc < 5.7% and HbAlc > 10.0%
compared to those with HbAlc between 5.7% and 10.0%.

We found that individuals with prediabetes had no statistically significant difference
in the likelihood of depression compared to individuals with normoglycemia after adjust-
ments for year of data collection, BMI, and physical activity. This differs from other studies,
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which found an increased risk of depression for the prediabetic population [32,33]. This dis-
parity may be due to comprehensive adjustments in our study, differences in the duration
of prediabetes, access to medical services, and other sociodemographic factors [34].

A 54% higher odds of mild depression and a 53% higher odds of moderate to severe
depression observed in individuals with diabetes who had HbA1lc levels below 5.7% or
equal/above 10.0% compared to those with HbAlc levels between 5.7% and 10.0%, suggest-
ing that both tighter glycemic control and higher blood glucose levels may be associated
with an increased risk of depression. This may be due to the ongoing psychological stress
of managing the condition, biological factors affecting mood regulation, social stigma, a
reduced perception of control, and underlying psychological vulnerabilities [17,35]. These
findings are aligned with other studies that suggest that the risk of depression in patients
with diabetes is not linearly related to HbAlc levels [36,37]. Therefore, integrating men-
tal health support into diabetes care, particularly for those who are at the extremes of
the HbAlc spectrum, is crucial for addressing these complex interplays and improving
overall well-being.

This data underscores the importance of a comprehensive approach to diabetes man-
agement that considers the mental health of patients with this challenging chronic disease
in addition to their physical health. While maintaining lower HbAlc levels is recommended
and beneficial for reducing the risk of diabetes-related complications, the challenges inher-
ent in adhering to stringent dietary and medical restrictions may also be accompanied by
an increased risk of depression and related complications. This aligns with the results of
a study by Penckofer et al. [38], as it suggests that managing glycemic variability is not
only important for physical health but also for mental well-being and overall quality of
life. Healthcare providers should be aware of this potential risk and consider integrating
regular mental health screenings and support into the care plan for patients with diabetes,
including those who are achieving and maintaining lower HbAlc levels. This is impor-
tant since it has been shown that depression may be a factor that highly influences the
progression of diabetes complications [39].

These findings highlight the need for further research to understand the causal mecha-
nisms behind these associations and to develop targeted interventions to help mitigate the
risk of depression in patients with diabetes across the spectrum of glycemic control.

This study has multiple strengths, including the use of a nationally representative
sample, the inclusion of 16 consecutive years of data (2005-2020), and comprehensive
adjustments for potential confounding factors related to both diabetes and depression.
Additionally, analyses were stratified by BMI and race/ethnicity to enhance the robustness
of the findings.

The interpretation of the results should consider this study’s limitations. The approach
we employed, which used cross-sectional data, limits our ability to determine the sequence
and timing of events between diabetes and depression, thus restricting our ability to draw
causal conclusions. Addressing the timing or two-way relationship between diabetes and
depression is a significant gap that is crucial for understanding the underlying causes.
Despite these methodological limitations, the present study sheds light on the intricate
relationship between diabetes and depression. The findings suggest the need for tailored
interventions addressing the varied needs of patient populations, encompassing both
physical and mental health aspects. Long-term clinical trials are needed to identify optimal
targets for HbAlc, BMI, and physical activity to effectively reduce the depression risk and
enhance the overall well-being in this vulnerable group. Additionally, culturally sensitive
interventions are essential to accommodate the diverse sociocultural backgrounds and
experiences of patients suffering from diabetes, ensuring comprehensive and effective
healthcare provision.

5. Conclusions

Our findings highlight the importance of diabetes control status as a risk factor for
depression. Patients with HbA1c levels between 5.7% and 10.0% had the lowest odds for
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depression compared to all the other HbAlc groups. These results underscore the need for
a holistic approach to diabetes care that includes mental health, particularly for those who
are at the extremes of the HbAlc levels.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /biomedicines12102276/s1, Appendix SA: calculation of MET
Scores for Years 2005-2006 and 2007-2020.
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Abstract: Background: Gestational diabetes mellitus (GDM) is a common endocrine disease that
can occur during pregnancy, increasing the risk of fetal morbidity and mortality. Metformin is a
commonly used therapeutic approach for managing GDM. However, there is controversy regarding
the effects of metformin on fetal outcomes during pregnancy. This study aimed to evaluate the
safety of metformin in relation to neonatal complications, compared to treatment with insulin and/or
specialized diets. Method: This was a retrospective study that included pregnant women who were
diagnosed with GDM and treated with specialized diets, metformin, or insulin. Data were collected
from patients’ electronic medical records and analyzed to evaluate the risk of neonatal outcomes in
the metformin group compared to the others. Results: The study included 234 women with GDM.
There was no difference between the metformin and insulin groups in terms of the rates of neonatal
outcomes, while neonatal hypoglycemia, neonatal hyperbilirubinemia, large for gestational age, and
respiratory distress were higher in the metformin group when compared to the diet group. Metformin
slightly increased the risk of a lower APGAR score compared to diet alone. Conclusions: Metformin
was found to be a safe therapy for the fetus when used to manage GDM, compared to insulin therapy.
More randomized studies are needed to confirm these findings in the Saudi population.

Keywords: gestational diabetes; neonatal outcomes; metformin; insulin; diet

1. Introduction

Gestational diabetes mellitus (GDM) to refers to any abnormally high glucose value
that is diagnosed during pregnancy [1]; however, while this term is typically reserved
for women diagnosed in the second or third trimester, it can be diagnosed before that
period [2]. The development of GDM is considered the most frequent endocrine disorder in
pregnancy, and it is usually associated with adverse outcomes that affect both the mother
and the fetus [3]. The overall prevalence of GDM in the Middle East and North Africa has
been found to be 13%, and is slightly higher in Arab Gulf countries (14.7%) [4].

Women with GDM have higher incidence of hypertension (HTN), pre-eclampsia,
preterm birth, and cesarian section, as well as increased risk of the development of type 2
diabetes mellitus (T2DM) after delivery. Moreover, there is an increased risk of fetal out-
comes including higher birth weight, macrosomia, polyhydramnios, birth injury, neonatal
hypoglycemia, and neonatal hyperbilirubinemia [5,6].

Early intervention aimed at achieving recommended blood glucose levels may help
to delay short-term complications. The primary strategy for managing GDM involves
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promoting a nutritious diet and advocating for regular physical activity, which could be
effective in achieving normal blood glucose levels for approximately 70% of pregnant
individuals with GDM [7]. However, in those with uncontrolled levels, the next step is to
consider the addition of pharmacological therapy as a means to control hyperglycemia and
prevent both maternal and infant complications [8].

Insulin has traditionally been regarded as the standard treatment. This recommenda-
tion is consistently supported by the American Diabetes Association (ADA) guidelines [8].
However, it necessitates multiple daily injections and requires patients to undergo train-
ing in the technical aspects of treatment. This can result in increased weight gain and
higher medical costs. Additionally, approximately 70% of women who use insulin during
pregnancy experience episodes of hypoglycemia [9].

Metformin primarily targets the mitochondria, to decrease hepatic gluconeogenesis,
regulate hepatic function influenced by glucagon, and improve peripheral insulin sen-
sitivity [10]. Although there is a lack of comprehensive data on the long-term effects of
metformin use during pregnancy on offspring as it can cross the placenta [11], it is fre-
quently chosen as the initial treatment option for GDM patients with mild hyperglycemia.
Metformin is more cost-effective compared to insulin, has a lower risk of hypoglycemia,
and can help to reduce maternal gestational weight gain as well as the occurrence of infants
born large for gestational age (LGA) [12]. The use of metformin in pregnancy remains a
topic of debate and controversy. While certain studies support its use for glycemic control
in pregnant women, others have indicated an elevated risk of adverse events [13,14]. More-
over, to the best of our knowledge, there is no such study considering the Saudi pregnant
population diagnosed with GDM.

The present study aimed to assess the neonatal outcomes in Saudi GDM patients
treated with metformin compared to diet alone or insulin therapy.

2. Materials and Methods
2.1. Ethical Approval

This study was conducted according to the relevant guidelines and regulations, and
the Institutional Review Board of the College of Medicine, King Saud University, Saudi
Arabia reviewed and approved the protocol (E-22-6911). As this was a retrospective data
collection study, informed consent was waived by the Institutional Review Board of the
College of Medicine, King Saud University, Riyadh.

2.2. Study Design

A retrospective observational study was conducted through a review of the medical
records of women with GDM who attended gestational diabetes clinics and delivered
their child at King Saud University Medical City (KSUMC) in Riyadh, Saudi Arabia, from
January 2017 to June 2022.

2.3. Diagnosis and Management of GDM

GDM was diagnosed using a 75 g oral glucose tolerance test (OGTT), with one diag-
nostic criterion used throughout the study period—either a fasting plasma glucose level of
>5.1 mmol/L, a 1-h plasma glucose level of >10 mmol/L, or a 2-h plasma glucose level of
>8.5 mmol/L—according to ADA guidelines [15]. After the diagnosis of GDM, patients
were referred to diabetes educators and dietitians for dietary advice, including information
about a carbohydrate-modified diet. Patients were also advised to monitor their blood glu-
cose levels at least 4 times daily (when fasting and at 2-h post-meals) using a blood glucose
meter. Patients were evaluated by an endocrinologist or diabetologist, and management
was modified according to the target blood glucose levels (i.e., fasting < 5.3 mmol/L and
2 h post-prandial < 6.7 mmol/L) [8]. Pharmacological therapy was started if the target
blood glucose level was not achieved through diet and lifestyle modification alone. The
choice of pharmacological therapy between metformin and insulin was dependent on the
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physician’s recommendation and the patient’s preference. If metformin was started but
was not sufficient to ameliorate hyperglycemia, insulin therapy was initiated.

2.4. Subjects

GDM patients who attended gestational diabetes clinics, delivered their child at
KSUMC in Riyadh, and had a complete medical record were collected randomly from the
full list covering the study period, consisting of 1607 GDM patients, and were included in
the study. We excluded patients with type 1 or type 2 diabetes mellitus, patients with any
other disease that could affect blood glucose control (e.g., autoimmune and inflammatory
diseases), and those using corticosteroids. Moreover, we excluded those who were treated
with a combination of metformin and insulin.

The minimum sample size needed for this study was estimated to be 234 patients
based on o = 0.05, # = 0.99, an odds ratio (OR) of 1 to assess neonatal outcomes, and a
binomial distribution. The patients were divided into 3 groups according to the means of
GDM management (78 patients in the diet-only group, 78 in the insulin-only group, and 78
in the metformin-only group).

2.5. Data Collection

Data were extracted from the patients’ electronic medical records, including maternal
demographics (i.e., age at pregnancy; body mass index (BMI) in the first trimester; family
history of T2DM,; parity; previous history of GDM; previous history of abortions; previous
history of macrosomia; gestational age at diagnosis of GDM; gestational age at initiation
of pharmacotherapy; OGTT results; glycated hemoglobin (HbAlc) before delivery; the
averages of fasting blood sugar (FBS) and 2-h post-prandial glucose (PPG), both calculated
from documented home glucose readings before delivery; pre-pregnancy and pregnancy-
induced HTN; pre-eclampsia; and gestational age at delivery) and neonatal outcomes
(i.e., preterm birth (<37 weeks); neonatal intensive care unit (NICU) admission; neonatal
hypoglycemia (<45 mg/dL) and hypocalcemia (<9 mg/dL); congenital anomalies; birth
injury; birth weight; perinatal death; five-minute APGAR score at 5 min—this method
helps to identify infants requiring respiratory support or other resuscitative measures (with
a score of 7-10 considered as reassuring, a score of 4-6 as moderately abnormal, and a
score of 0-3 as low); macrosomia, defined as an instance where a fetus is larger than 4000 g;
shoulder dystocia; neonatal jaundice or hyperbilirubinemia, where total serum bilirubin is
more than 12 mg/dL or is treated with phototherapy; respiratory distress; LGA, defined
as birth weight >90th centile for gestational age and gender; and small for gestational age
(SGA), defined as birth weight <10th centile for gestational age and gender).

2.6. Statistical Analysis

The analysis was performed using PSPP software (version 1.6.2-g78a33a). Data are
presented as the mean and SD or the number and percentage for numerical and categorical
variables, respectively. Comparisons were made between all three groups (overall test),
and pair-wise comparisons were made between mothers treated with metformin and
insulin, as well as between mothers treated with metformin and diet. Differences between
groups were compared using Student’s independent t-test and one-way analysis of variance
(ANOVA) for continuous data, and the chi-squared test for categorical data. To evaluate
the independent effect of metformin on neonatal outcomes, multivariate logistic regression
was performed to estimate adjusted ORs and CIs. We considered p-values lower than 0.05
to be statistically significant.

3. Results
3.1. Study Population and Demographics

During the study period of January 2017 to June 2022, 234 women with GDM were
included in the study. They were categorized equally into three groups, according to their
management regimen (i.e., metformin, insulin, or diet). The mean age of all participants
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was 33.09 + 5.57 years. Patients who were using metformin were significantly older than
those who were treated through diet alone. Most of the patients were obese during the
first trimester, with a mean BMI of 33.34 4 5.47 kg/m?. There was no significant difference
between the metformin and insulin groups; however, the metformin group was significantly
heavier than the diet group. Moreover, metformin users were diagnosed with GDM earlier
than those who were treated through diet alone, with the mean gestational age of GDM
diagnosis for all patients being 27.16 & 4.51 weeks. The presence of a family history of
T2DM, previous macrosomia, and history of abortions was similar in all groups. However,
women treated with metformin had more history of previous GDM than those treated
through diet, and less history than those treated with insulin. None of the participants had
pre-pregnancy HTN, and only a few metformin- or insulin-treated patients developed HTN
and pre-eclampsia during pregnancy (3% and 2.1%, respectively), while no patients in the
diet group developed these conditions. Furthermore, the mean gestational age of delivery
was 38 £ 1.67 weeks and was significantly earlier in the metformin group compared to the
diet group (Table 1).

Table 1. Baseline characteristics for women with gestational diabetes mellitus according to treat-
ment group.

Metformin vs.

Metformin vs.

Maternal Characteristics "(l;);zl Metformin (78) Insulin Diet Insulin Diet Only
) (78) (78)

p Value p Value
Maternal age (years + SD) 33.09 £ 5.57 33.88 + 5.67 34.59 £ 5.36 30.79 £4.97 0.426 0.002 2
Maternal BMI (Kg/m? =+ SD) 33.34 £+ 5.47 34.29 +£5.58 33.16 £ 5.64 32.55 £5.12 0.214 0.044 #
Parity 2.67 & 2.05 2.58 = 1.99 3.09 +2.28 232+1.8 0.137 0.24
Diagnosis of GDM (weeks =+ SD) 27.16 £ 4.51 26.47 £ 4.62 26.84 £4.43 28.17 £ 4.36 0.612 0.02°
Previous GDM, 1 (%) 80 (34.2) 27 (34.60) 40 (51.3) 13 (16.70) 0.035? 0.01°
Family history of T2DM, 1 (%) 46 (19.7) 14 (17.90) 22 (28.20) 10 (12.80) 0.128 0.375
Previous macrosomia, 1 (%) 10 (4.3) 3(3.80) 7 (9.00) 0 0.191 0.08
Previous abortion, 1 (%) 92 (39.3) 32 (41) 28 (35.90) 32 (41) 0.51 1
Pre-pregnancy HTN, 1 (%) 0 0 0 0 NAP® NAP
Pregnancy-induced HTN, n (%) 7 (3) 4(5.1) 3(3.8) 0 0.699 0.0432
Pre-eclampsia, 1 (%) 5(2.1) 3(3.8) 2 (2.6) 0 0.649 0.08
OGTT 0 h (mmol/L £ SD) 534 +£1.19 527 £0.85 5.83 & 1.65 494407 0.01? 0.008 2
OGTT 1 h (mmol/L + SD) 10.87 = 1.85 10.73 £ 1.95 11.39 £+ 2.07 10.54 +1.54 0.043 7 0.489
OGTT 2 h (mmol/L + SD) 9.16 £2.11 9.42 £2.13 9.42 £+ 2.05 8.67 £2.07 0.991 0.027 2
Gestational age at initiation of
pharmacotherapy (weeks = SD) 31.46 + 4.55 30.88 + 4.65 32.04 + 44 NA 0.114 NA
Total daily dose of metformin reached NA 1166.03 + 486.61 NA NA NA NA
(mg + SD)
Totz}l daily dose of insulin reached NA NA 16.88 -+ 16.54 NA NA NA
(units + SD)
Average HbAlc before delivery (%) 6.41 £ 3.7 57 6.44 +1.12 6.41 +£4.78 0.525 0.885
Average FBS before delivery a
(mmol/L + SD) 527 +1 542 +0.73 554 +£1.29 4.69 £+ 0.58 0.49 0.000
Average 2 h PP before delivery 7.23 + 153 7.7 +138 7.53 4 1.69 6.1+ 074 0519 0.000
(mmol/L + SD)
Gestational age at delivery (weeks + SD) 38 +1.67 37.69 £+ 2 37.6 +1.24 38.72 + 1.44 0.737 0.000 2

SD: standard deviation, BMI: body mass index, GDM: gestational diabetes mellitus, T2DM: type 2 diabetes
mellitus, HTN: hypertension, OGTT: oral glucose tolerance test, HbAlc: glycated hemoglobin, FBS: fasting
blood sugar, PP: postprandial, NA: not applicable. 2 p < 0.05. ® p value could not be calculated because of zero
cell values.

3.2. Glycemic Control

Table 1 presents the OGTT values at diagnosis of GDM, where the mean of fast-
ing and the 1-h and 2-h post-OGTT glucose levels were 5.34 & 1.19, 10.87 & 1.85, and
9.16 & 2.11 mmol/L, respectively. The highest FBS values were observed among the insulin
group while the lowest were in the diet group, with significant differences when compared
to the metformin group. Furthermore, the metformin group had significantly lower 1-h post-
OGTT glucose levels compared to the insulin group (10.73 £ 1.95 vs. 11.39 4+ 2.07 mmol/L;
p = 0.043) and higher 2-h post-OGTT glucose levels compared to the diet group (9.42 4= 2.13
vs. 8.67 £ 2.07 mmol/L; p = 0.027).

There was no significant difference in HbAlc between the groups before delivery, with
a mean HbATlc of 6.41 & 3.7%; however, the averages of FBS and 2-h PPG were significantly
higher in the metformin and insulin groups compared to the diet group.
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3.3. Neonatal Outcomes

Table 2 presents the neonatal outcomes for all therapeutic groups. There were no
significant differences between the insulin and metformin groups for all neonatal outcome
parameters analyzed in this study. Women treated with metformin had a significantly
higher rate of neonatal hypoglycemia compared to those treated with diet alone (9 vs. 1.3%;
p = 0.029). Moreover, neonatal jaundice and hyperbilirubinemia, respiratory distress, and
LGA were significantly higher in the metformin group compared to the diet group (26.9 vs.
14.1%, p = 0.047; 9 vs. 1.3%, p = 0.029; 9 vs. 1.3%, p = 0.029, respectively).

Table 2. Neonatal outcomes for women receiving metformin in comparison to those receiving insulin

or a specialized diet alone.

Metformin vs.

Metformin vs.

Parameter Metformin Insulin Diet Overall p Value Insulin Diet Only
p Value p Value
Preterm birth (%) 10.30 14.10 5.10 0.168 0.463 0.229
NICU admission (%) 17.90 20.5 9 0.116 0.685 0.101
Neonatal hypocalcemia (%) 2.60 6.40 1.30 0.186 0.246 0.56
Neonatal hypoglycemia (%) 9 10.30 1.30 0.056 0.786 0.0292
Congenital anomaly (%) 10.30 11.50 10.30 0.956 0.797 1
Birth injury (%) 0 0 2.60 0.133 NAP 0.155
. . 3139.27 £ 3200.58 + 3188.26 +
Birth weight (g = SD) 632.59 454.85 41311 0.729 0.488 0.568
Perinatal death (%) 0 2.6 0 0.366 0.316 NAD
Five-minute APGAR score & SD 8.88 £ 0.36 8.84 +0.84 899 £0.3 0.257 0.698 0.055
Macrosomia (%) 2.60 2.60 0 0.362 1 0.155
Shoulder dystocia (%) 0 1.30 1.30 0.604 0.316 0.316
Neonatal .
jaundice/hyperbilirubinemia (%) 26.9 23.10 14.1 0.134 0.579 0.047
Respiratory distress (%) 9 12.80 1.3 0.023 2 0.441 0.029 2
Large for gestational age (>90th 9 12.80 13 0.023 2 0.441 0.029 @
percentile) (%)
Small for gestational age (<10th 3 21 26 0.835 0.548 0772

percentile) (%)

SD: standard deviation, NICU: neonatal intensive care unit, NA: not applicable. # p < 0.05. b p value could not be
calculated because of zero cell values.

3.4. Multiple Regression Analysis

After multiple regression analyses with the adjustment of multiple factors, metformin
did not increase the risk of neonatal outcomes when compared to insulin and diet, except
for the five-minute APGAR score, where metformin significantly increased the risk of a
lower score compared to diet (standardized beta = —0.18; p = 0.036) (Table 3).

Table 3. Multiple regression analysis of the effect of metformin on neonatal outcomes in comparison
with insulin or diet alone.

Metformin vs. Insulin Metformin vs. Diet Only
Parameter p Value; Adjusted OR 4 p Value; Adjusted OR €
(95%CI) (95%CI)
Preterm birth 0.702; 1.25 (0.39-3.98) 0.304; 2.04 (0.53-7.69)
NICU admission 0.465; 1.42 (0.55-3.66) 0.233; 1.89 (0.66-5.56)
Neonatal hypocalcemia 0.871; 0.85 (0.12-6.21) 0.928; 0.88 (0.05-14.29)
Neonatal hypoglycemia 0.852;1.13 (0.31-4.19) 0.120; 5.88 (0.63-50)
Congenital anomaly 0.774; 0.85 (0.27-2.61) 0.494; 1.47 (0.48-4.55)
Birth injury NA 0.511; 0.34 (0.01-8.3)
Birth weight 0.941; 0.01 0.126;, —0.13 ¢
Perinatal death 0.177; 3.74 (0.55-25.39) NA b
Five-minute APGAR score 0.641; 0.04 0.0362; —0.18 €
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Table 3. Cont.

Metformin vs. Insulin Metformin vs. Diet Only
Parameter p Value; Adjusted OR ¢ p Value; Adjusted OR €
(95%CI) (95%CI)
Macrosomia 0.81; 1.3 (0.15-11.1) 0.268; 2.86 (0.44-20)
Shoulder dystocia NA 0.103; 0.08 (0.004-1.67)
Neonatal
jaundice/hyperbilirubinemia 0.280; 1.55 (0.7-3.45) 0.140; 1.92 (0.81-4.55)
Respiratory distress 0.655; 0.77 (0.24-2.45) 0.102; 6.25 (0.69-50)
Large for gestational age i . . N
(>90th percentile) 0.706; 0.8 (0.24-2.61) 0.152; 5.26 (0.54-50)
Small for gestational age . .
(<10th percentile) 0.874; 1.1 (0.33-3.73) 0.575; 1.43 (0.42-4.76)

NICU: neonatal intensive care unit, NA: not applicable. * p < 0.05. b OR could not be calculated because of zero
cell values. © Adjusted standardized beta. ¢ Adjusted for OGTT at 0, OGTT at 1 h, and previous GDM. ¢ Adjusted
for age at pregnancy, maternal BMI, OGTT at 0, OGTT at 2 h, and previous GDM.

4. Discussion

Our study revealed that there is no significant difference between the effects of met-
formin and insulin, as therapies for GDM, on neonatal outcomes. Moreover, we found
significantly higher rates of neonatal hypoglycemia, neonatal hyperbilirubinemia, respira-
tory distress, and LGA in the metformin-treated group compared to the diet-only treatment
group. However, from the multiple regression analysis, we concluded that metformin has
no significant effect on the neonatal outcome, aside from a slightly increased risk of a lower
APGAR score when compared to diet alone.

The results of our study indicate that women who were started on metformin were
heavier, older, and had earlier diagnoses of GDM than those who received treatment
through diet alone. Moreover, OGTT values, average FBS, and PPGlevels were higher in
the metformin group. These findings are not surprising, as in people who are obese higher
measures of non-esterified fatty acids, glycerol, counterregulatory hormones, and pro-
inflammatory cytokines that partake in the advancement of insulin resistance are delivered
by adipose tissue [16]. This leads to higher glucose values, and reflects the routine clinical
practice of choosing metformin in such patients. Similar data have been reported in many
other studies [17-21].

Our study revealed that the metformin-treated group had a higher prevalence of
previous GDM when compared to the diet control group, but a lower prevalence compared
to the insulin-treated group. This suggests that the need for escalated medication may be
associated with insulin resistance. Moreover, the history of previous GDM is considered to
be a predictor of insulin initiation in patients with GDM [22].

The outcomes revealed that few patients in the metformin and insulin groups devel-
oped gestational HTN and pre-eclampsia. Furthermore, only the difference in the rate of
pregnancy-induced HTN was significant when compared to the group treated with diet.
Slagjana et al. also observed significantly more cases of pre-eclampsia in those taking met-
formin and insulin compared to diet [17]. On the other hand, another study concluded that
there is no significant difference between all management groups regarding hypertensive
complications [23].

Evidence from many studies has demonstrated that treating women with GDM using
glycemic-lowering therapy is associated with a slightly earlier gestational age of delivery,
as compared with treatment through diet alone [13,20,21,24]. Our data analysis confirmed
this evidence. In contrast, this association was not observed in the study by Slagjana et al.
when comparing metformin-treated and diet-treated patients [17].

A meta-analysis of five randomized studies comprising 1270 patients with GDM
was consistent with our findings, as it concluded that metformin causes similar neonatal
complications to insulin [25]. Furthermore, a recent meta-analysis of 24 studies including
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4934 participants revealed a reduction in neonatal complications with the use of metformin,
especially for macrosomia, LGA, NICU admission, and neonatal hypoglycemia [26].

Slagjana et al. and McGrath et al. both found a significant increase in the rate of
incidence of neonatal hypoglycemia in those who used metformin compared to those
who were treated through diet only [17,20]. Moreover, another study reported a similar
increment in neonatal hypoglycemia; however, the association was not significant [13].
These findings are in agreement with our results. However, other studies did not observe
such a difference [13,23,24], with Bashir et al. even concluding that metformin reduces the
risk of neonatal hypoglycemia compared to diet alone [19]. The higher rate of newborn
hypoglycemia in the metformin group can be explained by the higher average prenatal FBS
and PPG in this group compared with the diet group.

Surprisingly, we found that the rates of neonatal hyperbilirubinemia and jaundice
were higher when using metformin compared to a specialized diet alone, which contradicts
many published studies concluding that metformin therapy has no effect on neonatal
jaundice [13,20,27]. However, our results coincide with the findings of D’douza et al. and
Callegari et al. [21,28]. This result could be due to the earlier gestational age at delivery
and increased severity of the disease in those who were treated with metformin compared
to diet alone.

In contrast to the evidence of no increased risk of neonatal respiratory distress with
maternal usage of metformin during pregnancy [13,20,21,23], we found a higher rate of this
outcome in the metformin group compared to the group treated through diet alone. This
finding could also be interpreted according to the advanced disease and earlier delivery in
this group.

Notably, SGA and lower birth weight are the most highly reported side effects when
metformin is used by pregnant women [29]. Interestingly, our study revealed the opposite
finding, as the rate of LGA was significantly higher with metformin treatment compared
to diet alone; no difference was observed in the mean birth weight. A study from Qatar
shows a comparable result (27 vs. 18%; p = 0.008) [28]. The older age, earlier diagnosis of
GDM, and higher average blood glucose before delivery in the metformin-treated patients
could explain this finding.

It has been shown previously that specific maternal factors are considered to predict
several neonatal outcomes inGDM. Maternal metabolic factors such as obesity, high blood
pressure, high blood glucose values in the first trimester, and high HbAlc at the diagnosis
of GDM have significant associations with increased outcomes. Moreover, previous macro-
somia was found to have a strong role in this context. Therefore, risk stratification of the
occurrence of neonatal complications based on maternal clinical parameters could guide
the strategies of GDM management and the intensification of therapy [30].

After further analysis of our data through multiple regression and adjustment of
several risk factors, we determined that those treated with metformin in this study did
not have an increased risk of perinatal outcomes when compared to those who underwent
insulin and diet treatments. However, there was a slight but significantly increased risk of
a lower score for the five-minute APGAR test after metformin treatment compared to diet
treatment, which is not clinically significant and is in contrast to what has been reported in
the literature [13,17,21,24].

Our study is the first study in Saudi Arabia to evaluate the influence of metformin on
neonatal outcomes. Furthermore, we included many different maternal risk factors that
could affect the outcomes in our analysis, which serves to strengthen our study. However,
the retrospective and observational nature of our study could be one of the limitations,
as it could not confirm the causality and the effects of medication on the outcomes. In
addition, the lack of randomization in our study may have affected the reliability of our
results. Furthermore, we did not match the groups used in the study, and some missing
data could affect our results. Moreover, diet compliance by participants was not assessed,
which is considered an essential part of GDM management. Finally, the number of women
included in the analysis was low.
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5. Conclusions

Metformin was found to be a safe therapy for GDM, compared to insulin therapy,
when considering the risk of neonatal complications. While the incidences of LGA, neonatal
hypoglycemia, neonatal hyperbilirubinemia, and respiratory distress were higher with
metformin therapy compared to lifestyle modification, metformin did not increase the risk
of these complications after multiple regression analysis. Further prospective randomized
studies in the Saudi population with long follow-up periods are required to confirm the
safety of metformin with regard to the offspring of women with GDM.
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Abstract: Deuterium-depleted water (DDW) is used in the treatment of many diseases, includ-
ing cancer and diabetes. To detect the effect of DDW on gene expression and activation of the
insulin-responsive transporter GLUT4 as a mechanism for improving the pathology of diabetes, we
investigated the GLUT4 expression and glucose uptake at various concentrations of DDW using
the myoblast cell line C2C12 differentiated into myotubes. GLUT4 gene expression significantly
increased under deuterium depletion, reaching a maximum value at a deuterium concentration of
approximately 50 ppm, which was approximately nine times that of natural water with a deuterium
concentration of 150 ppm. GLUT4 protein also showed an increase at similar DDW concentrations.
The membrane translocation of GLUT4 by insulin stimulation reached a maximum value at a deu-
terium concentration of approximately 50-75 ppm, which was approximately 2.2 times that in natural
water. Accordingly, glucose uptake also increased by up to 2.2 times at a deuterium concentration
of approximately 50 ppm. Drug-induced insulin resistance was attenuated, and the glucose uptake
was four times higher in the presence of 10 ng/mL TNF-o and three times higher in the presence of
1 ug/mL resistin at a deuterium concentration of approximately 50 ppm relative to natural water.
These results suggest that DDW promotes GLUT4 expression and insulin-stimulated activation in
muscle cells and reduces insulin resistance, making it an effective treatment for diabetes.

Keywords: deuterium-depleted water; GLUT4; insulin resistance; diabetes

1. Introduction

Deuterium (D) is a stable isotope of hydrogen (H) with a mass of 2. Natural water
contains approximately 150 ppm HDO, and differences in its chemical and physical prop-
erties are known to have various effects on living organisms. Its involvement in cancer
has attracted attention since the last century. Specifically, it has become clear that high
deuterium concentrations promote the growth of cancer cells, whereas low deuterium
concentrations inhibit the growth of cancer cells and cause tumor regression [1-3]. As an
application for cancer treatment, various animal experiments and clinical studies have
reported that drinking deuterium-depleted water (DDW) suppresses the expression of
cancer genes and causes tumor regression, indicating the possibility that DDW can be used
as a safe anticancer drug [4-7].

It has been proposed that the mechanism of the anticancer effect of DDW involves the
function of Na+/H+ transporters and H+-ATPase, as well as the mitochondrial NADPH
synthesis pathway, but much remains unknown [8,9].
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Studies on cancer treatment with DDW have revealed that in cancer patients with
diabetes, DDW improves the condition of diabetes, as well as the effects of cancer treatment.
It has been reported to affect glucose metabolism, and recent studies have shown that it
affects the activity of glucose transporters (GLUTs), which control glucose uptake [10-12].
GLUT4 is a protein expressed in muscle and fat cells. The uptake of sugar is regulated
by insulin. This molecule is directly involved in insulin resistance, which manifests itself
as advanced diabetes. In normal cells, GLUT4 translocates to the cell membrane upon
insulin stimulation to take up glucose; however, insulin resistance is thought to occur when
GLUT4 expression is reduced or membrane translocation is inhibited [13-16].

Recent studies using animal models of diabetes have reported that drinking DDW
increases the effect of insulin administration and promotes the membrane translocation of
GULT4, indicating the possibility of using DDW as a treatment for diabetes [11,12].

To clarify the mechanism by which DDW improves the pathology of diabetes, we
investigated the expression and activation of GLUT4 by DDW in a muscle cell line. Fur-
thermore, we investigated glucose uptake under DDW and measured the effect of DDW
on insulin resistance induced in cultured cells, demonstrating the possibility that DDW
could significantly improve diabetes and demonstrating the contribution of in vitro systems
toward exploring this mechanism.

2. Materials and Methods

Deuterium-depleted water (DDW) was provided by Super Light Water Co., Ltd.
(Tokyo, Japan). The deuterium concentration was measured using the -D equilibration
method with an Isotope Ratio Mass Spectrometer (model DELTA Plus XL, Thermo Fisher
Scientific, Waltham, MA, USA) [17]. The deuterium concentration in DDW was 15-20 ppm.

Regarding the cell culture, the mouse myoblast cell line C2C12 was obtained from the
JCRB Cell Bank (Osaka, Japan). Cells were cultured in DMEM (high-glucose) (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% fetal calf serum, 1x GlutaMAX-1, 50 U/mL
penicillin, and 50 mg/mL streptomycin in tissue culture plates in a humidified atmosphere
of 95% air/5% CO;, at 37 °C. After confluence, the medium was replaced with medium
supplemented with 2% horse serum to promote myotube differentiation, and the cells
were cultured for 10 days or 2 weeks [18-20]. At 48 h before harvest, the medium was
replaced with medium adjusted to each deuterium concentration using DDW. To determine
the optimal deuterium concentration, media with deuterium concentrations ranging from
25 ppm to 150 ppm were used. Insulin (10 pg/mL) was added 30 min before harvest.
Insulin resistance was induced in cells by adding 10 ng/mL tumor necrosis factor-o (TNNF-
) or 1 pg/mL resistin in culture medium for 24 h.

For the quantitative real-time polymerase chain reaction (QRT-PCR), complimentary
DNAs were prepared from cultured cells using a SuperPrep II Cell Lysis and RT kit for qPCR
(Toyobo, Osaka, Japan). The reaction mixture was prepared according to the manufacturer’s
instructions (TagMan Gene Expression Assays; Thermo Fisher Scientific) and contained
primers and probes for mouse GLUT4 (Assay ID: Mm(00436615_m1) and 18S ribosomal
RNA endogenous control (Thermo Fisher Scientific). PCR was performed using an ABI
StepOne Plus (Thermo Fisher Scientific). Data were analyzed using the comparative Ct
method, and GLUT4 mRNA was expressed relative to that of the endogenous control [21].

For Western blotting, cells were lysed using xTractor buffer (Takara Bio, Kusatsu, Japan)
with a ProteoGuard protease inhibitor (Takara Bio) and cryonase nuclease (Takara Bio).
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed
with NuPAGE 4-12% Bis-Tris gel (Thermo Fisher Scientific), and proteins were transferred
to a PVDF membrane with an iBlot2 dry blotting system (Thermo Fisher Scientific). After
blocking with 5% BSA in Tris-buffered saline (TBS), the PVDF membrane was treated with
a mouse monoclonal antibody against mouse GLUT4 (ab238661; Abcam, Cambridge, UK),
washed with TBS containing 0.05% Tween 20, and treated with horseradish peroxidase-
conjugated anti-mouse IgG antibody. After washing, the reaction was visualized using
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EzWestBlue W solution (ATTO Co., Ltd., Tokyo, Japan) [22]. Image analysis was performed
using the Image] software (version. 1.54h) [23].

For membrane fraction analysis, membrane fractions were isolated from the cells using
a ProteoExtract Transmembrane Protein Extraction Kit (Merck, Darmstadt, Germany) [24].
Membrane proteins from cells cultured in media with various concentrations of DDW were
prepared as described in the kit manual, and Western blotting was performed to detect
GLUTY4, as described above.

For the glucose uptake assay, the glucose uptake in the cells was detected using the
Glucose Uptake Assay Kit—Green (DOJINDO LAB. Kumamoto, Japan), according to the
manufacturer’s instructions [25]. Fluorescence-conjugated glucose was photographed with
a fluorescence microscope, and the fluorescence intensity was measured with a fluorescence
spectrophotometer SpectraMax i3 (Molecular Devices, San Jose, CA, USA).

Re statistics, R (version. 4.3.2) was used for the statistical calculations [26]. The results
are presented as the mean =+ standard deviation (SD) of at least three samples. Comparisons
between two groups were performed using Student’s t-test. Statistical significance was set
atp <0.05.

3. Results
3.1. Promoting Effect of DDW on the Expression of GLUT4

To investigate the effect of DDW on GLUT4 expression, mouse C2C12 cells were
differentiated into myotubes, and the effect of DDW on GLUT4 expression was measured.
Fully differentiated myotube C2C12 cells were cultured in media adjusted to various
deuterium concentrations for 48 h and harvested after stimulation with insulin for 30 min,
and the amount of GLUT4 mRNA was compared. A significant increase in the amount
of GLUT4 mRNA was observed in the medium with a lower deuterium concentration
than in cells cultured in a medium containing natural water (deuterium concentration
of 150 ppm) (Figure 1a). This increase was also detected at a deuterium concentration
of 125 ppm but was clear at 100 ppm or less, with a peak at 50 ppm. At this time, the
expression was approximately nine times that in the natural water medium. When the
deuterium concentration was further reduced, the amount of expression decreased but
remained higher than that of natural water.
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Figure 1. Effect of DDW on the GLUT4 expression in myodifferentiated C2C12 cells. The expression
of GLUT4 was examined at the gene and protein levels in the fully differentiated myotubes of C2C12
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cells cultured in media adjusted with various concentrations of DDW for 48 h and stimulated with
insulin for 30 min before harvest. (a) Detection of the expression of GLUT4 by qRT-PCR. The graphs
show the relative values compared with those of the natural water medium (150 ppm). Each sample
number was >3. * Significant difference compared with the natural water medium (150 ppm), p < 0.05.
(b) Diagram of GLUT4 protein expression detected by Western blotting. The arrow indicates the
position of the GLUT4 band (54 KDa).

The promoting effect of DDW on the expression of GLUT4 was also confirmed at the
protein level (Figure 1b). Western blotting showed that GLUT4 protein, which is difficult to
detect in natural water, increased as deuterium concentration decreased, with the maximum
amount being at 50-75 ppm deuterium, corresponding to the results at the mRNA level.

These results demonstrated that DDW promoted the expression of GLUT4 in muscle-
differentiated C2C12 cells.

3.2. Activation of GLUT4 by DDW

Before insulin stimulation, intracellular GLUT4 accumulates around the nucleus; how-
ever, its function is activated by translocation to the cell membrane upon insulin stimulation.
To investigate the effect of DDW on GLUT#4 activation, fully myotube-differentiated C2C12
cells were cultured for 48 h in media containing various concentrations of DDW, and the
GLUT4 in the cell membrane fraction was detected by Western blotting (Figure 2).
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Figure 2. Effect of DDW on the membrane translocation of GLUT4. Fully differentiated C2C12
myotubes were cultured for 48 h in media containing various concentrations of DDW. After insulin
stimulation to induce the membrane translocation of GLUT4, the cells were harvested and membrane
proteins were extracted. GLUT4 protein was detected and quantified using Western blotting. (a) West-
ern blotting of the membrane protein fraction; (b) GLUT4 bands were quantified using Image]J. Values
relative to those in cultures without insulin in natural water medium (150 ppm) are shown. The
sample size was four. * Significant difference between the presence and absence of insulin in DDW
medium at the same concentration (p < 0.05).

Even without insulin stimulation, a decrease in deuterium concentration promoted
the membrane translocation of GLUT4, reaching a maximum of approximately twice that
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of natural water at 50-75 ppm. Insulin stimulation in natural water medium induced a
1.6-fold increase in GLUT4 translocation to the membrane relative to the non-stimulated
group, while DDW medium further increased GLUT4 translocation. The peak occurred at
a deuterium concentration of 50-75 ppm, and approximately 3.5-fold more GLUT4 was
translocated to the membrane relative to non-insulin-stimulated natural water medium.
This amount was approximately 2.2-fold that of non-insulin-stimulated DDW medium at
the same concentration. These results demonstrated that DDW promotes GLUT4 activation
through membrane translocation in muscle-differentiated C2C12 cells.

3.3. Effect of DDW on Glucose Uptake and Insulin Resistance

As shown above, DDW promoted the expression and activation of GLUT4; therefore,
we observed its effect on the uptake of fluorescence-conjugated glucose into myotube cells.

As aresult, in a natural water medium, glucose uptake increased by insulin stimulation
by approximately 3.3 times compared with that without insulin stimulation. In DDW
medium, even without insulin stimulation, glucose uptake increased with decreasing
deuterium concentration, increasing by approximately 2 times at 25-75 ppm. Glucose
uptake was significantly increased by insulin stimulation, reaching 7.7 times that of the
natural water medium without insulin stimulation at 50 ppm, while it was approximately
3.7 times that of the DDW medium without insulin stimulation at the same concentration.
(Figure 3a,d).

Next, to examine the effect of DDW on insulin resistance, myotube-differentiated
C2C12 cells were treated with drugs, cultured in medium adjusted with various concen-
trations of DDW, and then allowed to take up fluorescence-conjugated glucose. To induce
insulin resistance, 10 ng/mL TNF-« or 1 ng/mL resistin was added for 24 h. As a result, in
a natural water medium, these agents almost completely suppressed the increase in glucose
uptake caused by insulin stimulation. In contrast, in DDW medium, these agents had little
effect on glucose uptake in the absence of insulin stimulation, and only a slight increase was
observed with decreasing DDW concentrations (Figure 3d) before insulin resistance was
induced. However, in insulin-stimulated cells, these agents did not sufficiently suppress
the uptake of glucose, and at a deuterium concentration of 50 ppm, where the maximum
glucose uptake was observed, 45-70% of the glucose uptake before the induction of insulin
resistance was confirmed (Figure 3b,c,e,f). These results revealed that DDW attenuated
insulin resistance.
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Figure 3. Glucose uptake in myotube-differentiated C2C12 cells. Fully myotube-differentiated C2C12
cells were cultured in a medium containing various concentrations of DDW for 48 h, after which
the uptake of fluorescence-conjugated glucose was observed. TNF-o and resistin were added 24 h
before harvesting, whereas insulin and fluorescence-conjugated glucose were added 30 min before
harvesting. Scale bar: 100 pum. (a—c) Images of C2C12 glucose uptake. From the left, first and third
rows indicate no insulin added; second and fourth rows indicate insulin added. The upper left two
images are phase-contrast images of cells cultured in natural water medium (150 ppm) with and
without insulin, respectively. The others are fluorescence observations. (a) Cells without induction
of insulin resistance, (b) cells treated with 10 ng/mL TNF-«, and (c) cells treated with 10 ug/mL
resistin. (d—f) Fluorescence intensity was measured, and the relative values to culture in natural
water medium (150 ppm) without insulin were graphed. The sample size was four. * Significant
difference (p < 0.05) between the presence (orange bar) and absence (blue bar) of insulin added to
DDW medium at each concentration. (d) Cells without the induction of insulin resistance, (e) cells
supplemented with 10 ng/mL TNF-«, and (f) cells supplemented with 10 ug/mL resistin.

In addition, although glucose uptake in the presence of TNF-« was observed through-
out the myotubes in the absence of an agent, the effect of resistin was different. Glucose
uptake was often detected in only a portion of the myotubes, and myotubes were observed
to be divided and atrophied (Figure 3c,f).
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4. Discussion

Although there have been reports on the effects of DDW on diabetes, the underlying
mechanisms remain unclear. Recent studies using diabetic animal models have reported
that increased insulin sensitivity due to the activation of GLUT4 promotes disease improve-
ment, but it is unclear whether DDW has a direct effect on diabetes, since the influence of
various other effects of DDW on the body cannot be ignored [13].

In this study, we sought to elucidate the mechanism by which GLUT4 is improved
in the disease by directly measuring the effect of DDW on muscle cells in vitro while
minimizing the impact of the indirect effects that are believed to occur in the body.

The results revealed that the expression and activation (i.e., membrane translocation)
of GLUT4 in C2C12 cells were promoted in the medium adjusted with DDW, and the
peaks were near a deuterium concentration of 50 ppm. As the peak of glucose uptake was
also near 50 ppm, it is speculated that the increase in GLUT4 gene expression owing to
the action of DDW is directly reflected in the increase in the amount of GLUT4 protein,
membrane translocation, and glucose uptake. Thus, the most important effect of DDW on
GLUT4 may be the promotion of GLUT4 transcription.

Two enhancer domains are known in the promoter region of the human GLUT4 gene,
and it is known that GLUT4 enhancer factor (GEF) and myocyte enhancer factor 2 (MEF2)
bind to them to control transcription. However, in diabetic mice, the binding ability of
MEF?2 to the enhancer domain is reduced [27,28].

One hypothesis for the mechanism of the anticancer effect of DDW is that deuterium
incorporated into proteins and nucleic acids makes these molecules heavier and stickier,
inducing abnormalities in intermolecular interactions, while drinking DDW “lightens”
proteins and nucleic acids, normalizing intermolecular interactions [8]. DDW may restore
the binding ability of the enhancer domain and transcription factors of the GLUT4 gene by
“lightening” them.

This hypothesis leads to the conclusion that the lower the deuterium concentration, the
better the gene expression. However, our results indicate that there is a peak concentration
of 50 ppm for the expression of GLUT4 and activation by DDW. In in vitro experiments
using adipogenic 3T3-L1 cells, we also observed that the expression of GLUT4 and activa-
tion reached a maximum at 75-100 ppm (unpublished data), suggesting that the effect of
deuterium on the expression of GLUT4 and activation has an optimum concentration that
may differ depending on the cell type. The details and causes of the effects of deuterium
concentrations below the optimal concentration on cells are currently unknown.

Even if DDW has a strong effect on GLUT4 gene expression, the results of this study
showed that the increase in gene expression, protein expression, and membrane transloca-
tion was not parallel, suggesting the existence of regulation in the process of translation
and membrane translocation (exocytosis), and it is quite possible that DDW also affects
these processes. The details of how DDW contributes to the mechanisms of transcription,
translation, and membrane translocation remain an important topic for future research on
the process of GLUT4 activation. Membrane translocation is particularly important for
glucose metabolism, and many cutting-edge studies have demonstrated that one of the
causes of insulin resistance is the inhibition of this process [29-34].

In this study, two drugs were used to induce insulin resistance in cultured myotubes.
Recent studies have reported that adipocytes and related factors secreted by obese enlarged
fat cells strongly induce insulin resistance, two of which have been used. TNF-« is an
adipocytokine secreted by adipocytes but is also known as an inflammatory cytokine
secreted by macrophages [35,36]. Resistin is also an adipocytokine, and excessive secretion
of resistin due to obesity is thought to be a cause of diabetes [37]. These agents imparted
insulin resistance to myotube-differentiated C2C12 cells and suppressed glucose uptake;
however, DDW showed an effect of attenuated insulin resistance. TNF-« is thought
to reduce insulin signaling by decreasing the phosphorylation of the insulin receptor
substrate-1 (IRS-1) Tyr632 and Akt Ser473, which are downstream effectors of the insulin
receptor, thereby resulting in insulin resistance [38—40]. The inactivation of the Akt pathway
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suppresses the membrane translocation of GLUT4 [41]. In contrast, resistin has been
reported to suppress GLUT4 [37]. Since DDW attenuates these effects, it is speculated that
DDW acts on both the gene expression and membrane translocation of GLUT4.

In addition, these reagents suppress muscle differentiation and induce muscle degrada-
tion, such as atrophy, in differentiated C2C12 cells [42-44]. At the concentrations used in this
experiment, only resistin caused myotube disruption (atrophy), but DDW promoted the up-
take of glucose, even in atrophied cells, suggesting that myotube maintenance and GLUT4
function are almost independent and that DDW is only involved in glucose metabolism.

Further detailed in vitro and in vivo studies are required to develop novel DDW-based
diabetes treatments.

5. Conclusions

A study using cultured muscle cell lines showed that DDW promoted the expression
and activation of GLUT4 in muscle cells, with the highest increase occurring at a deuterium
concentration of approximately 50 ppm. At the same concentration, the cellular glucose
uptake was maximized, and drug-induced insulin resistance was attenuated. These results
suggest that DDW is effective in improving diabetes and that an in vitro system is a useful
tool for elucidating the detailed underlying mechanisms.
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Abstract: Some glucagon-like peptide-1 receptor agonists (GLP-1 RAs), first used in the treatment of
type 2 diabetes mellitus (T2DM), have been approved for the treatment of obesity in patients with or
without T2DM (liraglutide—LIR, semaglutide—SEM, and tirzepatide—TIR). Social media had an
important influence on the off-label use of GLP-1 RAs for obesity, especially for SEM. We analyzed
the Google queries related to SEM to assess people’s interest in this drug. We also investigated the
occurrence of adverse drug reactions (ADRs) by searching the EudraVigilance database (EV) for
Individual Case Safety Reports (ICSRs) that reported SEM as the suspected drug and performed a
descriptive and a disproportionality analysis. The data obtained for SEM were compared to other
GLP-1 RAs. SEM had the highest proportions of searches on Google associated with the term “weight
loss” and presented the lowest number of severe ADRs, but it also had the highest number of ICSRs
reported in EV. Even though no unexpected safety issues have been reported for it until now, SEM
has a hi3gh tendency for overdose reports. The most frequent off-label use was reported for SEM and
TIR. In order to lower the risks of ADRs, the off-label use should be reduced and carefully monitored.

Keywords: semaglutide; obesity; weight loss; overdose; underdose; off-label use; EudraVigilance;
GLP-1

1. Introduction

Obesity is considered one of the most common metabolic diseases, often associated
with an elevated risk of developing type 2 diabetes mellitus (T2DM), non-alcoholic fatty
liver disease, and cardiovascular disorders like hypertension and heart failure with pre-
served ejection fraction, etc., thus reducing the life expectancy of patients [1-4]. Recent
studies show that obesity increases the number of hospitalizations, the need for mechanical
ventilation and the incidence of death in patients with SARS-CoV-2 [5]. According to the
World Health Organization (WHO), in 2022, 2.5 billion adults were overweight, and of
them, 890 million were obese (~12.5%). The same report pointed out that the number of
overweight children under the age of five was 37 million. In the 5 to 19 years group, over
390 million children and teenagers were overweight, of which 160 million were obese [6].
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Known as one of the biggest challenges of modern society at a global level, the fight
against obesity has been declared a real public health emergency [1,5]. On the other hand,
diabetes is considered one of the most widespread worldwide medical conditions and
T2DM is the most common form [7], with both acute and chronic consequences which
decrease the quality of life, reduce life expectancy and increase the mortality rate [8].

One of the global goals of the WHO is to stop the increase in diabetes and obesity by
2025 [6]. Unfortunately, until now, lifestyle changes in terms of daily diet and physical
exercise have often proved insufficient in achieving significant weight loss [7,9]. The
connection between obesity and diabetes is very close, so a large part of obese people are
affected by diabetes or have a very high risk of developing T2DM in a very short period,
and many patients with diabetes, especially those with T2DM, start to gain weight, soon
becoming overweight or obese [10].

Significant evidence attests that an effective improvement of insulin sensitivity and
simultaneous reduction of the risk of diabetes associated with obesity can be achieved
through weight loss [10]. Over time, several molecules have been administered for the
treatment of obesity, but their limited efficacy and/or adverse reactions led to the limitation
of their use or even their withdrawal from the market (e.g., sibutramine, amfepramone,
rimonabant, benfluorex, dexfenfluramine etc.) [5,11-13]. In this context, the approval of
new drugs with adequate efficiency and safety in obesity treatment has been sought. Thus,
the approval of the first glucagon-like peptide-1 (GLP-1) receptors agonist (GLP-1 RAs) in
the treatment of T2DM, with structures similar to endogenous hormones, opened a new
era in promoting weight loss and improving health outcomes in obese people, including
those with comorbidities [14].

GLP-1 and glucose-dependent insulinotropic polypeptide (GIP) are two of the main
incretin peptide hormones excreted in the intestinal tract [15], responsible for increasing the
secretion of insulin after eating food and also inhibiting the secretion of glucagon [16-19].
GLP-1 reduces gastrointestinal motility, which in turn extends the period when nutrients
might be absorbed. It also determines the feeling of satiety, enhances resting metabolic
rate, and decreases free fatty acid concentrations in plasma [1]. Because GLP-1 receptors
are expressed in extra-pancreatic tissues, GLP-1 presents a lot of extra-pancreatic effects:
delayed gastric emptying, appetite suppression, weight loss, glucose uptake in the muscles,
decreased glucose production in the liver, cardiovascular protection, neuroprotection,
renoprotection etc. [19-22]. These effects determined that the use of GLP-1 RAs has a high
potential to reduce body weight and to be considered for the treatment of obesity [15]
(Figure 1). GLP-1 RAs have been approved in the treatment of T2DM for improving HbAlc
and for reducing the risk of major adverse cardiac events (MACE) in diabetes patients with
cardiovascular risk [23,24].
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Figure 1. The main biological activities of GLP-1 RAs [25]. SBP—systolic blood pressure; HR—heart
rate; MC—myocardial contractility; T—increase; |—decrease.
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Currently, there are several GLP-1 RAs approved worldwide, mainly for the treatment
of diabetes. Exenatide (EXE) was the first GLP-1 RA in the world approved by the Food and
Drug Administration (FDA), in 2005, for the treatment of T2DM, with two administrations
per day before meals [26]. Later, the European Medicines Agency (EMA) (2009) and FDA
(2010) approved the second agonist, liraglutide (LIR), as an adjuvant to diet associated with
physical exercise in patients with T2DM. Compared to its predecessor, the latter presented a
longer half-life with a greater effect on the reduction of HbA1C; at the same time, it showed
cardiovascular benefits in addition to its effects of lowering blood sugar. In addition, it can
be administered once a day regardless of meals. Moreover, the FDA (December 2014) and
EMA (March 2015) approved LIR for the treatment of chronic weight management [26,27].
The manufacturer improved the short-acting time of EXE and a new formulation was
approved in 2012 by the FDA. Compared to the old formulation, the prolonged-release
suspension of EXE is administered once a week [28]. In 2014, the second GLP-1 RA with
weekly administration, albiglutide (ALB), was approved by the FDA for the treatment of
T2DM in patients who cannot reach glycemic goals. In 2018, the manufacturer withdrew
ALB for commercial reasons [29,30]. Also in 2014, dulaglutide (DUL) was approved by the
FDA. It had the advantage of reaching the therapeutic concentration faster than other GLP-1
RAs with weekly administration. Semaglutide (SEM) was launched in 2017 in injectable
form, and it had an extended half-life of 7 days. In 2019 the oral form of SEM received
approval from the FDA, thus being the first oral GLP-1 RA treatment for adults with
T2DM [29,31]. Tirzepatide (TIR), a dual GLP-1 RA and GIP receptor agonist (GIP/RAs), is
the latest one launched on the market, approved in 2022. GIP triggers glucose-dependent
insulin excretion and is responsible for a larger fraction of the incretin effect than GLP-1.
Depending on glycemic status, the glucagon secretion could be increased in normoglycemic
or hypoglycemic patients (glucagonotropic effect) or inhibited in hyperglycemic patients
(glucagonostatic effect) [22,32,33].

Preclinical studies have shown that GIP can decrease body weight by diminishing
food intake and enhancing energy expenditure and, in combination with GLP-1 RAs, can
have a greater lowering effect on blood glucose and body weight in patients [1,19]. Clinical
studies have confirmed their effectiveness in weight loss and some of them (LIR, SEM, and
TIR) have been approved for chronic weight management [23,24].

LIR was the first GLP-1 RA approved for weight loss in patients without a history
of T2DM. In 2014, it was approved by the FDA in adult patients with a body mass index
(BMI) larger than 30 kg/m? on its own or with a BMI greater than 27 kg/m? associated
with at least one comorbidity related to weight, such as hypertension, diabetes, or dyslipi-
daemia [25,34]. SEM only received approval from the FDA for weight control in 2021 [34].
In the clinical studies carried out in this respect, SEM was superior in comparison to other
long-acting GLP-1 RAs from the same class, namely EXE [35] and DUL [36]. Moreover, in
addition to its beneficial effects in T2DM and in controlling body weight, it also showed a
significant decrease in the rates of deaths due to cardiovascular issues, non-fatal myocardial
infarction and non-fatal stroke in T2DM patients at risk of cardiovascular diseases [34].
Thus, LIR could reduce body weight by up to 9.2% (56 weeks) [37,38], SEM up to 17.4%
(68 weeks) [39,40], and TIR up to 20.9% (72 weeks) [39]. Compared to LIR (16%), SEM leads
to a higher reduction in caloric intake vs placebo (35%) and reduces the food cravings,
which suggests different mechanisms of energy intake regulation [41].

Real-world data are a valuable resource for healthcare research [42]. The information
within is obtained from a heterogenous population [43,44] and is collected by various
methods such as electronic health records, pharmacovigilance databases, and search en-
gines, contributing to revealing the existing clinical aspects [45]. Appropriate analytical
techniques are necessary to extract reliable results from the extensive raw data [46]. Both
the research community [47] and several medicines regulatory authorities [48] have shown
great interest in this domain and are preoccupied with setting quality standards in the
field [49]. Real-world data complement the results of long-established research methods
such as clinical trials, enhancing the accuracy of evidence-based clinical profile [50]. SEM
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is an adequate candidate for a real-world data assessment, due to the large interest of the
population for this molecule. Although intended for diabetic patients, many non-diabetic
ones have used it for aesthetic body adjustments [7,51]. The off-label use of SEM for weight
loss was promoted by social media and heavily influenced by famous public figures [47].
This intense media coverage led to numerous shortages of this drug with major conse-
quences for patients with T2DM. Beyond these shortages, the incorrect and inadequate use
of GLP-1 RAs can have major consequences on the health status of the population. Until
now, various studies have shown the negative impact of these drugs, mainly because of
gastrointestinal disorders (pancreatitis, nausea, vomiting, etc.), renal failure, liver injury,
allergic reactions etc. [52-55]. This study aimed to identify public interest in searching for
information about SEM online and also to analyze the secondary real-world data regarding
the use of inadequate doses (overdose, underdose or incorrect dose) or even the off-label
use of SEM. In this respect, after the analysis of data presented on the Google Trends Tool, a
detailed analysis of the Individual Case Safety Reports (ICSRs) uploaded in EudraVigilance
(the European adverse reaction reporting database) was carried out. The evaluation of SEM
popularity and the safety profile was performed through comparison with other GLP-1
RAs (including ALB, which was withdrawn from the market).

2. Materials and Methods
2.1. Study Design

In January 2021, Google had 91% of the market share of online searches worldwide,
representing the main search engine [56]. Thus, the present study started with an analysis
of the popularity of search queries that were entered into Google Search. A relative search
volume (RSV) is generated from Google Trends. The RSV does not provide the actual
number of searches but presents data on a relative scale. The numbers represent search
interest relative to the highest point on the chart for the selected region and time. A value
of 100 is the peak popularity for the term, while a value of 50 means that the term is half
as popular [57-59]. In the present study, the data obtained from the Google Trends Tool
were analyzed considering peoples’ interest in searching for information about GLP-1
RAs. The terms used for comparison were the International Nonproprietary Names of
each GLP-1 RA: “semaglutide”, “liraglutide”, “tirzepatide”, “albiglutide”, “dulaglutide”,
“lixisenatide”, and “exenatide”. The comparison was performed worldwide, between
December 2005 and March 2024. The interest score is presented on a scale of 0 to 100,
where 100 indicates the highest level of popularity and O represents the least amount of
interest. Subsequently, the popularity by region of each GLP-1 RA was analyzed. For each
molecule, 100 points were allocated to the country with the highest popularity, and, to the
other countries, the number of points was allotted proportional to the number of searches.
Furthermore, we identified the first 25 related queries which were searched for by the same
consumers who performed the searches for GLP-1 Ras, and we analyzed the frequency of
terms related to “side effects” and “weight loss”.

The high popularity of SEM in the media could lead to self-medication and irrational
or abusive consumption, potentially bringing on an increased number of ADRs, espe-
cially those which are severe or fatal. Thus, a retrospective pharmacovigilance analysis
was performed based on the ICSRs uploaded in the EudraVigilance database until 31
March 2024 [60]. Firstly, a descriptive study of ICSRs reported for SEM was performed in
comparison with other GLP-1 RAs (ALB, DUL, EXE, LIR, lixisenatide—LIX, TIR) or the
entire group of all other GLP-1 RAs. ALB was withdrawn by the manufacturer because
of commercial reasons, not for safety or efficiency reasons. In this context, we decided to
use ALB for comparison, too. On the other hand, the ICSRs reported for the combination
of LIR and degludec insulin were excluded from the present study. In the next step, a
disproportionality analysis was performed to compare the reporting probability of ADRs
for SEM with other GLP-1 RAs and with the entire group of all other GLP-1 RAs. No ethics
approvals were required for the present study because no patients’ personal information
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was included in the ICSRs [61]. Healthcare or non-healthcare professionals filled out the
reports from the European Economic Area (EEA) or non-EEA [62].

2.2. Materials

The chronologic data from the Google Trends Tool reported for SEM were compared
to the series of the other GLP-1 RAs. Regarding ALB and LIX, the search interest compared
to SEM represents <1%. Thus, both molecules were excluded from this analysis.

According to the Medical Dictionary for Regulatory Activities (MedDRA) hierarchy,
many preferred terms (PTs) were used for reported ADRs. Each PT can describe “a
symptom, sign, disease diagnosis, therapeutic indication, investigation, surgical or medical
procedure, and medical social or family history characteristic”. In the next level, related
PTs form the “High Level Terms” (HLTs) group, and related HLTs form “High Level Group
Terms” (HLGTs). The final level for classification is represented by “System Organ Classes”
(SOCs), with each SOC being formed from many related HLGTs [63]. At the moment, the
total number of SOCs is 27.

In the present study, 4 HLTs were identified (modified dose, overdose, underdose, and
off-label use) [62,64]. Thus, of a total of 35 Preferred terms (PTs), only 27 were identified in
the ICSRs uploaded for the evaluated drugs (Table 1).

Table 1. The preferred terms used for analysis of ICSRs uploaded in EudraVigilance.

HLT PT

Dose calculation error

Dose calculation error associated with device *

Drug dose titration not performed

Drug titration error
Incorrect dosage administered
modified dose Incorrect dose administered
Incorrect dose administered by device
Incorrect dose administered by product

Incorrect product dosage form administered *

Product dosage form confusion *

Wrong dose

Accidental overdose
Intentional overdose
overdose Extra dose administered
Overdose
Prescribed overdose

Accidental underdose
Drug dose omission by device
Incomplete dose administered *
Intentional dose omission
Intentional underdose
Prescribed underdose
Product dose omission *
Product dose omission in error
Product dose omission issue
Underdose

underdose

Contraindicated product administered
Contraindicated product prescribed
Drug effective for unapproved indication *
Off-label use
Off-label use Off-label use of device
Product use in unapproved therapeutic environment *
Product use in unapproved indication
Product used for unknown indication *
Unintentional use for unapproved indication

* PT with no reports.
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2.3. Data Analysis

A descriptive analysis of cases reported in patients treated with SEM was performed.
The data were compared to other GLP-1 RAs. The descriptive analysis was structured
by taking into account the general characteristics such as age, sex, category of reporters,
geographic origin, and seriousness. In the next step, the distribution of ADRs by SOC was
compared for SEM with all other GLP-1 RAs.

To evaluate the risk of incorrect dosage or off-label use, many PTs were identified for
each of the 4 HLTs (categories of ADRs): modified dose (11), overdose (5), underdose (10),
and off-label use (9) (Table 1). The total number of ADRs for each HLT was determined
and compared between SEM and all other GLP-1 RAs. Subsequently, the outcome of
ADRs grouped in HLTs was also compared. According to the EMA rules, the outcomes of
cases are classified into 6 categories: (i) fatal, (ii) not recovered /not resolved (NR/NRS),
(iif) recovered /resolved with sequelae, (iv) recovering/resolving, (v) recovered/resolved,
(vi) not specified, (vii) unknown [65].

A disproportionality analysis was performed to evaluate the probability of reporting
adverse reactions included in the four categories. According to EMA recommendations,
the reporting odds ratios (RORs) and 95% confidence intervals (95% CI) were calculated
for each evaluated HLT [66], according to a previously published protocol [67,68]. The
disproportionate signal was obtained when the number of ADRs was >5 for each HLT
and the ROR was statistically >1 (lower limit of 95% CI > 1) [66]. The data calculated for
SEM were compared with each other GLP-1 RA and with the entire group of all other
GLP-1 RAs.

3. Results
3.1. Analysis of Searching Google Popularity

Based on the worldwide chronologic series obtained from Google Trends, starting
with May 2019, the interest in SEM showed a constantly increasing tendency. Thus, for
SEM, the highest level of interest was in March 2024. For other GLP-1 RAs the interest
was lower than for SEM. For example, for LIR the highest number of searches was in June
2023 (~7% of total searches for SEM) and for DUL this was in February 2023 (~3% of the
total searches for SEM). Since January 2022, the search interest has been increasing for TIR,
the newest molecule approved on the market from the GLP-1 RA class. Thus, in March
2024, the inquiry proportion for TIR was about 29% of the total SEM searches (Figure 2).
According to the same series, the search for ALB and LIX compared to SEM represents ~1%.
Thus, both molecules were excluded from this analysis [46].

The searches for SEM were more frequent in Puerto Rico (100), the United States
(71), Australia (32), United Kingdom (26), Ireland and Canada (22). The highest level of
popularity for LIR was in Qatar, for DUL in New Zealand, for EXE in Qatar and Australia,
and for TIR in the United States (Figure 3) [69].

Consumers who searched for GLP-1 RAs also searched for other related queries. The
most frequent term used by consumers who also searched for “semaglutide”, was “weight
loss”. Thus “weight loss semaglutide” was the most frequent related query for SEM. Also,
another two terms that were identified as related queries for SEM were: “semaglutide
for weight loss” and “ozempic weight loss”. An interesting observation was in the TIR
series, where “semaglutide weight loss” was one of the twenty-five most frequent terms
associated with TIR queries. At the same time, people had a high interest in the side effects
of SEM (“side effects semaglutide”) (Table 2). The queries related to weight loss were more
frequent than for the side effects for all other GLP-1 RAs, except EXE [69].
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Figure 2. Comparison regarding the search interest related to GLP-1 RAs, according to Google Trends
Tool (December 2005-March 2024) [69].
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Figure 3. Comparison of interest in searching for information about GLP-1 RAs on Google by
region [69].
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Table 2. Comparison between the most frequent queries related to “side effects” and “weight
loss” [69].

Terms Associated with “Weight Loss” Terms Associated with “Side Effects”

weight loss semaglutide side effects semaglutide
SEM semaglutide for weight loss
ozempic weight loss
liraglutide weight loss liraglutide side effects
LIR i . .
iraglutide for weight loss
tirzepatide weight loss tirzepatide side effects
TIR tirzepatide for weight loss
semaglutide weight loss
DUL dulaglutide weight loss dulaglutide side effects
EXE exenatide weight loss exenatide side effects

3.2. Descriptive Analysis
3.2.1. Analysis of ICSRs

From a total number of 72,548 ICSRs uploaded in EV until 31 March 2024 for the GLP-1
RAs analyzed, 21,012 ICSRs have been reported for SEM. SEM had the largest share (29.0%)
of the total, followed by LIR (25.0%) and DUL (23.9%) (Figure 4).

TIR, 2333, 3% ALB, 384, 0%

DUL, 17,332,
NN

EXE, 12,926,

_ 180&

Figure 4. The shares of ICSRs that reported GLP-1 RAs. ALB—albiglutide; DUL—dulaglutide;
EXE—exenatide; LIR—liraglutide; LIX—lixisenatide; SEM—semaglutide; TIR—tirzepatide.

SEM, 21,012,

29%

LIX, 412, 1%

LIR, 18,149,
25%

The proportion of ADRs reported from total cases treated with SEM (1.99) is less than
for the group of all other GLP-1 RAs (2.08). Also, higher proportions were observed for
ALB (2.85), EXE (2.72), and LIX (2.08). Conversely, for LIR and DUL, other very prevalent
GLP-1 RAs, the proportion of ADRs from the total ICSRs was lower (1.81, respectively 1.90).
However, for TIR the proportion (1.98) was similar to SEM (Figure 5).

According to data published in EV, ADRs reported in the group of patients aged
18-64 years treated with SEM (39.7%) had a close frequency with all other GLP-1 RAs
(41.8%), ALB (42.2%) and DUL (37.9%). Also, in the 65-85 years group, no great differences
have been observed for SEM (21.6%) compared to the group of all other analogues (22.7%)
and ALB (18.8%) (Table 3).

The most frequent cases have been reported in the female group that used SEM (57.7%)
compared to the group of all other GLP-1 RAs (53.6%). Also, a similar frequency can be
observed for LIR (59.8%). The most reported cases from EEA were for SEM (52.6%), similar
to DUL (51.1%), but more frequent than the entire group of all other GLP-1 RAs. Healthcare
professionals have been the ones to most often report ADRs related to SEM (61.3%). The
same situation was noticed for all other GLP-1 RAs, except ALB (45.6%). Regarding the
severity, the cases reported in EV as serious represented 74.2% (n = 38,215) of the total
number related to all GLP-1 RAs. It can be noticed that serious cases reported for SEM
(n =12,029; 57.2%) had the lowest frequency compared to all other analogues (Table 3).
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Figure 5. The proportion of ADRs reported from the total ICSRs. ALB—albiglutide; DUL—
dulaglutide; EXE—exenatide; LIR—Iliraglutide; LIX—lixisenatide; SEM—semaglutide; TIR—

tirzepatide.

Table 3. Characteristics of ICSRs reported for SEM. EEA—European Economic Area; HP—healthcare
professional; NS—not specified; ALB—albiglutide; DUL—dulaglutide; EXE—exenatide; LIR—

liraglutide; LIX—lixisenatide; SEM—semaglutide; TIR—tirzepatide.

SEM ALB DUL EXE LIR LIX TIR All Other GLP-1 RAs
n n n n n n n n
(%) (%) (%) (%) (%) (%) (%) (%)
Total 21,012 384 17,332 12,926 18,149 412 2333 51,536
Age category
NS 7942 148 5476 4160 6668 105 1138 17,695
(37.8) (38.5) (31.6) (32.2) (36.7) (25.5) (48.8) (34.3)
1 0 1 6 4 0 0 11
0-1 Month (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0)
2 0 3 1 4 0 0 8
2Months-2 Years ;) ) (0.0) 0.0) 0.0) 0.0) 0.0) (0.0) (0.0)
3 11Y, 9 0 2 1 9 0 0 12
—LLrears (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0)
23 0 6 6 64 0 2 78
12-17 Years 0.1) (0.0) (0.0) 0.0) (0.4) (0.0) (0.0) (0.2)
1864 Y, 8345 162 6576 5519 8236 186 863 21,542
—O% Years (39.7) (42.2) (37.9) (42.7) (45.4) (45.1) (37.0) (41.8)
6585 Y, 4546 72 4951 3153 3104 118 307 11,705
—o0 rears (21.6) (18.8) (28.6) (24.4) (17.1) (28.6) (13.2) (22.7)
144 2 317 80 60 3 23 485
More than 85 Years , ) (0.5) (1.8) 0.6) 0.3) 0.7) (1.0) 0.9)
Sex
Femal 12,122 211 8443 6741 10,851 210 1180 27,636
cma’le (57.7) (54.9) (48.7) (52.2) (59.8) (51.0) (50.6) (53.6)
Mal 8206 158 7676 5825 6189 169 685 20,702
aie (39.1) (41.1) (44.3) (45.1) (34.1) (41.0) (29.4) (40.2)
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Table 3. Cont.

SEM ALB DUL EXE LIR LIX TIR All Other GLP-1 RAs
n n n n n n n n
(%) (%) (%) (%) (%) (%) (%) (%)
NS 684 15 1213 360 1109 33 468 3198
(3.3) (3.9) (7.0) (2.8) (6.1) (8.0) (20.1) (6.2)
Geographic origin
EEA 11,060 12 8864 3226 7309 265 115 19,791
(52.6) (3.1) (51.1) (25.0) (40.3) (64.3) (4.9) (38.4)
9952 372 8468 9700 10,839 147 2218 31,744
NON-EEA @74) (969)  (489) (75.0) (59.7) (35.7) (95.1) (61.6)
NS 0 0 0 0 1 0 0 1
(0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0)
Reporter
P 12,877 175 11,001 8751 12,316 333 1470 34,046
(61.3) (45.6) (63.5) (67.7) (67.9) (80.8) (63.0) (66.1)
NHP 8135 209 6331 4168 5832 79 863 17,482
(38.7) (54.4) (36.5) (32.2) (32.1) (19.2) (37.0) (33.9)
NS 0 0 0 7 1 0 0 8
(0.0) (0.0) (0.0) (0.1) (0.0) (0.0) (0.0) (0.0)
Seriousness
N , 8983 5 7051 1383 4637 119 120 13,315
on serous (42.8) (1.3) (40.7) (10.7) (25.5) (28.9) (5.1) (25.8)
NS 0 0 0 3 3 0 0 6
(0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0)
Seri 12,029 379 10,281 11,540 13,509 293 2213 38,215
erous (57.2) (98.7) (59.3) (89.3) (74.4) (71.1) (94.9) (74.2)

3.2.2. Comparative Evaluation of ADRs Grouped by SOC

Firstly, a comparison between the distribution of ADRs by SOC was conducted be-
tween SEM and all other GLP-1 RAs. Thus, it could be observed that the ADRs of SEM
were most frequently reported in the following SOCs: “Gastrointestinal disorders” (25.0%;
n =10,468), “Injury, poisoning and procedural complications” (10.6%; n = 4414), “General
disorders and administration site conditions” (10.2%; n = 4264). Similar situations were ob-
tained for the ADRs reported in SOCs “Gastrointestinal disorders” and “General disorders
and administration site conditions” for all comparators. Also, in the SOC “Injury, poisoning
and procedural complications”, similar situations were observed for ALB (11.8%) and TIR
(10.0%). Among the SOCs with the lowest ADR reporting frequency were: “Congenital,
familial and genetic disorders”, “Pregnancy, puerperium and perinatal conditions”, and
“Social circumstances” (Figure 6).
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Figure 6. Distribution of ADRs reported for SEM by SOC.

3.2.3. ADRs Reported for Incorrect Dosage

Figure 7 presents the frequency of ADRs related to dosage in GLP-1 RAs class. Thus,
for SEM, the most frequent are ADRs related to improper dose (0.79%), a percentage higher
than that of DUL (0.68%), TIR (0.52%), and LIR (0.49%), but lower than that of EXE (1.90%),
and the entire group of all other analogues (1.02%). Overdoses have been reported for
SEM (0.59%) with a lower frequency than for DUL (0.66%), but higher than those reported
for all other comparators. Underdoses have the lowest frequency (0.33%) in HLTs related
to the dosage of SEM. This percentage is similar to LIR (0.32%) and inferior to all other

comparators.
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Figure 7. Frequency of ADRs related to dosage in GLP-1 RA series. ALB—albiglutide; DUL—
dulaglutide; EXE—exenatide; LIR—liraglutide; LIX—lixisenatide; SEM—semaglutide; TIR—

tirzepatide.
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3.2.4. ADRs Reported as “Off-Label Use”

According to Figure 8, for the ADRs reported for off-label use, their frequency in the
SEM series (6.16%) is similar to TIR (6.08%), but higher than other comparators, including
the entire group of all other GLP-1 RAs.
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Figure 8. Frequency of ADRs related to off-label use in GLP-1 RA series. ALB—albiglutide;
DUL—dulaglutide; EXE—exenatide; LIR—liraglutide; LIX—lixisenatide; SEM—semaglutide; TIR—
tirzepatide.

3.2.5. Distribution of ADRs by Outcome
ADRs Reported for SEM

Regarding the outcomes, Figure 9 shows that unfavorable outcomes were reported
as follows: (i) 4 cases related to overdoses were fatal; (ii) 41 cases related to incorrect
dosage were not recovered or not resolved (23 for improper doses; 9 for overdosage, 9 for
under dosage, respectively); (iii) 356 cases related to off-label use were not recovered or
not resolved.
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Figure 9. Distribution of ADRs of semaglutide by outcome: (a) related to dosage; (b) related to
off-label use. NR/NRS—not recovered /not resolved; NS—not specified; R/RS—recovered /resolved;
ALB—albiglutide; DUL—dulaglutide; EXE—exenatide; LIR—liraglutide; LIX—lixisenatide; SEM—
semaglutide; TIR—tirzepatide.
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The Frequency of ADRs with Unfavorable Outcomes Reported for SEM Compared to All
Other GLP-1 RAs

The unfavorable outcomes of cases reported in EV (fatal or not recovered /not resolved)
are represented below. Thus, Figure 10a presents the frequency of fatal ADRs reported for
incorrect dosage. Fatal ADRs were reported only for overdosage, with a higher frequency
in the LIR series (2.7%) than for SEM (1.6%). Also, for off-label use, no fatal ADRs were
reported for any GLP-1 RAs.
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Figure 10. The frequency of ADRs with unfavorable outcomes. (a) Fatal outcomes of ADRs related to
incorrect dosage; (b) not recovered /not resolved outcomes of ADRs related to incorrect dosage; (c) not
recovered /not resolved outcomes of ADRs related to off-label use. NR/NRS—not recovered /not
resolved; NS—not specified; R/RS—recovered/resolved; ALB—albiglutide; DUL—dulaglutide;
EXE—exenatide; LIR—liraglutide; LIX—lixisenatide; SEM—semaglutide; TIR—tirzepatide.

The frequency of the not recovered /not resolved outcomes is presented in Figure 10b.
According to this data, SEM presented a higher frequency in all three HLTs, compared with
all other GLP-1 RAs, with the following exceptions (Figure 10b):

improper doses: SEM—7.0% and EXE—8.4%

overdose: SEM—3.7% and EXE—8.2%

underdose: SEM—6.6%, EXE—9.7%, and LIR—6.8%

Regarding the frequency of the not recovered /not resolved ADRs related to off-label
use, SEM (7.2%) also had a higher frequency of being reported compared to other GLP-1
RAs, except EXE (17.8%) (Figure 10c).

71

9.7%

underdose

EXE - NR/NRS



Biomedicines 2024, 12, 1124

3.3. Disproportionality Analysis
3.3.1. Incorrect Doses

According to the data published in EV, the results of the disproportionality analysis
show a higher probability of reporting ADRs related to improper doses for SEM compared
to LIR (ROR: 1.6169, 95% CI: 1.3379-1.9542) and TIR (ROR: 1.5200, 95% CI: 1.0032-2.3031).
Also, in Figure 11a, a lower probability of ADRs for SEM compared to EXE (ROR: 0.4087,
95% CI: 0.3579-0.4667) and the entire group of all other GLP-1 RAs (ROR: 0.7722, 95% CI:
0.6823-0.8740) could be observed. No difference could be observed for SEM compared to
DUL and ALB.
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SEM - EXE**** -

SEM - DUL ——
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Figure 11. Disproportionality analysis for incorrect dosage of SEM: (a) improper dosage; (b) over-
dose; (c) underdose. ALB—albiglutide; DUL—dulaglutide; EXE—exenatide; LIR—liraglutide; LIX—
lixisenatide; SEM—semaglutide; TIR—tirzepatide. * p <0.05; *** p < 0.001; *** p < 0.0001.
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For ADRSs related to overdose, SEM had a higher probability of being reported com-
pared to EXE (ROR: 2.4174, 95% CI: 1.8878-3.0956), LIR (ROR: 1.7434, 95% CI: 1.3913-2.1845),
and TIR (ROR: 3.3868, 95% CI: 1.6736—6.8535). The same results could be noticed through a
comparison with the group of all other GLP-1 RAs (ROR: 1.4764, 95% CI: 1.2608-1.7288).
Also, when compared to DUL, no difference could be noticed (Figure 11b).

For overdosage, SEM had a higher probability of being reported, but for underdosage
the situation is reversed. Thus, no difference could be observed by comparison with LIR
and LIX, but a lower probability of being reported could be observed by comparison with
all other analogues and with the entire group of all other GLP-1 RAs (Figure 11c).

3.3.2. Off-Label Use

Figure 12 showed a higher probability of reporting off-label use for SEM compared
to all other analogues, except TIR: ALB (ROR: 4.4375, 95% CI: 2.6615-7.3988), DUL (ROR:
8.3830, 95% CI: 7.3359-9.5796), EXE (ROR: 2.9018, 95% CI: 2.6680-3.1560), LIR (ROR: 2.8377,
95% CI: 2.6052-3.0910), and LIX (ROR: 6.5330, 95% CI: 3.2525-13.1221). Also, compared to
the group of all other GLP-1 RAs the probability of being reported is higher (ROR: 3.3226;
95% CI: 3.1270-3.5304).
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SEM - LIX**** *
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SEM - EXE**** -

SEM - DUL**** ——
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Figure 12. Disproportionality analysis for off-label use of SEM. ALB—albiglutide; DUL—
dulaglutide; EXE—exenatide; LIR—liraglutide; LIX—lixisenatide; SEM—semaglutide; TIR—
tirzepatide. **** p < 0.0001.

4. Discussion

A reduced appetite and food intake were observed after the administration of GLP-1
RAs. Thus, their benefits in weight loss are exploited by using them in obese patients
with or without diabetes [70]. Improving the patients” adherence to GLP-1 RAs treatment
through possible oral administration [71] was an important objective of the researchers
following their approval on the market. Only a few years after the EXE approval in therapy,
new molecules have been authorized. SEM presents some differences in pharmacokinetics
due to the modifications in GLP-1 structure: (i) improved stability against dipeptide-
peptidase-4 enzyme (DPP-4) through the substitution of alanine with aminoisobutyric
acid; (ii) increased binding to albumin by the introduction of a linker and a C18 di-acid
chain; (iii) preventing the binding of fatty acid at the wrong site through the substitution
of Lys with Arg [72]. On the other hand, to improve the patients” adherence to SEM, its
absorption across gastric mucosa was improved by obtaining a co-formulation with sodium
N-(8-[2-hydroxybenzoyl]amino)caprylate. Based on this formulation, SEM was the first of
the GLP-1 RAs suitable for oral administration [73]. Thus, SEM was expected to be very
popular in the media and widely used in therapy, often as off-label or as auto medication.
Because of this issue, the dosing errors were expected to be quite frequent.

The first item analyzed was the popularity of SEM in Google searches. The term
“weight loss semaglutide” was the most frequently searched for by the people who also
searched for the term “semaglutide”. Also, the queries related to weight loss have a higher
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frequency than for the other GLP-1 RAs. Additionally, the search interest on Google for
each molecule was related to a lower frequency with the side effects (Table 2). Based on this
information, it could be considered that the people interested in these molecules had similar
search behavior regarding the safety of the products. Our results are comparable to the ones
in the study performed by Han et al., which showed that the greatest relative search was
obtained for one of the SEM brand names [7]. Also, a study published in 2024 showed that
SEM was one of the most popular pharmacological and surgical obesity methods searched
on Google [74]. The popularity of SEM on TikTok (an online social media platform), is
also very high. A total of 57 of the first 100 video searches under the hashtag “#0Ozempic”
were related to “weight loss” (44 million views), and 29 of 100 were related to “common
side effects, toxicity” (24 million views). The “off-label” use was a search term only in 3 of
100 videos (2.8 million views) [75].

Although SEM was approved on the market more recently than LIR, DUL, EXE, and
ALB, the descriptive analysis showed the highest number of ICSRs reported in EV (29% of
the total) (Figure 4). Its popularity (Figure 2) and indication in obesity could contribute
to an increase in the prescription numbers, as well as implicitly in its consumption. In
2022, the global market of SEM and LIR increased by 43% from 9.9 to 14.2 billion USD [76].
Moreover, according to a study published in 2023, prescriptions for SEM increased by
150%/year [77]. This increase could be justified by a higher efficiency of SEM in weight
loss and by a lower cost of treatment [78,79]. Other studies showed the superior efficiency
of SEM compared to LIX [80], EXE [80,81], DUL [81] and, LIR [82]. For example, SEM led
to an average reduction in body weight of 12.4% in 68 weeks compared to LIR (—5.4% in
56 weeks) [82]. Therefore, SEM had an improved value for money in weight reduction
compared with LIR (estimated cost of 1845 USD per 1% reduction in body weight for SEM,
compared to 3256 USD for LIR) [82].

Regarding the demographic characteristics of patients, in the present study, most of
the reports were in the 18-64 years group (Table 3). Also, the most frequent reports were for
females (57.7%) (Table 3), similar to the results of another study performed on the data from
the Food and Drug Administration Adverse Event Reporting System (FAERS) between
2018-2022 (54.4%) [9].

According to the present study, SEM had the lowest number of severe ADRs compared
to the analyzed molecules (Table 3). These results are similar to other studies that reported
a safety profile consistent with other GLP-1 RAs, with a low incidence of severe ADRs
for SEM [81,83,84]. Generally, SEM is well tolerated, and most ADRs induced are mild-
to-moderate and transient. The most frequent ADRs are related to the “Gastrointestinal
disorders” SOC (nausea, vomiting, diarrhea, pancreatitis, etc.), or the “General disorders
and administration site conditions” SOC (e.g., malaise). On the other hand, pathologies
such as acute kidney injury from the “Renal and urinary disorders” SOC could have nega-
tive consequences on health status even if they are less frequent (Figure 6). Most probably,
nausea and vomiting are caused by the inhibition of gastric emptying, and diarrhea could
be induced by altering nutrient absorption or intestinal motility [83]. Additionally, malaise
seems to be promoted by direct central GLP-1 R activation, primarily in the brainstem [85].
Regarding pancreatitis and pancreatic cancer, the FDA and EMA concluded that no causal
association could be found between GLP-1 RAs and these pathologies. Only a few pre-
clinical studies have shown a pancreatic inflammatory status after GLP-1 RA use [83,86].
Dehydration caused by nausea, vomiting or diarrhea, as well as increasing the sodium
excretion after GLP-1 RA administration, could lead to renal failure [83,87]. To diminish
gastrointestinal disturbances, different strategies could be applied: gradual dose titration,
eating slowly, reducing the portion size per meal, avoiding high-fat food, and finishing
eating before satiety. Also, it is recommended to avoid the risk factors for renal failure,
such as dehydration or association with medication with a high renal risk [83].

Fatal outcomes were only reported for overdosing on SEM and LIR. Anyway, until
now, no unexpected safety issues have been reported for SEM [83,84]. However, another
interesting result of the present study suggests that SEM had a higher number of ADRs
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reported by each case than DUL and LIR, and was similar to those of TIR (Figure 5).
Considering that TIR was recently authorized, it is expected that this situation will be
different over time.

This study revealed a higher tendency to report ADRs related to overdosing of SEM
(except DUL and EXE), and incorrect dosing compared to LIR and TIR (Figure 7). According
to the American Association of Poison Control Centers, a total of 2941 cases related to SEM
overdosing were reported between January—November 2023, more than double compared
to 2022 [88]. The overdosing cases reported in the scientific literature were associated with
notable gastrointestinal symptoms, and even with medical evaluation and treatment with
antiemetics and intravenous fluids [89,90].

On the other hand, the off-label use of SEM was more frequently reported in EV
than other GLP-1 RAs (except TIR) (Figure 8). Its advantages (high efficiency and safety,
improved value for money in weight reduction, and increased benefits-risk ratio) probably
represent factors for increasing the off-label use of SEM. According to the study performed
by Chiappini et al., the off-label use of SEM was the fifth most frequent cause of reporting
in FAERS (6%) [9].

Finally, media attention fuels the demand for this type of medication and, at the
same time, generates an increase in illegal sales. Thus, the authorities in countries such
as Austria, Denmark, United Kingdom, Ireland, Switzerland, etc., seek to repress illegal
activity with these drugs, approaching different methods of social media monitoring, even
reporting the confiscation of falsified pens with SEM in some EEA states [91]. Moreover,
both manufacturers and regulatory agencies in the field of medicine issued warnings about
the penetration of counterfeit products into the drug supply chain, finding them in retail
pharmacies [92-94]. The warnings were issued by reglementary authorities such as the
FDA, EMA, and the Medicines and Healthcare Products Regulatory Agency from the
United Kingdom. These refer to using the unapproved salt forms of SEM or to online sales
of fraudulent or unapproved products [95-97]. In this context, greater attention must be
paid, both to the way of prescribing and also to the counselling of patients regarding the
identification of fakes and the judicious use of medicines.

Limitations of the Study

Certain limitations should be considered for this study. Our searches in Google Trends
only included active pharmaceutical ingredients. The online environment is extensive;
besides Google, other search engines and social media platforms are widely used. We
acknowledge that these results may not offer the full depiction of the off-label use for weight
loss phenomenon. On the other hand, the use of the Internet, including the Google search
engine, is reduced in different areas with limited access to internet or freedom of speech.
Also, people with lower socioeconomic status or educational background, or old people,
represent categories with low access to computers or internet [56,59]. Other limitations
of this study are based on the analysis of ADRs from the EudraVigilance spontaneous
reporting system, among which some are related to the phenomenon of underreporting,
overreporting and reporting bias or to the inaccuracy of the information contained in the
reports. The number of ADRs reported could be influenced by the extent of drug use,
the awareness of the reporter, media coverage of the drug, the severity and outcome of
the reaction, and the variability of reporting rates between different regions, etc. ADRs
associated with newer drugs or severe cases might be reported more frequently compared
with older drugs or minor adverse effects. Not least, off-label use could be a factor in the
underreporting of adverse drug reactions. Moreover, information such as concomitant
medication or other suspected drugs, comorbidities, medical status, etc., could be missing,
thus affecting this analysis. Other limitations are the lack of a denominator or the lack
of certainty of a causal relationship between the reported ADRs and the suspected drug.
Furthermore, the ROR is a simple indicator that allows for the estimation of the relative
risk of ADR reporting but could not be used to quantify the true risk. Further studies are
needed for an extensive evaluation of the safety profile of SEM and other GLP-1 RAs.
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5. Conclusions

Our study highlights the risk of the improper or off-label use of SEM based on an
analysis of real-world data from Google Trends and the European spontaneous reporting
system, EudraVigilance. To reduce these risks, especially of severe ADRs or unfavorable
outcomes, stakeholders should promote the correct use and dispensing of drugs based
on SEM. Also, an increased carefulness in patient counselling could improve healthcare
outcomes. Likewise, new studies must be performed to obtain information regarding
dosing errors or off-label use. Based on the results obtained following the analysis of ICSRs,
useful information can be provided for a better monitoring and managing of adverse events
related to abuse. Taking into consideration the limitations of spontaneous reporting of
ADRs, a high level of standardization or more detailed reporting could improve the quality
of data and strengthen the robustness of future analyses.
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Abstract: This retrospective cohort study aimed to assess the mortality risk in patients with type
2 diabetes mellitus (DM) by screening for depressive symptoms and peripheral artery disease
(PAD). We enrolled patients aged >60 years who had undergone assessments of both the ankle—
brachial index (ABI) and the five-item Geriatric Depression Scale (GDS-5). PAD and depression
were defined as ABI < 0.90 and GDS-5 > 1, respectively. The primary endpoint was total mortality.
In 1673 enrolled patients, the prevalence of PAD was higher in those with depression than in
those without depression (8.9% vs. 5.7%, p = 0.021). After a median follow-up of 56.6 months
(interquartile range: 47.0-62.3 months), a total of 168 (10.0%) deaths occurred. The patients in the
depression and PAD subgroup had the highest hazard ratio of mortality, followed by the PAD
without depression subgroup and the depression without PAD subgroup (2.209, 95%CI: 1.158-4.217;
1.958, 95%CI: 1.060-3.618; and 1.576, 95%CI: 1.131-2.196; respectively) in comparison to the patients
without depression and PAD after adjustment for associated factors. In conclusion, a combination
of depression and PAD predicted the highest mortality risk. Screening for depression and PAD is
recommended in patients aged >60 years with type 2 DM.

Keywords: ankle-brachial index; geriatric depression scale; depression; mortality; peripheral artery
disease; type 2 diabetes

1. Introduction

Depression has become an important health burden worldwide [1]. According to
data from the Global Burden of Disease study between 1990 and 2017, the prevalence of
depression has been increasing in the Chinese population aged over 55 years [2]. According
to population-based data by questionnaire screening in the Healthy Aging Longitudinal
Study, the prevalence of minor depression was 3.7%, and the prevalence of major depres-
sion was 1.5% in people aged over 55 years in Taiwan [3]. There is strong evidence that
depression increases the risk of cardiovascular disease, disability, and mortality [2,4,5].

In particular, the presence of depressive symptoms is associated with an increased
prevalence of diabetes mellitus (DM) [6]. Based on data from the UK Biobank, 5.5% of
patients with type 2 DM developed major depression, and the risk, with a hazard ratio
(HR) of 1.6, was significantly increased compared to patients without type 2 DM during
a longitudinal follow-up for a median of 12.7 years; patients with type 2 DM also had
a significantly higher risk of developing depressive symptoms than people without DM
during a follow-up for a median of 7.5 years [7]. According to the National Health Insurance
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(NHI) research database regarding people in Taiwan between 2000 and 2007, the incidence
of depression was 7.03 per 1000 person-years in patients with type 2 DM, and the HR of
1.43 was significantly higher than that in people without DM [8].

In addition to the association between the presence of DM and depression, there is
a synergistic effect of depression and DM on mortality risk. Compared with people with
neither DM nor depression, patients with a combination of DM and depression had an
increased risk of mortality, and the corresponding HR of 2.16 was higher than that of
patients with DM alone or depression alone according to the UK Biobank dataset for a
median 6.8 years of follow-up [9]. Similarly, having a combination of DM and depressive
symptoms is associated with a higher risk of mortality than DM alone or depression alone
according to Taiwan population-based data for a longitudinal follow-up of 10 years [10].
The increased mortality risk might be contributed to the link between depression and
cardiovascular risk in patients with type 2 DM [7].

Peripheral artery disease (PAD) is a well-known risk factor for cardiovascular events
and mortality [11]. PAD is also a prevalent macrovascular complication in patients with
DM [12], and DM was reported to confer a 1.4-fold increased risk of mortality in patients
with PAD in a mean follow-up of 5.9 years [13]. However, the prevalence of PAD might be
underestimated. Hong et al. [14] reported that only 34.7% of patients with an ankle-brachial
index (ABI) < 0.9 had been previously diagnosed with PAD based on administrative data.
Measurement of the ABI can detect PAD early and is recommended by guidelines for
clinical practice [15,16].

Depression is also an important risk factor for PAD. A meta-analysis study suggested
that depression increases the mortality risk by 24% in patients with PAD [17]. However,
depression might be underdiagnosed in patients with PAD. Welch et al. [18] reported that
28.4% of 148 patients undergoing interventions for PAD were diagnosed with depression
based on screening with the 15-item Geriatric Depression Scale (GDS), but only 3.3%
had a documented history of depression. Therefore, a simple questionnaire with high
sensitivity is warranted to screen depression in patients at high risk. The five-item GDS
(GDS-5), extracted from the 15-item GDS, has been developed and validated for screening
depressive symptoms [19,20], but data on long-term mortality are scarce. We hypothesized
that depressive symptoms are not only associated with PAD but are also predictive of
long-term mortality in patients with type 2 DM. Therefore, we conducted a retrospective
cohort study to assess the mortality risk categorized by GDS-5 and ABI in patients with
type 2 DM.

2. Materials and Methods
2.1. Study Design and Population

This retrospective cohort study was conducted at Taichung Veterans General Hospital.
The diabetic pay-for-performance (P4P) program has been an important policy launched by
the NHI administration in Taiwan [21], and an annual comprehensive assessment including
screening for PAD and mental health is recommended in this program [22]. In addition to
ABI, the screening of GDS-5 has been included in the annual comprehensive assessment of
diabetic P4P program in patients aged >60 years at Taichung Veterans General Hospital
since 1 August 2016.

We screened candidates from outpatients of the Division of Endocrinology and
Metabolism. The inclusion criteria were (1) individuals aged >60 years, (2) patients
with DM, and (3) patients who had received assessments of both ABI and GDS-5 in the
same annual comprehensive assessment between August 2016 and July 2020. The exclusion
criteria were (1) current use of antidepressant or dementia drugs at the time of interview for
answering the questionnaire, (2) DM other than type 2, (3) estimated glomerular filtration
rate (eGFR) < 15 mL/min/1.73 m?, (4) unreliable ABI data, including ABI value > 1.4,
history of lower-limb surgery, or systolic blood pressure not detected in any of the four
limbs, and (5) death within 30 days after enrollment.
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2.2. Assessment of Risk Factors

The clinical data in the same annual comprehensive assessment were extracted from
the electronic medical records. For patients who had undergone repeated comprehensive
assessments during this study period, only the data from the first completed assessment
were recorded. The characteristics of patients were age, sex, body height, body weight,
blood pressure, smoking status, history of cardiovascular disease and hypertension, and
current use of medication. The laboratory data comprised hemoglobin Alc (HbA1lc), plasma
glucose, serum levels of total cholesterol, high-density lipoprotein (HDL) cholesterol,
triglycerides and creatinine, and urinary albumin and creatinine. HbAlc was measured
using cation-exchange high-performance liquid chromatography (NGSP certified; G8,
TOSOH, Tokyo, Japan). Serum lipid profiles and creatinine levels were measured by
commercial kits (Beckman Coulter, Fullerton, CA, USA).

Overweight in Taiwan was defined as a body mass index (BMI) > 24 kg/m? [23].
Hypertension was defined as a systolic blood pressure > 130 mmHg, a diastolic blood
pressure > 80 mmHg, or the current use of an antihypertensive drug. Low HDL choles-
terol was defined as an HDL cholesterol level < 50 mg/dL (1.29 mmol/L) in women or
<40 mg/dL (1.03 mmol/L) in men. The eGFR was calculated using the Chronic Kidney Dis-
ease Epidemiology Collaboration (CKD-EPI) equation for Chinese individuals with type 2
DM [24]. CKD was defined as an index eGFR < 60 mL/min/1.73 m?. The urinary albumin-
to-creatinine ratio (UACR) was calculated using the ratio of urine albumin (mg/dL) to
urine creatinine (g/dL), and increased albuminuria was defined as a UACR > 30 mg/g.
Diabetic kidney disease (DKD) was defined as CKD and/or increased albuminuria.

2.3. Assessments of GDS-5 and ABI

GDS-5 comprises 5 items reported by patients themselves. Item 1 received a score of 1
when a participant answered “No”, and Items 2 to 5 received a score of 1 when a participant
answered “Yes”. The total score for GDS-5 ranges from 0 to 5, and a score > 1 has a high
sensitivity for the diagnosis of depression [19,20]. Therefore, depression is defined as a
reported GDS-5 core > 1 in the present study. The Mandarin Chinese version of GDS-5 has
been reported in previous studies [25,26].

To measure ABI, blood pressure was detected at the bilateral brachial arteries and
at the bilateral ankles using a validated automatic device (VP-1000 Plus; Omron health-
care Co. Ltd., Kyoto, Japan) after patients had rested in the supine position for at least
5 min. The ABI value was calculated as the ratio of the systolic blood pressure at each
ankle to the higher systolic blood pressure of the bilateral brachial pressures [27]. The
lower value of bilateral ABI in the same patient was recorded for the analyses. The repro-
ducibility of ABI was reported in our previous study. Briefly, based on the Bland—Altman
plots, the 95% confidence interval (CI) for the bias of ABI was 0.02 £ 0.01 between the
repeated measurements in a group of 20 subjects [28]. PAD is defined as a recorded ABI
value < 0.90 [15,27].

2.4. Statistical Analysis

The total mortality served as the primary outcome. After collection of all the clinical
data, the occurrence of mortality was recorded through 31 March 2022. Information
on registered deaths was obtained from the Ministry of Health and Welfare, Executive
Yuan, Taiwan. This research protocol was approved by the Institutional Review Board of
Taichung Veterans General Hospital, and the need for informed consent was waived due to
the retrospective cohort study design.

Continuous data are presented as the mean + standard deviation, and categorical
data are summarized as numbers with percentages (%). The statistical significance of
differences in continuous data was examined using Student’s t tests between patients with
and without any depressive symptom and by using one-way analysis of variance tests
among the four study subgroups. The statistical significance of differences in categorized
data was examined using chi-square tests.
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The cumulative risk of total mortality was assessed using the Kaplan—-Meier anal-
ysis; the log-rank test was used to examine the statistical significance of differences in
survival rates among groups. Cox proportional hazards regression analysis was conducted
to examine the independent predictors of mortality, and HR values with a 95% CI are
presented. Because age and sex were important confounding factors, we included age, sex,
and other assessed variables that were significantly associated with a GDS-5 score or PAD
in the multivariable models. A two-sided p value < 0.05 indicated statistical significance.
Statistical analysis was performed using SPSS v22.0 (IBM Corp., Armonk, NY, USA).

3. Results

In total, 1673 patients who met the study criteria were enrolled in this study (Figure 1).
According to the self-reported GDS-5 questionnaire, 539 (32.2%) patients had at least one
depressive symptom (GDS-5 > 1), and 1134 patients had none of the five depressive
symptoms (GDS-5 = 0). The baseline characteristics of patients with or without depressive
symptoms are shown in Table 1. The patients with GDS-5 > 1 had a significantly older age
(73 £ 8 vs. 71 £ 7 years, p < 0.001) and significantly higher proportions of current smoking
(8.3% vs. 4.9%, p = 0.009) and cardiovascular disease (27.8% vs. 20.7%, p = 0.002) than
those with GDS-5 = 0. However, there was no significant difference in proportions of sex
(p =0.832), DKD (p = 0.999), hypertension (p = 0.181), and use of antihypertensive drugs
(p = 0.167), antiplatelet drugs (p = 0.138), antidiabetic drugs (p > 0.05), and statins (p = 0.051)
between patients with GDS-5 > 1 and those with GDS-5 = 0. There was no significant
difference in BMI (p = 0.664), systolic blood pressure (p = 0.152), diastolic blood pressure
(p = 0.343), fasting plasma glucose (p = 0.653), HbAlc (p = 0.382), eGFR (p = 0.246), UACR
(p = 0.062), and serum levels of total cholesterol (p = 0.618), HDL cholesterol (p = 0.426),
triglycerides (p = 0.154), and ALT (p = 0.129) between patients with a GDS-5 > 1 and those
with GDS-5 = 0.

Based on the definition of PAD as ABI < 0.90, there were 113 (6.8%) patients with
PAD in all enrolled patients. Notably, the ABI value was significantly lower in the patients
with GDS-5 > 1 than in those with GDS-5 =0 (1.07 £ 0.13 vs. 1.09 & 0.12, p = 0.007). The
prevalence of PAD was also significantly higher in the patients with GDS-5 > 1 than in
those with GDS-5 = 0 (8.9% vs. 5.7%, p = 0.021, Figure 2).

During a median follow-up period of 56.6 months (interquartile range: 47.0-62.3 months),
a total of 168 (10.0%) deaths occurred among all 1673 enrolled patients, including 72 in
539 patients (13.4%) with GDS-5 > 1 and 96 in 1134 patients (8.5%) with GDS-5 = 0
(p = 0.002). The incidence of mortality was significantly higher in patients with GDS-5 > 1
than in those with GDS-5 =0 (3.1 vs. 1.9 per 100 person-years, log-rank test p = 0.002).

To assess the synergistic effect between GDS-5 and PAD on long-term mortality, we
further divided all patients into four subgroups based on a cutoff value of 1 for GDS-5 and
0.90 for ABI. There were 1069 patients in the ABI > 0.90 and GDS-5 = 0 group, 491 patients
in the ABI > 0.90 and GDS-5 > 1 group, 65 patients in the ABI < 0.90 and GDS-5 = 0 group,
and 48 patients in the ABI < 0.90 and GDS-5 > 1 group. The baseline characteristics
among these four groups are presented in Table 2. Patients with PAD and depression
had a trend toward a higher proportion of age > 70 years (p = 0.012), current smokers
(p < 0.001), cardiovascular disease (p < 0.001), hypertension (p = 0.012), DKD (p < 0.001),
CKD (p < 0.001), increased UACR (p < 0.001), and use of antiplatelet drugs (p < 0.001).
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Adults with DM and age > 60 years
Both of GDS-5 and ABI assessed
(N=1692)

Excluded
1. Other than type 2 DM (n = 6)
End-stage renal disease (n = 2)

ABI=0o0r>140(n=38)

Rl A

Death within 30 days (n = 3)

A 4

Enrolled for analyses

(N=1673)
\ 4
v v
GDS-5=0 GDS-5>1
(n=1134) (n=539)
ABI > 0.90 ABI<0.90 ABI>0.90 ABI<0.90
(n=1069) (n=65) (n=491) (n=48)
Survival Survival Survival Survival
n =985 (92.1%) n =53 (81.5%) n =430 (87.6%) n=37(77.1%)

Figure 1. Flow diagram of the enrollment of study subjects (abbreviations: GDS-5, five-item Geriatric
Depression Scale; ABI, ankle-brachial index; DM, diabetes mellitus).
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Table 1. Baseline characteristics and mortality rate of enrolled patients categorized by GDS-5 score.

GDS-5=0 GDS-5>1
(n = 1134) (n = 539) P

Age (years) 71 +7 73 +8 <0.001
Male, 1 (%) 556  (49.0%) 268  (49.7%) 0.832
Current smoker, 1 (%) 56 (4.9%) 45  (8.3%) 0.009
CVD, n (%) 235 (20.7%) 150  (27.8%) 0.002
BMI (kg/m?) 254 1338 253 +£4.0 0.664
Hypertension, 1 (%) 948  (83.6%) 465  (86.3%) 0.181
Systolic BP (mmHg) 138 +20 139 +£20 0.152
Diastolic BP (mmHg) 75 410 76  +11 0.343
Use of antihypertensive agents, 1 (%) 678  (59.8%) 342 (63.5%) 0.167
Fasting glucose (mmol/L) 77 £25 78 £26 0.635
HbAlc (%) 73 +12 74 +14 0.382
HbA1c (mmol/mol) 56.6 +13.5 573 +155

Total cholesterol (mmol/L) 40 =+0.8 40 =+0.8 0.618
HDL cholesterol (mmol/L) 1.3 +04 1.3 +04 0.426
Triglycerides (mmol /L) 14 =£1.0 1.5 =£1.0 0.154
ALT (U/L) 24 +17 25 +19 0.129
Diabetic kidney disease, 1 (%) 604  (53.3%) 287  (53.2%) 0.999
eGFR (mL/min/1.73 m?) 67 +15 66 +15 0.246
UACR (mg/g) 184 + 554 247  +£795 0.062
ABI 1.09 £0.12 1.07 £0.13 0.007
Use of antiplatelet drugs, 1 (%) 363  (32.0%) 193 (35.8%) 0.138
Use of statins, 1 (%) 856  (75.5%) 382 (70.9%) 0.051
Use of antidiabetic drugs

Insulin or insulin secretagogues, 1 (%) 656  (57.8%) 328  (60.9%) 0.265
Metformin, 1 (%) 400  (35.3%) 191  (35.4%) 0.992
Thiazolidinediones, 1 (%) 292 (25.7%) 120 (22.3%) 0.137
«-Glucosidase inhibitors, 1 (%) 131 (11.6%) 64  (11.9%) 0.912
DPP4 inhibitors, 1 (%) 733 (64.6%) 324 (60.1%) 0.082
SGLT2 inhibitors, 1 (%) 90  (7.9%) 49  (9.1%) 0.481
Mortality, 1 (%) 96  (8.5%) 72 (13.4%) 0.002

Continuous data are presented as the mean + standard deviation, and categorical data are presented as numbers
(percentages). Abbreviations: ABI = ankle-brachial index, ALT = alanine aminotransferase, BMI = body mass
index, BP = blood pressure, CVD = cardiovascular disease, DPP4 = dipeptidyl peptidase-4, eGFR = estimated
glomerular filtration rate, GDS-5 = five-item Geriatric Depression Scale, HbAlc = hemoglobin Alc, HDL = high-
density lipo-protein, SGLT2 = sodium glucose cotransporter 2, UACR = urine albumin-to-creatinine ratio.

10%
9%
8%
7%
6%
5%
4%
3%
2%
1%
0%

GDS-5=0 GDS-5=21

Figure 2. Prevalence of peripheral artery disease defined by ankle-brachial index < 0.90 in the
GDS-5 = 0 and GDS-5 > 1 groups (8.9% vs. 5.7%, p = 0.021). (Abbreviation: GDS-5, five-item Geriatric
Depression Scale).
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Table 2. Characteristics of enrolled patients categorized based on GDS and ABI.

ABI > 0.90 ABI > 0.90 ABI < 0.90 ABI < 0.90
Group N GDS-5=0 GDS-5>1 GDS-5=0 GDS-5>1 p
(n =1069) (n =491) (n = 65) (n=48)

Age (years) <70 797 534 (50.0%) 224 (45.6%) 22 (33.8%) 17 (354%)  0.012
>70 876 535 (50.0%) 267 (54.4%) 43 (66.2%) 31 (64.6%)

Sex Female 849 540  (50.5%) 251 (51.1%) 38  (58.5%) 20 (41.7%) 0.364
Male 824 529  (49.5%) 240 (48.9%) 27 (41.5%) 28  (58.3%)

Current smoker No 1572 1020 (95.4%) 454 (92.5%) 58 (89.2%) 40 (833%)  <0.001
Yes 101 49 (4.6%) 37 (7.5%) 7 (10.8%) 8 (16.7%)

CVD No 1288 853  (79.8%) 368  (74.9%) 46 (70.8%) 21 (43.8%) <0.001
Yes 385 216 (20.2%) 123 (25.1%) 19 (29.2%) 27 (56.3%)

BMI (kg/m?) <24 662 417 (39.0%) 201 (40.9%) 26 (40.0%) 18 (37.5%) 0.893
>24 1011 652 (61.0%) 290 (59.1%) 39 (60.0%) 30 (62.5%)

Hypertension No 243 170 (15.9%) 67  (13.6%) 2 (3.1%) 4 (8.3%) 0.016
Yes 1430 899  (84.1%) 424 (86.4%) 63 (96.9%) 44 (91.7%)

Systolic BP (mmHg) <130 596 387 (36.2%) 181 (36.9%) 17 (26.2%) 11 (229%)  0.093
>130 1077 682  (63.8%) 310  (63.1%) 48 (73.8%) 37 (77.1%)

Diastolic BP (mmHg) <80 1167 747 (69.9%) 347 (70.7%) 44 (67.7%) 29 (60.4%) 0.509
>80 506 322 (30.1%) 144 (29.3%) 21 (32.3%) 19  (39.6%)

Fasting glucose (mmol /L) <72 802 506 (47.3%) 240 (48.9%) 36 (55.4%) 20 (41.7%)  0.470
>72 871 563 (52.7%) 251 (51.1%) 29 (44.6%) 28 (58.3%)

HbA1lc <7% 739 476 (44.5%) 218  (44.4%) 24 (36.9%) 21 (43.8%) 0.693
>7% 934 593 (55.5%) 273 (55.6%) 41 (63.1%) 27 (56.3%)

Total cholesterol (mmol/L) <4.1 1029 661  (61.8%) 297 (60.5%) 37 (56.9%) 34 (70.8%) 0.457
>4.1 644 408 (38.2%) 194 (39.5%) 28 (43.1%) 14 (29.2%)

Low HDL cholesterol No 1086 696  (65.1%) 327 (66.6%) 35 (53.8%) 28 (58.3%) 0.169
Yes 587 373 (34.9%) 164 (33.4%) 30 (46.2%) 20 (41.7%)

Triglycerides (mmol/L) <1.7 1231 807  (75.5%) 349 (71.1%) 41 (63.1%) 34 (70.8%) 0.059
>17 442 262 (24.5%) 142 (28.9%) 24 (36.9%) 14 (29.2%)

Diabetic kidney disease No 782 514 (48.1%) 239 (48.7%) 16 (24.6%) 13 (27.1%) <0.001
Yes 891 555  (51.9%) 252 (51.3%) 49  (75.4%) 35 (72.9%)

eGFR (mL/min/1.73 m2) >60 1130 739 (69.1%) 336 (68.4%) 32 (49.2%) 23 (47.9%)  <0.001
<60 543 330 (30.9%) 155 (31.6%) 33 (50.8%) 25 (52.1%)

UACR (mg/g) <30 980 648  (60.6%) 292 (59.5%) 24 (36.9%) 16 (33.3%) <0.001
>30 693 421 (39.4%) 199 (40.5%) 41 (63.1%) 32 (66.7%)

ALT (U/L) <20 806 520  (48.6%) 222 (45.2%) 33 (50.8%) 31 (64.6%) 0.067
>20 867 549  (51.4%) 269  (54.8%) 32 (49.2%) 17 (35.4%)

Use of antiplatelet No 1117 744 (69.6%) 328 (66.8%) 27 (41.5%) 18 (37.5%)  <0.001
Yes 556 325  (30.4%) 163 (33.2%) 38  (58.5%) 30 (62.5%)

Use of statins No 435 267  (25.0%) 146 (29.7%) 11 (16.9%) 11 (22.9%) 0.067
Yes 1238 802  (75.0%) 345  (70.3%) 54 (83.1%) 37 (77.1%)

Use of antidiabetic drugs

Insulin or insulin secretagogues ~ No 689 454 (42.5%) 196 (39.9%) 24 (36.9%) 15 (31.3%) 0.321
Yes 984 615  (57.5%) 295 (60.1%) 41 (63.1%) 33 (68.8%)

Metformin No 1082 691  (64.6%) 312 (63.5%) 43 (66.2%) 36 (75.0%) 0461
Yes 591 378  (35.4%) 179  (36.5%) 22 (33.8%) 12 (25.0%)

Thiazolidinediones No 1261 794 (74.3%) 380 (77.4%) 48 (73.8%) 39 (81.3%) 0432
Yes 412 275 (25.7%) 111 (22.6%) 17 (26.2%) 9 (18.8%)

a-Glucosidase inhibitors No 1478 944 (88.3%) 434 (88.4%) 59  (90.8%) 41 (85.4%) 0.856
Yes 195 125 (11.7%) 57 (11.6%) 6 (9.2%) 7 (14.6%)

DPP4 inhibitors No 616 380  (35.5%) 199  (40.5%) 21 (32.3%) 16 (33.3%) 0.215
Yes 1057 689 (64.5%) 292 (59.5%) 44 (67.7%) 32 (66.7%)

SGLT2 inhibitors No 1534 981  (91.8%) 446 (90.8%) 63 (96.9%) 44 (91.7%) 0.421
Yes 139 88 (8.2%) 45 (9.2%) 2 (3.1%) 4 (83%)

ABI = ankle-brachial index, ALT = alanine aminotransferase, BMI = body mass index, CVD = cardiovascular
disease, DPP4 = dipeptidyl peptidase-4, eGFR = estimated glomerular filtration rate, GDS-5 = five-item Geri-
atric Depression Scale, HbAlc = hemoglobin Alc, HDL = high-density lipoprotein, SGLT2 = sodium glucose
cotransporter 2, UACR = urine albumin-to-creatinine ratio.

During the follow-up period, 84 (7.9%) deaths occurred in the ABI > 0.90 and GDS-
5 =0 group, 61 (12.4%) deaths occurred in the ABI > 0.90 and GDS-5 > 1 group, 12 (18.5%)
deaths occurred in the ABI < 0.90 and GDS-5 = 0 group, and 11 (22.9%) deaths occurred in
the ABI < 0.90 and GDS-5 > 1 group. The incidences of mortality were 1.8 per 100 person-
years in the ABI > 0.90 and GDS-5 = 0 group, 2.8 per 100 person-years in the ABI > 0.90
and GDS-5 > 1 group, 4.5 per 100 person-years in the ABI < 0.90 and GDS-5 = 0 group,
and 5.7 per 100 person-years in the ABI < 0.90 and GDS-5 > 1 group. The survival rates
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were significantly different among these four groups (log-rank test p < 0.001, Figure 3). In
addition to age and sex, we selected the factors associated with GDS-5 and PAD, includ-
ing smoking status, cardiovascular disease, hypertension, DKD, and use of antiplatelet
drugs, which showed significant between-group differences (in Tables 1 and 2) for the
multivariable model. The mortality risks were still significantly different among these four
groups after adjusting for the selected factors using multivariable Cox regression analysis.
Compared to the mortality risk of the ABI > 0.90 and GDS-5 = 0 group, a significantly
higher HR of 1.576 (95% CI: 1.131-2.196, p = 0.007) was observed in the ABI > 0.90 and
GDS-5 > 1 group, a significantly higher HR of 1.958 (95% CI: 1.060-3.618, p = 0.032) was
observed in the ABI < 0.90 and GDS-5 = 0 group, and the highest HR of 2.209 (95% CI:
1.158-4.217, p = 0.016) was observed in the ABI < 0.90 and GDS-5 > 1 group (Table 3). In
the post hoc analyses between subgroups, patients in the ABI < 0.90 and GDS-5 > 1 group
had a significantly higher mortality risk than those in the ABI > 0.90 and GDS-5 > 1 group
(HR =1.924, 95% CI: 1.034-3.578; p = 0.039), but it was not significantly different from those
in the ABI < 0.90 and GDS-5 = 0 group (HR = 1.291, 95% CI: 0.577-2.892; p = 0.534) after
adjusting for age and sex. Furthermore, there was no significant difference in the mortality
risk between patients in the ABI > 0.90 and GDS-5 > 1 group and those in the ABI < 0.90
and GDS-5 = 0 group (p = 0.241).
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Figure 3. Kaplan-Meier curves presenting the survival rates across the four groups catego-
rized based on GDS-5 and ABI. The median follow-up period was 56.6 months (interquartile
range: 47.0-62.3 months). Abbreviations: GDS-5, five-item Geriatric Depression Scale; ABI, ankle—
brachial index.

Table 3. Cox regression analysis for the risk of mortality.

Crude Model 1 Model 2
HR  95% CI p HR  95% cI p HR  95% cI p
GDS-5 =0 and ABI > 0.90 1.000 1.000 1.000
GDS-5 > 1 and ABI > 0.90 1.628 (1.171, 2.264) 0.004 1.558 (1.120, 2.167) 0.008 1.576 (1.131, 2.196) 0.007
GDS-5 = 0 and ABI < 0.90 2.604 (1.422, 4.770)  0.002 2238  (1.220, 4.105) 0.009 1.958 (1.060, 3.618) 0.032
GDS-5 > 1 and ABI < 0.90 3.294 (1.756, 6.177) <0.001 2758 (1469, 5.178) 0.002 2.209 (1.158, 4.217) 0.016
Age > 70 years 3.245 (2.257,  4.666) <0.001 2.519 (1.733, 3.662) <0.001
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Table 3. Cont.

Crude Model 1 Model 2
HR  95%  CI HR  95% cI p HR 95% cI p
Male 1.776 (1.302, 2.424) <0.001 1.488 (1.074, 2.062) 0.017
Current smoker 0.942 (0.502, 1.768) 0.853
Cardiovascular disease 1.442 (0991, 2.096) 0.056
Hypertension 1501  (0.840, 2.680)  0.170
Diabetic kidney disease 2.469 (1.656, 3.680)  <0.001
Use of antiplatelet drugs 0.826 (0.575, 1.185) 0.299

Abbreviations: ABI = ankle-brachial index, CI = confidence interval, GDS = five-item Geriatric Depression Scale.

4. Discussion

Our main finding in this study is that when depression was screened using GDS-5, it
was significantly associated with PAD, which was screened using the ABI in patients with
type 2 DM and aged >60 years. Patients with depression and PAD had the highest mortality
risk, followed by those with PAD alone and those with depression alone, compared to those
without depression or PAD during a median follow-up of 56.6 months. It is well known
that depression is associated with mortality in patients with DM [9,10,29]. Depression has
also been reported to be associated with mortality in patients with PAD [17]. The strength
of the present study is that an increased risk of mortality could be predicted using both
GDS-5 and ABI in patients aged >60 years with type 2 DM.

Only 2.7% of patients with DM had a diagnosis of depression in 2005 according to the
international classification of diseases code based on the NHI research database [30], but
the prevalence of depression might be 25.9% when screened by questionnaires in patients
with type 2 DM and 29.5% in those aged >60 years based on meta-analyses of population-
based studies, although the results were various and dependent on the questionnaire [31].
Based on the hospital-based population of the Indian Depression in Diabetes Study, the
prevalence of depression was 35% in outpatients aged >60 years with type 2 DM according
to questionnaire screenings [32]. In the present study, the prevalence of depression based
on GDS-5 > 1 was 32.2% in outpatients with type 2 DM and age > 60 years. Compared to
the 491 (31.5%) patients with depression in the 1560 patients without PAD, the prevalence
of depression was significantly increased to 42.5% in the 113 patients with PAD.

PAD is prevalent in patients with depression [33]. Seldenrijk et al. [34] reported a
higher prevalence of ABI < 0.9 in patients with an established diagnosis of depression than
in those without depression; however, the prevalence of an ABI > 1.4 was not significantly
associated with depression. Interestingly, Grenon et al. [33] reported that depressive
symptoms were predictive of PAD development during a mean 7.2 years of follow-up, but
the increased PAD incidence might be contributed to by comorbid cardiovascular risks in
patients with depressive symptoms. However, in the prospective study of Atherosclerosis
Risk in Communities (ARIC) with a mean 9.7 years of follow-up, a high depressive score
was an independent predictor for PAD development after adjusting for cardiovascular
risks [35]. McDermott et al. [36] also reported that patients with PAD developed more
depressive symptoms assessed by GDS-15 than those without PAD during 2.7 years of
follow-up. Therefore, the screening of ABI is suggested for patients with depressive
symptoms, and vice versa.

It has been reported that the GDS-15 score is associated with mortality in older
people [37]. In the present study, we detected depressive symptoms using GDS-5. Although
a GDS-5 score cutoff value of 2 was suggested for depression diagnosis, a cutoff value of 1
can provide better sensitivity than other cutoff values [20], and we can further categorize the
mortality risk by using ABI. There are several potential mechanisms involved in depression,
PAD, and mortality in patients with type 2 DM. Depressive symptoms have been reported to
be associated with chronic systemic inflammation reflected by an increase in inflammatory
biomarkers in patients with PAD [38]. Depressive symptoms are also associated with
the dysregulation of cortisol rhythm controlled by the hypothalamic—pituitary—adrenal
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axis [39]. The unsuppressed cortisol and autonomic dysfunction might induce insulin
resistance and advanced atherosclerosis [40,41]. Moreover, ischemic heart disease and
endothelial dysfunction are associated with a reduction in brain-derived neurotrophic
factor (BDNF), which supports the functions and survival of neurons [42]. A reduction
in BDNEF, a bridge between atherosclerotic cardiovascular disease and depression [43],
is predictive of long-term mortality [44]. Recently, a decrease in circulating BDNF was
reported to be associated with CKD [45]. At present, DKD is not only a risk factor for
dementia but also a predictor for mortality. BDNF, as a protective biomarker for depression,
was shown to be a significant predictor for survival in patients with CAD and CKD [46].
Novak et al. [47] also reported that depression increased the risk of CKD and mortality.

In addition to CKD, age is a well-known factor for depression in community studies.
In line with our study, Liu et al. [31] reported that a higher prevalence of depression was
associated with older age in a population with type 2 DM. However, older age is also
associated with more comorbidities. In the present study, the prevalence of depression was
not significantly different between patients aged >70 years and <70 years (41.9% vs. 43.6%,
p > 0.05) in the subgroup of patients with PAD. In contrast, in a hospital-based investigation,
Majumdar et al. [32] reported that a higher prevalence of depression was associated with
a younger age in outpatients with type 2 DM. Generally, female sex is a risk factor for
depression [30-32]; however, there was no significant difference in depression prevalence
between sexes in the present study. In line with our study, a hospital-based study reported
that no significant difference in depression prevalence was observed between sexes in
inpatients with type 2 DM [48]. According to the NHI research database, Chen et al. [22]
reported that the proportion of female patients (52.3%) was higher than that of male patients
with type 2 DM who were newly enrolled into the P4P program in 2004, but the trend of the
female proportion in the P4P program decreased from 51.8% in 2005 to 50.0% in 2014 [21].
According to the NHI research database between 2005 and 2014, the mortality risk in male
patients was higher than that in female patients with DM [49]. Similarly, male sex was still
a significant predictor of mortality in the present study.

The categories of antidiabetic drugs were not significantly associated with depressive
symptoms or PAD at baseline in the present study. Impaired insulin signaling in the
brain plays a role in mood disorders in patients with type 2 DM [50]. As a technological
improvement, intranasal delivery is a convenient method for providing insulin to the
brain [51]. Despite an anxiolytic-like effect in mice [50], intranasal insulin delivery might
not have a significant effect on depressive symptoms in the clinical study [52].

The present study has several limitations. First, all of the study data were collected
from a single medical center. Second, we did not investigate the causal effects between
PAD and depression. Third, we did not investigate the mechanisms of increased mortality
risk caused by PAD and depression. Fourth, we only enrolled patients with type 2 DM
in the P4P program, and the results could not be applied to other populations because
it has been reported that the P4P program might reduce depression risk [53]. Fifth, we
did not collect other demographic characteristics such as religion, education, occupation,
and socio-economic level or personal habits such as alcohol intake and exercise. A lower
socioeconomic status might be associated with not only depression but also PAD [54].
Finally, we only enrolled patients aged >60 years because the GDS-5 was clinically applied
for screening in this population. The results of our study could not be applied to other
age populations because the depressive risk might depend on age in patients with type 2
DM [31].

5. Conclusions

The use of GDS-5 and ABI is helpful for predicting long-term mortality in patients with
type 2 DM aged >60 years in a regular diabetes management program. The prevalence of
PAD was increased in patients with depressive symptoms, and vice versa. Screening of the
self-report GDS-5 questionnaire and ABI is recommended in patients aged >60 years with
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type 2 DM. Further studies of early interventions in depression and PAD are warranted for
patients with type 2 DM.

Author Contributions: Conceptualization, Y.-H.L., Y.-C.C., H.-C.L., JW. and I.-T.L.; data curation,
I.-T.L.; formal analysis, I.-T.L.; funding acquisition, I.-T.L.; investigation, Y.-H.L., Y.-C.C., H.-C.L,,
J.W. and L.-T.L.; methodology, Y.-H.L., Y.-C.C., H.-C.L. and L.-T.L.; project administration, Y.-C.C.
and L-T.L.; resources, H.-C.L. and L.-T.L.; software, L.-T.L.; supervision, I.-T.L.; validation, I.-T.L.;
visualization, I.-T.L.; writing—original draft, Y.-H.L.; writing—review and editing, I.-T.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Taichung Veterans General Hospital, Taichung, Taiwan, grant
number TCVGH-1123501C and the Ministry of Science and Technology, Taiwan, grant number MOST
110-2314-B-075A-004-MY3. The APC was funded by the Ministry of Science and Technology, Taiwan,
grant number MOST 110-2314-B-075A-004-MY3.

Institutional Review Board Statement: This study was reviewed and approved by the Institutional
Review Board of Taichung Veterans General Hospital (TCVGH-IRB No. CE21376A-1, date of approval:
22 September 2022).

Informed Consent Statement: Patient consent was waived due to a retrospective cohort study design
with the endpoint of death.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank the Clinical Informatics Research and Development Center of Taichung
Veterans General Hospital for their support. Statistical analysis was performed by the Biostatistics
Task Force of Taichung Veterans General Hospital.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.

10.

Liu, Q.; He, H.; Yang, ].; Feng, X,; Zhao, E; Lyu, J. Changes in the global burden of depression from 1990 to 2017: Findings from
the Global Burden of Disease study. J. Psychiatr. Res. 2019, 126, 134-140. [CrossRef]

Ren, X.; Yu, S.; Dong, W.; Yin, P; Xu, X.; Zhou, M. Burden of depression in China, 1990-2017: Findings from the global burden of
disease study 2017. J. Affect. Disord. 2020, 268, 95-101. [CrossRef]

Wu, C.-S; Yu, S.-H.; Lee, C.-Y,; Tseng, H.-Y.; Chiu, Y.-F; Hsiung, C.A. Prevalence of and risk factors for minor and major
depression among community-dwelling older adults in Taiwan. Int. Psychogeriatr. 2017, 29, 1113-1121. [CrossRef]

Yang, H.; Sun, D.; Yang, Y.; Lin, R.; Xu, J.; Wu, J.; Cui, X;; Li, J.; Qin, G.; Han, X,; et al. Association of depression with all-cause and
cardiovascular mortality among US adults with high and low baseline risk of cardiovascular disease. Psychiatry Res. 2023, 320,
115051. [CrossRef]

Charlson, EJ.; Moran, A.; Freedman, G.; Norman, R.; Stapelberg, N.J.; Baxter, A.J.; Vos, T.; A Whiteford, H. The contribution
of major depression to the global burden of ischemic heart disease: A comparative risk assessment. BMC Med. 2013, 11, 250.
[CrossRef]

Lee, J.; Kim, K.H.; Ahn, J.C.; Kim, J.A.; Lee, G.; Son, ].S.; Park, S.M. Prevalence, awareness, treatment, and control of diabetes
mellitus by depressive symptom severity: A cross-sectional analysis of NHANES 2011-2016. BM] Open Diabetes Res. Care 2021,
9, €002268. [CrossRef]

van Gennip, A.C.; Schram, M.T.; Kohler, S.; Kroon, A.A.; Koster, A.; Eussen, S.J.; de Galan, B.; van Sloten, T.T.; Stehouwer,
C.D. Association of type 2 diabetes according to the number of risk factors within the recommended range with incidence of
major depression and clinically relevant depressive symptoms: A prospective analysis. Lancet Healthy Longev. 2023, 4, e63—€71.
[CrossRef]

Chen, P--C.; Chan, Y.-T.; Chen, H.-F,; Ko, M.-C.; Li, C.-Y. Population-Based Cohort Analyses of the Bidirectional Relationship
Between Type 2 Diabetes and Depression. Diabetes Care 2013, 36, 376-382. [CrossRef]

Prigge, R.; Wild, S.H.; Jackson, C.A. Depression, diabetes, comorbid depression and diabetes and risk of all-cause and cause-
specific mortality: A prospective cohort study. Diabetologia 2022, 65, 1450-1460. [CrossRef]

Chen, V.C.-H.; Wang, T.-N.; Hsieh, M.-C.; Chou, S.-Y.; Lee, M.-C.; McIntyre, R.S.; Lu, M.-L.; Liao, Y.-T.; Yeh, C.-J. Depression,
Diabetes Mellitus and Mortality in Older Adults: A National Cohort Study in Taiwan. Neuropsychiatr. Dis. Treat. 2022, 18,
2639-2648. [CrossRef]

91



Biomedicines 2024, 12, 29

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

Agrnelli, G.; Belch, ].J.E; Baumgartner, I.; Giovas, P.; Hoffmann, U. Morbidity and mortality associated with atherosclerotic
peripher-al artery disease: A systematic review. Atherosclerosis 2020, 293, 94-100. [CrossRef] [PubMed]

Tavintharan, S.; Cheung, N.; Lim, S5.C.; Tay, W.; Shankar, A.; Shyong Tai, E.; Wong, T.Y. Prevalence and risk factors for peripheral
artery dis-ease in an Asian population with diabetes mellitus. Diabetes Vasc. Dis. Res. 2009, 6, 80-86. [CrossRef] [PubMed]

Caro, ].; Migliaccio-Walle, K.; Ishak, K.J.; Proskorovsky, I. The morbidity and mortality following a diagnosis of peripheral arterial
disease: Long-term follow-up of a large database. BMC Cardiovasc. Disord. 2005, 5, 14. [CrossRef] [PubMed]

Hong, Y.; Sebastianski, M.; Makowsky, M.; Tsuyuki, R.; McMurtry, M.S. Administrative data are not sensitive for the detection of
peripheral artery disease in the community. Vasc. Med. 2016, 21, 331-336. [CrossRef] [PubMed]

Aboyans, V.; Ricco, J.B.; Bartelink, M.E.L.; Bjorck, M.; Brodmann, M.; Cohnert, T.; Collet, ].P.; Czerny, M.; De Carlo, M.; Debus, S.;
et al. 2017 ESC Guidelines on the Diagnosis and Treatment of Peripheral Arterial Diseases, in collaboration with the European
Society for Vascular Surgery (ESVS): Document covering atherosclerotic disease of extracranial carotid and vertebral, mesenteric,
renal, upper and lower extremity arter-iesEndorsed by: The European Stroke Organization (ESO)The Task Force for the Diagnosis
and Treatment of Peripheral Arte-rial Diseases of the European Society of Cardiology (ESC) and of the European Society for
Vascular Surgery (ESVS). Eur. Heart ]. 2018, 39, 763-816. [PubMed]

Gerhard-Herman, M.D.; Gornik, H.L.; Barrett, C.; Barshes, N.R.; Corriere, M.A.; Drachman, D.E.; Walsh, M.E. 2016 AHA /ACC
Guideline on the Management of Patients With Lower Extremity Peripheral Artery Disease: A Report of the American College of
Cardiolo-gy/American Heart Association Task Force on Clinical Practice Guidelines. Circulation 2017, 135, e686—725. [PubMed]
Scierka, L.E.; Mena-Hurtado, C.; Ahmed, Z.V.; Yousef, S.; Arham, A.; Grimshaw, A.A.; Smolderen, K.G. The association of
depression with mortal-ity and major adverse limb event outcomes in patients with peripheral artery disease: A systematic
review and meta-analysis. J. Affect. Disord. 2023, 320, 169-177. [CrossRef] [PubMed]

Welch, K.G.; Faria, I.; Browder, S.E.; Drudi, L.M.; McGinigle, K.L. Depression in Patients with Peripheral Artery Disease: An
Underdi-agnosis with Increased Mortality. Ann. Vasc. Surg. 2023, 95, 80-86. [CrossRef]

Weeks, S.K.; McGann, P.E.; Michaels, T.K.; Penninx, B.W. Comparing various short-form Geriatric Depression Scales leads to the
GDS-5/15. J. Nurs. Scholarsh. 2003, 35, 133-137. [CrossRef]

Branez-Condorena, A.; Soriano-Moreno, D.R.; Navarro-Flores, A.; Solis-Chimoy, B.; Diaz-Barrera, M.E.; Taype-Rondan, A.
Accuracy of the Geriatric Depression Scale (GDS)-4 and GDS-5 for the screening of depression among older adults: A systematic
review and meta-analysis. PLoS ONE 2021, 16, €0253899. [CrossRef]

Lee, I.-T.; Hsu, C.-C.; Sheu, WH.-H.; Su, S.-L.; Wu, Y.-L.; Lin, S.-Y. Pay-for-performance for shared care of diabetes in Taiwan.
J. Formos. Med. Assoc. 2019, 118, S122-5129. [CrossRef] [PubMed]

Chen, Y.C.; Lee, C.T,; Lin, B.J.; Chang, Y.Y.; Shi, H.Y. Impact of pay-for-performance on mortality in diabetes patients in Taiwan: A
population-based study. Medicine 2016, 95, e4197. [CrossRef]

Pan, WH.; Flegal, KM.; Chang, H.Y.; Yeh, W.T; Yeh, C.J.; Lee, W.C. Body mass index and obesity-related metabolic disorders in
Tai-wanese and US whites and blacks: Implications for definitions of overweight and obesity for Asians. Am. J. Clin. Nutr. 2004,
79, 31-99. [CrossRef] [PubMed]

Lee, C.H.; Shih, A.Z.L.; Woo, Y.C; Fong, C.H.Y.; Yuen, M.M.A.; Chow, W.S.; Lam, K.S.L. Which creatinine-based estimated
glomerular filtration rate equation best predicts all-cause mortality in Chinese subjects with type 2 diabetes? Diabetes Res. Clin.
Pract. 2017, 126, 25-29. [CrossRef] [PubMed]

Wu, L.E; Yang, S.H.; Koo, M. Psychometric properties of the Chinese version of Spiritual Index of Well-Being in elderly Taiwan-ese.
BMC Geriatr. 2017, 17, 3. [CrossRef] [PubMed ]

Huang, C.H.; Hsu, C.C.; Yu, P.C; Peng, L.N.; Lin, M.H.; Chen, L.K. Hospitalization-associated muscle weakness and functional
out-comes among oldest old patients: A hospital-based cohort study. Exp. Gerontol. 2021, 150, 111353. [CrossRef]

Hiatt, W.R. Medical Treatment of Peripheral Arterial Disease and Claudication. N. Engl. ]. Med. 2001, 344, 1608-1621. [CrossRef]
Lee, I.-T. Mean and variability of annual haemoglobin Alc are associated with high-risk peripheral artery disease. Diabetes Vasc.
Dis. Res. 2020, 17, 1479164120909030. [CrossRef]

Salinero-Fort, M.; Gémez-Campelo, P.; Cardenas-Valladolid, J.; Andrés-Rebollo, E.S.; de Miguel-Yanes, J.; de Burgos-Lunar, C.
Effect of depression on mortality in type 2 diabetes mellitus after 8 years of follow-up. The DIADEMA study. Diabetes Res. Clin.
Pract. 2021, 176, 108863. [CrossRef]

Lin, C.; Lee, Y.; Liu, C.; Chen, H.; Ko, M.; Li, C. Urbanization and prevalence of depression in diabetes. Public Health 2012, 126,
104-111. [CrossRef]

Liu, X.; Li, Y.; Guan, L.; He, X.; Zhang, H.; Zhang, J.; Li, ].; Zhong, D.; Jin, R. A Systematic Review and Meta-Analysis of the
Prevalence and Risk Factors of Depression in Type 2 Diabetes Patients in China. Front. Med. 2022, 9, 759499. [CrossRef] [PubMed]
Majumdar, S.; Sinha, B.; Dastidar, B.G.; Gangopadhyay, K.K.; Ghoshal, S.; Mukherjee, J.J.; Mazumdar, A.; Ray, S.; Dasgupta, S.;
Bhattacharjee, K. Assessing prevalence and predictors of depression in Type 2 Diabetes Mellitus (DM) patients—The DEPDIAB
study. Diabetes Res. Clin. Pract. 2021, 178, 108980. [CrossRef] [PubMed]

Grenon, S.M.; Hiramoto, J.; Smolderen, K.G.; Vittinghoff, E.; Whooley, M.A.; Cohen, B.E. Association between depression and
periph-eral artery disease: Insights from the heart and soul study. J. Am. Heart Assoc. 2012, 1, €002667. [CrossRef] [PubMed]
Seldenrijk, A.; Vogelzangs, N.; van Hout, H.P,; van Marwijk, H.W.; Diamant, M.; Penninx, B.W. Depressive and anxiety disorders
and risk of subclinical atherosclerosis Findings from the Netherlands Study of Depression and Anxiety (NESDA). ]. Psychosom.
Res. 2010, 69, 203-210. [CrossRef]

92



Biomedicines 2024, 12, 29

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Wattanakit, K.; E Williams, J.; Schreiner, PJ.; Hirsch, A.T.; Folsom, A.R. Association of anger proneness, depression and low social
support with peripheral arterial disease: The Atherosclerosis Risk in Communities Study. Vasc. Med. 2005, 10, 199-206. [CrossRef]
McDermott, M.M.; Guralnik, ].M.; Tian, L.; Kibbe, M.R.; Ferrucci, L.; Zhao, L.; Liu, K ; Liao, Y.; Gao, Y.; Criqui, M.H. Incidence and
Prognostic Significance of Depressive Symptoms in Peripheral Artery Disease. J. Am. Heart Assoc. 2016, 5, e002959. [CrossRef]
Wada, T.; Kasahara, Y.; Ishimoto, Y.; Fukutomi, E.; Kimura, Y.; Imai, H.; Chen, W.-L.; Sakamoto, R.; Ishine, M.; Fujisawa, M.;
et al. Fifteen-Item Geriatric Depression Scale Predicts 8-Year Mortality in Older Japanese. |. Am. Geriatr. Soc. 2011, 59, 2159-2160.
[CrossRef]

Miller, A.H.; Raison, C.L. The role of inflammation in depression: From evolutionary imperative to modern treatment target. Nat.
Rev. Immunol. 2015, 16, 22-34. [CrossRef]

Bhattacharyya, M.R.; Molloy, G.J.; Steptoe, A. Depression is associated with flatter cortisol rhythms in patients with coronary
ar-tery disease. J. Psychosom. Res. 2008, 65, 107-113. [CrossRef]

Otte, C.; Neylan, T.C.; Pipkin, S.S.; Browner, W.S.; Whooley, M.A. Depressive symptoms and 24-hour urinary norepinephrine
excre-tion levels in patients with coronary disease: Findings from the Heart and Soul Study. Am. |. Psychiatry 2005, 162, 2139-2145.
[CrossRef]

Ramirez, J.L.; Drudi, L.M.; Grenon, S.M. Review of biologic and behavioral risk factors linking depression and peripheral artery
disease. Vasc. Med. 2018, 23, 478-488. [CrossRef]

Lee, I.T.; Wang, ].S.; Lee, W.]; Lin, S.Y,; Fu, C.P; Liang, K.W.; Sheu, WH.H. The synergistic effect of vascular cell adhesion
molecule-1 and coro-nary artery disease on brain-derived neurotrophic factor. Clin. Chim. Acta. 2017, 466, 194-200. [CrossRef]
Cavaleri, D.; Moretti, F.; Bartoccetti, A.; Mauro, S.; Crocamo, C.; Carra, G.; Bartoli, F. The role of BDNF in major depressive
disorder, related clinical features, and antidepressant treatment: Insight from meta-analyses. Neurosci. Biobehav. Rev. 2023, 149,
105159. [CrossRef]

Lee, I.-T,; Li, Y.-H.; Sheu, W.H.-H. Brain-Derived Neurotrophic Factor during Oral Glucose Tolerance Test Predicts Cardiovascular
Outcomes. Int. ]. Mol. Sci. 2020, 21, 5008. [CrossRef]

Hsu, C.-Y.; Sheu, W.H.-H.; Lee, L.-T. Brain-derived neurotrophic factor associated with kidney function. Diabetol. Metab. Syndr.
2023, 15, 1-10. [CrossRef]

Hsu, C.Y.; Sheu, W.H,; Lee, L.T. Brain-Derived Neurotrophic Factor Reduces Long-Term Mortality in Patients with Coronary
Ar-tery Disease and Chronic Kidney Disease. Front Cardiovasc. Med. 2022, 9, 881441. [CrossRef]

Novak, M.; Mucsi, I.; Rhee, C.M.; Streja, E.; Lu, ].L.; Kalantar-Zadeh, K.; Molnar, M.Z.; Kovesdy, C.P. Increased Risk of Incident
Chronic Kidney Disease, Cardiovascular Disease, and Mortality in Patients with Diabetes with Comorbid Depression. Diabetes
Care 2016, 39, 1940-1947. [CrossRef]

Maimaitituerxun, R.; Chen, W.; Xiang, J.; Kaminga, A.C.; Wu, X.Y,; Chen, L.; Yang, J.; Liu, A.; Dai, W. Prevalence of comorbid
depression and associated factors among hospitalized patients with type 2 diabetes mellitus in Hunan, China. BMC Psychiatry
2023, 23, 1-11. [CrossRef]

Li, H.-Y,; Wu, Y.-L,; Tu, S.T.; Hwu, C.-M,; Liu, J.-S.; Chuang, L.-M. Trends of mortality in diabetic patients in Taiwan: A nationwide
survey in 2005-2014. J. Formos. Med. Assoc. 2019, 118 (Suppl. S2), S83-589. [CrossRef]

Martin, H.; Bullich, S.; Martinat, M.; Chataigner, M.; Di Miceli, M.; Simon, V.; Clark, S.; Butler, J.; Schell, M.; Chopra, S.; et al.
Insulin modulates emotional behavior through a serotonin-dependent mechanism. Mol. Psychiatry, 2022. (in press) [CrossRef]
Sabbagh, F.; Muhamad, L.I; Niazmand, R.; Dikshit, PK.; Kim, B.S. Recent progress in polymeric non-invasive insulin delivery. Int.
J. Biol. Macromol. 2022, 203, 222-243. [CrossRef]

Cha, D.S.; Best, M.W.; Bowie, C.R.; Gallaugher, L.A.; Woldeyohannes, H.O.; Soczynska, J.K.; McIntyre, R.S. A randomized,
double-blind, place-bo-controlled, crossover trial evaluating the effect of intranasal insulin on cognition and mood in individuals
with treat-ment-resistant major depressive disorder. J. Affect Disord. 2017, 210, 57-65. [CrossRef] [PubMed]

Lian, W.-C,; Livneh, H.; Huang, H.-].; Lu, M.-C.; Guo, H.-R.; Tsai, T.-Y. Adding Pay-for-Performance Program to Routine Care
Was Related to a Lower Risk of Depression Among Type 2 Diabetes Patients in Taiwan. Front. Public Health 2021, 9, 650452.
[CrossRef] [PubMed]

Chang, P.; Nead, K.T.; Olin, J.W.; Cooke, J.P.; Leeper, N.J. Clinical and socioeconomic factors associated with unrecognized
peripheral artery disease. Vasc. Med. 2014, 19, 289-296. [CrossRef] [PubMed]

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

93



omedicines

Article

Serum Cytokines and Growth Factors in Subjects with Type 1
Diabetes: Associations with Time in Ranges and
Glucose Variability

Vadim V. Klimontov 1-*, Kamilla R. Mavlianova !, Nikolai B. Orlov 2, Julia F. Semenova ! and Anton I. Korbut !

Laboratory of Endocrinology, Research Institute of Clinical and Experimental Lymphology—Branch of the
Institute of Cytology and Genetics, Siberian Branch of Russian Academy of Sciences (RICEL—Branch of
IC&G SB RAS), 630060 Novosibirsk, Russia

Laboratory of Clinical Immunogenetics, Research Institute of Clinical and Experimental
Lymphology—Branch of the Institute of Cytology and Genetics, Siberian Branch of Russian Academy of
Sciences (RICEL—Branch of IC&G SB RAS), 630060 Novosibirsk, Russia

*  Correspondence: klimontov@mail.ru

Abstract: The detrimental effect of hyperglycemia and glucose variability (GV) on target organs
in diabetes can be implemented through a wide network of regulatory peptides. In this study, we
assessed a broad panel of serum cytokines and growth factors in subjects with type 1 diabetes (T1D)
and estimated associations between concentrations of these molecules with time in ranges (TIRs) and
GV. One hundred and thirty subjects with T1D and twenty-seven individuals with normal glucose
tolerance (control) were included. Serum levels of 44 cytokines and growth factors were measured
using a multiplex bead array assay. TIRs and GV parameters were derived from continuous glucose
monitoring. Subjects with T1D compared to control demonstrated an increase in concentrations of
IL-1B3, IL-1Ra, IL-2Re, IL-3, IL-6, IL-7, IL-12 p40, IL-16, IL-17A, LIF, M-CSEF, IFN-«2, IFN-y, MCP-1,
MCP-3, and TNF-o. Patients with TIR < 70% had higher levels of IL-1¢, IL-1f3, IL-6, IL-12 p70, IL-16,
LIF, M-CSF, MCP-1, MCP-3, RANTES, TNF-«, TNF-f, and b-NGF, and lower levels of IL-1«, IL-4,
IL-10, GM-CSF, and MIF than those with TIR > 70%. Serum IL-13, IL-10, IL-12 p70, MCP-1, MCP-3,
RANTES, SCF, and TNF-« correlated with TIR and time above range. IL-1f3, IL-8, IL-10, IL-12 p70,
MCP-1, RANTES, MIF, and SDF-1x were related to at least one amplitude-dependent GV metric.
In logistic regression models, IL-13, IL-4, IL-10, IL-12 p70, GM-CSE, HGEF, MCP-3, and TNF-& were
associated with TIR < 70%, and MIF and PDGF-BB demonstrated associations with coefficient of
variation values > 36%. These results provide further insight into the pathophysiological effects of
hyperglycemia and GV in people with diabetes.

Keywords: type 1 diabetes; inflammation; cytokines; growth factors; hyperglycemia; time in range;
glucose variability; continuous glucose monitoring

1. Introduction

The burden of type 1 diabetes (T1D) is enormous and is expected to increase. In
2021, there were about 8.4 million individuals worldwide living with T1D. The remaining
life expectancy of a 10-year-old diagnosed with T1D ranges from a mean of 13 years in
low-income countries to 65 years in high-income ones [1]. Vascular diabetes complications
remain an important determinant of mortality in subjects with T1D [2—4]. The Diabetes
Control and Complications Trial (DCCT) and its longitudinal observational follow-up
study, the Epidemiology of Diabetes Interventions and Complications (EDIC) study, clearly
showed a reduction in the incidence of diabetic retinopathy, diabetic nephropathy, diabetic
neuropathy, and cardiovascular disease (CVD) outcomes, following the optimization of
glycemic control in people with T1D [5,6]. However, the benefits of intensive insulin treat-
ment in terms of the risk of major adverse cardiovascular events vary substantially between
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individuals with T1D [7]. Age, diabetes duration, and glucose level do not completely
explain the associations between complications and mortality [4]. This underlines the
necessity for a better understanding of the drivers of diabetic complications.

Clinicians noticed a long time ago that many patients with excessive glucose fluc-
tuations and unstable glycemic control rapidly develop complications. One of the first
experimental studies testing the deteriorating effect of glucose fluctuations on the kidneys
was published in 1957: it showed the rapid development of glomerulosclerosis in rats
when excessive blood glucose fluctuations were induced by the intermittent administra-
tion of glucose and insulin [8]. In recent years, the role of glucose variability (GV) as
a trigger of diabetic vascular complications has attracted increasing attention [9,10]. In
the observational Finnish Diabetic Nephropathy (FinnDiane) study, glycated hemoglobin
Alc (HbAlc) variability predicts incident cardiovascular events, microalbuminuria, and
overt diabetic nephropathy in subjects with T1D [11]. A recent analysis of 14 studies with
254,017 patients with diabetes revealed that the highest HbAlc variability is associated
with increased risks of CVD. The CVD risk associated with HbAlc variability might be
even higher among patients with T1D [12]. However, the role of short-term GV as a trigger
of diabetic complications remains to be clarified.

Continuous glucose monitoring (CGM) opened the way for the comprehensive as-
sessment of short-term GV in patients with diabetes. Two principal dimensions of GV,
amplitude and time, can be assessed and visualized from CGM data [9]. Time in range
(TIR), time above range (TAR), and time below range (TBR) became standardized CGM
metrics for clinical care [13]. Accumulating evidence suggests a negative association be-
tween time in range (TIR) and microvascular complications in subjects with T1D [14,15]. In
addition, associations of coefficient of variation (CV) and the mean amplitude of glycemic
excursions (MAGE) with diabetic microvascular complications [16] and cardiovascular
autonomic neuropathy [17] were reported.

The mechanisms of the harmful effects of excessive GV on target organs in diabetes
have been intensively studied in recent years. The cardiovascular system, pancreas, adipose
and muscle tissues, gastrointestinal tract, and kidney have been recognized as the loci
with the highest expression of GV-related genes [18]. Current data indicate that GV effects
can be realized through oxidative stress, non-enzymatic glycation, chronic low-grade
inflammation, endothelial dysfunction, platelet activation, impaired angiogenesis, and
renal fibrosis. At the molecular level, these pathophysiological processes may be mediated
through shifts in the production of cytokines and growth factors playing an important role
in intercellular interactions [19]. At present, the relationships between GV and changes in
the production of these regulators are not well understood.

The large number of secreted cytokines and their interactions make it difficult to
assess changes in the cytokine response during stress and disease. Moreover, measuring
individual regulators can lead to a one-sided or even incorrect interpretation of the response.
In such situations, multiplex platforms, widely used to measure multiple biomarkers from
a single assay, may have advantages over single assay-based detection methods [20,21]. In
recent years, a multiplex bead assay has become increasingly popular in studies of cytokine
panels in various diseases, including diabetes [22-24].

Therefore, we aimed to assess a broad panel of circulating cytokines and growth factors
in subjects with T1D via a multiplex bead array assay and to determine the associations of
these regulators with CGM-derived TIR and GV parameters.

2. Materials and Methods
2.1. Design

We performed a cross-sectional observational single-center comparative study.

Caucasian male and female patients with T1D aged 18 to 70 years were included. Acute
infections within three months prior to the study, pregnancy, malignant neoplasm, chronic
inflammatory or autoimmune diseases, current diabetic ketoacidosis or hyperglycemic
hyperosmolar state, end-stage renal disease, and diabetic foot syndrome were established
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as the principal exclusion criteria. Subjects without the above-mentioned diseases and
conditions who had normal glucose tolerance (NGT) verified by the results of the oral
glucose tolerance test and HbAlc measurement were included in the control group.

All study participants underwent a detailed clinical examination with real-time CGM.
Digital CGM data were used for the calculation of TIRs and GV parameters. The panel of
serum cytokines and growth factors was assessed with a multiplex bead array assay.

The study design is shown in Figure 1.

PRE-SCREENING

Subjects with T1D Non-diabetic subjects
N=162 N=36

Clinical examination
Assessment

of glycemic control Clinical examination

Screening / monitoring OGTT, HbATc
of complications
ELIGIBILITY ASSESSMENT
A 4
Subjects with T1D Subjects with NGT
N=130 N=27
h 4 h 4 A
CGM with assessment Multiplex bead array assay of a panel of circulating
of TIRs and GV cytokines and growth factors

Figure 1. Study design. CGM, continuous glucose monitoring; GV, glucose variability; HbAlc,
glycated hemoglobin Alc; NGT, normal glucose tolerance; OGTT, oral glucose tolerance test; T1D,
type 1 diabetes; TIRs, time in ranges.

2.2. Methods

General clinical tests. The levels of HbAlc, serum biochemical parameters, and urinary
albumin were assessed in patients with T1D with the use of a AU480 Chemical Analyzer
(Beckman Coulter, Brea, CA, USA) and commercially available cartridges. A complete
blood count was performed on a hematology analyzer (Analyticon Biotechnologies AG,
Lichtenfels, Germany). The fasting C-peptide was determined using chemiluminescent
immunoassay with an Immulite 2000 XPi immunological analyzer (Siemens Healthineers,
Erlangen, Germany).

A standard oral glucose tolerance test with 75 g of glucose was performed in non-
diabetic subjects. Blood samples for the measurement of glucose were taken from the
cubital vein at 0 and 120 min of the test.

CGM parameters. Patients with T1D underwent real-time CGM within 3-13 days
(median 5.4 days) with MMT-722 or MMT-754 monitoring systems and CareLink® Pro
software 2.5.524.0 (version 2.5A, Medtronic, Minneapolis, MN, USA). Study participants
were instructed to calibrate the system at least three times a day. The results of the CGM of
each subject were reviewed individually and recording defects were eliminated.
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TIRs were defined according to the International Consensus on Use of Continuous
Glucose Monitoring [25] and the International Consensus on Time in Range [13]. Specifi-
cally, we assessed TIR: 70-180 mg/dL (3.9-10.0 mmol/L), time above range, level 1 (TAR
L-1: 181-250 mg/dL [10.1-13.9 mmol/L]), time above range, level 2 (TAR L-2: >250 mg/dL
[>13.9 mmol/L]), time below range, level 1 (TBR L-1: 54-69 mg/dL [3.0-3.8 mmol/L]), and
time below range, level 2 (TBR L-2: <54 mg/dL [<3.0 mmol/L]). In addition, the following
GV parameters were calculated: CV, MAGE, and mean absolute glucose (MAG) changes.
Among these parameters, CV is an indicator of variations around the mean glucose, MAGE
is the mean differences from peaks to nadirs, and MAG is the absolute differences between
sequential readings divided by the time [9,10]. The GV parameters were estimated with
the use of EasyGV v. 9.0.R2 software [26]. The values of TIR > 70% were considered as
targets [13] and values of CV < 36% as indicators of stable glucose level [25].

Serum cytokines and growth factors. Serum samples for the assay of cytokines and
growth factors were obtained from the fasting blood and stored at —80 °C until the analysis.
Repeated freeze-thaw cycles were avoided.

The concentrations of interleukin 1 alpha (IL-1x), interleukin 1 beta (IL-1f3), interleukin-
1 receptor antagonist (IL-1Ra), interleukin 2 (IL-2), interleukin-2 receptor alpha chain
(IL-2Rw), interleukin 3 (IL-3), interleukin 4 (IL-4), interleukin 5 (IL-5), interleukin 6 (IL-6), in-
terleukin 7 (IL-7), interleukin 8 (IL-8), interleukin 9 (IL-9), interleukin 10 (IL-10), interleukin-12
subunit beta (IL-12 p40), interleukin 12 active heterodimer (IL-12 p70), interleukin 16 (IL-16),
interleukin 17A (IL-17A), interleukin 18 (IL-18), leukemia inhibitory factor (LIF), granulo-
cyte colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor
(GM-CSF), macrophage colony-stimulating factor (M-CSF), chemokine growth-regulated
protein alpha (GRO-«), interferon alpha 2 (IFN-«2), interferon gamma (IFN-y), interferon
gamma-induced protein 10 (IP-10), monocyte chemoattractant protein 1 (MCP-1), mono-
cyte chemoattractant protein 3 (MCP-3), macrophage migration inhibitory factor (MIF),
monokine induced by interferon-y (MIG), macrophage inflammatory protein 1 alpha (MIP-
1a), macrophage inflammatory protein 1 beta (MIP-1f3), regulated on activation, normal T
cell expressed and secreted (RANTES), tumor necrosis factor alpha (TNF-c), tumor necrosis
factor-beta (TNF-f3), TNF-related apoptosis-inducing ligand (TRAIL), soluble cytotoxic
factor (SCF), stem cell growth factor beta (SCGF beta), stromal cell-derived factor-1 alpha
(SDF-1w), basic fibroblast growth factor (bFGF), platelet-derived growth factor subunit B
(PDGEF-BB), hepatocyte growth factor (HGF), beta subunit of nerve growth factor (3-NGF),
and vascular endothelial growth factor (VEGF) were assessed with the use of Bio-Plex Pro™
Human Cytokine Screening Panel Assay (Bio-Rad Laboratories, Hercules, CA, USA).

A multiplex bead array assay was performed according to the manufacturer’s instruc-
tions. Serum samples were centrifuged at 10,000x g for 10 min at 4 °C, diluted 1:4 with
Bio-Plex Sample Diluent, and incubated with antibody-coupled beads, detection antibody,
and streptavidin for 30 min, 30 min, and 10 min, respectively. After each coating with anti-
gen, the plate was washed with a Bio-Plex Handheld Magnetic Washer, resuspended, and
vortexed. Fluorescence was measured on a two-beam laser automated analyzer Bio-Plex®
200 system. Data were acquired with Bio-Plex Manager Software 4.0. The values below the
detection limit were set to zero.

2.3. Statistical Analysis

Statistics 12.0 software package (Dell, Round Rock, TX, USA) was used for analysis.
The outliers were excluded with Dixon’s Q test. Quantitative data are presented as medians
(lower quartiles; upper quartiles); frequencies are presented as percentages (%). The
Kolmogorov-Smirnov (KS) test was applied to test the normality of data distribution. As
most of the studied parameters were not distributed normally, a non-parametric Mann-—
Whitney U-test was used for group comparisons. Spearman’s rank correlation analysis
and logistic regression analysis were applied to test the associations between studied
parameters. p-values less than 0.05 were considered significant.
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3. Results
3.1. Clinical Characteristics of the Study Participants

One hundred and thirty subjects with T1D, fifty-five men and seventy-five women,
aged from 18 to 70 years (median 33 years), with diabetes duration from 0.5 to 55 years
(median 15 years), were included in the study. Eighty eight patients had normal body mass
index (BMI), twenty-four were overweight, and eighteen individuals had obesity. The
level of fasting C-peptide in most patients was below the sensitivity limit (<0.1 ng/mL);
however, 19 subjects had detectable C-peptide (range: 0.102-1.3 ng/mL). Eighty-two
individuals received multiple daily injections of insulin and forty-eight were on continuous
subcutaneous insulin infusion. Clinical characteristics are presented in Table 1.

Table 1. Clinical characteristics of the study participants with T1D.

Parameter Median (25; 75 Percentile)
Demographic and general clinical parameters
Age, years 33 (24; 43)
Smokers, 1 (%) 23 (18%)
BMI, kg/m? 23 (20; 26)
Waist-to-hip ratio 0.81 (0.76; 0.91)
Diabetes-related parameters and associated diseases
Diabetes duration, years 15 (10; 23)
Daily insulin dose, IU/kg 0.7 (0.5; 0.9)
Diabetic retinopathy, 1 (%) 79 (61%)
Chronic kidney disease, 11 (%) 75 (58%)
Diabetic neuropathy, n (%) 96 (74%)
Arterial hypertension, 1 (%) 39 (30%)
Coronary artery disease, 1 (%) 7 (5.3%)
Peripheral artery disease, 1 (%) 18 (14%)
Laboratory parameters
HbAlc, % 7.9 (6.8;9.6)
HbA1lc, mmol/L 67 (51; 81)
Total cholesterol, mmol /L 5.1(4.2;6.3)
LDL-cholesterol, mmol /L 3.0(24;3.7)
HDL-cholesterol, mmol/L 1.5(1.3;1.8)
Triglycerides, mmol/L 1.0 (0.7, 1.3)
hsCRP, mmol/L 1.3 (0.7; 2.8)
eGFR (CKD-EPI formula, 2009), mL/min/1.73 m? 94 (82; 105)
UACR, mg/mmol 0.5(0.3;1.1)
Hemoglobin, g/L 139 (125; 150)
RBC, x10'2 4.7 (4.4;5.0)
WBC, x10° 5.4 (4.8; 6.9)

Continuous data are presented as medians (lower quartile; upper quartile), and frequencies are presented as
number of patients (percentage). BMI, body mass index; eGFR, estimated glomerular filtration rate; HbAlc,
glycated hemoglobin Alc; HDL, high density lipoprotein; hsCRP, high sensitivity C-reactive protein; LDL, low-
density lipoprotein; RBC, red blood cells; UACR, urinary albumin-to-creatinine ratio; WBC, white blood cells.

Twenty-seven non-obese individuals with NGT, twelve men and fifteen women, from
19 to 62 years of age (median 32 years), were included in the control group.

Mean monitoring glucose, CGM-derived TIRs, and GV parameters in subjects with
T1D are presented in Table 2.
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Table 2. CGM-derived TIRs and GV parameters in subjects with T1D.

Parameter Median (25; 75 Percentile)
Mean glucose, mmol/L 7.7 (6.6; 9.3)
TIR, % 72 (57; 88)
TAR L-1, % 17 (7.4; 25)
TAR L-2, % 3.5 (0.3; 11)
TBR L-1, % 1.5(0;2.1)
TBR L-2, % 0.2(0;1.2)
CV, % 33 (27; 38)
MAGE, mmol/L 43(3.1;5.2)
MAG, mmol x h=! x L~1! 1.7 (2.1; 2.4)

Data are presented as median (lower quartile; upper quartile). TIR, time in range; TAR L-1, time above range, level
1; TAR L-2, time above range, level 2; TBR L-1, time below range, level 1; TBR L-2, time below range, level 2; CV,
coefficient of variation; MAGE, mean amplitude of glycemic excursions; MAG, mean absolute glucose change.

3.2. Serum Cytokines and Growth Factors in Subjects with NGT and T1D

Patients with T1D as compared to subjects with NGT demonstrated significant in-

creases in serum levels of IL-1(3, IL-1Ra, IL-2R«, IL-3, IL-6, IL-7, IL-12 p70, IL-16, IL-17A,
LIE, M-CSF, IFN-«2, IFN-y, MCP-1, MCP-3, and TNF-« (Figure 2).

In addition, there were trends towards an increase in the levels of G-CSF, SCF, TRAIL,

and HGF. On the other hand, concentrations of IL-1«, IL-4, and GM-CSF were decreased
and MIF demonstrated a tendency to decrease. Other molecules showed no significant

changes (Figure 2).
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Figure 2. Serum concentrations of cytokines and growth factors in subjects with NGT and T1D. Data
are presented as raw data (dots), medians (squares), and interquartile ranges (boxes). NGT subjects
are marked in blue and patients with T1D are marked in pink. The concentrations are expressed in
pg/mL. * p <0.05, ** p < 0.01, *** p < 0.001 vs. subjects with NGT. NGT, normal glucose tolerance;
T1D, type 1 diabetes.

3.3. Serum Cytokines and Growth Factors in Subjects with T1D: Relationships with TIRs

The changes in the levels of the most studied molecules were more pronounced in
subjects with TIR < 70%; in this group we found significant increases in the levels of IL-1§3,
IL-1Ra, IL-2Re, IL-3, IL-6, IL-7, IL-12 p40, IL-16, IL-17A, G-CSE, M-CSE, IFN-y, MCP-1,
MCP-3, TNF-«, TNF-$3, SCF, and HGF, and decreases in the levels of IL-1«, IL-4, IL-8,
IL-10, GM-CSE, and MIF when compared to control (Table 3). In patients with TIR > 70%,
concentrations of IL-1«, IL-1(3, IL-2Re, IL-3, IL-4, IL-7, IL-16, IL-17A, LIF, G-CSF, IFN-«2,
IFN-y, MCP-1, MCP-3, and 3-NGF were significantly different from control.

Table 3. Serum concentrations (pg/mL) of cytokines and growth factors in T1D subjects depending

on TIR.
Group
Molecule TIR > 70% TIR < 70% 14
(n =69) (n=61)
IL-1x 0.93 (0; 6.42) ** 0 (0; 3.82) **+ 0.01
IL-1B 3.07 (2.53; 3.90) *** 3.79 (3.06; 4.31) *** 0.0004
IL-1Ra 296 (4.46; 461) 405 (7.25; 478) ** 0.08
IL-2 7.94 (3.42; 9.55) 6.12 (1.07; 9.56) 0.09
IL-2Ra 18 (3.24; 63) *** 30 (4.96; 54) *** 0.68
1IL-3 0.53 (0.45; 0.65) *** 0.56 (0.49; 0.70)*** 0.07
IL-4 3.82 (1.10; 5.88) *** 1.53 (0.42; 3.95) *** 0.01
IL-5 42 (5.14; 77) 9.89 (4.14; 117) 0.96
IL-6 4.32 (2.40; 5.86) 5.54 (3.84; 7.03) **+ 0.007
IL-7 10 (3.91; 18) ** 11 (3.78; 18) *** 0.78
IL-8 6.53 (2.28; 9.38) 3.83 (1.52; 6.90) * 0.07
1L-9 182 (5.22; 251) 6.64 (2.92; 235) 0.07
IL-10 5.29 (3.83; 6.05) 4.75 (2.90; 5.29) * 0.001
IL-12 p40 3.62 (0; 9.66) 0.28 (0; 9.42) 0.25
IL-12 p70 410 (3.41; 5.41) 6.56 (3.41; 14) *+ 0.02
IL-16 9.12 (3.74; 36) * 34 (6.08; 490) *** 0.02
IL-17A 10 (4.46; 15) * 8.95 (6.09; 13) ** 0.94
1L-18 8.34 (3.29; 23) 8.01 (4.02; 32) 0.35
LIF 8.58 (0; 49) *** 26 (8.58; 59) 0.02
G-CSF 14 (2.46; 72) ** 38 (5.48; 74) * 0.16
GM-CSF 4.66 (0.83; 6.04) 1.08 (0; 5.08) *** 0.002
M-CSF 9.29 (3.67; 18) 12 (4.4; 21) **+ 0.25
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Table 3. Cont.

Group
Molecule TIR > 70% TIR < 70% 14
(n = 69) (n =61)
GRO-« 0 (0; 5.46) 0 (0; 0.75) 0.2
IFN-o2 0(0; 1.62) * 0(0; 1.62) 0.71
IFN-y 1.79 (1.09; 3.06) *** 1.94 (1.07; 2.53) *** 0.87
1P-10 145 (4.57; 333) 235 (6.09; 471) 0.13
MCP-1 6.83 (3.11; 30) * 24.39 (6.48; 41) *** 0.01
MCP-3 0 (0; 5.70) ** 6.05 (0.91; 6.74) *** 0.0006
MIF 8.44 (0; 149) 0.44 (0; 28) ** 0.005
MIG 110 (6.23; 177) 117 (5.95; 200) 0.84
MIP-1 1.54 (1.18; 2.22) 1.81 (1.50; 2.58) 0.07
MIP-1B 193 (4.51; 224) 7.98 (4.07; 232) 0.61
RANTES 2437 (3.14; 11,840) 9590 (6.99; 14,106) 0.02
TNF-o 425 (0; 12) 6.77 (3.29; 79) *** 0.002
TNEF-p 176 (4.30; 226) 208 (6.72; 289) * 0.04
TRAIL 7.47 (5.35; 13) 8.49 (3.79; 13) 0.95
SCF 19 (3.10; 78) 69 (6.48; 99) * 0.06
SCGE-p 9.01 (4.57; 117,138) 9.85 (3.87; 126,518) 0.92
SDF-1«x 1276 (4.63; 1611) 1339 (1132; 1543) 0.26
bFGF 20 (3.82; 28) 8.33 (7.06; 108) 0.75
PDGF-BB 385 (5.66; 1307) 730 (4.78; 1402) 0.58
HGF 159 (5.42; 326) 291 (6.28; 407) * 0.06
B-NGF 0(0; 1.24) * 1.24 (0; 4.69) 0.02
VEGF 152 (6.11; 208) 6.11 (2.87; 214) 0.22

Data are presented as medians (lower quartile; upper quartile). * p <0.05, ** p < 0.01, *** p < 0.001 vs. subjects with
NGT. Significant differences between diabetic groups are highlighted in bold. NGT, normal glucose tolerance;
T1D, type 1 diabetes; TIR, time in range.

Among subjects with diabetes, those with TIR < 70% had higher levels of IL-1«, IL-1j3,
IL-6, IL-12 p70, IL-16, LIE, M-CSF, MCP-1, MCP-3, RANTES, TNF-«, TNF-f3, and b-NGF,
and lower levels of IL-1«, IL-4, IL-10, GM-CSF, and MIF than individuals with TIR > 70%
(Table 3).

We found weak correlations between TIR and concentrations of IL-1 (r = —0.21,
p = 0.02), IL-10 (r = 0.23, p = 0.008), IL-12 p70 (r = —0.26, p = 0.004), MCP-1 (r = —0.32,
p = 0.0002), MCP-3 (r = —0.19, p = 0.03), RANTES (r = —0.24, p = 0.006), SCF (r = —0.18,
p = 0.04), and TNF-« (r = —0.23, p = 0.008). Most of these cytokines demonstrated cor-
relations with TAR L1: IL-1$ (r = 0.23, p = 0.008), IL-10 (r = —0.21, p = 0.02), IL-12 p70
(r=0.28, p = 0.001), MCP-1 (r = 0.32, p = 0.0002), MCP-3 (r = 0.21, p = 0.02), RANTES
(r=0.30, p = 0.0005), TNF-« (r = 0.29, p = 0.0008), and TAR L2: IL-1f3 (r = 0.24, p = 0.006),
IL-10 (r = —0.24, p = 0.006), IL-12 p70 (r = 0.24, p = 0.006), IL-16 (r = 0.20, p = 0.02), MCP-1
(r=0.28, p=0.001), MCP-3 (r = 0.19, p = 0.03), MIF (r = —0.20, p = 0.02), RANTES (r = 0.21,
p =0.02), SCF (r = 0.22, p = 0.01), and TNF-« (r = 0.22, p = 0.01).

There were negative correlations between TBR L1 and IL-1f3 (r = —0.29, p = 0.0008), IL-3
(r=-0.23,p =0.008), IL-4 (r = —0.24, p = 0.006), IL-16 (r = —0.23, p = 0.008), IL-18 (r = —0.20,
p = 0.02), LIF (r = —0.21, p = 0.02), MCP-3 (r = —0.34, p < 0.0001), MIP-1x (r = —0.23,
p =0.008), B-NGF (r = —0.26, p = 0.004), and TNF-« (r = —0.23, p = 0.008). Additionally,
we found negative correlations between TBR L2 and IL-1Ra (r = —0.21, p = 0.02), IL-3
(r=-0.22,p=0.01), IL-16 (r = —0.20, p = 0.02), MCP-3 (r = —0.22, p = 0.01), and G-CSF
(r=—0.23, p = 0.008), and a positive correlation between TBR L2 and PDGF-BB (r = 0.23,
p = 0.008).

3.4. Serum Concentrations of Cytokines and Growth Factors in Subjects with T1D: Relationships
with GV

We compared the concentrations of the studied cytokines and growth factors in
patients with CV values < 36% and in those with CV > 36%. Most of the molecules
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demonstrated no significant differences between the groups (Table 4). However, MCP-1
and RANTES were markedly higher and the MIF level was decreased in patients with
unstable glucose levels. Both diabetic groups showed significant differences with the
control group in concentrations of IL-1«, IL-1f3, IL-2Re, IL-3, IL-4, IL-6, IL-7, IL-16, IL-17A,
LIF, GM-CSF, M-CSF, IFN-y, MCP-1, MCP-3, and 3-NGF.

Table 4. Serum concentrations (pg/mL) of cytokines and growth factors in T1D subjects depending

on CV.
Group
Molecule CV < 36% CV > 36% 14
(n="72) (n = 58)

IL-1x 0.46 (0; 4.85) *** 0.51 (0; 4.05) *** 0.74
IL-1pB 3.60 (2.62; 4.10) *** 3.48 (2.71; 4.10) *** 0.94
IL-1Ra 324 (5.81; 464) 376 (5.81; 478) * 0.69
1L-2 7.78 (2.35; 9.93) 7.20 (1.07;9.24) 0.16
IL-2Rx 21 (4.96; 59) *** 25 (4.96; 54) *** 0.99
1IL-3 0.57 (0.46; 0.69) *** 0.53 (0.49; 0.63) *** 0.23
1L-4 4.89 (2.40; 6.26) *** 5.17 (3.33; 6.69) *** 0.33
IL-5 39 (5.03; 98) 38 (4.63; 90) 0.40
IL-6 3.08 (0.90; 4.86) ** 2.73(0.17; 5.29) ** 0.76
IL-7 11 (4.03; 18) *** 10 (3.78; 18) ** 0.63
1L-8 5.69 (2.43; 9.26) 4.41 (1.52; 8.10) 0.15
1L-9 7.85 (3.71; 244) 11 (4.35; 258) 0.55
IL-10 4.96 (3.83; 5.66) 4.75 (2.90; 5.66) 0.45
IL-12 p40 2.92 (0; 14) 0.38 (0; 6.09) * 0.33
IL-12 p70 4.33 (3.41; 13) 445 (3.41; 13) 0.73
IL-16 31 (5.74; 45) ** 9.12 (4.87; 38) * 0.26
IL-17A 9.15 (4.85; 15) * 9.36 (5.77; 15) ** 0.57
1L-18 8.85 (3.86; 24) 7.37 (3.89; 25) 0.98
LIF 8.58 (0.43; 49) *** 22 (4.92; 54) *** 0.29
G-CSF 38 (3.30; 87) 22 (3.37; 60) 0.53
GM-CSF 2.85 (0.24; 5.40) *** 2.94 (0; 6.28) * 0.96
M-CSF 9.78 (3.89; 18) ** 9.66 (3.89; 20) ** 0.77
GRO-«x 0(0; 4.34) 0 (0; 0.75) 0.45
IFN-o2 0(0; 1.62) 0(0; 3.35) * 0.27
IFN-y 1.87 (1.08; 2.98) *** 1.94 (1.07; 2.48) *** 0.67
IP-10 180 (5.62; 442) 193 (6.09; 448) 0.87
MCP-1 6.91 (3.18; 30) * 24 (6.75; 43) *** 0.007
MCP-3 5.34 (0; 6.63) *** 4.74 (0; 6.28) *** 0.72
MIF 14 (0; 144) 1.59 (0; 20) ** 0.04
MIG 115 (6.23; 217) 112 (6.11; 193) 0.79
MIP-1x 1.63 (1.35; 3.06) 1.74 (1.41;2.24) 0.65
MIP-1 173 (3.95; 224) 96 (4.99; 230) 0.58
RANTES 9.85 (4.07; 12,458) 9868 (7.22; 13,970) 0.03
TNF-x 5.21 (0.67; 62) 6.53 (2.77; 60) * 0.61
TNF- 170 (4.77; 236) 208 (6.96; 266) * 0.18
TRAIL 7.78 (5.12;12) 7.98 (3.79; 13) 0.93
SCF 14 (3.65; 88) 69 (6.68; 99) * 0.18
SCGF-p 10,314 (4.04; 115,521) 8.39 (4.65; 130,694) 0.64
SDF-1x 1298 (6.48; 1580) 1314 (8.44; 1569) 0.55
bFGF 20 (5.26; 34) 8.33 (5.64; 28) 0.36
PDGF-BB 190 (3.80; 1212) 794 (5.38; 1544) 0.11
HGF 219 (5.33; 328) 288 (6.72; 403) * 0.19
B-NGF 0.00 (0; 4.07) ** 0(0; 3.18) ** 0.53
VEGF 167 (3.39; 226) 6.18 (3.31; 198) 0.21

Data are presented as medians (lower quartile; upper quartile). * p <0.05, ** p < 0.01, *** p < 0.001 vs. subjects with
NGT. Significant differences between diabetic groups are highlighted in bold. CV, coefficient of variation; NGT,
normal glucose tolerance; T1D, type 1 diabetes.
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In subjects with T1D, CV correlated positively with concentrations of MCP-1 (r = 0.18,
p = 0.04) and RANTES (r = 0.27, p = 0.002). There were negative correlations between
CV and IL-10 (r = —0.23, p = 0.008) and MIF (r = —0.26, p = 0.003). MAGE demonstrated
positive correlations with IL-1(3 (r = 0.19, p = 0.03), IL-12 p70 (r = 0.29, p = 0.0008), MCP-1
(r=0.21, p = 0.02), RANTES (r = 0.27, p = 0.02), and SDF-1«x (r = 0.21, p = 0.02). There
were negative correlations between MAGE and IL-8 (r = —0.19, p = 0.03), IL-10 (r = —0.22,
p =0.01), and MIF (r = —0.25, p = 0.004). MAG showed positive correlations with IL-12 p70
(r=0.39, p <0.0001), MCP-1 (r = 0.31, p = 0.0003), and SDF-1«x (r = 0.26, p = 0.003).

3.5. Serum Concentrations of Cytokines and Growth Factors in Subjects with
T1D: Other Relationships

In the panel of studied molecules, IL-13, MCP-3, and TNF-« only showed weak
positive correlations with HbAlc (r = 0.23, p = 0.008; r = 0.19, p = 0.03; r = 0.21, p = 0.02,
respectively). Additionally, IL-13, IL-2Re«, and IL-16 demonstrated negative correlations
with C-peptide (r = —0.25, p = 0.004; r = —0.19, p = 0.03; r = —0.26, p = 0.003, respectively).
None of the cytokines were associated with age.

Patients with BMI > 25 kg/m? when compared to those with BMI < 25 kg/m? demon-
strated higher levels of IL-1 (3.9, 3.0-4.4 vs. 3.3, 2.5-3.9 pg/mL, p = 0.003), IL-12 p70
(7.0,3.9-13.7 vs. 4.1, 2.7-5.7 pg/mL, p = 0.005), IP-10 (257, 7.5-490 vs. 88, 4.5-372 pg/mL,
p =0.03), LIF (26.5, 8.6-59.3 vs. 8.6, 0-49.4 pg/mL, p = 0.006), MCP-3 (6.0, 0-6.8 vs. 1.0,
0-6.2 pg/mL, p = 0.02), 3-NGF (0, 0-1.9 vs. 1.4, 0-4.7 pg/mL, p = 0.002), and TNF-« (7.4,
3.0-75 vs. 4.8, 0.56-54 pg/mL, p = 0.02) and lower levels of IL-10 (4.3, 2.9-5.3 vs. 5.2,
3.8-6.0 pg/mL, p = 0.049). Other cytokines did not demonstrate statistically significant
differences (data are not shown). BMI correlated positively with IL-1 (r = 0.20, p = 0.02),
IL-16 (r = 0.23, p = 0.008), IP-10 (r = 0.20, p = 0.02), LIF (r = 0.19, p = 0.03), MCP-3 (r = 0.20,
p =0.02), and B-NGF (r = 0.21, p = 0.02). There was a negative correlation between BMI and
IL-10 (r = —0.20, p = 0.02).

3.6. Multiple Regression Models

In logistic regression models, the levels of IL-1§3, IL-4, IL-10, IL-12 (p70), GM-CSE, HGE,
MCP-3, MIF, and TNF-« were associated with TIR < 70% (Table 5). All these molecules,
excluding MIF, demonstrated significant associations with TIR < 70% after adjustments for
age, sex, BMI, diabetes duration, and eGFR. The concentrations of MIF and PDGF-BB were
associated with CV > 36%.

Table 5. Serum cytokines and growth factors associated with TIR < 70% and CV > 36% in subjects
with T1D.

Adjusted OR (95% CI),

Molecule p-Value

Crude OR (95% CI), p-Value

TIR < 70%

IL-1B, 1 pg/mL
IL-4,1 pg/mL
IL-10, 1 pg/mL
IL-12 (p70), 1 pg/mL
MCP-3,1 pg/mL
MIEF, 100 pg/mL
TNF-«, 10 pg/mL
GM-CSF, 1 pg/mL
HGE, 100 pg/mL

MIF, 100 pg/mL
PDGEF-BB, 1000 pg/mL

1.78 (1.18-2.67), p = 0.006
0.82 (0.71-0.95), p = 0.007
0.7 (0.56-0.89), p = 0.003
1.08 (1.02-1.15), p = 0.006
1.16 (1.04-1.29), p = 0.006
0.76 (0.6-0.97), p = 0.03
1.14 (1.03-1.27), p = 0.01
0.82 (0.72-0.94), p = 0.005
1.21 (1.02-1.44), p = 0.03
CV > 36%
0.78 (0.62-0.99), p = 0.04
1.56 (1.05-2.32), p = 0.03

1.69 (1.12-2.55), p = 0.01
0.82 (0.7-0.96), p = 0.01
0.73 (0.56-0.94), p = 0.01
1.08 (1.01-1.15), p = 0.02
1.14 (1.02-1.28), p = 0.03
0.79 (0.62-1.01), p = 0.06
1.12 (1-1.25), p = 0.04
0.84 (0.73-0.97), p = 0.02
1.23 (1.02-1.47), p = 0.03

0.78 (0.61-0.99), p = 0.04
1.58 (1.05-2.37), p = 0.03

Logistic regression models. Adjustment to age, sex, BMI, diabetes duration, and eGFR. CV, coefficient of variation;
T1D, type 1 diabetes; TIR, time in range.
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4. Discussion

In this study, we assessed serum levels of 44 cytokines and growth factors that are
discussed as mediators of diabetic complications in subjects with T1D depending on CGM-
derived TIRs and GV metrics. To determine the circulating regulators, we used multiplex
analysis, or multiplex bead array assay. This method makes it possible to simultaneously
determine a large number of biomarkers in one biological sample [20,21]. Moreover, we
performed a comprehensive analysis of the GV [10,27] that included an assessment of
time-dependent parameters (TIR, TAR L1, TAR L2, TBR L1, TBR L2), the dispersion of
glucose values (CV), the amplitude of glucose fluctuations (MAGE), and the rate of glucose
changes (MAG).

The results demonstrate significant changes in the levels of the studied regulators
in subjects with T1D as compared with normoglycemic individuals. In particular, we
recorded an increase in the levels of pro-inflammatory cytokines (IL-1§3, IL-6, IL-12 p70,
IL-16, IL-17A, IFN-y, TNF-«), monocyte chemoattractant proteins (MCP-1, MCP-3), a
depletion of an anti-inflammatory cytokine (IL-4), an imbalance among hematopoietic
growth factors (IL-3, IL-7, M-CSF, GM-CSF), and changes in the concentrations of other
regulators of the immune system and cell differentiation (IL-1x, IL-1Ra, IL-2Re, IFN-a2,
LIF). In general, these findings are consistent with the literature data on an increase in the
levels of circulating IL-1f3 [28-30], IL-6 [29,31,32], IL-12 [29], IL-17A [30,33], IFN-y [32,34],
MCP-1 [29,35], TNF-ox [28,29,32,36], and a decrease in IL-4 concentrations [37] in patients
with T1D. However, decreased concentrations of IL-6 [28] and MCP-1 [38,39] in T1D
patients were also reported. Other authors demonstrated no differences between healthy
individuals and people with diabetes in serum IL-4 [40] and MCP-1 [41]. The discrepancies
in the data can be explained by the heterogeneity of the included patients in terms of age,
diabetes duration, the presence of complications, and the quality of glycemic control.

When interpreting the levels of cytokines in subjects with T1D, the autoimmune
nature of the disease should be taken into account. Some studies have matched the levels
of circulating cytokines with markers of the autoimmune process in patients with T1D.
It was reported that children with one or two diabetes-related antibodies (IA-2 and/or
GAD®G65) have significantly higher levels of IL-13 and IL-2 and lower levels of IL-4 than
children with diabetes who were negative for these markers [40]. In patients with recent-
onset T1D, an increase in IL-18 and decrease in MIF and MCP-1 levels were associated
with IA-2 and GADG65 antibody positivity [42]. Another study showed a dependency
of accelerated autoimmunity and beta cell destruction on increased IFN-y, IL-12, and
IL-17 and decreased IL-4, IL-6, and IL-13 in pediatric patients with T1D [37]. The onset
of T1D in children was characterized by the upregulation of GM-CSEF, IL-1p3, IL-7, IL-8,
IL-10, IL-17E, IL-21, IL-23, and IL-27, but not IL-6 or TNF-«; the presence of autoantibodies
(anti-IA-2 and -ZnT8) influenced the blood cytokine levels [43]. In this study, we did not
test patients for autoimmune markers of diabetes but assessed fasting C-peptide levels.
Though we found negative correlations between fasting C-peptide and IL-1§3, IL-2R«, and
IL-16 concentrations, it should be emphasized that the majority of patients in our study
had long-term diabetes with undetectable beta-cell function. Therefore, the autoimmune
process hardly played a significant role in changing the cytokine profile in our cohort.

The greatest changes in the levels of the studied molecules were revealed in patients
with TIR values < 70%. Compared to individuals with target TIR, these patients showed
higher concentrations of IL-1(, IL-1Ra, IL-2R«, IL-3, IL-6, IL-7, IL-12 p70, IL-16, IL-17A,
G-CSF, M-CSF, IFN-y, MCP-1, MCP-3, TNF-&, TNF-{, SCF, and HGF, and lower levels of
IL-1«x, IL-4, IL-8, IL-10, GM-CSF, and MIFE. Associations of IL-1§3, IL-4, IL-10, IL-12 (p70),
GM-CSE, HGE, MCP-3, and TNF-« with target TIR were confirmed in a multivariate logistic
analysis. It is interesting to note that many of the studied molecules showed associations
with TIR, but not with HbAlc. Naturally, TIR reflects glucose levels over a much shorter
period than HbAlc. Therefore, it can be hypothesized that recent glucose fluctuations
may have a greater impact on cytokine production than long-term glycemic control. Our
data on the associations of TIR with the levels of important biological regulators represent
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another argument for the widespread use of TIR in assessing glycemic control in people
with diabetes.

Most of the TIR-associated molecules also showed correlations with TAR L1 and
TAR L2. This is consistent with the literature data on the pro-inflammatory effect of
hyperglycemia in diabetes. In vitro experiments showed a stimulating effect of high
glucose on the production of principal proinflammatory cytokines in cultured human
mononuclear cells [44-46], B cells [47], human umbilical vein endothelial cells [48], aortic
endothelial cells [49], glomerular endothelial cells [50], cardiomyocytes [51], and beta
cells [52]. According to these data, a high glucose level increases the secretion of IL-
1$3 [46,50,52], IL-6 [46,51], IL-12 [44], IFN-y [46], TNF-« [45,46,49,51], MCP-1 [48,49], and
other proinflammatory cytokines. These findings are consistent with our results. Moreover,
we found a depletion in the levels of anti-inflammatory cytokines (IL-4, IL-10) in patients
with non-target TIR, which confirmed the imbalance between inflammatory and anti-
inflammatory cytokines under hyperglycemic conditions.

In our study, many molecules were associated with time-dependent parameters re-
flecting hyperglycemic fluctuations (TAR L1 and TAR L2), and some molecules (IL-13, IL-8,
IL-12 p70, MCP-1, RANTES, MIF, SDF-1) demonstrated correlation(s) with at least one
amplitude-dependent GV metric (CV, MAGE, and/or MAG indices). It has previously
been shown that intermittently high glucose enhances the secretion of IL-6 and TNF-o by
activated monocytes [53]. Moreover, it has been demonstrated that glucose oscillations
stimulate IL-6 production in endothelial cells to a greater extent than persistently high
glucose [54,55]. Similarly, acute glucose fluctuations were a more potent inducer of IL-13
and TNF-« in rat podocytes than constantly high glucose [56]. In adipocytes, oscillating
glucose induced a greater increase in MCP-1 secretion than constantly high glucose [57]. In
rats, blood glucose fluctuations induced by intermittent glucose infusions increased the
expression of IL-6 and TNF-« in vascular endothelial cells [58]. Therefore, the effect of
hyperglycemia on cytokine synthesis may be exacerbated by that of GV.

Hypoglycemia may act as an additional trigger of inflammation in individuals with
high GV. In cultured macrophages, intermittent episodes of hypoglycemia and hyper-
glycemia promote M1 polarization and enhance IL-1f3, TNF-«, IL-6, and MCP-1 secre-
tion [59]. In healthy individuals and those with T1D, hypoglycemia promotes leukocyte
mobilization into the bloodstream and induces proinflammatory changes in these cells [60].
In individuals with T1D, an episode of two-hour hypoglycemia was followed by an in-
crease in the levels of IL-6 [61]. High blood glucose, replacing hypoglycemia, caused a
further increase in the concentrations of IL-6 [62]. Contrary to these data, we found weak
negative correlations between TBR and some studied cytokines. This can be explained by
associations of these molecules with TIR and TAR, which are in reciprocal relationships in
TBR. It should also be noted that all hypoglycemic episodes in our study were non-severe
and may not have affected cytokine levels.

When discussing possible confounders affecting cytokine levels in patients with T1D,
BMI should be taken into account [63]. The prevalence of obesity among people with T1D is
increasing [64] and nearly a quarter of T1D patients are affected by metabolic syndrome [65].
In our study, patients with excessive BMI had higher levels of IL-1§3, IL-12 p70, IP-10, LIF,
MCP-3, 3-NGF, and TNF-«, and lower levels of IL-10. However, associations of IL-1f3,
IL-10, IL-12 p70, MCP-3, and TNF-« with TIR remained significant after adjustment to
BMI, as well as other possible confounders (age, sex, diabetes duration, and eGFR). This
demonstrates an independent association of excessive glucose oscillations with the changes
in cytokine levels.

Our study is not without limitations. The recruitment of patients in one center could
lead to some bias in the sample selection. A cross-sectional design does not prove the
causality. The CGM duration was rather short. However, to the best of our knowledge, this
is the first study that examined a panel of circulating cytokines and growth factors depend-
ing on GV parameters in T1D patients. The strengths of the study are a comprehensive
analysis of GV with time-dependent and amplitude-dependent metrics and a determina-
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tion of the relationship of these parameters with the levels of a large number of cytokines
and growth factors. As a result, we have identified the regulators most associated with
off-target glucose values and GV. Further studies are needed to explore the effect of glucose
fluctuations on their production and signaling. At the same time, identified molecules can
be considered to be perspective biomarkers of GV-related immune dysfunction in T1D.

5. Conclusions

Subjects with T1D demonstrated an increase in serum concentrations of IL-1f3, IL-
1Ra, IL-2R«, IL-3, IL-6, IL-7, IL-12 p40, IL-16, IL-17A, LIF, M-CSF, IFN-«2, IFN-y, MCP-1,
MCP-3, and TNF-« compared to normoglycemic individuals. The changes in the levels
of these cytokines and growth factors are related to the time-dependent and amplitude-
dependent GV characteristics. Specifically, the levels of IL-1(3, IL-10, IL-12 p70, IL-16,
MCP-1, MCP-3, RANTES, TNF-«, SCF, and MIF are associated with TAR, while IL-1f3, IL-8,
IL-12 p70, MCP-1, RANTES, MIF, and SDF-1o show association with at least one amplitude-
dependent GV parameter (CV, MAGE, and MAG). Therefore, the pro-inflammatory effect
of hyperglycemia and GV in diabetes may be realized through the shifts in cytokine and
chemokine production. The study results provide further support for the notion that GV
may be a therapeutic target in the management of diabetes.
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Abstract: Background: This study aimed to analyze the correlation between islet 3 cell function and
gallbladder stone (GBS) in newly diagnosed type 2 diabetes mellitus (T2DM) patients. Methods:
A total of 438 newly diagnosed T2DM patients in Peking University International Hospital from
January 2017 to August 2022 were retrospectively analyzed and divided into a non-GBS group and
a GBS group. Results: (1) The homeostasis model assessment of the insulin resistance (HOMA-IR)
of the GBS group was higher than that of the non-GBS group (p < 0.05), while the homeostasis
model assessment of 3 cell (HOMA-f3), disposition index (DI0), and Matsuda index of the GBS group
were lower than those of the non-GBS group (all p < 0.05). (2) For male patients, HOMA-IR is an
independent risk factor for GBS (OR = 2.00, 95% CI:1.03, 3.88, p < 0.05), and the Matsuda index value
is a protective factor for GBS (OR = 0.76, 95% CI:0.60, 0.96, p < 0.05). For female patients, HOMA-IR
is an independent risk factor for GBS (OR = 2.80, 95% CI:1.03, 7.58, p < 0.05) and the Matsuda index
value is a protective factor for GBS (OR = 0.59, 95% CI:0.39, 0.90, p < 0.05). (3) For male patients, the
area under curve (AUC) for predicting GBS was 0.77 (95% CI 0.67, 0.87), with a specificity of 75.26%,
a sensitivity of 80.00%, and an accuracy of 75.64%. For female patients, the AUC for predicting GBS
was 0.77 (95% CI 0.63, 0.88), with a specificity of 79.63%, a sensitivity of 71.43%, and an accuracy
of 78.69%. Conclusions: Insulin resistance may be an independent risk factor for the incidence of GBS
in patients with newly diagnosed T2DM, both male or female, which provides a new clinical basis
and research direction for the prevention and treatment of GBS in patients with T2DM. This study
has established a predictive model of GBS in T2DM and found it to be accurate, thus representing an
effective tool for the early prediction of GBS in patients with T2DM.

Keywords: insulin resistance; islet 3 cell; type 2 diabetes mellitus; gallbladder stone; HbAlc

1. Introduction

Gallbladder stone (GBS) is one of the most common diseases requiring surgery in
health care systems. In recent years, with the improvement in people’s living standards and
the change in eating habits, the incidence of this disease has increased year by year [1,2].
Results have shown that the prevalence of diabetes mellitus (DM) with GBS is about two
times that of normal people, and about 1/3 of GBS patients are found to have DM when
biliary tract surgery is performed [3,4]. Elmehdawi et al. [5] found that obese and elderly
patients with DM were more likely to suffer from GBS and believed that weight, age,
and gender were risk factors for diabetes associated with GBS. Early studies believed
that diabetes fat metabolism disorder, insulin resistance, and autonomic neuropathy were
high-risk factors for the formation of gallstones associated with diabetes. In recent years,
there has been some research progress, such as studies on adiponectin, leptin, metabolic
syndrome, cholecystokinin (CCK), and so on. The dyslipidemia in patients with DM is
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characterized by hypertriglyceridemia, lower levels of high-density lipoprotein cholesterol
(HDL-C), and higher levels of low-density lipoprotein cholesterol (LDL-C) [6]. DM is
complicated with GBS, and its symptoms are closely related to the decline in HDL and
the rise in LDL. In addition, due to insulin resistance or insufficient insulin secretion, DM
cannot effectively inhibit fat decomposition, and type 2 diabetes mellitus (T2DM) is often
accompanied by obesity, hyperinsulinemia, and dyslipidemia, which ultimately leads to an
increase in cholesterol synthesized in the liver, an imbalance in the proportion of cholesterol,
bile acid and phospholipid in bile, a saturated cholesterol, and poor water solubility, which
increases the risk of forming GBS significantly [7].

The clinical manifestations of GBS are severe pain in the upper abdomen or right
upper abdomen and radiation to the right shoulder or back, accompanied by nausea and
vomiting. If complicated with acute cholecystitis or pancreatitis, there may even be chills
and fever. However, most patients with DM have neuropathy, and their sensitivity to pain
is reduced. When they have GBS, they always have no obvious symptoms, and once they
get sick, they may suffer from gangrene and perforation of gallbladder, or even severe
cholangitis and severe pancreatitis. Therefore, exploring the risk factors of GBS in T2DM
patients is of great clinical significance to prevent serious complications of GBS in patients
with T2DM.

It has been shown that dyslipidemia and diabetic autonomic neuropathy are the
highest risk factors of GBS in T2DM patients. At the same time, some studies have shown
that the changes in adiponectin, leptin, and cholecystokinin levels in T2DM patients are
also closely related to the incidence of GBS. Recent studies have found that [8] the insulin
levels of patients with T2DM and GBS are also significantly higher than in those without
GBS. However, due to the limitation of sample size and the fact that the islet 3 cell secretion
levels of newly diagnosed patients will be affected by the duration of DM, previous studies
cannot truly reflect the relationship between islet 3 cell secretion function and GBS in
T2DM patients. Therefore, the innovation in our study was to explore the relationship
between islet 3 cell secretion function and GBS in newly diagnosed T2DM patients, in
order to minimize the bias caused by medication and the duration of T2DM.

In our study, the relationship between insulin resistance and islet 3 cell secretion
function and the incidence of GBS in patients with newly diagnosed T2DM were analyzed
to further clarify the influence of islet 3 cell function on the incidence of GBS and to provide
clinical evidence for the prevention and progression of GBS.

2. Materials and Methods
2.1. Ethics Statement

This study was approved by the Ethics Committee of Peking University International
Hospital, and all methods were performed in accordance with the relevant guidelines and
regulations. Due to the retrospective nature of the study, the Ethics Committee of Peking
University International Hospital waived the need to obtain informed consent.

2.2. Research Subjects

This study retrospectively analyzed 438 newly diagnosed T2DM patients from January
2017 to August 2022 in Peking University International Hospital, including 315 males and
123 females, with an average age of 55.49 & 13.65 years. All patients met the diagnostic
criteria for diabetes issued by the World Health Organization (WHO) in 1999 [9], including;:
@ typical symptoms of diabetes and random blood glucose > 11.1 mmol/L; (2) fasting
blood glucose > 7.0 mmol/L; 3 in the oral glucose tolerance test (OGTT), blood glu-
cose > 11.1 mmol/L after taking 75 g glucose for 2 h. If there are no symptoms of diabetes,
the above examination should be repeated on another day. If one of the three criteria is then
met, the patient is diagnosed as suffering from diabetes and meets the diagnostic criteria
for type 2 diabetes according to the clinical classification.

The exclusion criteria of this study were (D) patients with type 1 diabetes, gestational
diabetes, and other special types of diabetes; (2) acute complications of diabetes; (3) patients
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with severe liver and kidney function diseases; (4 patients who have been diagnosed with
GBS in the past; and () patients with hematological diseases and malignant tumors.
The graphical scheme of the study design is shown below.

ihneanes - An0d
Newly diagnosed T2DM
(n=438)

l

Ultrasonography of the abdomen
whether with GBS or not

L
it

Non-GBS group T GBS group
Laboratory biochemical indexes Islet B cell secretion function indexes
HbAlc,FBG, PBG,TG, TC, HDL-C, HOMA-IR, HOMA-B,
LDL-C, FINS, PINS,sCr, UA, AST, ALT, Matsuda index, DI0 index

GGT, ALP, TBIL, DBIL, TBA

Correlation between the islet f cell secretion function and GBS

2.3. General Conditions and Clinical Data

The data of 438 patients were retrospectively analyzed, and the general conditions of
the patients, including sex, age, height, weight, systolic blood pressure (SBP), and diastolic
blood pressure (DBP) were recorded. The body mass index (BMI) was calculated and
recorded for the patients: BMI (kg/m?) = height (kg) /body weight® (m?).

2.4. Laboratory Biochemical Indexes

All subjects were patients with T2DM diagnosed in the outpatient department or in
the hospital for the first time. All subjects had had an empty stomach for more than 8 h,
and the OGTT was performed in the morning of the next day; the fasting biochemical in-
dexes include glycosylated hemoglobin (HbAlc), fasting blood glucose (FBG), triglyceride
(TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density
lipoprotein cholesterol (LDL-C), fasting insulin (FINS), serum creatinine (sCr), uric acid
(UA), aspartate aminotransferase (AST), alanine aminotransferase (ALT), gamma-glutamyl
transpeptidase (GGT), alkaline phosphatase (ALP), total bilirubin (TBIL), direct bilirubin
(DBIL), and total bile acid (TBA). A total of 75 g of glucose powder was then dissolved
in 300 mL of warm boiled water and this was drunk within 5 min. Starting from the first
sip of glucose, postprandial blood glucose (PBG) and postprandial insulin (PINS) were
measured after 2 h. Glomerular filtration rates (eGFR) were calculated based on the sCr
of the study subjects. All blood tests were performed at the central laboratory of Peking
University International Hospital. FBG, UA, sCr, AST, ALT, GGT, ALP, TBIL, DBIL, and
TBA were measured using enzyme-based techniques. HbAlc was determined through
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high-performance liquid chromatography, and the detection instrument model was Japan
Dongcao G8 glycosylated hemoglobin analyzer.

2.5. Islet B Cell Secretion Function Index Evaluation

According to the measurement results, homeostasis model assessment (HOMA) was
used to assess insulin sensitivity and insulin resistance, and the homeostasis model assess-
ment of 3 cell (HOMA-f3) was used to evaluate islet 3 cell secretion function, using the
following calculation formula: HOMA-3 = FINS x 20/(FBG — 3.5).

The Matsuda index [10] was used to evaluate insulin sensitivity after glucose
load, and the following calculation formula was used: Matsuda index =
10,000/+/FINS % FBG * MeanBG * MeanINS).

The homeostasis model assessment of insulin resistance (HOMA-IR) was used to
evaluate the degree of insulin resistance, and the calculation formula used was as follows:
HOMA-IR = FINS x FBG/22.5.

The disposition index (DIO) [11] was used to evaluate the basic islet 3 cell secre-
tion function after adjustment of HOMA-IR, and the calculation formula was as follows:
DIO = HOMA-{3 /HOMA-IR.

2.6. Ultrasonography of the Abdomen

All patients were required to fast for more than 12 h before testing. The following
morning, a qualified ultrasound physician used an Echolaser X4 (Esaote SpA, Genoa, Italy)
color Doppler ultrasound instrument and performed an abdominal ultrasound on each
patient. The status of the gallbladder and bile duct were recorded in detail.

The patients were divided into two groups according to the presence of GBS: the GBS
group (n = 39) and the normal group (n = 399).

2.7. Statistical Methods

SPSS 22.0 software (IBM, Chicago, IL, USA) was used for statistical analysis. The
measurement data of the normal distribution is expressed by mean 4 standard deviation
(x £ s). The data of non-normal distribution is converted to normal distribution via square
root (SQRT) and then analyzed, and t-test was used to compare the normal distribution data
between the two groups. The ratio was used to describe counting data, and this study uses
the X2 test to compare counting data between two groups. This study used an unconditional
linear regression model to conduct univariate and multivariate analysis of the risk factors
for GBS occurrence, as well as calculated odds ratios (OR) and 95% confidence intervals
(CI). This study evaluated the predictive and diagnostic abilities of the models by drawing
the receiver operating characteristic curve (ROC). All statistical tests were performed as
two-sided tests, and a p-value < 0.05 was considered statistically significant.

3. Results
3.1. Comparison of General Conditions and Biochemical Indexes between the Two Groups

Compared with the normal group, the GBS group was older (p < 0.05). The GGT of the
GBS group was higher than that of the normal group (p < 0.05), while the FINS was higher
in the GBS group (p < 0.05). The SQRTHOMA-IR of the GBS group was higher than that
of the normal group (p < 0.05), while the SQRTHOMA-3, SQRTDIO, and SQRTMatsuda
of the GBS group were lower than that of the normal group (p < 0.05, respectively).There
were no significant differences in sex, BMI, SBP, DBP, FBG, PBG, HbAlc, AST, ALT, ALP,
TC, TG, LDL-C, HDL-C, TBIL, DBIL, TBA, PINS, eGFR, and UA levels between the two
groups (p > 0.05, respectively) (Table 1).
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Table 1. Comparison of general conditions and biochemical indexes between the two groups.

Index Non-GBS Group GBS Group t(x2) p
(n = 399) (n = 39)

Age (years) 47.66 + 14.83 57.13 £+ 15.60 —3.83 <0.05
Sex (female%) 109 (27.32%) 14 (35.90%) 1.29 0.26
BMI (kg/mz) 26.45 +4.37 2729 +4.70 —1.12 0.26
SBP (mmHg) 131.28 +17.51 133.90 + 14.10 —-0.91 0.37
DBP (mmHg) 81.05 + 11.87 80.23 +10.38 0.42 0.68

AST (U/L) 26.73 £ 9.66 23.72 £17.48 1.94 0.08

ALT (U/L) 27.50 £ 10.04 28.96 £ 16.84 —0.99 0.45

GGT (U/L) 32.06 £+ 21.48 39.35 £ 32.17 —-2.15 <0.05

ALP (U/L) 55.58 £+ 14.96 50.85 £ 13.96 1.46 0.41

TBIL (umol/L) 19.35 £ 7.09 23.03 = 6.54 —1.28 0.65
DBIL (umol/L) 4.39 £0.43 440 £0.54 —0.43 0.85
TBA (umol/L) 4.86 £ 1.09 4.07 £1.15 0.78 0.34
TC (mmol/L) 4.60 +1.29 4.53 +1.57 0.29 0.77
TG (mmol/L) 232 4+1.71 215 4+2.71 1.48 0.14
LDL-C (mmol/L) 2.83 £0.92 2.71 £1.35 0.69 0.49
HDL-C (mmol/L) 0.94 +£0.22 0.93 +£0.22 0.15 0.88
UA (umol/L) 335.90 £ 89.21 324.76 £+ 80.23 0.96 0.65
eGFR 103.27 + 18.69 108.54 + 18.87 —1.88 0.07
HbA1lc (%) 9.47 £ 243 10.01 £ 2.32 —1.06 0.29
FBG (mmol/L) 9.26 £ 3.80 9.79 + 3.83 —0.78 0.44
PBG (mmol/L) 12.23 £ 5.59 11.98 + 4.18 0.26 0.79
FINS (uU/mL) 14.65 £ 16.06 19.75 £ 7.27 —2.02 <0.05
PINS (uU/mL) 42.76 £+ 40.79 46.02 £ 63.28 —1.20 0.24
SQRTHOMA-IR 2.15 £ 0.64 2.50 £ 0.83 —3.23 <0.05
SQRTHOMA-3 8.23 +3.81 7.00 &+ 3.08 2.33 <0.05
SQRTDIO 4.15£2.36 3.20 £ 1.86 2.45 <0.05
SQRTMatsuda 8.57 £ 2.83 7.00 £1.40 3.42 <0.05

Note: BMI is the abbreviation for body mass index, SBP is the abbreviation for systolic blood pressure, DBP
is the abbreviation for diastolic blood pressure, FBG is the abbreviation for fasting blood glucose, PBG is the
abbreviation for postprandial blood glucose, FINS is the abbreviation for fasting insulin, PINS is the abbreviation
for postprandial insulin, HbAlc is the abbreviation for glycosylated hemoglobin, eGFR is the abbreviation for
glomerular filtration rates, UA is the abbreviation for uric acid, UACR is the abbreviation for urinary albuminuria
creatinine ratio, TC is the abbreviation for total cholesterol, TG is the abbreviation for triglycerides, LDL-C is
the abbreviation for low-density lipoprotein cholesterol, HDL-C is the abbreviation for high-density lipoprotein
cholesterol, AST is the abbreviation for aspartate aminotransferase, ALT is the abbreviation for alanine amino-
transferase, GGT is the abbreviation for gamma-glutamyl transpeptidase, ALP is the abbreviation for alkaline
phosphatase, TBIL is the abbreviation for total bilirubin, DBIL is the abbreviation for direct bilirubin, TBA is
the abbreviation for total bile acid, SQRTHOMA-IR is the abbreviation for square root of homeostasis model
assessment insulin resistance, SQRTHOMA-3 is the abbreviation for square root of homeostasis model assessment
3, SQRTDIO is the abbreviation for square root of disposition index, SQRTMatsuda is the abbreviation for square
root of Matsuda.

3.2. Comparison of Islet B Cell Function Index Evaluation between the Two Groups

In male patients, the SQRTHOMA-IR of the GBS group was higher than that of the
normal group (p < 0.05), while the SQRTHOMA-{3, SQRTDIO, and SQRTMatsuda of the
GBS group were lower than those of the normal group (p < 0.05, respectively).

In female patients, the SQRTHOMA-IR of the GBS group was higher than that of the
normal group (p < 0.05), while the SQRTHOMA-{3, SQRTDIO, and SQRTMatsuda of the
GBS group were lower than those of the normal group (p < 0.05, respectively) (Figure 1).
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Figure 1. Comparison of islet (3 cell function index evaluation between the two groups. In both male
and female patients, the SQRTHOMA-IR of the GBS group was higher than that of the normal group
(all p < 0.05), while the SQRTHOMA-3, SQRTDIO, and SQRTMatsuda of the GBS group were lower
than those of the normal group (all p < 0.05).

3.3. Univariate Logistic Regression Analysis of GBS

Taking GBS as the dependent variable, a univariate logistic regression model was
established. For male patients, after adjustment for age, BMI, ALT, and eGFR, HOMA-IR is
an independent risk factor for GBS (OR = 2.00, 95% CI:1.03, 3.88, p < 0.05). The Matsuda
index value is a protective factor for GBS (OR = 0.76, 95% CI:0.60, 0.96, p < 0.05). For female
patients, after adjustment for age, BMI, ALT, and eGFR, HOMA-IR is an independent
risk factor for GBS (OR = 2.80, 95% CI:1.03, 7.58, p < 0.05). The Matsuda index value is a
protective factor for GBS (OR = 0.59, 95% C1:0.39, 0.90, p < 0.05) (Figure 2).

3.4. Multivariate Predictive Model for Predicting GBS

For male patients, multivariate predictive model for predicting the occurrence of
GBS was established with GBS as the dependent variable and sex, age, BMI, HOMA-IR,
HOMA-f3, DIO, and Matsuda as independent variables. The logistic regression model for
predicting the GBS was —3.73510 + 0.06236 x age + 0.02119 x BMI + 0.37235 x HOMA-IR —
0.26797 x HOMA-B + 0.33766 x DI0-0.32066 x Matsuda. The area under curve (AUC) of the
model for predicting GBS was 0.77 (95% CI 0.67, 0.87), with the specificity of the model
being 75.26%, the sensitivity of the model being 80.00%, and the accuracy of the model
being 75.64%.

For female patients, a multivariate predictive model for predicting the occurrence of
GBS was established with GBS as the dependent variable and sex, age, BMI, HOMA-IR,
HOMA-f3, DIO, and Matsuda as independent variables. The logistic regression model for
predicting the GBS was 1.62159 + 0.01908 xage — 0.15143 x HOMA-IR — 0.09614 xDIO —
0.54718x Matsuda. The area under curve (AUC) of the model for predicting GBS was 0.77
(95% CI 0.63, 0.88), with the specificity of the model being 79.63%, the sensitivity of the
model being 71.43%, and the accuracy of the model being 78.69% (Figure 3).
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Figure 2. Univariate logistic regression analysis of GBS. In both male and female patients, HOMA-IR
is an independent risk factor for GBS (male: OR = 2.00, 95% CI:1.03, 3.88, p < 0.05; female: OR = 2.80,
95% CI:1.03, 7.58, p < 0.05), and Matsuda index value is a protective factor for GBS (male: OR = 0.76,
95% C1:0.60, 0.96, p < 0.05; female: OR = 0.59, 95% CI:0.39, 0.90, p < 0.05).
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Figure 3. Multivariate predictive model for the risk of GBS. The AUC of the model for predicting
the occurrence of GBS in male patients was 0.77 (95% CI 0.67, 0.87), with a specificity of 75.26%, a
sensitivity of 80.00%, and an accuracy of 75.64%. The AUC of the model for predicting the occurrence
of GBS in female patients was 0.77 (95% CI 0.63, 0.88), with a specificity of 79.63%, a sensitivity of
71.43%, and an accuracy of 78.69%.

4. Discussion

GBS is closely related to DM, especially to T2DM. The proportion of patients with
T2DM who suffer from GBS is more than 30%; while the incidence of GBS in patients with-
out DM is only 10%, the incidence of GBS with DM is three times that without DM [12,13].
Therefore, the study of the relationship between GBS and T2DM has important clinical
significance for the diagnosis and treatment of patients with both GBS and T2DM.
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As early as more than 50 years ago, Sampler et al. found in epidemiological studies that
the incidence of GBS in Indians with hyperinsulinemia and significant insulin resistance
was extremely high. This study suggests that insulin resistance may be related to the
incidence of GBS [14]. Scragg et al. also found that the plasma insulin level was closely
related to the risk of GBS [15]. In patients with GBS, fasting insulin levels were higher than
those in controls, and the insulin level was a risk factor independent of age, BMI, and TG.
A study has found that the incidence of GBS is related to metabolic syndrome and the key
factor is hyperinsulinemia [16]. Kboi Q et al. found that hyperglycemia, hyperinsulinemia,
and hyperlipidemia can reduce the contractility of gallbladder smooth muscle because of
various neurotransmitters in the study of mouse gallbladders in vitro [17].

The clinical features of patients with T2DM are mainly hyperinsulinemia and in-
sulin resistance. The mechanism of GBS induced by increasing insulin level is still un-
clear and may include the following aspects: (1) Insulin may increase the activity of
hydroxymethylglutaryl-coenzyme A reductase, which leads to increased cholesterol syn-
thesis and increased hepatic cholesterol secretion [18] to saturate the cholesterol in the bile.
And it may promote the formation of GBS. (2) Insulin inhibits the rate-limiting enzyme-7o
of bile salt synthesis. The activity of hydroxylase can reduce the bile acid secretion in
the bile duct, increase the calcium ion content in the bile, and induce the gallbladder to
secrete more mucopolysaccharide substances, which are known as nucleating factors in
the bile, breaking the dynamic balance between pro-nucleation and anti-nucleation factors
in bile and accelerating the crystallization rate of cholesterol in bile, thereby promoting
the formation of GBS [19]. (3) The elevation of insulin can increase the number of LDL
receptors, thereby improving the activity of LDL receptors and increasing the amount of
LDL-C transferred from the blood circulation to the liver, which may prompt the liver to
excrete more cholesterol into the bile and further increase the saturation of cholesterol in
the bile [20]. (4) Insulin regulates the contraction of smooth muscle cells by regulating the
ion concentration of the intracellular Na* -K* pump, thereby reducing the activity of the
gallbladder and causing the formation of GBS. (5) Patients with DM often exhibit abnormal
symptoms of autonomic nervous function, which lead to impaired gallbladder contraction
function, thickening, and deposition of bile secretion concentration, which is conducive to
the formation of GBS [21]. (6) Diabetes causes endocrine disorders, especially the regulation
of the lipid metabolism, which is closely related to the incidence of hyperlipidemia and
cholesterolemia, especially affecting the secretion of cholesterol, leading to an increase in
free cholesterol and fatty acids, thus promoting the formation of stones [22].

Studies have shown that there are many methods currently used clinically to evaluate
the islet 3 cell function and insulin resistance in patients with T2DM, including direct
detection of insulin sensitivity and indirect detection of insulin sensitivity. Hyperinsu-
linemic euglycemic clamp (HEC) technology and the insulin suppression test (IST) were
used in the pathogenesis research and new drug evaluation of various metabolic diseases.
For population research, it is still appropriate to use indirect detection methods of insulin
sensitivity in the fasting state, such as HOMA-IR and HOMA-3. However, for T2DM
patients with a long duration and those who have previously used hypoglycemic drugs,
such as sulfonylureas and other insulin secretagogue, insulin levels cannot truly reflect
the islet 3-cell function, and a homeostasis model evaluation may not reflect the degree of
insulin resistance in T2DM patients. However, in this study, all the subjects were patients
diagnosed with T2DM for the first time, who had not used hypoglycemic therapy before, so
that the insulin levels of the subjects, and especially the insulin resistance index calculated
by the homeostasis model, can better reflect the islet 3-cell secretion function and the
degree of insulin resistance.

The results of this study showed that after sex stratification, the HOMA-IR of the
GBS group was higher than that of the normal group (p < 0.05), while the HOMA-3, DIO,
and Matsuda of the GBS group were lower than those of the normal group (p < 0.05,
respectively). And in univariate regression analysis, for male patients, after adjustment
for age, BMI, ALT, and eGFR, HOMA-IR is an independent risk factor for GBS (OR = 2.00,
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95% CI:1.03, 3.88, p < 0.05). The Matsuda index value is a protective factor for GBS
(OR =0.76, 95% CI:0.60, 0.96, p < 0.05). For female patients, after adjustment for age,
BMI, ALT, and eGFR, HOMA-IR is an independent risk factor for GBS (OR = 2.80, 95%
CI:1.03, 7.58, p < 0.05). The Matsuda index value is a protective factor for GBS (OR = 0.59,
95% CI:0.39, 0.90, p < 0.05). This result is consistent with previous research results [23,24].
In a study that included 4125 Korean postmenopausal women [24], the results showed
that in a multiple logistic regression analysis, LDL-C was an independent factor of GBS in
premenopausal women and HOMA-IR was significantly associated with the occurrence of
the GBS. However, previous studies only analyzed the correlation between insulin levels
and GBS, while we further adopted more accurate indicators that reflect islet 3 cell secretion
levels and insulin resistance indexes, which can better verify that the severity of insulin
resistance in T2DM patients is an independent risk factor for the incidence of GBS, and that
the degree of islet 3 cell secretion is closely related to the incidence of GBS.

In recent studies, there are also many reports about the related risk factors for GBS in
T2DM patients [25]. Physiological factors, especially sex and age, have a great influence
on the incidence of GBS in patients with T2DM. With the increase in age, the function of
various organs in the human body exhibits an aging failure trend, which directly leads
to the decrease in cholesterol transformation into bile acid. The decrease in cholesterol
decomposition increases the concentration of cholesterol in the total cholesterol pool and
thus increases the cholesterol excretion in the biliary tract. The results of this study also
confirm this point, as the average age in the GBS group was higher than that in the normal
group (p < 0.05).

Estrogen is the main factor responsible for the different incidence rates of GBS between
men and women. Studies have shown that the level of estrogen in women can affect the
secretion of bile acids. The higher the estrogen level, the lower the amount of bile acids
secretion, which results in an increase in the incidence of GBS. However, the results of this
study have shown that compared with the normal group, the proportion of female patients
in the GBS group was a little higher, without a significant difference. This difference
between studies may be the result of the limited sample size. Also, the effect of sex
difference on GBS is mainly due to the difference in estrogen levels. The women included
in a previous study [26] were young, so there was a significant correlation between being
female and GBS. However, the average age of the women in our study was more than
50 years old, most of them were postmenopausal women, and the estrogen levels in
postmenopausal women are significantly lower than in younger women. Therefore, our
results could not reflect the effect of estrogen levels on GBS in patients with T2DM.

Our results showed that the levels of GGT in the GBS group were slightly higher
than those in the non-GBS group (p < 0.05), but there were no significant differences in
the levels of TBIL, DBIL, ALP, and TBA between the two groups (all p > 0.05). In the
further univariate logistic regression analysis, none of the above indexes reflecting liver and
gallbladder functions were risk factors for GBS in T2DM patients (p > 0.05), which may be
because these indexes only reflect the physiological functions of the liver and gallbladder
and do not directly affect cholesterol excretion, so there is no apparent correlation between
them and the incidence of GBS.

In this study, a multivariate logistic regression model was established for predicting
the incidence of GBS. For male patients, the multivariate predictive model was established
with GBS as the dependent variable and sex, age, BMI, SORTHOMA-IR, SQRTHOMA-{3,
SQRTDIO, and SQRTMatsuda as independent variables. The equation of the logistic regres-
sion model was logit (GBS) = —3.73510 + 0.06236*age + 0.02119*BMI + 0.37235*HOMA-IR —
0.26797*HOMA-{ + 0.33766*DI0-0.32066*Matsuda. And the AUC of the model for male pa-
tients is 0.77 (95% CI 0.67, 0.87), with a specificity of 75.26%, a sensitivity of 80.00%, and an
accuracy of 75.64%. For female patients, the multivariate predictive model was established
with GBS as the dependent variable and sex, age, BMI, SORTHOMA-IR, SQRTHOMA-f3,
SQRTDIO, and SQRTMatsuda as independent variables. The logistic regression equation of
the model was logit (GBS) = 1.62159 + 0.01908*age — 0.15143* HOMA-IR — 0.09614*DI0 —
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0.54718* Matsuda. The AUC of the model for female patients is 0.77 (95% CI 0.63, 0.88),
with a specificity of 79.63%, a sensitivity of 71.43%, and an accuracy of 78.69%.

This study not only identified the risk factors for GBS in T2DM patients, but also
further established a predictive model for GBS in T2DM patients, which has a certain
predictive value. This model has not been investigated in previous studies. Through the
establishment of this model, we can evaluate the risk of GBS occurrence in newly diagnosed
T2DM patients. For T2DM patients with a higher risk, further diagnosis and evaluation of
the necessity of surgery for GBS should be actively carried out to prevent the deterioration
of GBS.

There are still some limitations to this study. First, one of the limitations of our
research is that it is a retrospective study, and we had limited control over the quality of
the data used for analysis. Secondly, some biochemical indexes were tested only once,
which may lead to variation. In the future, studies with larger samples need to be carried
out. In addition, this study did not reveal the pathophysiological mechanism of the close
relationship between islet 3 cell secretion and GBS. In the future, more animal studies
are needed to better understand the pathophysiological basis for the close relationship
between islet 3 cell secretion and GBS. Finally, the sample size of this study was small,
especially the sample size of the GBS group, which was only 39 cases. In order to avoid
the influence of hypoglycemic treatment and the diabetes duration on insulin function and
insulin resistance as much as possible, the subjects of this study were newly diagnosed
T2DM patients. Although the sample size was limited, the sample size ratio of the non-GBS
group and GBS group was 10:1, which was in line with statistical requirements. At the time
of writing, there were not many studies on the correlation between insulin function, insulin
resistance indexes, and GBS in newly diagnosed T2DM patients. At that point, our study
had the largest sample size, but this was only a preliminary exploration. In future research,
we will further expand the sample size to better reveal the correlation between pancreatic
function, insulin resistance indicators, and GBS.

5. Conclusions

Insulin resistance may be an independent risk factor for the incidence of GBS in
patients with newly diagnosed T2DM, both male and female, which provides a new clinical
basis and research direction for the prevention and treatment of GBS in patients with T2DM.
This study has established a predictive model of GBS in T2DM and found it to be accurate,
thus representing an effective tool for the early prediction of GBS in patients with T2DM.
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Abstract: (1) Background: Little research is conducted on the link between diabetic kidney disease
(DKD) progression and diabetic gastroenteropathy in type 1 diabetes (T1D). (2) Methods. We per-
formed a cross-sectional study with 100 T1D patients; 27 of them had progressive DKD, defined as
an estimated glomerular filtration rate (eGFR) decline >3 mL/min/year or increased albuminuria
stage, over a mean follow-up time of 5.89 + 1.73 years. A newly developed score with 17 questions
on gastrointestinal (GI) symptoms was used. Faecal calprotectin was measured by ELISA. Lower
GI endoscopies were performed in 21 patients. (3) Results: The gastrointestinal symptom score
demonstrated high reliability (Cronbach’s « = 0.78). Patients with progressive DKD had higher GI
symptom scores compared to those with stable DKD (p = 0.019). The former group demonstrated
more frequent bowel movement disorders (p < 0.01). The scores correlated negatively with eGFR
(r = —0.335; p = 0.001), positively with albuminuria (r = 0.245; p = 0.015), Hbalc (r = 0.305; p = 0.002),
and diabetes duration (r = 0.251; p = 0.012). Faecal calprotectin levels did not differ between DKD
groups significantly. The most commonly reported histopathological findings of enteric mucosa were
infiltration with eosinophils, lymphocytes, plasmacytes, the presence of lymphoid follicles, and lym-
phoid aggregates. Conclusion: The progression of DKD is positively correlated with gastrointestinal
symptoms; however, more research is needed to clarify the causal relationships of the gut-kidney
axis in T1D.

Keywords: type 1 diabetes; diabetic kidney disease; gastrointestinal symptoms; calprotectin;
gastrointestinal endoscopy

1. Introduction

The prevalence of type 1 diabetes (T1D) is constantly rising throughout the world.
T1D is associated with increased morbidity and mortality, mainly due to its vascular
complications, including diabetic kidney disease (DKD), which is the main reason for
end-stage renal disease (ESRD) in the developed world [1]. Despite the progress in the
understanding of the pathophysiology of DKD [2]., and constantly improving diabetes care
to control for the main clinical risk factors of the disease, it is still largely unclear which
patients are at increased risk of rapidly progressing DKD (estimated glomerular filtration
(eGFR) loss of >3 mL/min/1.73? per year [1].

Diabetic gastroenteropathy is a condition characterized by various oesophageal, gas-
tric, intestinal, and anorectal symptoms caused by diabetes [3,4]. Gastrointestinal symptoms
in T1D are twice as common as in the general population and were associated with worse
glycaemic control and lower quality of life in studies [5,6]. A hypothesis was proposed that
diabetic gastroenteropathy might predispose affected individuals to augmented intestinal
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inflammation and permeability and higher levels of systemic inflammation [7]. Low-grade
systemic inflammation is in turn associated with the progression of complications of dia-
betes, including DKD [8,9]. To support the concept of this so-called gut-kidney axis, it was
described that patients with T1D and macroalbuminuria have a higher level of the faecal
inflammatory marker calprotectin compared to normoalbuminuric patients [10,11]. Unfor-
tunately, the latter studies did not report symptoms of gastroenteropathy. Existing data
on possible associations between DKD and gastrointestinal symptoms in T1D is currently
limited to ESRD patients [12]. In the latter case, severe electrolyte imbalance, uraemia,
oedema of the mucosa, medications, and generally very poor health might potentiate the
symptoms. That is why data obtained in ESRD can hardly be extrapolated to patients with
initial DKD stages.

Gastrointestinal symptoms are insufficiently recognised and investigated, both in clin-
ical practise and research. Specifically, endoscopic examination of the gastrointestinal tract
might be avoided by T1D patients despite indications due to the increased risk of hypo-
glycemia and other complications [13]. Indirectly supporting the latter statement, we found
only two papers reporting data on histological and immunohistochemical examination of
intestinal mucosal biopsies of patients with T1D [12,14].

To summarize, diabetic gastroenteropathy as assessed by gastrointestinal symptom
scores, instrumental examinations, and biomarkers (such as calprotectin) remains a little
studied factor predisposing to or potentiating the progression of DKD. However, such data
are of extreme importance for clinical practice, as they could promote the development of
novel treatment and prevention options for DKD [15].

To fill this gap, the aim of this work was to analyse the prevalence of gastrointestinal
symptoms, history of previous gastrointestinal conditions, data from endoscopic gastroin-
testinal investigations, levels of faecal calprotectin in patients with T1D, and different
velocities of DKD progression in a cross-sectional study.

2. Materials and Methods
2.1. Patients and Ethics

This study is a part of the longitudinal LatDiane study, initiated in 2013 (and partici-
pating in the international InterDiane consortium). LatDiane recruits adult patients with
T1D diagnosed before the age of 40 with insulin treatment initiated within one year of
diagnosis and C-peptide levels below 0.3 nmol/L. Patients with a history of chronic kidney
disease apart from DKD are excluded from LatDiane. Follow-up visits and re-assessments
of the status of complications of diabetes take place every three years. Currently, more than
400 patients have been recruited, with approximately 150 having attended one or more
follow-up visits. Study protocol includes recording diabetes and other disease histories,
basic clinical and anthropometric investigation, collection of blood samples for preparation
of serum and plasma and DNA extraction, collection of urine, as well as assessment of
dietary and physical activity habits, socioeconomic factors, and psychologic condition with
the help of questionnaires [16-24]. The protocol of the general LatDiane and sub-study
devoted to gut health described here were approved by the Latvian Central Ethics Commit-
tee and received permissions No 01-29.1/3 (dated 10 July 2013), Nr. A-17/19-10-17 (dated
17 October 2019), and Nr. 01-29.1/2226 (dated 30 April 2020).

Recruitment of this study participants, biobanking, and sample storage were per-
formed in accordance with the procedures of the Genome Database of the Latvian popula-
tion [25] and are described in detail in [22]. This study is in line with the 1964 Declaration
of Helsinki and its later amendments. Written informed consent was obtained from all
study participants prior to inclusion in this study.

Recruitment for this study took place between 15 January 2021 and 31 August 2022 in
Latvia, Riga, Pilsonu 13 str., building 10 (in the rooms of the Laboratory for Personalized
Medicine of the University of Latvia). Information about this study was disseminated via
the webpage and social media of the University of Latvia.
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Inclusion criteria for this study were: T1D duration of at least 8 years and available
data on progression of DKD (at least three yearly serum creatinine measurements and
albuminuria measurements available between the baseline visit of the LatDiane study in
2013-2019 and this study) (Figure 1).

Patients with progressive
Assessmentof eGFR and DKD (N=27) * Assessmentof
albuminuria at least three gastrointestinal
times Patients with stable DKD symptoms
(N=73) ¢ Faecal calprotectin
¢ Serum CRP
¢ Gastrointestinal
endoscopy (N=21)

2013-2021 2021-2022

Figure 1. Recruitment scheme. eGFR—estimated glomerular filtration rate; DKD—diabetic kidney
disease; CRP—C-reactive protein.

As for exclusion criteria, they were: pregnancy, subjects with a history of inflammatory
bowel disease (Crohn disease or Ulcerative colitis), coeliac disease, acute intestinal infection
within 2 months of the planned faecal collection, asymptomatic coeliac disease (detected via
screening of serum transglutaminase IgA antibodies), clinical signs of acute inflammation,
and fever.

On the study day, patients were investigated for the collection of anthropometric
measures, questionnaires were filled out, blood samples were collected, and subjects
received instructions and vials for the collection of the faecal sample.

2.2. Clinical Investigation and Monitoring of Diabetic Complications and Co-Morbidities

Clinical investigation included assessment of weight and height to calculate the body
mass index (BMI, weight (kg)/height (m)?). We also measured blood pressure. Patients
with systolic blood pressure > 140 mmHg (18.7 kPa) or diastolic blood pressure > 90 mmHg
(12.0 kPa) or a history of antihypertensive drug usage were defined as having arterial hypertension.

Smoking was self-reported in the questionnaire; the “smokers” group referred to
patients currently smoking at least one cigarette per day.

Assessment of cardiovascular disease (CVD) and complications of diabetes, such
as retinopathy, neuropathy, and DKD, was based on medical files. We defined CVD as
a history of acute myocardial infarction, coronary bypass/percutaneous transluminal
coronary angioplasty stroke, amputation, or peripheral vascular disease.

The albumin-to-creatinine ratio in morning spot urine samples was used for the defi-
nition of albuminuria at each study visit during the follow-up. The estimated glomerular
filtration rate (eGFR) was calculated according to the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI).

ESRD was defined as eGFR < 15 mL/min/1.73 m?, dialysis, or kidney transplantation.

Progressive DKD was defined as an eGFR decline exceeding 3 mL/min/1.73 m?2/ year [2]
and/or increase in albuminuria stage over the follow-up period. At least three yearly serum
creatinine measurements were used for the calculation of at least three eGFR values during
the follow-up period. These data were used for eGFR slope plotting. The number of serum
creatinine measurements ranged from three to fifteen during the follow-up for each patient.

2.3. Blood Samples and Faecal Collection

The blood samples were collected via venous puncture. Blood samples and morning
spot urine samples were sent for assessment of clinical markers (blood count, clinical
chemistry, and albuminuria) to a certified clinical lab.

Except for several patients who could collect the stool sample during the recruitment
visit, stool samples were collected within two weeks after blood collection and assessment of
gastrointestinal symptoms. Participants collected their faecal samples at home using sterile
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collection tubes without buffer (the collection date and time were marked). Within 24 h sam-

ples were delivered to the laboratory for calprotectin measurement in unfrozen samples.
Faecal calprotectin was measured by the Alegria® Calprotectin Elisa kit (Organotech

Diagnostika GmbH, Budapest, Hungary, REF ORG280) in a certified clinical lab.

2.4. Monitoring of Gastrointestinal Disease and Symptoms

The history of gastrointestinal disease was self-reported via an assisted study ques-
tionnaire in the majority of cases, and this information was supported by medical files. For
reporting in this paper, we defined upper gastrointestinal disease as gastritis/duodenitis,
peptic ulcer, gastroesophageal reflux disease, gastroparesis, diaphragmal hernia, and
Haelicobacter pylori infection; lower gastrointestinal disease was defined as hemorrhoids,
appendicitis, coeliac disease, irritable bowel syndrome, and lactose intolerance; and liver
and pancreas disease were defined as histories of fatty liver, pancreatitis, viral hepatitis,
gallstones, diverticulitis, and irritable bowel syndrome.

A newly developed scale questionnaire for assessment of gastrointestinal symptoms
was filled out during this study visit. It was elaborated on the basis of the diabetes
and bowel symptom questionnaire [26], which previously demonstrated good test-retest
reliability and concurrent validity (median kappa: 0.63 and 0.47, respectively) for the
gastrointestinal items. Our newly developed scale questionnaire included 17 questions
about pain, discomfort, impaired bowel movement such as diarrhoea, and constipation
(Supplement S1).

2.5. Endoscopy in Patients with Indications and “Red Flag” Symptoms

Patients who had increased calprotectin levels and persistent symptoms of gastroin-
testinal disorders in the last 2 months were referred to a gastroenterologist for evaluation
of indications for endoscopic examination (colonoscopy and/or endoscopy according to
indications). As indications for endoscopy, the following criteria were used: unexplained
weight loss, clinical suspicion of inflammatory bowel disease, unclear abdominal pain,
unclear anaemia (especially iron deficiency anaemia), unclear diarrhoea, constipation or
changing bowel movements, bowel movements with mucus admixture, family history of
inflammatory bowel disease or colorectal cancer, history of polyps, elevated faecal calpro-
tectin >50 pg/g, or as a screening colonoscopy for subjects over the age of 50 [27-29]. Out
of 100 T1D patients, 47 were selected to undergo endoscopic examination, and 21 of them
accepted the invitation and went through the procedure. Endoscopic biopsy specimens
were examined by a histopathologist. H. pylori was identified by rapid urease testing (RUT)
and histological staining (Giemsa).

Patients who consented to lower endoscopy received recommendations from endocrinol-
ogists for preparation for the procedure based on international recommendations [13,30-32].
It included advice for food choices in the week preceding colonoscopy (“white foods”,
avoidance of fibre-containing and red foods, etc.), frequent blood glucose monitoring dur-
ing the reduced nutritional intake period, fasting to avoid hypoglycemia, and an approach
to correction of hyper- and hypoglycemia during the preparation (Supplement S2). Patients
were prescribed a polyethylene glycol (PEG)-based osmotic laxative (PEG-3350, Sodium
Sulfate, Sodium Chloride, Potassium Chloride, Sodium Ascorbate, and Ascorbic Acid for
Oral Solution) for bowel cleaning.

2.6. Statistical Analysis

Descriptive statistics were performed for all study variables. For group variables, we
presented numbers and percentages from the whole study sample. We used a one-sample
Kolmogorov-Smirnov test and the graphical presentation of data by the histogram to check
the normality of this study variables. As all the continuous variables were distributed
differently than normal, we presented medians and interquartile ranges (IQR).
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We performed the univariate analysis to assess the difference in socio-demographic
variables between this study groups (we used the Chi-square test for the group variables
and the Mann-Whitney test for continuous variables).

We calculated the mean value from the 17 questions of the gastrointestinal symptom
score to assess the mean frequency and intensity of all investigated gastrointestinal symp-
toms, as well as the mean value of the frequency of use of medications. The Cronbach
Alpha test was applied to check the reliability of this scale.

In addition, we evaluated the answers to questions about upper and lower gas-
trointestinal disease, history of liver and pancreatic diseases, history of gastrointestinal
malignancy, and history of abdominal surgery.

We investigated the difference between those with stable and progressive DKD in
gastrointestinal symptoms (Cramer’s V test), symptom intensity (Mann-Whitney test), use
of medications (Mann-Whitney test), and presence and history of diseases (Chi-square test).

A Spearman correlation was performed to identify the relationship between markers
of kidney disease and demographic and blood/urine parameters. The p values < 0.05 were
considered statistically significant.

We built multiple logistic regression models to assess the association between the
progression of DKD and gastrointestinal symptoms. We adjusted the model for the variables
that displayed statistical significance in the univariate analysis or had clinical relevance.
The full adjustment set included sex, diabetes duration, HbAlc, and BMI.

3. Results
3.1. Description of this Study Groups and Inflammatory Markers

This study sample consists of 100 patients with T1D, mostly women (62%) with a
mean age of 42.59 + 13.18 and a mean BMI of 25.98 4 4.69 1 kg/m?. The mean follow-up
time in the cohort is 5.89 £ 1.73 years. Most of the participants were non-smokers (63%),
and they had hypertension (53%). The mean duration of diabetes was 24.38 &= 11.92 years,
and the mean HbA1lc was 8.28 + 1.74%. 52 (52%) of subjects had retinopathy, 27 (27%)
had autoimmune thyroid disease, and 16 (16%) had CVD. Study groups (with stable
DKD disease and with progressive DKD) differed by smoking (more smokers among
those with progressive DKD), hypertension (more patients with hypertension among those
with progressive DKD), length of diabetes (longer history of diabetes for patients with
progressive DKD), retinopathy, HbAlc, CVD, eGFR, albuminuria, serum bilirubin, blood
haemoglobin concentration, and erythrocyte counts. The level of calprotectin in faeces
and serum CRP did not differ between the groups of patients with progressive DKD and
patients with stable DKD statistically significantly (Table 1). Moreover, of the 100 patients
in this study, only 10 had faecal calprotectin >50 ng/g.

3.2. Gastrointestinal Diseases and Symptoms

The gastrointestinal symptom score demonstrated high reliability (Cronbach’s o« = 0.78).
Patients with progressive DKD had higher gastro-intestinal symptoms scores (Supplement S1)
compared to those with stable DKD (p = 0.019). In addition, 14 (52%) of patients with
progressive DKD had bowel movement disorders, versus 16 (22%) in patients with stable
DKD (p < 0.01) (Table 2.)

There was no statistically significant difference between the patients with progressive
DKD and patients with stable DKD on previous upper and lower gastrointestinal disease
(p = 0.50 and p = 0.35, respectively). There was no difference between groups in the history
of liver and pancreatic diseases (p = 0.74) or in the history of gastrointestinal malignancy
(p = 0.10). The history of abdominal surgery was more frequent in patients with progressive
DKD at the significance level of p = 0.07. There were no statistically significant differences
between DKD patients with progressive DKD and patients with stable DKD in their use of
medications for gastrointestinal disorders (p = 0.54).
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Table 1. Differences in socio-demographic and disease-related data among study groups.

DKD Stable,

DKD Progressive,

N=73 N =27 p Value

Male gender, N (%) 31 (42.5%) 7 (25.9%) 0.99

Age, years, 44.0 (31.5-52.0) 39.0 (34.0-50.0) 0.86

BMI, kg /m? 24.85 (22.63-28.15) 25.40 (22.60-28.40) 0.95
Smokers, N (%) 13 (17.8%) 6 (22.2%) <0.01
Hypertension, N (%) 32 (43.8%) 21 (77.8%) <0.01
Length of diabetes, years 21 (13-31) 27 (24-37) <0.01
Mean follow-up, years 7.00 (5.50-7.00) 7.00 (3.00-7.00) 0.72
Retinopathy, N (%) 30 (41.1%) 22 (81.5%) <0.01
Cardiovascular disease, N (%) 7 (9.6%) 9 (33.3%) <0.01
On ACEI/ARB, N (%) 12 (16.4%) 8 (29.6%) 0.14

On lipid lowering medication, N (%) 17 (23.3%) 10 (37.0%) 0.16
Autoimmune thyroid disease, N (%) 18 (24.7%) 9 (33.3%) 0.27
Other autoimmune disease, N (%) 11 (15.1%) 5 (18.5%) 0.67
Haemoglobin A1C, % 7.60 (7.00-8.70) 8.90 (07.54-10.30) 0.02
Haemoglobin A1C, mmol/mol 59.56 (53.00-71.58) 73.77 (58.90-89.07) 0.02
Estimated glomerular filtration rate, mL/min/1.73 m? 107.98(92.52-117.63) 72.81(40.72-105.27) <0.01
End stage renal disease, N (%) 0 (0%) 4 (14.8%) <0.01
Albumin/ creatinine ratio in urine, mg/mmol 0.45(0.19-0.99) 19.65 (4.98-112.50) <0.01
C-reactive protein, mg/L 0.9 (0.5-2.8) 1.5 (0.5-3.48) 0.72
Faecal calprotectin, pug/g 7.60 (2.75-23.20) 16.20 (5.80-22.00) 0.21
Faecal calprotectin > 50 ug/g, N (%) 8 (11.0%) 2 (7.4%) 0.59
Total cholesterol, mmol/L 5.02(4.30-5.79) 4.96(4.12-5.88) 0.95

Low density lipoproteins, mmol/L 2.87(2.10-3.40) 3.04(2.10-3.46) 0.41
Triglycerides, mmol/L 1.14(0.85-1.45) 1.31(0.86-2.11) 0.14
Alanine transaminase, U/L 19.00(15.50-29.00) 21.00(17.00-24.00) 0.64
Gamma-glutamyl Transferase, U/L 16.00(13.00-25.50) 17.00(15.00-26.00) 0.41
Bilirubin, pmol/L 9.30(7.80-12.40) 6.51(5.10-9.20) 0.001
Haemoglobin, g/L 140.00(132.00-150.00) 129.00(120.00-141.00) 0.001
Erythrocytes, 10 x 12/L 4.70(4.40-5.00) 4.40(4.00-4.73) 0.002
Leukocytes, 10 x 9/L 6.13(5.01-7.22) 6.53(5.71-7.64) 0.14
Thrombocytes, 10 x 9/L 259.00(228.00-284.00) 231.00(200.00-299.00) 0.21

Continuous variables are presented as medians (IQR). DKD—diabetic kidney disease. eGFR—estimated glomeru-
lar filtration rate. Diabetic retinopathy—history of any stage of retinopathy based on medical recordings. Arterial
hypertension—systolic blood pressure > 140 mmHg (18.7 kPa) or diastolic blood pressure > 90 mmHg (12.0 kPa),
or a history of antihypertensive drug treatment. Autoimmune thyroid disease—Hashimoto’s thyroiditis or
Graves’ disease Other autoimmune diseases—history of autoimmune rheumatologic diseases such as rheumatoid
arthritis, sacroiliitis, psoriasis, asthma, etc. CVD—cardiovascular disease, defined as a history of acute myocardial
infarction, coronary bypass/percutaneous transluminal coronary angioplasty stroke, amputation, or peripheral

vascular disease.
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Table 2. Gastrointestinal conditions and symptoms in this study groups.

DKD Stable, N =73 DKD Progressive, N = 27 p Value
History of upper gastrointestinal disease, N (%) 29 (39.7%) 13 (48.1%) 0.50
History of lower gastrointestinal disease, N (%) 24 (32.9%) 12 (44.4%) 0.28
History of gastrointestinal malignancy, N (%) 0 (0.0%) 1(3.7%) 0.10
History of liver and pancreas disease, N (%) 27 (37.0%) 9 (33.3%) 0.74
History of abdominal surgery, N (%) 21 (28.8%) 13 (48.1%) 0.07
Mean value of gastrointestinal symptom score 1.05 (0.73-1.35) 1.27 (1.00-1.82) 0.019
Bowel movement disorders, N (%) 16 (21.9%) 14 (51.9%) <0.01
Usage of medications for gastrointestinal disorders 0.16 (0.00-0.50) 0.33 (0.00-0.66) 0.54

Continuous variables are presented as medians (IQR). Bowel movement disorders—constipation, diarrhoea,
intermittent constipation, and diarrhoea. DKD—diabetic kidney disease.

3.3. Correlation between Gastrointestinal Symptom Scores with Clinical Markers and
Regression Analysis

We investigated correlations between the gastrointestinal symptom score and sev-
eral clinical markers in this study sample. The scores correlated negatively with eGFR
(r=—0.335; p = 0.001), weight (r = —0.236, p = 0.018), blood erythrocyte counts (r = —0.313,
p = 0.002), and blood haemoglobin (r = —0.321, p = 0.001) and positively with albuminuria
(r=0.245; p = 0.015), Hbalc (r = 0.305, p = 0.002), and diabetes duration (r = 0.251, p = 0.012).

Faecal calprotectin did not correlate with the gastrointestinal symptom score, eGFR,
or albuminuria.

In univariate regression analysis, higher scores in gastrointestinal symptoms were
associated with higher odds of DKD progression (3.086 (1.209, 7.879), p = 0.018). The
association remained significant when the model was adjusted for sex and BMIL. However,
the association was no longer significant when the model was adjusted for sex, BMI,
diabetes duration, and HbAlc, with diabetes duration remaining the only significant
predictor of DKD (odds ratio 1.058 (1.011, 1.106), p = 0.014) in the model and HbAlc
demonstrating association at a significance level of 0.075 (odds ratio 1.302 (0.978, 1.734).
The results of the logistic regression analysis are summarised in Table 3.

Table 3. Association between the progression of diabetic kidney disease and gastrointestinal symptoms.

Variable Model Odds Ratio, OR  95% Confidence Interval (CI) p Value
Mean Symptoms 1 3.086 1.20;7.87 0.02
Mean Symptoms 2 2.77 1.06; 7.24 0.04
Mean symptoms 3 2.394 0.886; 6.467 0.085
Mean Symptoms 4 1.99 0.71; 5.54 0.18

Results of the logistic regression analysis with the presence of progressive diabetic kidney disease as the response
variable. Data are presented as odds ratios with 95% CI and p-values. Model 1—univariate. Model 2 was adjusted
for sex and BMI. Model 3 was adjusted for sex, BMI, and diabetes duration. Model 4 was adjusted for sex, BMI,
diabetes duration, and HbAlc.

3.4. Endoscopy

Prevalence of indications for colonoscopy did not differ between the patients with and
without DKD progression.

From the 47 patients who were selected to undergo colonoscopy, 13 had progressive
DKD and 34 did not (48.1% and 46.5% of the progressive DKD and non-progressive DKD
groups, respectively). Only 21 patients (4 patients with progressive DKD and 17 patients
with stable DKD) accepted the invitation and went through the procedure. The reasons
for non-acceptance of the invitation included a complicated preparation procedure for
the colonoscopy with the necessity of fasting and intensive glucose control, a fear of
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hypoglycemia, and a fear of complications during anaesthesia. Many patients refused
to undergo the investigation because of their poor health status due to complications of
diabetes and co-morbidities.

Among patients who underwent the endoscopic examination, the most frequent indi-
cations for endoscopic examination were abdominal pain (n = 17; 81%), bowel movement
disorders (n = 9; 43%), and elevated faecal calprotectin (>50 ng/g) (n = 5; 24%).

Of the 10 individuals who underwent upper GI endoscopy, 7 (70%) had abnormal
macroscopic findings and were analysed for H. pylori infection by rapid urease tests
(RUT). None of the patients had a positive RUT; however, histopathology identified two
patients with H. pylori, visible on special staining. Most of the gastric lesions were minor
endoscopic findings (Table 4). Of the five endoscopically reported hyperaemic gastropathy
and duodenopathy patients, two had active gastritis and two had chronic atrophic gastritis.
Of the three patients with macroscopically normal upper GI endoscopy, one had chronic
atrophic gastritis and one had active gastritis with erosive gastropathy.

Table 4. Summary of macroscopic and microscopic lesions identified during gastrointestinal endo-
scopic examination.

Procedure Macroscopic Lesions Histopathologic Lesions
(1) Hyperaemic gastropathy (n = 4)
_ (2) Hyperaemic duodenopathy (n = 1) (1) active gastritis (N = 3)
Upper endoscopy, N =10 (3) oesophageal candidiasis (n = 1) (2) chronic atrophic gastritis (N = 3)

(4) gastric intestinal metaplasia (n = 1)

(1) eosinophilic infiltration (n = 8, 38%)
(2) lymphoid follicles/lymphoid aggregates (n =7, 33%)
(3) lymphoplasmacytic infiltration (n = 5, 24%).

(4) lymphocyte and macrophage infiltration (n = 3, 14%)

(5) stromal fibrosis (n = 3, 14%)

(6) mononuclear cell infiltration (n =2, 9.5%)
(7) tubular adenomas (n = 2, 9.5%).
(8) Active inflammation 6 (29%)
(9) active colitis 1 (4.76%)

(1) polyps (n = 2)
(2) diverticulosis (n = 1)
(3) erosion of sigmoid colon (n = 1)
(4) perianal papilloma (n = 1)

Colonoscopy, N =21

In total, 21 colonoscopies were performed. Five (24%) of the colonoscopies performed
showed abnormal macroscopic findings (Tables 4, S1 and S2). The most commonly reported
histopathological findings were infiltration with eosinophils, lymphocytes, plasmacytes,
the presence of lymphoid follicles, and lymphoid aggregates. We also observed stromal
fibrosis, mononuclear cell and macrophage infiltration, and tubular adenomas in several
patients. Active inflammation was found in six patients, and one patient had active colitis
on histopathological examination. No malignancies were found.

4. Discussion

The main finding of our study is that in patients with T1D and progressive DKD,
the frequency and severity of gastrointestinal symptoms are higher compared to patients
with stable kidney markers, as assessed by the gastrointestinal symptom score. The link
between progressive DKD and diabetic gastroenteropathy was additionally confirmed by
statistically significant correlations between gastrointestinal symptom scores, eGFR, and
albuminuria, as well as in the logistic regression models.

We demonstrate in our work that gastrointestinal disorders start to manifest al-
ready in the initial stages of DKD progression, as the median eGFR is 72.81(40.72-105.27)
mL/min/1.73 m? in the group of progressive DKD in our study. Our findings cannot be
directly compared to previous data due to the deficiency of studies on the association of
diabetic gastroenteropathy with progressive DKD in T1D. We only found one paper by
D’Addio and colleagues reporting higher scores of gastrointestinal symptoms in patients
with T1D and DKD. However, that paper investigated diabetic gastroenteropathy only
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in patients with ESRD compared to healthy individuals and did not cover subjects with
DKD or the initial stages of chronic kidney disease [12]. More pronounced gastrointestinal
symptoms in ESRD from any cause were already reported and might result from metabolic
disorders and treatment of ESRD [27]. D’Addio and colleagues also report that the gastroin-
testinal symptoms of patients subsided significantly several years after successful treatment
with kidney-pancreas transplantation. However, this was not the case in patients who only
received kidney transplants, indicating hyperglycemia per se as the main factor in diabetic
gastroenteropathy. Although we think that immunosuppressive treatment after transplan-
tation might be one of the factors alleviating the gastrointestinal derangements in the above
study, our results of the regression analysis with a fully adjusted model agree with the
latter finding. Specifically, after adjustment of the regression model for diabetes duration,
gastrointestinal symptom scores were no longer significant predictors of progressive DKD.
We suggest that a larger longitudinal study is needed to obtain more conclusive results
about mutual associations between gastrointestinal derangements and DKD progression in
T1D. Such a study is necessary for the development of future approaches to DKD preven-
tion and treatment. Indeed, gastrointestinal symptoms are usually a sign of dysfunction in
the gastrointestinal tract. Therefore, they might be associated with impaired nutritional
balance and increased gut permeability, resulting in augmented low-grade inflammation,
which has been shown to be associated with DKD progression [7-10,33,34].

In contrast to some previous studies in T1D reporting higher calprotectin levels in
patients with DKD [10,11,35], we did not observe higher faecal calprotectin levels in patients
with progressive DKD compared to subjects with stable kidney markers. Moreover, faecal
calprotectin did not exhibit any correlations with gastrointestinal symptom scores, eGFR,
or albuminuria in our study. Our findings might mean that gastrointestinal symptoms
in our patients were not associated with neutrophil-mediated inflammation, resulting
in an increase in calprotectin and a severe inflammatory reaction, which is observed in
inflammatory bowel disease [36]. Indeed, in the histological investigation of the colon
biopsies of patients who underwent endoscopic examination, eosinophilic infiltration,
lymphoid follicles/lymphoid aggregates, and lymphoplasmacytic infiltration were the
most frequent findings. In 21 subjects who underwent colonoscopy, infiltration with
polymorphonuclear neutrophils was not registered, mononuclear cell infiltration was
observed only in two patients, and active inflammation was reported only in six subjects
(only one of them with progressive DKD). Thus, histologic changes observed by us indicate
increased reactivity of the mucosa and chronic pathology [37], when increased calprotectin
levels are unlikely. On the other hand, lymphoplasmacytic infiltration is a predictor of
more severe colitis in the future [37], and a study in T1D with ESRD reports more severe
histologic changes of the mucosa as compared to our findings [12]. Thus, it is possible that
an increase in calprotectin is observed in more advanced DKD stages.

Our study’s limitations include a relatively low number of subjects, especially in
the group of progressive DKD, which might have influenced the results. Further, the
cross-sectional nature of this study does not allow us to evaluate the causal relationship
between symptoms of diabetic gastroenteropathy and DKD. Other limitations include
the self-evaluation of gastrointestinal symptoms in this study and the self-reporting of
previous gastrointestinal diseases in a subset of patients due to unavailable central medical
records in Latvia. We also did not perform an evaluation of autonomic neuropathy, which
might have influenced the gastrointestinal symptoms; however, to our opinion, these data
would not alter our conclusions or the clinical value of our study due to the availability of
treatment for autonomic neuropathy nowadays. Lack of endoscopic evaluation in all study
participants is another limitation. However, all study participants did not have indications
for endoscopy. In addition, not all of the invited patients responded to the invitation due to
complicated preparation procedures, fear of hypoglycemia, fear of complications during
anaesthesia, or generally poor health status.

The major strength of this study is the analysis of gastrointestinal symptoms in patients
with different rates of progression of DKD, in contrast to previous studies addressing either

131



Biomedicines 2023, 11, 2679

patients with T1D generally or patients with T1D and ESRD in comparison to healthy
subjects. In addition, we have demonstrated results on histological colon biopsies in
21 patients with T1D, previously described only in one study [12].

5. Conclusions

To conclude, in patients with T1D and progressive DKD, the frequency and severity of
gastrointestinal symptoms are higher compared to patients with stable kidney markers, as
assessed by gastrointestinal symptom scores. Moreover, gastrointestinal symptom scores
correlate with kidney markers. Further research is needed to clarify the causal relationships
of the gut-kidney axis in T1D.
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Abstract: Aims: Our study aimed to investigate the relationship between three autoantibodies and
their combination with anthropometric and metabolic components and microvascular complications
in patients with latent autoimmune diabetes in adults (LADA). Methods: Our study included
189 LADA patients divided into four subgroups according to the autoantibodies present: glutamic
acid decarboxylase autoantibodies (GADA) only; zinc transporter-8 autoantibodies (ZnT8A)+GADA;
insulinoma-associated-2 autoantibodies (IA-2)+GADA; and ZnT8+IA-2+GADA. Results: Compared
to GADA positivity only, patients with ZnT8+GADA positivity and ZnT8+IA-2+GADA positivity had
a shorter diabetes duration and lower body mass index (BMI); patients with ZnT8+GADA positivity
were younger and showed an increase in glomerular filtration rate, while those with ZnT8+IA-
2+GADA positivity had lower C-peptide and lower insulin resistance measured with HOMAZ2-IR. In
a multiple regression analysis, ZnT8 positivity was associated with lower BMI (p = 0.0024), female sex
(p = 0.0005), and shorter duration of disease (p = 0.0034), while IA-2 positivity was associated with
lower C-peptide levels (p = 0.0034) and shorter diabetes duration (p = 0.02). No association between
antibody positivity and microvascular complications of diabetes, including retinopathy, neuropathy,
and microalbuminuria, as well as with variables of glucose control and (-cell function were found.
Conclusion: The results of our study suggest that ZnT8 and IA-2 autoantibodies are present in
a significant number of LADA patients and associated with clinical and metabolic characteristics
resembling classic type 1 diabetes. Due to increased LADA prevalence, earlier identification of
patients requiring frequent monitoring with the earlier intensification of insulin therapy might be of
special clinical interest.

Keywords: autoimmune diabetes in adults; autoimmunity; glutamic acid decarboxylase autoantibodies

1. Introduction

Type 1 diabetes mellitus (T1IDM) and latent autoimmune diabetes in adults (LADA)
are autoimmune conditions associated with circulating autoantibodies which indicate the
destruction of pancreatic islet 3-cells, leading to insulin deficiency and hyperglycemia [1].
Compared to classic type 1 diabetes, which develops in childhood and progresses rapidly,
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LADA is characterized by a slow progression of the disease and slower pancreatic 3-cell
dysfunction and usually manifests itself in later adulthood [2,3]. Such patients were pre-
viously diagnosed with type 2 diabetes, although most did not have the clinical features
of metabolic syndrome. Due to the slow progression of the disease, patients with LADA
can achieve optimal glucose control with oral antihyperglycemic agents only for years
with preserved f3-cell function measured with C-peptide [4]. Diagnosis of LADA is con-
firmed with a positive test for circulating specific 3-cell autoantibodies (glutamic acid
decarboxylase enzyme autoantibodies (GADA), zinc transporter-8 autoantibodies (ZnT8§),
and tyrosine phosphatase-like transmembrane glycoprotein autoantibodies (IA2)) [5-8].
GADA autoantibodies are predominant in the definition of LADA, although detectable
GADA does not always confirm autoimmune diabetes etiology [9]. After verifying the
diagnosis of LADA, the main goal of treatment, as in patients with type 1 diabetes and
type 2 diabetes, is to achieve optimal glucoregulation to prevent the development and
progression of micro- and macrovascular complications.

It is suggested that LADA is not a unique subtype of diabetes but instead represents
a combination of two heterogeneous populations with very different phenotypes. One
phenotype represents type 1 diabetes and the other represents type 2 diabetes [10]. Single
autoantibody positivity and lower titer are more closely related to the type 2 diabetes phe-
notype, whereas the high titer of GADA as well as simultaneous positivity for ZnT8 and
IA2 autoantibodies are more closely associated with the type 1 diabetes phenotype [9,11].
Generally, metabolic syndrome and its component disorders (obesity, blood pressure, and
triglycerides) and cardiovascular disease are more common in patients with LADA than in
classic type 1 diabetes but less common than in those with classic type 2 diabetes [12,13].
Also, the GADA titer is negatively associated with the age of onset, total cholesterol and
triglycerides, obesity, and C-peptide concentrations and positively associated with the
hemoglobin Ajc and high-density lipoprotein cholesterol (HDL-C) concentrations [14].
GADA titer negatively correlates with the C-peptide concentration, and LADA patients
with higher GADA titers show more insulin deficiency [15,16]. Different autoantibody
titers and their positivity affect LADA patients’ different phenotypes and clinical character-
istics [17]. In addition, up to 10% of all patients with type 2 diabetes meet the criteria for
LADA [18].

Diabetes-related comorbidities of patients with LADA and positivity for single or
simultaneous autoantibodies are not fully understood. Some patients develop micro-
and macrovascular complications despite improved glycemic control and independently
of metabolic syndrome features [15,19]. Our study aimed to investigate the relationship
between three specific 3-cell autoantibodies, GADA, IA-2, and ZnT8, and their combination
with anthropometric and metabolic components and with microvascular complications in
adult patients with autoimmune diabetes.

2. Methods
2.1. Study Design and Ethics Statement

This cross-sectional study was performed at the Department of Diabetes and En-
docrinology and Clinical Department of Medical Biochemistry and Laboratory Medicine
at Merkur University Hospital in Zagreb, Croatia. A total of 189 LADA patients aged
over 35 years with a minimum of 1 year since being diagnosed with diabetes and GADA-
positive autoantibodies were included in the study. The study was conducted following the
Declaration of Helsinki and approved by the hospital’s ethics committee (protocol number
05/01-850, approval date: 16 September 2020). All study participants received written and
oral information about the study and signed the written informed consent form.

2.2. Demographic Data, Medical Records, and Clinical Characteristics

Demographic data of patients included age, gender, and diabetes duration. Body
mass index (BMI) was calculated by dividing weight and height squared (kg/m?). Weight
and height were measured using a balance-beam scale and a wall-mounted stadiometer.
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Systolic/diastolic blood pressure (SBP/DBP) were measured with an ambulatory digital
sphygmomanometer after a 10-min resting period using a cuff appropriate to the length
and circumference of the arm and expressed in mmHg.

2.3. Measure of B-Cell Function

Fasting venous blood samples were collected to determine the biochemistry panel,
including glucose, C-peptide, and HbA;c. HbAc was measured in EDTA-anticoagulated
whole blood samples using an automated turbidimetric inhibition immunoassay (HbA;c
Gen 3, Cobas Integra 400 Plus, Roche Diagnostic, Basel, Switzerland), traceable to the
International Federation of Clinical Chemistry and Laboratory Medicine (IFCC) refer-
ence system and reported in National Glycohemoglobin Standardization Program (NGSP)
units (%). Fasting serum C-peptide concentration was determined using an automated
chemiluminescent immunoassay (Advia Centaur XP, Siemens Healthineers, Tarrytown,
NY, USA). HOMA2-%B and HOMA2-IR were determined using the HOMA?2 Calcula-
tor (available at https:/ /www.dtu.ox.ac.uk/homacalculator/download.php, accessed on
14 September 2023; Oxford Centre for Diabetes, Endocrinology and Metabolism, Oxford,
UK). We used fasting blood glucose and serum C-peptide levels to calculate the HOMA2
score. The secretory capacity of the pancreatic islet 3-cells is expressed using the HOMA?2
calculator as HOMA2-%B, where the higher the value, the more insulin the 3-cells can
secrete to respond to blood glucose levels. Higher HOMA2-%B and HOMA2-IR scores
indicate increased insulin sensitivity and insulin resistance, respectively.

2.4. Detection of Autoantibodies

GAD and IA-2 antibodies were analyzed using their respective bridge ELISA im-
munoassays (Euroimmun, Liibeck, Germany) calibrated to international units (IU) with the
1st WHO reference reagent for islet cell antibodies (WHO, 1999, reagent 97 /550, National
Institute for Biological Standards and Control, Hertfordshire, UK). By definition, the NIBSC
97/550 reference reagent contains 100 IU of anti-GAD or anti-IA2 per ampoule. Human
recombinant glutamic acid decarboxylase, isoform GAD65, and human recombinant tyro-
sine phosphatase (IA2) were used as antigens in the respective immunoassays. The lower
detection limits for GAD and anti-IA2 are 0.59 IU/mL and 1.04 IU/mL, respectively, and
the cut-off values are set at 10 IU/mL for both assays.

ZnT8 autoantibodies were detected using a bridge ELISA (RSR Limited, Cardiff,
United Kingdom) capable of detecting and quantifying autoantibodies specific to R 325
(Arg) to W 325 (Trp) or residue 325 non-specific variants. In this assay, ZnT8 Ab in patients’
sera, calibrators, and controls react with ZnT8 coated onto ELISA plate wells. After a
16-20-h incubation, the samples are discarded, ZnT8-Biotin conjugate is added, and ZnT8
Ab in the samples forms a bridge between ZnT8 bound to the wells and ZnT8-Biotin via
polyvalent binding. Unbound ZnT8-Biotin is removed by washing, and the amount of
bound ZnT8-Biotin is determined by adding streptavidin peroxidase (S-P), which binds
specifically to biotin. After washing the unbound S-P, the peroxidase substrate 3,3', 5,5
tetramethyl-benzidine (TMB) is added, which results in a chromogenic reaction. After
stopping the reaction with acidification, the absorbance of the reaction mixture is read
(405/450 nm) using an ELISA plate reader. The absorbance is proportional to the ZnT8
antibody positivity in the sample.

The assay is calibrated against proprietary calibrators manufactured from rabbit serum
positive for ZnT8 Ab and values assigned to the RSR arbitrary units. The assay range is
10-2000 U/mL, with a lower detection limit of 1.2 U/mL and the recommended cut-off for
positivity at 15 U/mL.

The cut-off limit was 5 IU/mL for GADA, 10 IU/mL for IA2 autoantibodies, and
10 U/mL for ZnT8 autoantibodies, respectively [20]. The patients with autoantibody titers
over the established cut-off were considered seropositive [21].
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2.5. Chronic Complications of Diabetes

Renal function was determined using serum creatinine, glomerular filtration rate
(GFR), and albumin/creatinine (A /C) ratio. Serum creatinine was determined using a com-
pensated Jaffe spectrophotometric method traceable to Standard Reference Material 967 pro-
vided by the US National Institute of Standards and Technology (NIST). GFR was estimated
using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula [22],
and a random urine sample was collected to determine the A/C ratio using a turbidimetric
immunoassay and photometric assay, respectively. Normoalbuminuria was defined as an
A/Cratio < 3 mg/mmol and microalbuminuria as an A/C ratio > 3 < 30 mg/mmol. Those
with chronic kidney disease, defined as macroalbuminuria (A/C ratio > 30 mg/mmol)
and/or estimated GFR < 60 mL/min~11.73 m~2, were excluded from the study.

Diabetic retinopathy was diagnosed via binocular indirect slit lamp fundoscopy and
color fundus photographs of two fields of both eyes were taken with a suitable 45° fundus
camera (VISUCAM, Zeiss, Germany) according to the EURODIAB retinal photography
methodology [23]. Evaluation of peripheral sensorimotor neuropathy was based on clinical
symptoms (neuropathy symptom score), signs (neuropathy disability score), quantitative
sensory testing (vibration perception threshold), and electroneuromyography testing.

2.6. Statistical Analysis

The normality of distribution was tested using the Shapiro-Wilk test. Data are ex-
pressed as mean + SD for normally distributed variables and median with range for
non-normally distributed variables. Pearson’s and Spearman’s rank correlations were
used to assess the relationship between normally and non-normally distributed variables,
respectively. Depending on the data distribution, differences between the groups were
examined using parametric (t-test) or non-parametric tests (Mann-Whitney). A p-value
of less than 0.05 was considered statistically significant in all analyses. Statistical analysis
was performed using Stata/IC ver. 14.2, StataCorp LLC, and MedCalc Statistical Software
version 18.11.6 (MedCalc Software bvba, Ostend, Belgium; https://www.medcalc.org;
accessed on 1 January 2019).

3. Results

Among 189 adult subjects (91 males (M) and 98 females (F)) with diabetes and GAD-
positive autoantibodies included in the study, ZnT8 autoantibodies were detected in 81 sub-
jects (M/F = 38/53) and IA-2 autoantibodies in 67 subjects (M/F = 27/40) while 91 subjects
(M/F =53/38) had only GADA positivity. Regarding autoantibody combinations, 31/17
GADA-positive subjects had ZnT8/IA-2 autoantibody positivity, whereas, in 50 subjects,
all three antibodies were detected (Figure 1).

ZnT8+|IA-2+GADA
27%

GADA ONLY
48%

IA2+GADA
9%

ZnT8+GADA
16%

Figure 1. Distribution of 3-cell autoantibodies in GADA-positive adult patients with diabetes. GADA:
glutamic acid decarboxylase antibodies; ZnT8: zinc transporter-8; IA-2: anti-islet-2 antibodies.
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3.1. Autoantibodies and Clinical Phenotype

There were significant differences in age, BMI, diabetes duration, C-peptide levels,
HOMAZ2-IR, and eGFR between four subgroups of patients with various antibody patterns
(GADA only, ZnT8+GADA; IA-2+GADA; and ZnT8+IA-2+GADA). Patients with a com-
bination of either ZnT8+GADA or ZnT8+IA-2+GADA positivity had a shorter diabetes
duration and lower BMI than patients who had GADA only. Compared to the GADA-
only positive subgroup, patients with the ZnT8+GADA combination were younger and
had a higher eGFR, while those with a combination of all three autoantibodies had lower
C-peptide and HOMAZ2-IR values. Also, various antibody patterns were unevenly dis-
tributed according to sex, with predominately males in the subgroups of GADA only and
IA-2+GADA positivity, while there were more females in the subgroups of ZnT8-positive
patients, either combined with GADA alone or IA-2+GADA ()(2 =10.49, df = 3, p = 0.0148).

Males had significantly higher GADA titers than females (p = 0.034; Mann—-Whitney
test), whereas no sex-related differences were observed in other parameters except for BMI
in the entire study cohort.

No significant differences in the variables of fasting plasma glucose, HbA;c, HOMA2-
estimated 3-cell function, TSH, and albuminuria between the subgroups of patients with
various antibody patterns were observed (Table 1).

Table 1. Clinical characteristics of the GAD-positive adult diabetic patients according to the diabetes-
specific autoantibody patterns.

Variable

Antibody-Positivity-Related Subgroup

Entire Cohort

GADA Only  ZnT8+GADA  IA-2+GADA ffésA‘”];‘:' p-Value
N 189 91 31 17 50
% of the total 100 48 16 9 27
Sex (M/F) 91/98 53/38 11/20 10/7 17/33 0.0148
Age (years) 53 (39-63) 56 (42-66) 47 (37-56) * 49 (38-62) 50 (36-60) 0.0261
Diabetes duration (years) 4 (2-11) 6 (2-15) 3(1-7)* 4 (2-8) 2(1-7)* <0.001
BMI (kg/m2) 25.6 (22.0-29.0) 28.0 £ 5.5 247 +56* 25 (22-27) 240 +3.7% <0.001
C-peptide (nmol /L) 0.28(0.18-0.47)  0.33 (0.22-0.54) 0.3 (0.22-0.43)  0.21 (0.12-0.36)  0.22 (0.15-0.35) *  0.0038
HOMA2-B (%) 25.9 (13.4-39.6) 29.4 (15.7-44.4) 18.6 (13.5-33.5)  22.1(9.4-35.4) 23.9 (9.6-36.7) 0.1228
HOMA2-IRI (1/1) 0.84 (0.51-1.39)  0.98 (0.55-1.71)  0.83 (0.65-1.08) 0.82 (0.32-1.00)  0.64 (0.44-1.20) *  0.0327
FPG (mmol/L) 87(7.0-12.0)  85(69-11.3)  9.6(7.5-13.3) 89 (7.2-13.1) 8.5 (6.9-11.5) 0.8432
HbA; ¢ (%) 7.4 (6.5-8.7) 7.4 (6.4-8.8) 7.1 (6.6-9.8) 7.1 (6.0-8.3) 7.4 (6.6-8.4) 0.7247
eGFR (mL/min/1.72 m?) 97 (85-107) 93 (80-101) 106 (94-118) * 100 (91-109) 100 (87-110) 0.0011
U-ACR (mg/mmol) 1.3 (0.6-3.7) 1.5 (0.8-4.9) 15(0.6-42) 0.9 (0.63-1.98) 0.8 (0.5-2.4) 0.0548
TSH (mIU/L) 1.80 (1.20-2.77)  1.87(1.19-2.90) 1.93(1.20-2.82) 152(1.32-2.05) 170 (1.18-2.65)  0.6608

Values are presented as median (interquartile range) or mean £ SD, depending on the data distribution. Chi-
square test for categorical variables; Kruskal-Wallis ANOVA for continuous variables. * p < 0.05 compared to
GADA only subgroup (Dunn’s post-hoc test) (bold values). GADA: glutamic acid decarboxylase antibodies;
ZnT8: zinc transporter-8; IA-2: anti-islet-2 antibodies; HOMA2-B: homeostatic model assessment 2 3-cell function;
HOMAZ2-IRI: homeostatic model assessment 2 insulin resistance index; eGFR: estimated glomerular filtration rate;
U-ACR: urinary albumin to creatinine ratio.

GADA titers were significantly higher in the ZnT8+GADA subgroup but not in the
IA-2+GADA and ZnT8+IA-2+GADA-positive subgroup when compared to GADA-only
positive patients (Figure 2). There were no significant differences in the titers of ZnT8
and IA-2 autoantibodies between the subgroups of ZnT8+GADA and ZnT8+IA-2+GADA-
positivity (p = 0.1423) and IA-2+GADA and ZnT8+IA-2+GADA-positivity (p = 0.0576),
respectively (Mann-Whitney U test).
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Figure 2. GADA titers in subgroups of patients with various diabetes-specific autoantibody patterns.
GADA-only autoantibodies were present in 91 patients, ZnT8+GADA in 31 patients, IA-2+GADA
in 17 patients, and ZnT8+IA-2+GADA in 50 patients. The results are medians/IQR (Kruskal-Wallis
ANOVA followed by Dunn’s post-hoc test). GADA: glutamic acid decarboxylase antibodies; ZnT8:
zinc transporter-8; IA-2: anti-islet-2 antibodies.

ZnTS8 positivity was associated with lower BMI (OR/C.I. = 0.8788/0.8086 to 0.9551,
p = 0.0024), female sex (OR/C.I. = 4.0371/1.8325 to 8.8960, p = 0.0005), and shorter dura-
tion of disease (OR/C.I = 0.8933/0.8284 to 0.9633, p = 0.0034). On the other hand, IA-2
positivity could be predicted with lower C-peptide levels (OR/C.I. = 0.0675/0.0111 to
0.4102, p = 0.0034) and shorter duration of disease (OR/C.I. = 0.9347/0.8829 to 0.9896,
p = 0.02025). Other variables included in the logistic regression model, including GADA
titer, HOMA2-B, HOMAZ2-IR, eGFR, and HbA;c, could not predict ZnT8 and IA-2 anti-
body positivity, respectively. Thirty-four patients (17%) had hypothyroidism, assessed as
either TSH level > 4.5 mIU/L, levothyroxine replacement therapy, or both. GADA titer
and HOMAZ2-B were significant predictors of hypothyroidism (OR/C.L. = 1.0011/1.0006
to 1.0016, p = 0.0001 and 1.0228/1.0042 to 1.0417, p = 0.0160, respectively). There were no
associations between thyroid status and age, sex, duration of diabetes, BMI, and ZnT8/IA-2
positivity in the logistic regression model used.

3.2. Associations with Glucose Control and Complications

A multiple logistic regression analysis revealed that GADA titer, duration of diabetes,
and HOMAZ2-estimated (-cell function significantly predicted glucose control, set at an
HbA ¢ cut-off of 7.0%, while age, sex, BMI, HOMAZ2-IR, and positivity for IA-2 and ZnT8
antibodies did not influence glucose control (Table 2). The model was significant (x* =37.6,
p < 0.0001) and correctly classified 71.3% of the cases (AUC = 0.783, SE = 0.038; C.I. = 0.7007
to 0.847).
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Table 2. Predictors of glucose control (HbAjc < 7.0%/N = 100—good control;HbAc > 7.0%/
N = 89—poor control) in GADA-positive adult diabetic patients.

Variable Odds Ratio 95% Conf. Interval p-Value

GADA (U/mL) 1.0008 1.0004-1.0011 <0.0001
HOMAZ2-B (%) 0.9670 0.9478-0.9865 0.0010
Duration of diabetes (years) 1.0804 1.0200-1.1444 0.0084

Multiple logistic regression analysis. Variables not retained in the model: age, sex, BMI, IRI, IA-2 positivity,
ZnT8 positivity. GADA: glutamic acid decarboxylase antibodies; HOMA2-B: homeostatic model assessment
2 B-cell function.

No association between antibody positivity and microvascular complications of
diabetes including retinopathy, neuropathy, and microalbuminuria were found. Also,
neither BMI nor (-cell function, insulin resistance, HbAjc, sex, and eGFR were signif-
icant determinants of microvascular complications in the multiple logistic regression
model. However, the duration of diabetes had a remarkable effect, significantly pre-
dicting retinopathy, neuropathy, and microalbuminuria (OR/C.I. = 1.1499/1.0713 to 1.2344,
p = 0.0001; 1.1169/1.0321 to 1.2087, p = 0.0060 and 1.0846/1.0257 to 1.1468, p = 0.0044,
respectively). Furthermore, hypertension was positively associated with microalbuminuria
(OR/C.I. =4.7287/1.8996 to 11.7713, p = 0.008), and age was positively associated with
neuropathy (OR/C.I. = 1.0639/1.0252 to 1.1041, p = 0.0011).

4. Discussion

This cross-sectional study included GADA-positive adult diabetic patients classified
according to the presence of other (3-cell autoimmune markers (ZnT8 and IA2) into groups
with single, double, and triple antibody positivity. Our study included only GADA-positive
adult diabetic patients because it is questionable whether positivity for a single low-titer
islet autoantibody other than GADA is a reliable indicator of autoimmune disease. GADA
titers were significantly higher in the ZnT8+GADA subgroup but not in the IA-2+GADA
and ZnT8+IA-2+GADA-positive subgroups when compared to GADA-only positive pa-
tients. Although ZnTS8 is an autoantibody antigen used to diagnose type 1 diabetes, ZnT8
autoantibodies are also detected in many patients with LADA. Unlike GADA and IA-2,
the ZnT8 autoantibody is exclusively expressed in pancreatic 3-cells and targets the au-
toimmune process in adult-onset diabetes [24]. In addition, the prevalence of ZnT8 autoan-
tibodies is low in younger individuals but increases dramatically from 3 years onward,
peaking at 80% in late adolescence and tending to decline after that [25]. We also observed
more females in the subgroups of ZnT8-positive patients combined with GADA alone or
IA-2+GADA. It is well known that females have an increased incidence of autoimmune
diseases generally, although no gender difference in the incidence of type 1 diabetes was
found [26]. ZnT8 autoantibodies were detected in a significant proportion of our patients
and thus seem to be a valuable marker of patients with adult-onset autoimmune diabetes.
On the contrary, it is suggested that GADA and/or IA-2 antibody positivity in middle-aged
individuals at risk for diabetes is not a clinically relevant risk factor for progression to
diabetes [27].

Patients with a combination of either ZnT8+GADA or ZnT8+1A-2+GADA positivity
had a shorter diabetes duration, lower C-peptide and HOMAZ2-IR values, and younger age
with lower BMI than patients who had GADA only. Compared to only GADA-positive
adult diabetic patients, those with multiple antibodies exhibited characteristics more similar
to those of type 1 diabetes, with a younger age at disease onset, lower BMI, lower C-peptide
level, and higher insulin sensitivity [24,28]. Multiple autoantibody positivity can identify
patients with a more severe form of 3-cell exhaustion in whom early insulinization might
be needed to preserve (3-cell function [29]. Those with a single GADA positivity exhibited
characteristics similar to those with classic type 2 diabetes. In a clinical setting, it is essential
to differentiate these two clinical phenotypes within the adult patient population because
the prevalence of LADA has reached a high level in some countries. Nowadays, there

141



Biomedicines 2023, 11, 2561

is an increased prevalence of LADA in up to 5.9% of newly diagnosed patients with
type 2 diabetes over the age of 30 and in almost 65% of patients with newly diagnosed
T1DM in China [30].

A multiple logistic regression analysis revealed that GADA titer, along with the
duration of diabetes and HOMA2-estimated (3-cell function, significantly predicted glucose
control, set at an HbAc cut-off of 7.0%, while IA-2 and ZnT8 antibodies did not influence
glucose control. Patients with a high GADA titer have an accelerated loss of 3-cell function
early in the development of the disease, and those with a high GADA titer have worse
glycemic control despite higher insulin requirements [31]. In contrast, in patients with
type 1 diabetes at diabetes diagnosis, there were no differences in the ZnT8 autoantibody
status according to HbAc, and during diabetes follow-up, there were no statistically
significant differences in glycemic control and vascular complications related to ZnT8
autoantibody positivity [32]. In addition, in patients with type 2 diabetes, although ZnT8-
positive participants experienced a loss of glycemic control during treatment, they exhibited
lower rates of diabetic complications than other groups [33].

No association between autoantibody positivity and microvascular complications of
diabetes including retinopathy, neuropathy, and microalbuminuria were found in our study.
The apparent explanation is that our cohort had a short duration of diabetes (4 years) with
reasonably controlled glycemia (median HbA;c 7.4%). However, as previously mentioned,
ZnT8 antibody positivity in patients with type 2 diabetes was associated with a lower rate
of diabetic complications despite a loss of glycemic control on treatment [33]. Also, GAD-
positive patients with recent onset of type 1 diabetes reported worse glycemic control but
without clinical neuropathy and slightly decreased somatosensory and autonomic nerve
function [34]. In our study, patients with single GADA and ZnT8+GADA positivity had a
marginally higher (non-significant) risk of microalbuminuria. However, it was documented
that in LADA patients, compared with the GADA-negative patients, microalbuminuria was
less frequent both at baseline and during follow-up [35]. In another study, patients with
GADA had a significantly lower prevalence of diabetic retinopathy compared with patients
without GADA (19.2 vs. 47.9%; p < 0.05), with a similar prevalence of nephropathy and
neuropathy [36]. In patients with a long duration of type 1 diabetes, higher GADA levels
were shown to be more common in patients with peripheral neuropathy and less likely
in patients with severe retinopathy [37]. In support of that data, we previously observed
in a sample of 461 LADA patients that GADA is associated with peripheral neuropathy;
however, that cohort has a significantly longer duration of diabetes compared to this
study [38]. There is no consensus, and the majority of cross-sectional studies did not reveal
significant associations between specific 3-cell autoantibodies and the risk of development
of microvascular complications in diabetes [39,40]. It seems that the assessment of diabetes-
associated autoantibodies at diagnosis does not help predict the development of future
microvascular complications, although higher GADA levels have been associated with
subsequent nerve damage [41].

Due to increased LADA prevalence in clinical settings, earlier identification of patients
requiring frequent monitoring with the earlier intensification of insulin therapy might be
of particular clinical interest. Those with simultaneous GADA, ZnT8§, and IA-2 positivity
have a more severe form of 3-cell autoimmunity, and their residual (3-cell function might
be preserved by early introduction of insulin therapy [42]. A high GADA titer with ZnT8
and IA-2 positivity in the first year after diagnosis significantly increases the progression
toward insulin requirement in patients with LADA [43]. Although a high titer of GADA
is generally connected with a shorter insulin-free period, results from the significant
and essential United Kingdom Prospective Diabetes Study (UKPDS) suggest that GADA
autoantibodies persist for six years after diagnosis of LADA but are not associated with
disease progression [44]. Several autoantibodies, more so than high titers of GADA, predict
insulin dependence, and the presence of multiple (3-cell autoantibodies is highly correlated
with a faster decline of islet function in patients with LADA [45,46].
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The present study has several potential limitations. First, this was a single hospital-
based cross-sectional study with a limited number of study participants that most probably
are not representative of the population of LADA. Therefore, the data must be confirmed in
prospective studies with more patients. Second, our analyses were based on a single mea-
surement of autoantibodies, which might not reflect the dynamic nature of autoimmunity
over time. Third, clinical methods used to diagnose diabetic retinopathy and neuropathy
may influence the results, making it difficult to compare findings between studies. Fourth,
since our study only included patients from the white European population, there was no
racial/ethnic diversity.

In conclusion, our study, which included 189 adult LADA patients, revealed diverse
associations between individual-specific 3-cell autoantibodies and their combination with
clinical and metabolic phenotypes. The patients with a single GADA positivity exhibited
characteristics more similar to those with classic type 2 diabetes, while those with positivity
to all three autoantibodies had clinical and metabolic characteristics of classic type 1 dia-
betes. In a clinical setting, it is essential to differentiate these two clinical phenotypes within
the adult patient population because the prevalence of LADA nowadays is increasing sig-
nificantly due to the growing awareness of this subtype of diabetes. A diagnostic approach
using multiple specific 3-cell antibodies may help identify subpopulations of adult patients
with diabetes requiring more frequent monitoring to improve patient outcomes. No associ-
ation between antibody positivity and microvascular complications of diabetes was found
in our study, probably because of the short duration of diabetes and relatively satisfactorily
controlled disease. However, the relationship between (3-cell autoimmunity and chronic
complications of diabetes merits further investigation in long-term prospective studies.
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Abstract: Background: Aging plays an essential role in the development of diabetic nephropathy
(DN). This study aimed to identify and verify potential aging-related genes associated with DN using
bioinformatics analysis. Methods: To begin with, we combined the datasets from GEO microarrays
(GSE104954 and GSE30528) to find the genes that were differentially expressed (DEGs) across samples
from DN and healthy patient populations. By overlapping DEGs, weighted co-expression network
analysis (WGCNA), and 1357 aging-related genes (ARGs), differentially expressed ARGs (DEARGs)

were discovered. We next performed functional analysis to determine DEARGs’ possible roles.

Moreover, protein—protein interactions were examined using STRING. The hub DEARGs were
identified using the CytoHubba, MCODE, and LASSO algorithms. We next used two validation
datasets and Receiver Operating Characteristic (ROC) curves to determine the diagnostic significance
of the hub DEARGs. RT-qPCR, meanwhile, was used to confirm the hub DEARGs’ expression levels

in vitro. In addition, we investigated the relationships between immune cells and hub DEARGs.
Next, Gene Set Enrichment Analysis (GSEA) was used to identify each biomarker’s biological role.

The hub DEARGs’ subcellular location and cell subpopulations were both identified and predicted
using the HPA and COMPARTMENTS databases, respectively. Finally, drug—protein interactions
were predicted and validated using STITCH and AutoDock Vina. Results: A total of 57 DEARGs were
identified, and functional analysis reveals that they play a major role in inflammatory processes and
immunomodulation in DN. In particular, aging and the AGE-RAGE signaling pathway in diabetic
complications are significantly enriched. Four hub DEARGs (CCR2, VCAM]1, CSFIR, and ITGAM)

were further screened using the interaction network, CytoHubba, MCODE, and LASSO algorithms.

The results above were further supported by validation sets, ROC curves, and RT-qPCR. According
to an evaluation of immune infiltration, DN had significantly more resting mast cells and delta
gamma T cells but fewer regulatory T cells and active mast cells. Four DEARGs have statistical
correlations with them as well. Further investigation revealed that four DEARGs were implicated in

immune cell abnormalities and regulated a wide range of immunological and inflammatory responses.

Furthermore, the drug—protein interactions included four possible therapeutic medicines that target
four DEARGs, and molecular docking could make this association practical. Conclusions: This study
identified four DEARGs (CCR2, VCAM]1, CSFIR, and ITGAM) associated with DN, which might
play a key role in the development of DN and could be potential biomarkers in DN.

Keywords: diabetic nephropathy; aging; diagnostic biomarker; immune cell infiltration; molecular
docking
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1. Introduction

Diabetic kidney disease (DN), one of the most common microvascular effects of
diabetes, is the leading cause of end-stage renal disease (ESRD) worldwide [1]. The major
lesion of DN, visible in the glomeruli, is characterized by extracellular matrix deposition and
basement membrane thickening [2]. There is still much to learn about the pathogenesis and
etiology of DN. Historically, the presence of microalbuminuria (MA) and the progression of
diabetes mellitus (DM) have been used to make an early diagnosis of DN [3]. This approach
is ineffective, though, as only 30% of cases had pathology confirm them, and the remaining
cases were DM with primary glomerular illnesses present [4]. The lack of complete and
efficient therapy for DN makes it the main contributor to renal dysfunction and ESRD
development [5]. Even though there are several potential causes of DN, including obesity,
heredity, and environment, the general pathophysiological pathways remain unknown.
Consequently, understanding the causes of DN is essential for discovering and identifying
diagnostic biomarkers for the incidence and progression of DN.

Recent research shows that DN is highly associated with accelerated aging in various
cell types, including endothelial, tubular, and podocyte cells [6-8]. Increased cortical
surface roughness, the number of cysts, and reduced cortical volume are just a few of the
macrostructural changes that the aging kidneys experience [9]. These changes correspond
to the typical microstructural features of glomerulosclerosis, tubular atrophy, interstitial
fibrosis, and nephron loss [10]. Notably, mesangial and tubular cells were susceptible to
direct cellular senescence induction by hyperglycemia [11-14]. Low-grade inflammation
and cellular aging could be promoted by excessive glucose, which is also capable of making
macrophages release SASP components [15]. Along with hyperglycemia, AGE generation,
oxidative stress induction, chronic persistent inflammation, glucose toxicity, and lipid
metabolism problems could all work in concert to foster the development of a favorable
milieu for aging cells [16]. Aging is also accompanied by dysregulation of the immune
system, which is characterized as immune aging and involves impaired immune responses
and overwhelming inflammation [17]. Immune dysregulation and inflammation linked
with immune aging have been identified as risk factors for a wide range of age-related
illnesses [18,19]. Immune aging can eventually lead to increased vulnerability to age-related
comorbidities such as cancer, autoimmune illnesses, and infectious diseases [20].

In this investigation, we employed gene expression profiles specific to DN, combined
with aging-related databases, bioinformatic analyses, and validation tests, to identify aging-
associated genes that serve as potential biomarkers for DN development. Furthermore, we
elucidated the immune mechanisms underlying DN by conducting an immune infiltration
analysis, thereby uncovering the immunological basis of these biomarkers. Our study
aimed to provide novel insights into the intricate relationship between aging, immune
responses, and the progression of DN.

2. Material and Methods

This study’s objective was to investigate DN-related gene sets via the lens of ARGs.
The study flowchart is depicted in Figure 1.

2.1. Data Preprocessing and Differentially Expressed Genes (DEGs) and Aging-Related Genes
(ARGs) Identifying in DN

First, to investigate the DEGs in DN patients compared to healthy individuals, we
obtained the gene expression profiles of DN patients from the publicly available GEO
database. The NCBI GEO GSE104954 and GSE30528 datasets provided datasets with
clinical details on DN and healthy kidney samples. The 7 DN kidney tissues and 18 normal
tissues in the GSE104954 data set were based on the Affymetrix Human Genome U133 Plus
2.0 Array of the GPL22945 platform. The 9 DN kidney tissues and 13 normal tissues in the
GSE30528 data set were based on the Affymetrix Human Genome U133A 2.0 Array of the
GPL571 platform. We processed the datasets using the inSilicoMerging [21] R program
to combine the various datasets. In order to exclude group effects, we also applied the
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Johnson et al. technique [22]. The follow-up analysis of this study includes a total of 16 DN
samples and 31 normal tissue samples. The limma R tool was then used in differential
analysis to find the genes that differ between the DN group and the control group [23]. The
| fold-change (FC) | > 1.5 and p-value < 0.05 were the statistical thresholds for screening
RNA expression. Subsequently, in order to obtain ARGs, we retrieved 1357 ARGs from the
GeneCards database (Supplementary Table S1) with a relevance score of greater than 5 [24].
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Figure 1. The study flowchart for DN based on integrative bioinformatics approaches and machine-
learning strategies.

2.2. Identification of Clinically Significant Modules Based on Weight Gene Correlation Network
Analysis (IWGCNA)

Next, we employed the WGCNA to further identify gene clusters that play crucial
roles in the onset and progression of DN. In order to create the scale-free co-expression
network, we removed outlier DEGs and probes using the R program WGCNA. To be
more precise, all pair-wise genes were first subjected to the average linkage approach
and Pearson’s correlation matrices. A soft-thresholding parameter, 3, emphasized strong
gene connections and penalized weak ones. In order to measure the network connectivity
of a gene, which is defined as the sum of its adjacency with all other genes for network
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gene ratio, the adjacency was transformed into a topological overlap matrix (TOM) after
selecting the power of 6, and the corresponding dissimilarity (1-TOM) was calculated.
Average linkage hierarchical clustering was carried out using the TOM-based dissimilarity
measure with a minimum size (gene group) of 10 for the gene dendrogram in order to
arrange genes with comparable expression profiles into gene modules. We determined the
dissimilarity of the module eigengenes, selected a cut line for the module dendrogram, and
combined several modules in order to further investigate the module.

2.3. Functional Enrichment Analysis of DEGs and DEARGs

Furthermore, we performed functional enrichment analysis to explore the biological
roles of DEGs and DEARGs in DN. Based on the Molecular Signatures Database (MSigDB)
and the DAVID database, we obtained gene annotations for the Human Phenotype Ontol-
ogy (HPO), Gene Ontology (GO), and Kyoto Encyclopedia of Genes and Genomes (KEGG),
respectively. We used the ClusterProfiler R package and DAVID database to perform HPO,
GO, and KEGG function analysis to acquire the results of the DEGs enrichment. Statistical
significance was defined as p-value < 0.05. The maximum and minimum gene sets are 5000
and 5, respectively.

2.4. Identification of Hub Biomarkers Based on Protein—Protein Interaction (PPI) and Machine
Learning Algorithm

Moreover, we employed PPI analysis and a machine learning algorithm to identify hub
biomarkers that play pivotal roles among DEARGs. The STRING database was utilized to
examine the interactions of different module genes with filtering criteria (score > 0.4). The
network was displayed using Cytoscape 3.8.1. The Molecular Complex Detection (MCODE)
plug-in for Cytoscape was used to examine the primary functional modules. These criteria
for selection are defined as follows: K Core = 2, Cut Grade = 2, Maximum Depth = 100, Cut
Node Score = 0.3. Each node gene is scored using the Maximum Clique Centrality (MCC)
by the cytoHubba plug-in for Cytoscape. The top 10 nodal genes of each algorithm’s MCC
score were used to screen for the pivot genes. Then, the hub biomarkers were found using
Cox regression with the Least Absolute Shrinkage and Selection Operator (LASSO). Based
on the 3-fold cross-validation method, we calculated the penalty parameter, selected the
best value corresponding to the lowest cross-validation error, and listed the gene names
matching that value utilizing the “glmnet” software package. The GeneMANIA database
(http://genemania.org/ (accessed on 1 May 2023)) is a website for building PPI networks.
Using GeneMANIA, we identified PPI networks of hub biomarkers in this study.

2.5. Diagnostic Value of Characteristic Biomarkers and Data Validation in DN

To validate the diagnostic value of the selected hub genes, we built a logistics model
and visualized the results with the ggplot2 package. The area under the ROC curve was
used to evaluate the biomarkers’ diagnostic value (AUC, which was between 0.5 and 1). The
diagnosis is more accurate when the AUC is near 1. Additionally, we also utilized the RNA
expression datasets GSE104948 (which included 7 DN samples and 18 control samples) and
GSE30529 (which included 10 DN samples and 12 control samples) as validation sets to
conduct a controlled reliability study.

2.6. RT-gPCR

The SV40-MES-13 mouse mesangial cell line was obtained from BNCC Biological
Technology (Beijing, China) and cultured in DMEM medium (Solarbio, Beijing, China)
supplemented with 10% fetal bovine serum (FBS; BI) and 1% penicillin/streptomycin. The
cells were incubated at 37 °C in a 5% CO2-humidified atmosphere. Control cells were
cultured in a normal medium containing 5.5 mM glucose, while the model cells were
treated with 40 mM high glucose for 24 h. Total RNA was isolated from the cells using the
TRIzol kit (Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer’s
protocol. The isolated RNA was then reverse-transcribed into cDNA using the M-MuLV
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First Strand cDNA Synthesis Kit (Sangon Biotech, Shanghai, China). Quantitative real-time
PCR was performed using the SYBR Premix EX Taq™ II (Tli RNaseH Plus) kit (Takara Bio,
Inc., Kusatsu, Japan) and an ABI Stepone plus PCR system (ABI, Oakland, CA, USA). The
expression levels of the hub genes were normalized to GAPDH and analyzed using the
2-84C method. The primer sequences can be found in Supplementary Table S17.

2.7. Evaluation of Immune Cell Infiltration and Correlation Analysis between Diagnostic Markers
and Infiltrating Immune Cells

The expression of immune cells plays a crucial role in the development of kidney
diseases. In order to estimate the frequency of immunological invasion, the 1000 permuta-
tion deconvolution method CIBERSORT [25] converts the expression matrix into different
immune cell types. Then, generate a histogram to illustrate the different cell components. A
correlation heatmap of different cell components was created to show associations between
different subtypes. A box plot was also used to show the differential analysis between
immune cells from DN and healthy tissue. A correlation analysis of Spearman’s rank was
utilized to examine and illustrate relationships between the detected biomarkers and the
quantity of invading immune cells using dot-bar graphs.

2.8. Gene Set Enrichment Analysis (GSEA) of Biomarkers

In order to explore the possible roles of the chosen biomarkers in DN, we used the
GSEA analysis [26] to explore Human Phenotypic Ontology, GO items, and KEGG path-
ways. Based on the biomarker expression levels, all samples were split into low-expression
groups (50%) and high-expression groups (50%). Reference gene sets included the Molecu-
lar Signatures Database datasets ¢5.go.bp.v7.4.symbols.gmt, c2.cp.kegg.v7.4.symbols.gmt,
and c5.hpo.v7.4.symbols.gmt. For GSEA analysis with default settings, p < 0.05 was re-
garded as statistically significant.

2.9. Single-Cell Expression Analysis and Subcellular Localization of Biomarkers

On the basis of the HPA database [27,28] (https:/ /www.proteinatlas.org/ (accessed
on 1 May 2023)), single-cell data and transcriptional data were utilized to assess the
expression of biomarkers in kidney cells. Based on the COMPARTMENTS database
(https:/ /compartments.jensenlab.org/ (accessed on 1 May 2023)), we also predicted bio-
marker protein subcellular localization. This website serves as a prediction tool for proteins’
subcellular locations.

2.10. Drug—Protein Interaction and Molecular Docking Analysis of Biomarkers

The Drugbank database (https://go.drugbank.com/ (accessed on 1 May 2023)) was
used to identify existing or possibly relevant drug compounds in order to investigate
drug—protein interactions. The 3D structures of target proteins and ligands were found
using the AlphaFold Protein Structure database (https://alphafold.ebi.ac.uk/ (accessed on
1 May 2023)) and the PubChem database (https://pubchem.ncbi.nlm.nih.gov/ (accessed
on 1 May 2023)). Docking simulations and visualizations were performed and presented
using PyMOL software 2.3.0 and AutoDock Vina 1.2.0 [29,30].

2.11. Statistical Analysis

Statistical analyses were conducted using GraphPad Prism 8.0.2 and R (version 4.2.1).
For comparing data between two groups, either Student’s t-test or Mann-Whitney U-test
was applied, depending on the normality of the data. A significance level of p < 0.05
was considered statistically significant. The level of significance was denoted as follows:
*p <0.05 *p<0.01, ** p <0.001, and **** p < 0.0001.
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3. Results
3.1. Data Preprocessing

Firstly, to obtain gene expression profiles of DN patients, we downloaded two large-
scale clinical datasets, GSE104954 and GSE30528, from the GEO database. We eliminated
batch impact from the gene expression matrix after merging the GSE104954 and GSE30528
datasets (Supplementary Tables S2 and S3). The box diagram in Figure 2A,B demon-
strated that the datasets” sample distributions differed significantly before batch impact
was eliminated, implying batch variance’s existence. After batch impact removal, the
datasets” sample median distributions tend to be the same. In addition, UMAP findings
in Figure 2C,D indicated that the two datasets were independent of one another and did
not intersect before batch impact was removed. After batch variance was removed, the
sample distributions tended to be similar. Moreover, density curves in Figure 2E,F revealed
a substantial variation between the two datasets” sample distributions prior to batch im-
pact exclusion. After it was removed, the sample distributions between the datasets were
almost consistent.

C E

UMAP_1 .
Expression

Figure 2. Data preprocessing. (A,B) Box diagram shows the dataset sample distributions before and
after batch removal. (C,D) UMAP shows the dataset sample distributions before and after batch
removal. (E F) Density map shows the dataset sample distributions before and after batch removal.

3.2. Identification and Function Enrichment of DEGs for DN

We obtained the DEGs from the gene expression matrix after merging the datasets.
A total of 559 genes were screened as DEGs under the conditions of p-value > 0.05 and
| fold-change (FC)| > 1.5, with 270 genes up-regulated and 289 genes down-regulated
(Figure 3A,B) (Supplementary Table S4). The biological functions and pathways related
to 559 DEGs were then examined using HPO, GO, and KEGG enrichment analyses
(Supplementary Tables S5-57). The top 10 HPO results showed that abnormal renal glomeru-
lus morphology, abnormal renal cortex morphology, nephrotic syndrome, glomerulonephri-
tis, and abnormal urine protein levels were significantly enriched (Figure 3C), which
confirmed our data’s dependability. More importantly, the top 10 GO analysis showed
that a large number of biological processes related to immune and inflammatory responses
were significantly enriched, including inflammatory response, immune response, antigen
processing, and presentation of exogenous peptide antigen via MHC class 1II, positive
regulation of T cell activation, positive regulation of ERK1 and ERK2 cascade, and cellular
response to interleukin-1 (Figure 3D). In addition, cell adhesion, angiogenesis, and positive
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regulation of cell migration were also enriched. In terms of the KEGG pathway, comple-
ment and coagulation cascades, cytokine-cytokine receptor interaction, the AGE-RAGE
signaling pathway in diabetic complications, and the NF-kappa B signaling pathway were
significantly enriched (Figure 3E). The findings above clearly imply that inflammation and
autoimmunity are crucial components of DN development.
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Figure 3. Identification and function enrichment of DEGs for DN. (A,B) Volcano plot and cluster
heatmap show DEGs between the DN and control group. (C) Human phenotype ontology analysis
for DEGs. (D) GO biological processes analysis for DEGs. (E) KEGG pathway analysis for DEGs.

3.3. Weighted Gene Co-Expression Network Construction and Identification of Clinically
Significant Modules

In order to determine the critical modules most closely related to DN, WGCNA was
carried out using the combined gene expression profile (Supplementary Table S8). Then,
when R2 = 0.86 and the average connectivity is high, we set the soft threshold to 10
(Figure 4A,B). After combining strong association modules with a cluster height limit of
0.25, a total of 19 modules were found (Figure 4C). Then, the clustering of module feature
vectors was explored, and the results showed the distance between them (Figure 4D). The
relationships between modules and clinical symptoms were also investigated. The top
4 results demonstrated the strongest correlation between the “group” attribute (i.e., DN
and Control) and the brown module, the royal blue module, the salmon module, and the
green module, especially the green module (Figure 4E,F).

To comprehend the biological roles that the green module’s genes perform, we car-
ried out functional enrichment (Supplementary Tables S9-S11). The top 10 HPO results
demonstrated that abnormal inflammatory response, abnormal lymphocyte morphology,
immunodeficiency, abnormal immune system morphology, abnormality of the lymph
nodes, and lymphopenia were significantly enriched (Figure 4G). According to the results
of GO and KEGG analysis, DEGs in the green module were related to numerous biological
processes and pathways that were linked to infection, inflammation, and autoimmunity.
GO enrichment analysis showed that the green module’s genes have immune response,
inflammatory response, antigen processing and presentation, innate immune response,
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antigen processing and presentation of exogenous peptide antigen via MHC class II, posi-
tive regulation of T cell activation, and cellular response to interleukin-1 (Figure 4H). In
addition, cell adhesion, positive regulation of apoptotic process, and defense response
were also enriched, showing their potential pathogenesis in DN. More importantly, KEGG
analysis was associated with cell adhesion molecules, Type I diabetes mellitus, complement
and coagulation cascades, and NF-kappa B signaling pathway (Figure 4I).
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Figure 4. Identification of DN-associated key modules based on WGCNA analysis. (A) Scale-free
fitting index analysis and mean connectivity of soft threshold power from 1 to 30. (B) Clustering
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module genes. (I) KEGG pathway analysis for green module genes.
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3.4. Identification and Function Enrichment of DEARGs for DN

Then, the DEGs, the WGCNA green module genes, and aging-related genes were over-
lapping. We intersected 57 genes (DEARGsS) in total (Figure 5A). The heat map displayed
the expression features for 57 DEARGs in DN individuals as well as controls (Figure 5B).
In addition, a functional analysis was performed on the 57 DEARGs (Supplementary
Tables 512-514). In HPO results, abnormal circulating creatinine concentration, abnormal
circulating nitrogen compound concentration, hyperuricemia, severe infection, and renal
corticomedullary cysts were enriched (Figure 5C). In BP results, the leukocyte cell-cell
adhesion, inflammatory response, immune response, aging, and humoral immune response
were enriched (Figure 5D). The KEGG results indicated that complement and coagulation
cascades, cell adhesion molecules, AGE-RAGE signaling pathway in diabetic complications,
and cytokine-cytokine receptor interaction might participate in the pathogenesis of DN

(Figure 5E).
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3.5. Identification of Hub DEARGs with a Least Absolute Shrinkage and Selection Operator
(LASSO) Algorithm

To further explore DN-associated hub DEARGs and relative mechanisms, we up-
loaded the aforementioned 57 DEARGs to the STRING website and built a PPI network
consisting of 51 nodes and 297 edges (Figure 6A) (Supplementary Table S15). The top
10 genes among the 51 nodes with a high binding degree were identified using the MCODE
and MCC calculation algorithms in Cytoscape (Figure 6B). We selected the candidate genes
for feature gene screening through LASSO regression. The results of the LASSO regres-
sion identified four hub DEARGs (CCR2, VCAMI1, CSF1R, and ITGAM) with non-zero
regression coefficients and the optimal lambda value of lambda. min = 0.16 (Figure 6C,D).
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Figure 6. Identification of hub DEARGs of DN. (A) PPI network of DEARGs. (B) Venn diagram
showing the intersections of the DEARGs by cytoHubba and MCODE. (C,D) Four feature genes
with non-zero coefficients were selected by optimal lambda based on the LASSO regression model.
(E) GeneMANIA database showing DEARGs and their co-expression gene networks.

The GeneMANIA database was then used to study the hub DEARGs co-expression
networks and probable roles (Figure 6E) (Supplementary Table S16). We discovered a
complex PPI network with 0.60% protein domain, 1.88% pathway, 2.87% genetic relation-
ships, 3.64% co-localization, 5.37% predicted interactions, 8.01% co-expression, and 77.64%
physical interactions. According to a function study, they were mostly linked to various
immunological and inflammatory processes, including positive regulation of leukocyte
migration, granulocyte chemotaxis, cellular extravasation, granulocyte migration, mononu-
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clear cell migration, a protein complex involved in cell adhesion, and cytokine receptor
binding, indicating their critical involvement in the etiology of DN.

3.6. RT-qPCR and Datasets Validation and Diagnostic Value of Hub DEARGs for DN

In order to confirm the expression of CCR2, VCAMI, CSFIR, and ITGAM in DN,
we created an in vitro high glucose-induced human mesangial cell model. We discov-
ered that, compared to control subjects, these proteins were all substantially expressed
in the cells of the model group, revealing the accuracy of our bioinformatics predic-
tions (Figure 7A) (Supplementary Table S17). Further analysis was done on the other
two new DN-related datasets, GSE104948 and GSE30529 (Figure 7B,C). Verification re-
vealed that hub biomarker expressions were all higher in DN groups than in control
groups (Supplementary Table S18). The results fully validated the presumption that CCR2,
VCAM]1, CSFIR, and ITGAM may serve as DN diagnostic biomarkers.
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Next, we used ROC curves to investigate the association between hub DEARG expres-
sions and DN patient prognosis in order to evaluate the potential predictive usefulness
of four hub markers in DN (Supplementary Table 519). High diagnostic specificity and
sensitivity for DN were regarded as having an AUC greater than 0.800. According to
Figure 7D, CCR2 is 0.889 (95% CI: 0.775-1.000), VCAML1 is 0.881 (95% CI: 0.777-0.986),
CSF1R is 0.839 (95% CI: 0.700-0.978), and ITGAM is 0.869 (95% CI: 0.749-0.989). Moreover,
the AUC values of two new DN-related datasets also showed excellent diagnostic utility
(Figure 7E,F). The findings demonstrated the high DN diagnostic value of CCR2, VCAM]1,
CSFIR, and ITGAM.

3.7. Immune Cell Infiltration Analysis

To analyze immunological patterns in DN and normal tissues, we used CIBERSORT
to compute the proportion of 22 immune cells in each sample through the matrix of gene
expression (Supplementary Table 520). Each sample’s 22 different categories of immune
cells were represented by a histogram (Figure 8A). Each histogram’s colors showed the
immune cell percentages, with a sum of 1 for each sample. The findings showed that the
most prevalently infiltrated immune cells in all 47 samples were resting dendritic cells
(47), plasma cells (46), regulatory T cells (46), and M2 macrophages (46). Eosinophils (2),
CD4 memory resting T cells (2), and CD4 naive T cells (7) were infiltrating less, though.
In the subsequent study, the correlation between 22 categories of immuno-infiltrated cells
in two groups was investigated (Figure 8B). Delta gamma T cells were strongly positively
correlated with activated CD4 memory T cells and negatively correlated with regulatory T
cells and activated mast cells, according to the correlation heat map of different immune
cells. Violin plots of the differential in immune cell infiltration revealed that compared to
the normal control sample, memory B cells, naive CD4 T cells, delta gamma T cells, and
resting mast cells infiltrated more, whereas naive B cells, regulatory T cells, and activated
mast cells infiltrated less (Figure 8C).

3.8. Correlation between Hub DEARGs and Immune Cells

We next investigated the relationship between hub DEARG expression and immune
cell abundance (Supplementary Table 521). The results of Pearson’s correlation showed
that a total of four types of immune cells were associated with all four DEARGs. As
shown in Figure 9A-D, regulatory T cells and active mast cells were statistically negatively
correlated with CCR2, VCAM1, CSF1R, and ITGAM, but delta gamma T cells and resting
mast cells were positively correlated with them, suggesting they may play crucial roles in
DN formation.
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3.9. GSEA of Hub DEARGs

Furthermore, we investigated the precise signaling pathways and the probable bio-
logical processes of the hub DEARGs that regulated DN development (Supplementary
Tables S22-525). The top 10 GSEA HPO results revealed that CCR2 was mostly relevant
for abnormalities in a variety of immune cells, including abnormal granulocyte count, B
lymphocytopenia, vasculitis, abnormal lymphocyte morphology, and abnormal immune
system morphology (Figure 10A). The main enriched items for VCAM1 were recurrent
pneumonia, meningitis, and basal cell carcinoma (Figure 10B). The main enriched items
for CSF1R were recurrent lower respiratory tract infections, viral hepatitis, and abnor-
mal lymphocyte physiology (Figure 10C). As for ITGAM, the main enriched items were
autoimmunity, leukocytosis, and B lymphocytopenia (Figure 10D).
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Figure 10. GSEA of hub DEARGs. (A-D) Human phenotype ontology analysis for (A) CCR2,
(B) VCAM]1, (C) CSFIR, and (D) ITGAM. (E-H) GO biological processes analysis for (E) CCR2,
(F) VCAM]1, (G) CSFIR, and (H) ITGAM. (I-L) KEGG pathway analysis for (I) CCR2, (J) VCAM1,
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What is more, the top 10 GO BP results revealed that CCR2 regulated a variety of
immunological responses, including regulation of chromosome separation, apoptotic cell
clearance, interleukin-2 production, positive regulation of T helper 1 type immune response,
and regulation of leukocyte apoptotic process (Figure 10E). The main enriched terms for
VCAML1 were regulation of complement activation, mitochondrial outer membrane perme-
abilization, regulation of unsaturated fatty acid synthetic processes, granulocyte migration,
and calcium-mediated signaling using intracellular calcium (Figure 10F). The main en-
riched terms for CSFIR expression were leukocyte differentiation, lymphocyte activation,
leukocyte migration, apoptotic cell clearance, and regulation of lymphocyte activation
(Figure 10G). As for ITGAM, the main enriched terms were antigen processing and pre-
sentation of exogenous peptide antigen via MHC class I, regulation of myeloid leukocyte-
mediated immunity, regulation of defense response to virus by virus, and multicellular
organism aging (Figure 10H).

Meanwhile, KEGG gene sets found that CCR2 was primarily enriched in the chemokine
signaling pathway, the T cell receptor signaling pathway, Fc gamma R mediated phagocy-
tosis, the Toll-like receptor signaling pathway, and primary immunodeficiency (Figure 10I).
The main enriched pathways for VCAM1 were the Fc epsilon ri signaling pathway, ECM
receptor interaction, T cell receptor signaling pathway, Toll-like receptor signaling pathway,
and natural killer cell-mediated cytotoxicity (Figure 10]). The main enriched pathways for
CSF1R were the T cell receptor signaling pathway, the Nod-like receptor signaling path-
way, natural killer cell-mediated cytotoxicity, the Toll-like receptor signaling pathway, and
leukocyte transendothelial migration (Figure 10K). As for ITGAM, the main enriched path-
ways were the B cell receptor signaling pathway, natural killer cell-mediated cytotoxicity,
allograft rejection, focal adhesion, and the T cell receptor signaling pathway (Figure 10L).
The above results suggest that all of these hub DEARGs might play essential roles in the
regulation of immunity and inflammation in DN.

3.10. Single Cell Analysis and Subcellular Localization of Hub DEARGs

To more precisely delineate the expression of hub DEARGs in human kidney tissues,
we interrogated a scRNA-seq based on the HPA database to identify the cell populations ex-
pressing in DN. Clustering identified 15 kidney cell subpopulations, as shown in the UMAP
plot. The outcomes further revealed the major expression of CCR2 in macrophages and T
cells (Figure 11A), VCAMI in proximal tubular cells (Figure 11B), CSFIR in macrophages,
T cells, and B cells (Figure 11C), and ITGAM in macrophages (Figure 11D). Proteins have
different biological functions depending on where they are in the cell. Based on the COM-
PARTMENTS database (Supplementary Table S26), we further predicted the protein subcel-
lular localization of hub DEARGs. CCR2 is primarily distributed in the nucleus and plasma
membrane (Figure 11E), VCAM1 is primarily distributed in the Golgi apparatus, endosome,
endoplasmic reticulum, cytoskeleton, extracellular, and plasma membrane (Figure 11F),
CSFI1R is primarily distributed in the nucleus and plasma membrane (Figure 11G), and
ITGAM is primarily distributed in extracellular and plasma membrane (Figure 11H).

3.11. Drug—Gene Interaction and Molecular Docking Analysis of Hub DEARGs

Developing possible therapeutic medicines that target CCR2, VCAM]1, CSF1R, and
ITGAM offers a unique therapy strategy. Four small molecular medicines, including
cenicriviroc, carvedilol, sunitinib, and atorvastatin, were ultimately obtained based on the
GeneCards database (Table 1). The potential for binding was then assessed by docking the
aforementioned four bioactive chemical ligands with the proteins CCR2, VCAM]1, CSF1R,
and ITGAM. The docking 3D and 2D models of the proteins CCR2, VCAM1, CSF1R, and
ITGAM, as well as four small-molecule medications with the firmest binding, were shown
in Figure 12A-D, demonstrating their ability to lessen or even reverse the development of
DN (Supplementary Table S27).
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Figure 11. Single-cell expression analysis and subcellular localization of hub DEARGs. (A-D) Single-
cell expression analysis for (A) CCR2, (B) VCAM], (C) CSFIR, and (D) ITGAM. (E-H) Subcellular
localization of (E) CCR2, (F) VCAM], (G) CSFIR, and (H) ITGAM.

Table 1. The details of the candidate small molecular drugs targeting hub DEARGs.

DRUGBANK ID

NAME

TYPE

Chemical Formula

DRUG GROUP ACTIONS

DB11758
DB01136
DB01268
DB01076

Cenicriviroc
Carvedilol
Sunitinib
Atorvastatin

Small Molecule
Small Molecule
Small Molecule
Small Molecule

C41H52N4045
C24H26N204
C22H27FN402
C33H35FN205

inhibitor
inhibitor
inhibitor
inhibitor

investigational
approved, investigational
approved, investigational
approved
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4. Discussion

The aging of the kidneys is a complicated process that interacts with a variety of
disorders, particularly those that are more common in the elderly. Glomerular filtration
rate (GFR) decline, a physiological feature of DN, is a manifestation of kidney aging [31,32].
Beyond age 35, the GFR declines by roughly 5-10% per decade, while those between the
ages of 18 and 29 had 48% more intact nephrons than those between the ages of 70 and
75 [33,34]. The increase in senescent cells leads to two main effects. First, as one might
anticipate, the senescence of cells may result in a lack of self-repair and regeneration po-
tential due to persistent cell cycle arrest [35-38]. This might cause other progenitor or
stem cells, in addition to renal cells, to run out. According to a study, people with chronic
renal disease have 30-50% fewer endothelial progenitor cells than healthy subjects [39]. In
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kidneys with DN, there is a small reservoir, a diminished population, and a low rate of
stem cell renewal [40,41], all of which would inevitably hasten the disease’s course. Second,
the aging process also affects the immune system, including immune-cell function and
biomolecules that act as effectors, which results in immunosenescence, immunoactivation,
and inflammatory processes [42,43]. Cytokines that promote inflammation and matrix syn-
thesis, such as IL-6 and TGF-f3, can be produced by senescent cells. These SASP-associated
compounds may have a paracrine and autocrine role in stem and kidney cell renewal,
as well as persistent inflammation and fibrosis [44,45]. In summary, cellular senescence
engages in various pathogenic processes collectively to promote the development of DN.

In this work, we screened 559 DEGs and discovered 289 down-regulated genes and
270 up-regulated genes. Further GO enrichment analysis revealed that a large number of
biological processes associated with immunological and inflammatory responses (inflam-
matory response, immune response, positive regulation of T cell activation, and cellular
response to interleukin-1) are considerably enriched, whereas a KEGG enrichment study
revealed some correlation with complement and coagulation cascades, cytokine-cytokine
receptor interaction, the AGE-RAGE signaling pathway in diabetic complications, and the
NEF-kB signaling pathway. Also, the results above are further supported by Human Phe-
notype Ontology analysis. The primary enriched terms were abnormal renal glomerulus
morphology, abnormal renal cortex morphology, nephrotic syndrome, glomerulonephritis,
and abnormal urine protein level. As a result, it is possible that the DEGs have a role in
DN pathogenesis.

Then, based on WGCNA analysis, we discovered 19 DN-related modules. Many
biological functions and pathways associated with inflammation and the immune system
have been revealed to involve DEGs in the green module. We got a total of 57 DEARGs
by overlapping the DEGs, the green module genes, and the ARGs. To further identify
DN-related hub DEARGSs, we estimated the expression of the aforementioned 57 DEARGs
using MCODE, MCC, and LASSO methods and then identified four DEARGs (CCR2,
VCAMLI, CSFIR, and ITGAM). Fewer of them have been reported in the development of
DN, but many of them have been linked to immunological and inflammatory responses in
other disorders.

C-C chemokine receptor type 2 (CCR2) modulates the immune response by causing
the migration of macrophages and monocytes to areas of inflammation [46,47]. In fact, it
has been demonstrated that CCR2 is engaged in the DN process. According to research,
macrophages play a direct role in the renal injury of diabetic nephropathy, and genetic
CCR2 deletion provides kidney protection in renal injury [48]. The 90-kDa glycoprotein
known as Vascular Cell Adhesion Molecule 1 (VCAM-1) is mostly expressed in endothelial
cells. The first identification of VCAM-1 as an endothelial cell surface glycoprotein occurred
in 1989 [49,50]. Inflammatory cytokines, including TNF, ROS, oxidized LDL, elevated blood
sugar levels, toll-like receptor agonists, and shear stress, all stimulate the production of
VCAM-1 [51]. A class of tyrosine/serine kinases known as colony-stimulating factor 1
receptor (CSF1R) are primarily in charge of controlling the proliferation and differentiation
of microglia and macrophages [52]. In both human and rat RA models, CSF1R blockade
lowers inflammation [53]. CSF1R is bound by CSF, which increases cell survival and prolif-
eration [54]. In RA, synovial endothelial cells generate CSF [55] and IL-13 and TNF [56]
in vitro. Integrin Subunit Alpha M (ITGAM) encodes the CD11b-subunit of the Macl or
CD11b/CD18 integrin, which has been repeatedly linked to susceptibility to systemic
lupus erythematosus (SLE) [57]. In diabetic nephropathy, ITGAM may contribute to kid-
ney injury by increasing macrophage recruitment in the kidneys and causing histological
abnormalities in the glomeruli [58].

For a comprehensive understanding of the dysregulated immune cells in DN, an
immune infiltration investigation was conducted. We discovered that DN tissue had higher
levels of resting mast cells and delta gamma T cells but lower levels of regulatory T cells and
activated mast cells. Moreover, our investigation demonstrated that several main immune
cells were statistically correlated to all four DEARGs (CCR2, VCAM]1, CSF1R, and ITGAM).
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For instance, delta gamma T cells and resting mast cells showed a positive correlation with
all hub genes, but regulatory T cells and activated mast cells showed a negative correlation
with them. They might, therefore, be extremely important in the immunomodulation of
DN and be linked to the malfunctioning of inflammatory cells in DN. The immunological
response of effector T cells, B cells, and innate immune cells is suppressed by CD4+ T
cells known as Tregs (regulatory T cells). Tregs limit inflammatory immunity in numerous
ways, including through the renal and systemic systems [59]. Current research indicates
that kidney disease may cause a decline in the proportion of Tregs and an impairment of
their regulatory capabilities [60]. Delta gamma T cells are the primary warriors of both the
innate and adaptive immune systems, making up an average of 3.7% of CD3+ T cells in
peripheral blood [61,62]. The fact that delta gamma T cells are classified as T lymphocytes
have TCR rearrangement, have the capacity to create immunological memory, and can
lyse target cells all point to them being an important component of the adaptive immune
system [63]. Studies have shown that T lymphocytes control renal operational processes.
Mast cells are mononuclear, non-dividing cells that are a component of the innate immune
system [64]. The two phenotypes of mast cells that are typically distinguished are those that
secrete tryptase and chymase and those that exclusively secrete tryptase. Tryptase-secreting
mast cells may perform many functions in the immunological response, whereas chymase-
secreting mast cells may also participate in revascularization and tissue repair [65,66]. The
release of mediators by mast cells during inflammation may result in the loss of kidney
structure, and mast cells have also been recognized as significant effector cells in renal
inflammation [67]. Despite this, there are not many researches that investigate how hub
DEARG:S relate to resting memory CD4 T cells, gamma delta T cells, and mast cells in the
DN, which could be a fascinating discovery.

Following that, we looked into the particular signal pathways that the four hub
DEARGS enriched and investigated how the hub DEARGs might affect the development
of DN. Four DEARGs were implicated in immune cell abnormalities, and GSEA analysis
revealed that they controlled a great deal of immune system responses and inflammatory
pathways, including apoptosis, interleukin-2 production, complement activation, Nod-
like receptor signal pathways, and Toll-like receptor signal pathways, indicating that hub
DEARGs may be a potential biomarker for DN diagnosis and prognosis. Apoptosis, a sort
of active, programmed cell death, maintains the stability of the body’s environment [68].
Apoptosis and proliferation of cells are directly controlled by genes, ensuring the equilib-
rium state of the body’s cells [69]. It has been discovered that apoptosis has a significant
impact on glomerular remodeling and regulates glomerular cell regression during CGN
recovery [70,71]. Interleukin 2 (IL-2) is a multipotent cytokine with a 15.5 kDa four-helix
bundle that plays a crucial role in immune control. Antigen-stimulated CD4+ T cells are the
predominant producers, but NK T cells, CD8+ T cells, mast cells, and dendritic cells can also
generate it [72-76]. Long-term IL-2 treatment decreased the activity and proliferation of
intrarenal conventional CD4+ T cells, which was accompanied by a clinical and histological
improvement of lupus nephritis, according to research, while short-term IL-2 treatment
increased the intrarenal Treg population in mice with active lupus nephritis [77]. Moreover,
IL-2 often protects against caspase-8-mediated apoptotic injury, making it a potentially new
and practical method to avoid tubular injury in autoimmune kidney diseases [78]. Com-
plement and coagulation cascades perform significant functions in inflammatory-related
events and the immune system’s protection and regulation [79]. Coagulation, complement,
the fibrinolysis system, and platelets all work together to build a tight network in the
blood circulation. Systemic lupus erythematosus, C3 glomerulonephritis, and ischemia-
reperfusion damage are just a few examples of illnesses that can advance clinically as a
result of dysregulation of any cascade system [80]. A family of pattern recognition receptors
(PRRs) known as the NOD-like receptor (NLR) family of proteins is known to mediate
the early innate immune response to cellular injury and stress. Its activation occurs not
only in immune cells but also in resident cells, including endothelial cells and podocytes in
the glomeruli [81,82]. Inflammation and other cellular damage are the results of NLRP3
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inflammasome activation, which has been linked to ESRD and glomerular injury in stud-
ies [83]. Similar to this, the toll-like receptor family (TLRs) plays a crucial manipulative
function in the innate immune system. According to a current study, the transduction of
TLR signals affects how the kidney responds to various external and internal stimuli by
triggering its inflammatory response [84]. Besides, TLRs also play new roles in addition to
their well-known ones in host defense, such as regulating body homeostasis and healing
wounds [85].

Moreover, we explored cell subpopulations and the subcellular localization of hub
DEARG:S in the kidney. The results identified 15 kidney cell subpopulations and pre-
dicted various organelles, such as the Golgi apparatus, endosome, endoplasmic reticulum,
cytoskeleton, extracellular, and plasma membrane. However, hub DEARGs are mostly
expressed in macrophages as well as on the cell membrane in the kidney. Lastly, we dis-
covered four prospective therapeutic medicines that target hub DEARGS, suggesting a
potential therapeutic strategy for DN. According to molecular docking, precise molecule
binding strengthens the reliability of this association.

Our investigation was subject to certain limitations. Specifically, we quantified gene
expression levels exclusively in high glucose-induced mesangial cells rather than in actual
tissue samples. Although this approach provided a representative model, it may not
fully capture the intricacies of the in vivo setting. To address this, we intend to conduct
future experiments utilizing clinical samples, thereby offering a more direct validation
of our findings. By doing so, we aim to enhance the robustness and clinical relevance of
our results.

5. Conclusions

In conclusion, four potential aging-related genes (CCR2, VCAM1, CSF1R, and ITGAM)
associated with DN were identified in this study using bioinformatic analysis and ma-
chine learning methods. By controlling senescence, these genes may influence the de-
velopment and prognosis of DN, and they may also aid in the development of future
therapeutic approaches.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /biomedicines11092454/s1, Table S1: Aging-related genes from
GeneCards. Table S2: The merged datasets before batch removal. Table S3: The merged datasets after
batch removal. Table S4: Differentially expressed mRNAs in DN. Table S5: The results of Human
phenotype ontology enrichment analyses. Table S6: The results of GO enrichment analyses. Table S7:
The results of KEGG enrichment analyses. Table S8: The results of differential mRNAs in 19 modules
based on WGCNA analysis. Table S9: The results of Human phenotype ontology enrichment analyses.
Table S10: The results of GO enrichment analyses. Table S11: The results of KEGG enrichment
analyses. Table S12: The results of Human phenotype ontology enrichment analyses. Table S13: The
results of GO enrichment analyses. Table S14: The results of KEGG enrichment analyses. Table S15:
PPI interactions based on STRING database. Table S16: The results of GeneMANIA database. Table
S17: The results of RT-qPCR. Table S18: Hub DEARGS expression data of GSE104948 and GSE30529.
Table S19: Hub DEARGS expression data for ROC analysis. Table S20: Calculation of 22 types of
immune cells in each sample based on CIBERSORT. Table 521: Correlation analysis between hub
genes and immune cells. Table 522: The results of functional enrichment analyses for CCR2. Table
523: The results of functional enrichment analyses for VCAM1. Table S24: The results of functional
enrichment analyses for CSF1R. Table S25: The results of functional enrichment analyses for ITGAM.
Table 526: The subcellular localization of hub DEARGs. Table S27: The details of molecular docking
for hub DEARGs.

Author Contributions: Conceptualization, T.L. and X.-X.Z.; data curation, T.L. and X.-X.Z.; formal
analysis, T.L. and X.-X.Z.; funding acquisition, J.-R.G.; investigation, T.L. and X.-X.Z.; methodology,
T.L. and X.-X.Z.; project administration, ].-R.G.; resources, T.L. and X.-X.Z.; software, T.L. and X.-X.Z,;
supervision, J.-R.G.; validation, T.L. and X.-X.Z.; visualization, T.L. and X.-X.Z.; writing—original
draft, T.L. and X.-X.Z.; writing—review and editing, ].-R.G. All authors have read and agreed to the
published version of the manuscript.

165



Biomedicines 2023, 11, 2454

Funding: This study was financially supported by the Key Research and Development Plan Projects
of Anhui Province (No. 2022e07020024) and the National Natural Science Foundation of China
(No. 81973546).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data used and analyzed to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest: We declare that we do not have any commercial or associative interest that
represents a conflict of interest in connection with the work submitted.

References

1. Alicic, R.Z.; Rooney, M.T.; Tuttle, K.R. Diabetic Kidney Disease: Challenges, Progress, and Possibilities. Clin. J. Am. Soc. Nephrol
2017, 12, 2032-2045. [CrossRef] [PubMed ]

2. Wada, J.; Makino, H. Inflammation and the pathogenesis of diabetic nephropathy. Clin. Sci. 2013, 124, 139-152. [CrossRef]
[PubMed]

3.  Papadopoulou-Marketou, N.; Kanaka-Gantenbein, C.; Marketos, N.; Chrousos, G.P,; Papassotiriou, I. Biomarkers of diabetic
nephropathy: A 2017 update. Crit. Rev. Clin. Lab. Sci. 2017, 54, 326-342. [CrossRef] [PubMed]

4. Oh,S.W,;Kim, S.;Na, K.Y,; Chae, D.-W.; Kim, S; Jin, D.C.; Chin, H.J. Clinical implications of pathologic diagnosis and classification
for diabetic nephropathy. Diabetes Res. Clin. Pract. 2012, 97, 418-424. [CrossRef]

5. Quan, K.Y Yap, C.G.;Jahan, N.K,; Pillai, N. Review of early circulating biomolecules associated with diabetes nephropathy—Ideal
candidates for early biomarker array test for DN. Diabetes Res. Clin. Pract. 2021, 182, 109122. [CrossRef] [PubMed]

6. D’onofrio, N.; Servillo, L.; Giovane, A.; Casale, R.; Vitiello, M.; Marfella, R.; Paolisso, G.; Balestrieri, M.L. Ergothioneine oxidation
in the protection against high-glucose induced endothelial senescence: Involvement of SIRT1 and SIRT6. Free. Radic. Biol. Med.
2016, 96, 211-222. [CrossRef]

7. Kitada, K.; Nakano, D.; Ohsaki, H.; Hitomi, H.; Minamino, T.; Yatabe, J.; Felder, R.A.; Mori, H.; Masaki, T.; Kobori, H.; et al.
Hyperglycemia causes cellular senescence via a SGLT2- and p21-dependent pathway in proximal tubules in the early stage of
diabetic nephropathy. J. Diabetes Its Complicat. 2014, 28, 604—611. [CrossRef]

8. Van Deursen, ].M. The role of senescent cells in ageing. Nature 2014, 509, 439-446. [CrossRef]

9.  Hommos, M.S,; Glassock, R.J.; Rule, A.D. Structural and Functional Changes in Human Kidneys with Healthy Aging. J. Am. Soc.
Nephrol. 2017, 28, 2838-2844. [CrossRef]

10. Rule, A.D.; Amer, H.; Cornell, L.D.; Taler, S.J.; Cosio, F.G.; Kremers, WK_; Textor, S.C.; Stegall, M.D. The Association between Age
and Nephrosclerosis on Renal Biopsy Among Healthy Adults. Ann. Intern. Med. 2010, 152, 561-567. [CrossRef]

11. Zhang, X.; Chen, X;; Wu, D.; Liu, W.; Wang, J.; Feng, Z.; Cai, G.; Fu, B.; Hong, Q.; Du, J. Downregulation of Connexin
43 Expression by High Glucose Induces Senescence in Glomerular Mesangial Cells. ]. Am. Soc. Nephrol. 2006, 17, 1532-1542.
[CrossRef] [PubMed]

12.  Liu,J; Yang, J.R;; Chen, X.M.; Cai, G.Y.; Lin, L.R.; He, Y.N. Impact of ER stress-regulated ATF4/p16 signaling on the premature
senescence of renal tubular epithelial cells in diabetic nephropathy. Am. J. Physiol.-Cell Physiol. 2015, 308, C621-C630. [CrossRef]
[PubMed]

13.  Chen, K;; Dai, H.; Yuan, J.; Chen, J.; Lin, L.; Zhang, W.; Wang, L.; Zhang, J.; Li, K.; He, Y. Optineurin-mediated mitophagy protects
renal tubular epithelial cells against accelerated senescence in diabetic nephropathy. Cell Death Dis. 2018, 9, 105. [CrossRef]
[PubMed]

14. Fu, B,; Yang, J.; Chen, ]J.; Lin, L.; Chen, K.; Zhang, W.; Zhang, J.; He, Y. Preventive effect of Shenkang injection against high
glucose-induced senescence of renal tubular cells. Front. Med. 2018, 13, 267-276. [CrossRef]

15. Prattichizzo, F.; De Nigris, V.; Mancuso, E.; Spiga, R.; Giuliani, A.; Matacchione, G.; Lazzarini, R.; Marcheselli, F.; Recchioni,
R.; Testa, R.; et al. Short-term sustained hyperglycaemia fosters an archetypal senescence-associated secretory phenotype in
endothelial cells and macrophages. Redox Biol. 2017, 15, 170-181. [CrossRef]

16. Tamura, Y.; Takubo, K.; Aida, J.; Araki, A.; Ito, H. Telomere attrition and diabetes mellitus. Geriatr. Gerontol. Int. 2016, 16, 66-74.
[CrossRef]

17.  Linton, P.J.; Dorshkind, K. Age-related changes in lymphocyte development and function. Nat. Immunol. 2004, 5, 133-139.
[CrossRef]

18. Pawelec, G.; Goldeck, D.; Derhovanessian, E. Inflammation, ageing and chronic disease. Curr. Opin. Immunol. 2014, 29, 23-28.
[CrossRef]

19. Franceschi, C.; Campisi, J. Chronic Inflammation (Inflammaging) and Its Potential Contribution to Age-Associated Diseases.
J. Gerontol. A Ser. Biol. Sci. Med. Sci. 2014, 69, S4-S9. [CrossRef]

20. Chou, J.P; Effros, R.B. T cell replicative senescence in human aging. Curr. Pharm. Des. 2013, 19, 1680-1698.

166



Biomedicines 2023, 11, 2454

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.
40.
41.
42.
43.
44.
45.

46.

47.

48.

Taminau, J.; Meganck, S.; Lazar, C.; Steenhoff, D.; Coletta, A.; Molter, C.; Duque, R.; de Schaetzen, V.; Solis, D.Y.W.; Bersini,
H.; et al. Unlocking the potential of publicly available microarray data using inSilicoDb and inSilicoMerging R/Bioconductor
packages. BMC Bioinform. 2012, 13, 335. [CrossRef] [PubMed]

Johnson, W.E.; Li, C.; Rabinovic, A. Adjusting batch effects in microarray expression data using empirical Bayes methods.
Biostatistics 2006, 8, 118-127. [CrossRef] [PubMed]

Ritchie, M.E.; Phipson, B.; Wu, D.; Hu, Y.; Law, C.W.; Shi, W.; Smyth, G.K. Limma powers differential expression analyses for
RNA-sequencing and microarray studies. Nucleic Acids Res. 2015, 43, e47. [CrossRef]

Stelzer, G.; Rosen, N.; Plaschkes, I.; Zimmerman, S.; Twik, M.; Fishilevich, S.; Stein, T.I.; Nudel, R.; Lieder, I.; Mazor, Y.; et al. The
GeneCards Suite: From Gene Data Mining to Disease Genome Sequence Analyses. Curr. Protoc. Bioinform. 2016, 54, 1.30.1-1.30.33.
[CrossRef]

Chen, B.; Khodadoust, M.S.; Liu, C.L.; Newman, A.M.; Alizadeh, A.A. Profiling Tumor Infiltrating Immune Cells with CIBERSORT.
Cancer Syst. Biol. Methods Protoc. 2018, 1711, 243-259.

Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherijee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.; Pomeroy, S.L.; Golub, T.R.;
Lander, E.S.; et al. Gene set enrichment analysis: A knowledge-based approach for interpreting genome-wide expression profiles.
Proc. Natl. Acad. Sci. USA 2005, 102, 15545-15550. [CrossRef]

Uhlen, M.; Karlsson, M.].; Zhong, W.; Tebani, A.; Pou, C.; Mikes, ]J.; Lakshmikanth, T.; Forsstrom, B.; Edfors, F.; Odeberg, | ; et al.
A genome-wide transcriptomic analysis of protein-coding genes in human blood cells. Science 2019, 366, eaax9198. [CrossRef]
Karlsson, M.; Zhang, C.; Méar, L.; Zhong, W.; Digre, A.; Katona, B.; Sjostedt, E.; Butler, L.; Odeberg, J.; Dusart, P; et al. A single—cell
type transcriptomics map of human tissues. Sci. Adv. 2021, 7, eabh2169. [CrossRef]

Nguyen, N.T.; Nguyen, T.H.; Pham, TN.H.; Huy, N.T.; Van Bay, M.; Pham, M.Q.; Nam, P.C.; Vu, V.V,; Ngo, S.T. Autodock Vina
Adopts More Accurate Binding Poses but Autodock4 Forms Better Binding Affinity. J. Chem. Inf. Model. 2019, 60, 204-211.
[CrossRef]

Lam, WW.T;; Siu, S.W.I. PyMOL mControl: Manipulating molecular visualization with mobile devices. Biochem. Mol. Biol. Educ.
2016, 45, 76-83. [CrossRef]

Schmitt, R.; Melk, A. Molecular mechanisms of renal aging. Kidney Int. 2017, 92, 569-579. [CrossRef] [PubMed]

Musso, C.G.; Oreopoulos, D.G. Aging and Physiological Changes of the Kidneys Including Changes in Glomerular Filtration
Rate. Nephron Physiol. 2011, 119, 1-5. [CrossRef] [PubMed]

Denic, A.; Lieske, ].C.; Chakkera, H.A.; Poggio, E.D.; Alexander, M.P,; Singh, P.; Kremers, WK_; Lerman, L.O.; Rule, A.D. The
Substantial Loss of Nephrons in Healthy Human Kidneys with Aging. J. Am. Soc. Nephrol. 2016, 28, 313-320. [CrossRef] [PubMed]
Glassock, R.J.; Rule, A.D. Aging and the Kidneys: Anatomy, Physiology and Consequences for Defining Chronic Kidney Disease.
Nephron 2016, 134, 25-29. [CrossRef]

Bernet, ].D.; Doles, ].D.; Hall, ].K.; Tanaka, K.K.; Carter, T.A.; Olwin, B.B. p38 MAPK signaling underlies a cell-autonomous loss of
stem cell self-renewal in skeletal muscle of aged mice. Nat. Med. 2014, 20, 265-271. [CrossRef]

Cosgrove, B.D.; Gilbert, PM.; Porpiglia, E.; Mourkioti, F.; Lee, S.P; Corbel, S.Y.; Llewellyn, M.E.; Delp, S.L.; Blau, HM.
Rejuvenation of the muscle stem cell population restores strength to injured aged muscles. Nat. Med. 2014, 20, 255-264. [CrossRef]
Garcia-Prat, L.; Martinez-Vicente, M.; Perdiguero, E.; Ortet, L.; Rodriguez-Ubreva, J.; Rebollo, E.; Ruiz-Bonilla, V.; Gutarra, S.;
Ballestar, E.; Serrano, A.L.; et al. Autophagy maintains stemness by preventing senescence. Nature 2016, 529, 37-42. [CrossRef]
Choudhury, A.R.; Ju, Z.; Djojosubroto, M.W.; Schienke, A.; Lechel, A.; Schaetzlein, S.; Jiang, H.; Stepczynska, A.; Wang, C.; Buer,
J.; et al. Cdknla deletion improves stem cell function and lifespan of mice with dysfunctional telomeres without accelerating
cancer formation. Nat. Genet. 2006, 39, 99-105. [CrossRef]

Chade, A.R,; Zhu, X.-Y,; Krier, ].D.; Jordan, K.L.; Textor, S.C.; Grande, J.P.; Lerman, A.; Lerman, L.O. Endothelial Progenitor Cells
Homing and Renal Repair in Experimental Renovascular Disease. Stem Cells 2010, 28, 1039-1047. [CrossRef]

Bartek, J.; Hodny, Z. Ageing: Old blood stem cells feel the stress. Nature 2014, 512, 140-141. [CrossRef]

Niccoli, T.; Partridge, L. Ageing as a Risk Factor for Disease. Curr. Biol. 2012, 22, R741-R752. [CrossRef] [PubMed]

O’Connor, J.E.; Herrera, G.; Martinez-Romero, A.; de Oyanguren, ES.; Diaz, L.; Gomes, A.; Balaguer, S.; Callaghan, R.C. Systems
Biology and immune aging. Immunol. Lett. 2014, 162, 334-345. [CrossRef] [PubMed]

Flynn, M.G.; Markofski, M.M.; Carrillo, A.E. Elevated Inflammatory Status and Increased Risk of Chronic Disease in Chronological
Aging: Inflamm-aging or Inflamm-inactivity? Aging Dis. 2019, 10, 147-156. [CrossRef] [PubMed]

Tchkonia, T.; Zhu, Y.; van Deursen, ].; Campisi, J.; Kirkland, J.L. Cellular senescence and the senescent secretory phenotype:
Therapeutic opportunities. J. Clin. Investig. 2013, 123, 966-972. [CrossRef] [PubMed]

Ovadya, Y.; Krizhanovsky, V. Senescent cells: SASPected drivers of age-related pathologies. Biogerontology 2014, 15, 627-642.
[CrossRef]

Amano, H.; Morimoto, K.; Senba, M.; Wang, H.; Ishida, Y.; Kumatori, A.; Yoshimine, H.; Oishi, K.; Mukaida, N.; Nagatake, T.
Essential contribution of monocyte chemoattractant protein-1/C-C chemokine ligand-2 to resolution and repair processes in
acute bacterial pneumonia. | Immunol. 2004, 172, 398-409. [CrossRef]

Franga, C.N.; Izar, M.C.; Horténcio, M.N.; Amaral, ].B.D.; Ferreira, C.E.; Tuleta, I.D.; Fonseca, . A. Monocyte subtypes and the
CCR2 chemokine receptor in cardiovascular disease. Clin. Sci. 2017, 131, 1215-1224. [CrossRef]

You, H.; Gao, T.; Raup-Konsavage, W.M.; Cooper, T.K.; Bronson, S.K.; Reeves, W.B.; Awad, A.S. Podocyte-specific chemokine
(C-C motif) receptor 2 overexpression mediates diabetic renal injury in mice. Kidney Int. 2016, 91, 671-682. [CrossRef]

167



Biomedicines 2023, 11, 2454

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

Rice, G.E.; Bevilacqua, M.P. An Inducible Endothelial Cell Surface Glycoprotein Mediates Melanoma Adhesion. Science 1989,
246, 1303-1306. [CrossRef]

Osborn, L.; Hession, C.; Tizard, R.; Vassallo, C.; Luhowskyj, S.; Chi-Rosso, G.; Lobb, R. Direct expression cloning of vascular cell
adhesion molecule 1, a cytokine-induced endothelial protein that binds to lymphocytes. Cell 1989, 59, 1203-1211. [CrossRef]
Cook-Mills, ].M.; Marchese, M.E.; Abdala-Valencia, H. Vascular Cell Adhesion Molecule-1 Expression and Signaling During
Disease: Regulation by Reactive Oxygen Species and Antioxidants. Antioxid. Redox Signal. 2011, 15, 1607-1638. [CrossRef]
Oosterhof, N.; Kuil, L.E; van der Linde, H.C.; Burm, S.M.; Berdowski, W.; van Ijcken, W.E,; van Swieten, ].C.; Hol, E.M.; Verheijen,
M.H.; van Ham, T.J. Colony-Stimulating Factor 1 Receptor (CSF1R) Regulates Microglia Density and Distribution, but Not
Microglia Differentiation In Vivo. Cell Rep. 2018, 24, 1203-1217. [CrossRef] [PubMed]

Garcia, S.; Hartkamp, L.M.; Malvar-Fernandez, B.; van Es, LE; Lin, H.; Wong, J.; Long, L.; Zanghi, ]J.A.; Rankin, A.L.; Masteller,
E.L.; etal. Colony-stimulating factor (CSF) 1 receptor blockade reduces inflammation in human and murine models of rheumatoid
arthritis. Thromb. Haemost. 2016, 18, 75. [CrossRef]| [PubMed]

Hume, D.A.; MacDonald, K.P.A. Therapeutic applications of macrophage colony-stimulating factor-1 (CSF-1) and antagonists of
CSF-1 receptor (CSF-1R) signaling. Blood 2012, 119, 1810-1820. [CrossRef] [PubMed]

Nakano, K.; Okada, Y.; Saito, K.; Tanikawa, R.; Sawamukai, N.; Sasaguri, Y.; Kohro, T.; Wada, Y.; Kodama, T.; Tanaka, Y.
Rheumatoid synovial endothelial cells produce macrophage colony-stimulating factor leading to osteoclastogenesis in rheumatoid
arthritis. Rheumatology 2007, 46, 597-603. [CrossRef] [PubMed]

Campbell, L.K,; Ianches, G.; Hamilton, J.A. Production of macrophage colony-stimulating factor (M-CSF) by human articular
cartilage and chondrocytes. Modulation by interleukin-1 and tumor necrosis factor «. Biochim. Biophys. Acta Mol. Basis Dis. 1993,
1182, 57-63. [CrossRef]

Ramirez-Bello, J.; Sun, C.; Valencia-Pacheco, G.; Singh, B.; Barbosa-Cobos, R.E.; Saavedra, M.A.; Lopez-Villanueva, R.E,; Nath, S.K.
ITGAM is a risk factor to systemic lupus erythematosus and possibly a protection factor to rheumatoid arthritis in patients from
Mexico. PLoS ONE 2019, 14, e0224543. [CrossRef]

You, H.; Gao, T.; Cooper, TK.; Reeves, W.B.; Awad, A.S.; Morris, S.M.; Vacher, ].; Kashyap, S.; Warner, G.M.; Hartono, S.P; et al.
Macrophages directly mediate diabetic renal injury. Am. J. Physiol.-Ren. Physiol. 2013, 305, F1719-F1727. [CrossRef]

Ghali, J.R.; Wang, Y.M.; Holdsworth, S.R.; Kitching, A.R. Regulatory T cells in immune-mediated renal disease. Nephrol. 2016,
21, 86-96. [CrossRef]

Hu, M.; Wang, Y.M.; Wang, Y.; Zhang, G.Y.; Zheng, G.; Yi, S.; O’Connell, PJ.; Harris, D.C.; Alexander, S.I. Regulatory T cells in
kidney disease and transplantation. Kidney Int. 2016, 90, 502-514. [CrossRef]

Pauza, C.D.; Poonia, B.; Li, H.; Cairo, C.; Chaudhry, S. y5 T Cells in HIV Disease: Past, Present, and Future. Front. Immunol. 2015,
5, 687. [CrossRef] [PubMed]

Lawand, M.; Déchanet-Merville, J.; Dieu-Nosjean, M.-C. Key Features of Gamma-Delta T-Cell Subsets in Human Diseases and
Their Inmunotherapeutic Implications. Front. Immunol. 2017, 8, 761. [CrossRef] [PubMed]

Betjes, M.G.H. Immune cell dysfunction and inflammation in end-stage renal disease. Nat. Rev. Nephrol. 2013, 9, 255-265.
[CrossRef]

Wilcock, A.; Bahri, R.; Bulfone-Paus, S.; Arkwright, P.D. Mast cell disorders: From infancy to maturity. Allerqy 2018, 74, 53-63.
[CrossRef]

Tomino, Y. Predictors of prognosis in IgA nephropathy. Kaohsiung J. Med. Sci. 2012, 28, 517-520. [CrossRef] [PubMed]
Bradding, P.; Pejler, G. The controversial role of mast cells in fibrosis. Immunol. Rev. 2018, 282, 198-231. [CrossRef] [PubMed]
Blank, U.; Essig, M.; Scandiuzzi, L.; Benhamou, M.; Kanamaru, Y. Mast cells and inflammatory kidney disease. Immunol. Rev.
2007, 217, 79-95. [CrossRef] [PubMed]

Zhao, S.-Y.; Liao, L.-X,; Tu, P-F; Li, W.-W.; Zeng, K.-W. Icariin Inhibits AGE-Induced Injury in PC12 Cells by Directly Targeting
Apoptosis Regulator Bax. Oxidative Med. Cell. Longev. 2019, 2019, 7940808. [CrossRef]

Guan, X,; Ly, J.; Sun, E; Li, Q.; Pang, Y. The Molecular Evolution and Functional Divergence of Lamprey Programmed Cell Death
Genes. Front. Immunol. 2019, 10, 1382. [CrossRef]

Hughes, J.; Savill, ].S. Apoptosis in glomerulonephritis. Curr. Opin. Nephrol. Hypertens. 2005, 14, 389-395. [CrossRef]

Shimizu, A.; Masuda, Y.; Kitamura, H.; Ishizaki, M.; Sugisaki, Y.; Yamanaka, N. Apoptosis in progressive crescentic glomeru-
lonephritis. Lab. Investig. 1996, 74, 941-951. [PubMed]

Choudhry, H.; Helmi, N.; Abdulaal, W.H.; Zeyadi, M.; Zamzami, M.A.; Wu, W.; Mahmoud, M.M.; Warsi, M.K.; Rasool, M.; Jamal,
M.S. Prospects of IL-2 in Cancer Immunotherapy. BioMed Res. Int. 2018, 2018, 9056173. [CrossRef] [PubMed]

Paliard, X.; Malefijt, R.d.W.; Yssel, H.; Blanchard, D.; Chrétien, I.; Abrams, J.; de Vries, J.; Spits, H. Simultaneous production of
IL-2, IL-4, and IFN-gamma by activated human CD4+ and CD8+ T cell clones. J. Immunol. 1988, 141, 849-855. [CrossRef]
Granucci, F,; Vizzardelli, C.; Pavelka, N.; Feau, S.; Persico, M.; Virzi, E.; Rescigno, M.; Moro, G.; Ricciardi-Castagnoli, P. Inducible
IL-2 production by dendritic cells revealed by global gene expression analysis. Nat. Immunol. 2001, 2, 882-888. [CrossRef]

Yui, M.A_; Sharp, L.L.; Havran, W.L.; Rothenberg, E.V. Preferential activation of an IL-2 regulatory sequence transgene in TCR
gamma delta and NKT cells: Subset-specific differences in IL-2 regulation. J. [mmmunol. 2004, 172, 4691-4699. [CrossRef] [PubMed]
Hershko, A.Y; Suzuki, R.; Charles, N.; Alvarez-Errico, D.; Sargent, ].L.; Laurence, A.; Rivera, J. Mast Cell Interleukin-2 Production
Contributes to Suppression of Chronic Allergic Dermatitis. Immunity 2011, 35, 562-571. [CrossRef]

168



Biomedicines 2023, 11, 2454

77.

78.

79.

80.

81.

82.

83.
84.

85.

Rose, A.; von Spee-Mayer, C.; Kloke, L.; Wu, K.; Kiihl, A.; Enghard, P.; Burmester, G.-R.; Riemekasten, G.; Humrich, J.Y. IL-2
Therapy Diminishes Renal Inflammation and the Activity of Kidney-Infiltrating CD4+ T Cells in Murine Lupus Nephritis. Cells
2019, 8, 1234. [CrossRef]

Du, C; Guan, Q.; Yin, Z.; Zhong, R.; Jevnikar, A.M. IL-2-mediated apoptosis of kidney tubular epithelial cells is regulated by the
caspase-8 inhibitor c-FLIP. Kidney Int. 2005, 67, 1397-1409. [CrossRef]

Wiegner, R.; Chakraborty, S.; Huber-Lang, M. Complement-coagulation crosstalk on cellular and artificial surfaces. Immunobiology
2016, 221, 1073-1079. [CrossRef]

Luo, S;; Hu, D.; Wang, M.; Zipfel, P.F,; Hu, Y. Complement in Hemolysis- and Thrombosis- Related Diseases. Front. Immunol.
2020, 11, 1212. [CrossRef]

Platnich, J.M.; Muruve, D.A. NOD-like receptors and inflammasomes: A review of their canonical and non-canonical signaling
pathways. Arch. Biochem. Biophys. 2019, 670, 4-14. [CrossRef] [PubMed]

Conley, S.M.; Abais, ].M.; Boini, K.M.; Li, P-L. Inflammasome Activation in Chronic Glomerular Diseases. Curr. Drug Targets 2017,
18, 1019-1029. [CrossRef] [PubMed]

Komada, T.; Muruve, D.A. The role of inflammasomes in kidney disease. Nat. Rev. Nephrol. 2019, 15, 501-520. [CrossRef]
Garibotto, G.; Carta, A.; Picciotto, D.; Viazzi, F.; Verzola, D. Toll-like receptor-4 signaling mediates inflammation and tissue injury
in diabetic nephropathy. J. Nephrol. 2017, 30, 719-727. [CrossRef] [PubMed]

Ramnath, D.; Powell, E.E.; Scholz, G.M.; Sweet, M.]. The toll-like receptor 3 pathway in homeostasis, responses to injury and
wound repair. Semin. Cell Dev. Biol. 2017, 61, 22-30. [CrossRef]

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

169



B biomedicines @\Py

Article

The Impact of GLP-1 RAs and DPP-4is on Hospitalisation and
Mortality in the COVID-19 Era: A Two-Year Observational Study

Salvatore Greco ">, Vincenzo M. Monda 3%, Giorgia Valpiani %, Nicola Napoli >, Carlo Crespini °,
Fabio Pieraccini 7, Anna Marra ® and Angelina Passaro 14/8*

Department of Translational Medicine, University of Ferrara, Via Luigi Borsari, 46, I-44121 Ferrara, FE, Italy;
gresvt@unife. it

2 Department of Internal Medicine, Ospedale del Delta, Via Valle Oppio, 2, 1-44023 Lagosanto, FE, Italy
Primary Care Department, Diabetes Unit of “SS. Annunziata” Hospital, Via Giovanni Vicini 2,

1-44042 Cento, FE, Italy; vmonda@ausl.fe.it

Research and Innovation Section, University Hospital of Ferrara Arcispedale Sant’Anna, Via Aldo Moro 8,
1-44124 Cona, FE, Italy; giorgia.valpiani@unife.it

Programming and Management Control Unit, University Hospital of Ferrara Arcispedale Sant’Anna,

Via Aldo Moro 8, I-44124 Cona, FE, Italy; n.napoli@ospfe.it

Pharmaceutical Department, University Hospital of Ferrara Arcispedale Sant’Anna, Via Aldo Moro 8,
1-44124 Cona, FE, Italy; c.crespini@ospfe.it (C.C.); a.marra@ospfe.it (A.M.)

Pharmaceutical Care Department, Azienda Unita Sanitaria Locale della Romagna, Via Carlo Forlanini 34,
1-47121 Forli, FC, Italy; farmaciainterna.fo@auslromagna.it

Department of Internal Medicine, University Hospital of Ferrara Arcispedale Sant’Anna, Via Aldo Moro 8,
1-44124 Cona, FE, Italy

*  Correspondence: angelina.passaro@unife.it

t  These authors contributed equally to this work.

Abstract: Novel antidiabetic drugs have the ability to produce anti-inflammatory effects regardless
of their glucose-lowering action. For this reason, these molecules (including GLP-1 RAs and DPP-4is)
were hypothesized to be effective against COVID-19, which is characterized by cytokines hyperactiv-
ity and multiorgan inflammation. The aim of our work is to explore the potential protective role of
GLP-1 RAs and DPP-4is in COVID-19 (with the disease intended to be a model of an acute stressor)
and non-COVID-19 patients over a two-year observation period. Retrospective and one-versus-one
analyses were conducted to assess the impact of antidiabetic drugs on the need for hospitalization
(in both COVID-19- and non-COVID-19-related cases), in-hospital mortality, and two-year mortality.
Logistic regression analyses were conducted to identify the variables associated with these outcomes.
Additionally, log-rank tests were used to plot survival curves for each group of subjects, based on
their antidiabetic treatment. The performed analyses revealed that despite similar hospitalization
rates, subjects undergoing home therapy with GLP-1 RAs exhibited significantly lower mortality
rates, even over a two-year period. These individuals demonstrated improved survival estimates
both within hospital and non-hospital settings, even during a longer observation period.

Keywords: diabetes; GLP-1 RAs; DPP-4is; cardiovascular risk; inflammation

1. Introduction

Type 2 diabetes mellitus (T2DM) is known for being one of the most significant
cardiovascular risk factors and has experienced a substantial increase in recent decades
due to the rising burden of overweight and obesity [1]. Furthermore, in the past year, it has
been strongly linked to the severe form of COVID-19 (coronavirus disease 19) [2], a genuine
acute stressor for the diabetic population, resulting in generally high mortality rates [3,4].
Given that, according to various studies, the prevalence of diabetes in COVID-19 patients
ranges from 5% to 36% [5], it is reasonable to assume that any additional cardiovascular
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risk factor can predispose individuals with both diabetes and COVID-19 to even worse
clinical outcomes [6].

COVID-19 is characterized by a hyperinflammatory acute state [7-9], while also
featuring low-grade inflammation that leads to chronic complications. The simultaneous
presence of these two conditions likely explains why patients with T2DM suffer from
higher mortality rates compared to other subjects. Another point connecting diabetes with
coronaviruses is that both SARS-CoV (severe acute respiratory syndrome coronavirus)
and SARS-CoV-2 (the causative agent of COVID-19) can enter respiratory tract cells by
exploiting the angiotensin-converting enzyme 2 (ACE2) and binding to the spike protein
on the virion surface [10]; the effects of this enzyme are multifold, and it also has a major
role in micro and macrovascular complications in subjects with diabetes [11].

In contrast, MERS-CoV (Middle East respiratory syndrome), the second member of
the coronaviruses family, uses a different receptor for cell penetration, known as dipeptidyl-
peptidase-4 (DPP-4) [12]. This receptor can degrade glucagon-like peptide-1 (GLP-1), a
hormone produced by L cells in the distal ileum in response to glucose passing through
the intestines, a phenomenon called the “incretin effect” [13]. The expression of GLP-1
receptors is not limited to the gastrointestinal tract; they have been found in other systems
such as the central nervous system, respiratory system, and cardiovascular system. These
receptors also regulate glucose homeostasis in non-diabetic patients, promoting insulin
secretion and inhibiting glucagon production [14]. When these mechanisms malfunction, as
is the case in T2DM, uncontrolled glucose homeostasis leads to chronic inflammation [15].

Diabetes and inflammation are closely intertwined regardless of other diagnoses,
and some antidiabetic drugs have been developed to provide enhanced cardiovascular
protection through their anti-inflammatory effects, independent of their glucose-lowering
actions [16]. This effect of the novel classes of diabetes medications is one potential mech-
anism to consider when examining their cardiovascular benefits, even though evidence
on this matter is still limited, necessitating further clinical trials to explore this aspect
of diabetes.

COVID-19 shares with diabetes the ability to intensely stimulate the immune system.
However, the infection caused by SARS-CoV-2 can exploit this function more rapidly com-
pared to diabetes, which requires more time. Based on this, COVID-19 can be considered,
in all respects, an acute stressor for the body, like a major adverse cardiovascular event
(MACE). Other anti-inflammatory drugs have previously been suggested to be protec-
tive against COVID-19. Orally delivered DPP-4 inhibitors (DPP-4is) (such as sitagliptin,
vildagliptin, saxagliptin with mimetic inhibition mechanisms, alogliptin, and linagliptin
with non-mimetic inhibition) and GLP-1 receptor agonists (GLP-1 RAs) with daily (ex-
enatide, lixisenatide, liraglutide) or weekly (semaglutide, exenatide LAR, dulaglutide)
subcutaneous administration [17,18] or once-daily oral administration (semaglutide) are
among these potential treatments [19].

In this article, we delve into the role of antidiabetic drugs in relation to SARS-CoV-2
infection as an acute stressor, with a particular focus on individuals chronically treated with
GLP-1 RAs or DPP4-is. Our work has three main objectives: (a) comparing, in a “real-world”
setting, the hospitalization rates of various medical conditions in T2DM patients on home
therapy with GLP-1 RAs or DPP-4is (either alone or in combination with other antidiabetic
drugs) versus those on home therapy with different antidiabetic agents and/or insulin;
(b) comparing the length of hospital stays between the two groups; and (c) calculating the
mortality rates (all-cause and COVID-19-related mortality) of subjects with diabetes in the
different groups. The observation period was extended to a second year following the
initial observation.

2. Materials and Methods
2.1. Study Design

This is a retrospective, multi-center, non-interventional, observational cohort study.
We enrolled a total of 76,764 patients from hospitals in the districts of Ferrara and Romagna
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(the University Hospital of Ferrara (Coordinating Centre), as well as the Ferrara and
Romagna Local Health Units (LHUs)). Additional details about the participating centers
can be found in Supplementary Table S1.

The databases used for analysis included the demographic database, pharmaceutical
database (containing data related to dispensed drugs, categorized by the Anatomical-Thera-
peutic Chemical [ATC] codes FED for “Farmaci a erogazione diretta” and AFT for “Assis-
tenza Farmaceutica Territoriale”), and hospitalization database. Hospital discharge cards
(HDCs) were used to track internal transfers between operating units, providing infor-
mation such as admission, transfer, and discharge dates and times, admission diagnoses,
and previous history of major adverse cardiovascular events (MACEs), including non-fatal
myocardial infarction (MI), non-fatal cerebrovascular accident (CVA), heart failure (HF),
malignant dysrhythmias (MD), and cardiac shock (CS).

Clinical diagnoses were classified using the International Classification of Diseases, 9th
Revision, Clinical Modification (ICD-9-CM), while mortality data were collected daily from
the ReM (Relevation of Mortality) service for the Emilia Romagna Region. Information
about individuals with diabetes in each region was gathered in collaboration with local
diabetology units.

SARS-CoV-2 infection was confirmed through nasopharyngeal swabs with virus-
specific RNA detection and amplification using real-time polymerase chain reaction assays
(RT-PCR). Hospitalization was categorized as “COVID-19-associated” or “-related” based
on diagnoses listed on the hospital discharge card for coronavirus infections, as communi-
cated by the hospital assistance service of the Emilia Romagna region in March 2020.

The inclusion criteria consisted of two factors: (a) age, individuals aged 18 or older; and
(b) diabetes-specific drugs used directly for diabetes treatment following the Anatomical
Therapeutic Chemical (ATC) classification, A10. The observation period spanned two years,
from January 2020 to December 2021.

The use of an anonymous unique numeric code ensured full compliance with the
European General Data Protection Regulation (GDPR) (2016/679). The analysis was per-
formed exclusively on anonymized data, thereby adhering to privacy regulations. Results
were presented only in aggregated form, preventing attribution to any single institution,
department, doctor, or individual prescribing behavior. The study was conducted in ac-
cordance with current legislation for retrospective studies. According to the Data Privacy
Guarantor Authority (the General Authorization for personal data treatment for scientific
research purposes—n.9/2014); informed consent was not required due to organizational
constraints. The study adhered to Italian law on observational studies, with notification to
and approval from the ethics committee of each participating entity.

2.2. Demographic Data

The University Hospital of Ferrara (UHF) and Ferrara Local Health Units (LHUs)
collectively cover an area inhabited by 345,503 people (45,387 of whom are under 18 years
old, and 300,116 of whom are older), while the region served by the Romagna LHUs has a
population of 1,125,574 individuals (174,618 under 18 years old and 950,956 older), making
a total of 1,471,077 residents.

Regarding adult T2DM patients, the Ferrara district reported 17,797 individuals (con-
stituting 5.2% of the population), and the Romagna area had 59,327 cases (equivalent to
6.2%). This resulted in a combined diabetic population of 76,764 patients, accounting for
6.1% of the adult population. It is worth noting that these figures align closely with the
national average, considering the prevalence of diabetes in Italy (which stood at 5.9% for
both female and male subjects in 2020; source: www.istat.it, accessed on 1 January 2023).
This demonstrates the significant consistency of our region’s data with the country’s overall
statistics. Additional details concerning the demographic breakdown of subjects can be
found in Supplementary Figure S1.

We divided the overall population with T2DM into several subgroups based on their
respective home antidiabetic therapies. Additionally, the cohort of patients who were
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hospitalized was further divided into two subgroups, categorized by the reason for their
hospital admission (COVID-19-related or other reasons).

The term “non-COVID-19-associated-related hospitalization” refers to admissions
prompted by various causes requiring hospital treatment, excluding SARS-CoV-2 infection.
Examples of such causes include cardiovascular events, routine or emergency surgeries,
infections, respiratory insufficiency, and more.

The hospitalized population with T2DM was further characterized and classified
based on their home antidiabetic therapy and their history of major adverse cardiovascular
events (MACEs). We sought to identify differences between groups in terms of individual
MACE:s (such as non-fatal myocardial infarction, MI; non-fatal cerebrovascular accident,
CVA; heart failure, HF; malignant dysrhythmias, MD; cardiac shock, CS), 2-point MACEs
(non-fatal MI and non-fatal CVA), 3-point MACEs (non-fatal MI, non-fatal CVA, and HF
with or without CS), and 4-point MACEs (non-fatal MI, non-fatal CVA, HF with or without
CS, and MD).

2.3. Statistical Analysis

Data analyses were carried out using IBM SPSS Statistics version 26.0 (IBM Corpo-
ration). The normality of the distribution of continuous variables was assessed using
the Shapiro-Wilk test. In case of normal distribution of data, continuous variables were
presented with their mean and standard deviation (SD), while in case of non-normal dis-
tribution, with their median value and interquartile range [1Q 3Q]. Categorical data were
presented as total numbers and percentages (%).

Differences between groups were examined in terms of age, sex distribution, length of
stay, mortality (both in-hospital and cumulative deaths within the two-year observation
period), and antidiabetic treatment. Percentages were compared using the chi-square test,
Fisher’s exact test, or Yates’ correction if necessary. Continuous data were assessed using
Student’s t-test or the Mann-Whitney test as appropriate.

Box plots were employed to compare the lengths of stay among different groups of
inpatients. Additionally, chi-square tests were conducted for risk estimates, and one-versus-
one analyses among the primary antidiabetic treatments, with computation of relative odds
ratios (ORs) and 95% confidence intervals (CIs). These ORs and 95% Cls were calculated
using an unadjusted logistic regression model, with the need for hospitalization, in-hospital
deaths, and cumulative deaths as dependent variables, and age, sex, 4-point MACE events,
and antidiabetic treatments as independent variables. Survival curves were generated
using the Kaplan-Meier method and compared between various subgroups using the
log-rank test. A significance level of p < 0.05 was considered statistically significant.

Throughout the development of this article, STROBE (Strengthening the Reporting of
Observational Studies in Epidemiology) guidelines were adhered to in each phase.

3. Results
3.1. Antidiabetic Prescriptions

We categorized the population with T2DM based on their respective home antidiabetic
treatments. As anticipated, a significant proportion of the population (30,238 individuals,
accounting for 39.4% of the total) were undergoing therapy exclusively with metformin.
Furthermore, 14,739 individuals (19.2%) were treated with either insulin or insulin secre-
tagogues. An additional breakdown of the population included 2037 individuals (2.4%)
utilizing a combination of DPP-4 inhibitors (DPP-4is) and metformin; 1169 individuals
(1.5%) on DPP-4is alone; 1095 individuals (1.4%) taking DPP-4is along with insulin or
insulin secretagogues like glimepiride, glyburide, or glipizide; 910 individuals (1.2%) us-
ing GLP-1 receptor agonists (GLP-1 RAs) alongside metformin; 190 individuals (0.2%)
on a regimen of GLP-1 RAs in combination with insulin or insulin secretagogues; and
127 individuals (0.2%) solely on GLP-1 RAs. Moreover, 26,259 individuals (34.2%) were
on various other drug combinations or alternative medications such as SGLT-2 inhibitors,
acarbose, or thiazolidinediones (refer to Table 1).
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Table 1. Population characteristics.

Hospitalized Subjects (1 = 2910)

Non-
Variables Total Hospitalized Non-COVID-19 ~ COVID-19 p Value
Subjects Hospitalization Hospitalization
Subjects, n (%) 76,764 73,854 (96.2) 988 (34.0) 1922 (66.0) <0.001
Age (years), mean £ SD 70 £ 13 70+ 13 74+ 13 73+ 13 0.05
Age < 60 years, n (%) 14,861 (19.4) 14,435 (19.5) 135 (13.7) 291 (15.1) 0.36
Age 60-69 years, n (%) 18,291 (23.8) 17,789 (24.1) 164 (16.6) 338 (17.6) 0.57
Age 70-79 years, n (%) 24,278 (31.6) 23,372 (31.6) 288 (29.1) 618 (32.2) 0.23
Age > 80 years, n (%) 19,334 (25.2) 18,258 (24.7) 401 (40.6) 675 (35.1) 0.05
. Female 35,418 (46.1) 34,231 (46.5) 410 (41.5) 777 (40.4)
Sex, n (%) Male 41251 (53.9) 39,528 (53.5) 578 (58.5) 1145 (59.6) <0.001
Days of hospital stay, mean 4+ SD - - 185+ 16.3 182 +17.7 0.73
In-hospital death, n (%) 739 (1.0) - 318 (32.2) 421 (21.9) <0.001
Cumulative death, n (%) 6926 (9.0) 5947 (8.1) 423 (42.8) 556 (28.9) <0.001
Cardiovascular events
Non-fatal MI, n (%) 573 (0.7) 524 (0.7) 22 (2.2) 27 (1.4) 0.11
Non-fatal CVA, n (%) 1470 (1.9) 1277 (1.7) 81(8.2) 112 (5.8) 0.023
Heart failure (HF), n (%) 1898 (2.5) 1589 (2.2) 125 (12.7) 184 (9.6) 0.022
Malignant dysrhythmia (MD), n (%) 323 (0.4) 287 (0.4) 14 (1.4) 22 (1.1) 053
Cardiac shock (CS), n (%) 50 (0.1) 40(0.1) 0(0.0) 10 (0.5) 0.019
4-point MACE, n (%) 3794 (4.9) 3263 (4.4) 215 (21.8) 316 (16.4) 0.004
Antidiabetic drugs
Metformin, n (%) 30,238 (39.4) 29,455 (39.9) 239 (24.2) 544 (28.3) 0.07
Insulin or insulin secretagogues, n (%) 14,739 (19.2) 13,976 (18.9) 284 (28.7) 479 (24.9) 0.09
GLP-1 RAs, n (%) 1227 (1.6) 1175 (1.6) 18 (1.8) 34 (1.8) 0.92
GLP-1 RAs + metformin, n (%) 910 (1.2) 875 (1.2) 9(0.9) 26 (1.4) 0.31
GLP-1 RA alone, n (%) 127 (0.2) 122 (0.2) 2(0.2) 3(0.2) 078
GLP-1 RAs + insulin or insulin secretagogues, n (%) 190 (0.2) 178 (0.2) 7(0.7) 5(0.3) 0.08
DPP-4is, n (%) 4301 (5.6) 4060 (5.5) 87 (8.8) 154 (8.0) 0.50
DPP-4i alone, n (%) 1169 (1.5) 1078 (1.5) 38 (3.8) 53 (2.8) 0.12
DPP-4is + metformin, n (%) 2037 (2.7) 1972 (2.7) 16 (1.6) 49 (2.5) 0.12
DPP-4is + insulin or insulin secretagogues, n (%) 1095 (1.4) 1010 (1.4) 33 (3.3) 52 (2.7) 0.35
Other drug combinations or other drugs, n (%) 26,259 (34.2) 25,188 (34.1) 360 (36.4) 711 (37.0) 0.84

Non-COVID-19 hospitalization, non-COVID-19-related /associated hospitalization but for other reasons; COVID-19
hospitalization, COVID-19-related /associated hospitalization; MI = myocardial infarction; CVA = cardiovascular
accidents; HF = heart failure; CS = cardiac shock; MD = malignant dysrhythmia; 4-point MACE = 4-point
major adverse cardiovascular events (non-fatal MI, non-fatal CVA, HF with or without CS, and MD); GLP-1
RAs = GLP-1 receptor agonists; DPP-4is = DPP-4 inhibitors. Data are presented as number (%), and if not are
appropriately specified.

3.2. Population Characteristics

Within the primary cohort of individuals with T2DM, a total of 2910 required hos-
pitalization, representing 3.8% of the cohort. Among these hospitalizations, 1922 cases
(66.0%) were attributed to COVID-19, while the remaining 988 cases (34.0%) were due to
other reasons. Table 1 provides a comprehensive overview of the distinctions between
the two groups of subjects who were hospitalized for COVID-19 or alternative reasons.
The p-values resulting from the comparison of COVID-19 and non-COVID-19 inpatients
are presented.

Substantial differences were observed in terms of age; COVID-19 patients were rela-
tively younger, with an average age of 73 £ 13 years compared to 74 + 13 years for non-
COVID-19 inpatients (p = 0.05). This age difference was particularly pronounced within the
subgroup of individuals aged over 80, where those hospitalized for non-COVID-19 reasons
were generally older (p = 0.05). Regarding sex distribution, males were more prevalent in
both subgroups of inpatients.
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In-hospital mortality rates demonstrated significant variation; COVID-19 patients
experienced notably lower mortality, with rates of 21.9% compared to 32.2% for those
hospitalized for other reasons (p < 0.001). Cumulative mortality data further supported
this trend, with COVID-19-related mortality at a lower level of 28.9% in contrast to 42.8%
for non-COVID-19-related reasons (p < 0.001).

The same categorization (subjects with T2DM hospitalized for COVID-19 versus those
hospitalized for other reasons) was maintained in the second section of Table 1, wherein we
assessed the differences in terms of individual MACEs and subsequently, 2-point, 3-point,
and 4-point MACEs, as elaborated above. Noteworthy differences between the two groups
emerged for non-fatal cerebrovascular accidents (CVA) (8.2% vs. 5.8%, p = 0.023), heart
failure (HF) (12.7% vs. 9.6%, p = 0.022), and cardiac shock (CS) (0% vs. 0.5%, p = 0.019).
COVID-19 inpatients presented generally lower rates of 4-point MACE (16.4% vs. 21.8%,
p =0.004). Aside from CS, where subjects admitted for other reasons did not experience
this outcome, those admitted due to COVID-19 generally exhibited a lower occurrence of
MACE:s. This trend persisted across 2-point, 3-point, and 4-point MACE analyses.

Regarding antidiabetic treatments, no substantial differences were encountered in the
comparisons between groups.

In Supplementary Table S2, we have presented the prevalence of each individual
MACE, categorized based on patients’ antidiabetic home treatment. Given the notably low
percentage of occurrences for each MACE within all subgroups, no statistical analysis or
intergroup comparison was deemed relevant.

3.3. Antidiabetic Drugs and Outcomes

In Figure 1, we direct our attention to the primary treatment groups discussed earlier, ex-
cluding the subgroup treated with other drugs or combinations of drugs. For each treatment
group, we calculated the respective percentages of hospitalizations (attributed to COVID-19
or other reasons), in-hospital deaths (separating COVID-19-related and other reasons), and
cumulative deaths (encompassing both hospitalized and non-hospitalized subjects).

Regarding the need for hospitalization (Figure 1A), the breakdown is as follows:
among subjects treated with metformin, 1.8% required hospitalization due to COVID-19,
and 0.8% for other reasons; within the group receiving insulin/insulin secretagogues, 3.2%
were hospitalized for COVID-19, and 1.9% for other reasons. For those treated with GLP-1
Ras, 2.8% were admitted due to COVID-19, and 1.5% for other reasons, while among the
subjects treated with DPP-4 inhibitors (DPP-4is), the respective percentages were 3.6% for
COVID-19-related hospitalization and 2.0% for other reasons.

The analysis pertaining to mortality yielded different results; among all treatment
groups, patients with the lowest in-hospital mortality rates were those treated with GLP-1
RAs (0.4% due to COVID-19, and 0.2% for other reasons). Similar findings were observed
for cumulative death over the two-year observation period. This trend persisted across all
subjects, including those who did not require hospitalization within the two-year span, as
well as those who experienced at least one hospitalization (Figure 1B,C).

Assessment of the length of stay, defined as the number of days spent during the
primary hospitalization, revealed minimal disparities between the various subject groups.
This observation held true even when comparing lengths of stay between COVID-19 and
non-COVID-19 inpatients (refer to Supplementary Figure S2).
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Figure 1. Comparison between the main four subgroups of diabetic inpatients in terms of hospital
admission (admitted for COVID-19, right column, and for other reasons, left column) (A); Metformin vs.
all drugs p < 0.001. Differences between groups in terms of in-hospital death (admitted for COVID-19,
right column, and for other reasons, left column) (B); Metformin versus insulin/insulin secretagogues
and versus DPP-4is. p < 0.001, GLP-1RAs vs. other drugs p < 0.001. Differences between groups in
terms of cumulative death within the period of observation (admitted to hospital, right column, and
not admitted to hospital, left column) (C). GLP-1 RAs vs. metformin and insulin/insulin secretagogues
p < 0.001. DPP-4is vs. metformin and insulin/insulin secretagogues p < 0.005.
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3.4. One-versus-One Comparisons

One-versus-one analyses revealed notable differences when considering the risks
associated with hospital admission, COVID-19-related hospitalization, in-hospital death,
and cumulative death (refer to Figure 2). In terms of hospital admission, insulin/insulin
secretagogues, GLP-1 RAs, and DPP-4 inhibitors (DPP-4is) exhibited higher risks when each
category was compared to metformin (with ORs of 2.05 [95% CI 1.86-2.27], 1.67 [95% CI
1.25-2.22], and 2.23 [1.93-2.59], respectively). Moreover, DPP-4is displayed a significantly
higher risk than GLP-1 RAs (with an OR of 1.34) in terms of hospital admission.

Outcome

Drug1 Drug 2 OR Lower 95% CI  Upper 95% CI p value
Hospital Admission |nsulin or Insulin secretagogues ~ Metformin 2.05 1.86 2.27 0.001 L ol
GLP-1 RAs Metformin 1.67 1.25 2.22 0.001 ——i
DPP-4is Metformin 223 1.93 2.59 0.001 e
DPP-4is GLP-1 RAs 1.34 0.99 1.82 0.06 -e—t
CoviD-19 Insulin or Insulin secretagogues ~ Metformin 0.74 0.60 0.92 0.006 .
related/associated GLP-1 RAs Metformin 0.83 0.46 1.50 0.54 el
hospitalisation . 5
DPP-4is Metformin 0.78 0.57 1.05 0.11 o]
DPP-4is GLP-1 RAs 0.94 0.50 1.76 0.88 ——
In hospital Death  |nsulin or Insulin secretagogues ~ Metformin 2.82 2.32 3.42 0.001 P
GLP-1 RAs Metformin 1.23 0.63 2.40 0.07 —te——
DPP-4is Metformin 3.19 2.45 4.15 0.001 ———
DPP-4is GLP-1 RAs 2.60 1.30 5.19 0.002 e S—]
Cumulative death [nsulin or Insulin secretagogues ~ Metformin 3.19 2.99 3.41 0.001 re
GLP-1 RAs Metformin 0.42 0.29 0.60 0.001 .
DPP-4is Metformin 2.65 2.40 2.92 0.001 o
DPP-4is GLP-1 RAs 6.33 4.39 9.13 0.001
0 | 2 3 4 5 6 7 8 10

Figure 2. One-versus-one analyses evaluating the risk for worse outcomes (hospital admission,
COVID-19-related /associated hospitalization, in-hospital death, and cumulative death). OR = odds ratio;
95% CI = 95% confidence interval; GLP-1 RAs = GLP-1 receptor agonists; DPP-4is = DPP-4 inhibitors.

Regarding COVID-19-related hospitalization, the most significant comparison was be-
tween insulin/insulin secretagogues and metformin (with an OR of 0.74 [95% CI 0.60-0.92]),
indicating a lower risk associated with metformin use.

The most substantial findings emerged from the one-versus-one analyses related to
mortality; concerning in-hospital death, both insulin/insulin secretagogues and DPP-4is
demonstrated lower levels of protection compared to metformin (with ORs of 2.82 [95%
CI2.32-3.42] and 3.19 [95% CI 2.45-4.15], respectively). Furthermore, DPP-4is exhibited a
higher risk of mortality than GLP-1 RAs (with an OR of 2.60 [95% CI 1.30-5.19]). However,
the comparison between GLP-1 RAs and metformin did not yield statistically significant
results in terms of in-hospital death.

These analyses provide important insights into the relative risks associated with
different antidiabetic treatments in the context of hospitalization and mortality outcomes.

Indeed, the analyses pertaining to cumulative death provide some of the most com-
pelling insights. These analyses reaffirm what was presented in Figure 1, highlighting that
insulin/insulin secretagogues and DPP-4 inhibitors (DPP-4is) continue to exhibit worse
outcomes compared to metformin (with ORs of 3.19 [95% CI 2.99-3.41] and 2.65 [95% CI
2.40-2.92], respectively). Furthermore, DPP-4is, when compared to GLP-1 receptor agonists
(GLP-1 RAs), continue to display an elevated risk of cumulative death (with an OR of 6.33
[95% CI4.39-9.13]).

However, a distinct finding emerges from the one-versus-one analysis between GLP-1
RAs and metformin. This analysis yields an OR of 0.42 (95% CI 0.29-0.60, p < 0.001).
This substantial OR signifies the powerful protective effect exerted by GLP-1 RAs against
mortality over a two-year period.

3.5. Logistic Regression Analyses

Logistic regression analyses were conducted to assess the individual contribution of
each variable in influencing the three selected outcomes: hospital admission, in-hospital
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death, and cumulative death. The reference categories chosen for comparison were as
follows: female sex, age below 60 years for age categories, and metformin for antidiabetic
treatments. Notably, female sex was found to be independently associated with lower
ORs across all considered outcomes, indicating a lower risk. Conversely, higher ORs
were observed for the variable “4-point MACE” in relation to all outcomes (as detailed
in Table 2).

Table 2. Logistic regression analyses.

B S.E. Wald af p Value OR (Upzz(;/j’Lf)iver)
Hospital admission
Sex (F/M) —0.27 0.05 29.63 1 <0.001 0.77 0.70-0.84
Age < 60 years - - 82.01 3 <0.001 - -
Age 60-69 years —0.01 0.09 0.01 1 0.99 1.00 0.84-1.18
Age 70-79 years 0.23 0.08 8.87 1 0.003 1.26 1.08-1.46
Age > 80 years 0.55 0.08 51.96 1 <0.001 1.73 1.49-2.01
4-point MACE 1.31 0.07 396.51 1 <0.001 3.72 3.27-4.24
Metformin - - 115.75 3 <0.001 - -
Insulin or insulin secretagogues 0.51 0.05 88.79 1 <0.001 1.66 1.50-1.85
GLP-1RAs 0.64 0.15 18.37 1 <0.001 1.69 1.41-2.52
DPP-4is 0.58 0.08 55.97 1 <0.001 1.78 1.53-2.08
In-hospital death
Sex (F/M) —0.50 0.09 29.09 1 <0.001 0.61 0.51-0.72
Age < 60 years 179.07 3 <0.001 - -
Age 60-69 years 0.67 0.30 488 1 0.03 1.95 1.08-3.53
Age 70-79 years 1.74 0.27 43.04 1 <0.001 5.68 3.38-9.53
Age > 80 years 2.45 0.26 88.65 1 <0.001 11.62 6.97-19.35
4-point MACE 1.55 0.10 229.20 1 <0.001 4.71 3.85-5.75
Metformin 42.07 3 <0.001 - -
Insulin or insulin secretagogues 0.59 0.10 33.33 1 <0.001 1.81 1.48-2.20
GLP-1 RAs 0.80 0.35 5.33 1 0.021 1.84 1.13-4.42
DPP-4is 0.67 0.14 23.59 1 <0.001 1.96 1.49-2.56
Cumulative death
Sex (F/M) —0.24 0.03 53.59 1 <0.001 0.79 0.74-0.84
Age < 60 years - - 2269.81 3 <0.001 - -
Age 60-69 years 1.02 0.10 107.46 1 <0.001 2.76 2.28-3.35
Age 70-79 years 1.72 0.09 368.67 1 <0.001 5.57 4.67-6.64
Age > 80 years 2.84 0.09 1066.26 1 <0.001 17.14 14.45-20.33
4-point MACE 1.16 0.05 578.85 1 <0.001 3.20 2.91-3.51
Metformin - - 565.10 3 <0.001 - -
Insulin or insulin secretagogues 0.82 0.04 545.72 1 <0.001 2.28 2.13-2.44
GLP-1 RAs —0.20 0.19 1.12 1 0.29 0.82 0.57-1.18
DPP-4is 0.60 0.05 124.76 1 <0.001 1.81 1.63-2.01

Logistic regression modelling for identifying the variables associated with outcomes (hospital admission,
in-hospital death, and cumulative death). OR = odds ratio; 95% CI = 95% confidence interval; 4-point
MACE = 4-point major adverse cardiovascular events (non-fatal MI, non-fatal CVA, HF with or without CS,
and MD); GLP-1 RAs = GLP-1 receptor agonists; DPP-4is = DPP-4 inhibitors.

Insulin/insulin secretagogues and DPP-4 inhibitors (DPP-4is) displayed notably el-
evated and statistically significant ORs for all three outcomes examined. In contrast,
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GLP-1 receptor agonists (GLP-1 RAs) demonstrated comparable results only in relation
to hospital admission and in-hospital death, with ORs of 1.69 (95% CI 1.41-2.52) and
1.84 (95% CI 1.13-4.42), respectively. However, no significant differences were observed
concerning cumulative death when GLP-1 RAs were compared to metformin as the refer-
ence treatment.

3.6. Survival Estimates

The Mantel-Cox log-rank tests conducted over the course of the two-year observa-
tion period (Figure 3) revealed significant differences (p < 0.001) in terms of cumulative
survival between subjects who were hospitalized and those who were not. As anticipated,
non-hospitalized subjects exhibited markedly higher survival rates (Figure 3A). This initial
observation prompted us to delve deeper into our investigation, wherein we sought dif-
ferences among both the hospitalized and non-hospitalized subjects, while stratifying for
different antidiabetic drugs.

1o - A non-Hospitalized subjects B Hospitalized subjects
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Figure 3. Mantel-Cox log-rank tests. Analysis of two-year survival among diabetic subjects sub-
cohorts. Differences in terms of cumulative survival between hospitalised and non-hospitalised
subjects (A); cumulative survival among non-hospitalised subjects based on antidiabetic treatment (B);
cumulative survival among hospitalised subjects based on antidiabetic treatment (C); differences in
terms of cumulative survival among non-hospitalised, hospitalised for COVID-19 and hospitalised
for other reasons (D); cumulative survival among subjects hospitalised for other reasons based on
antidiabetic treatment (E); cumulative survival among subjects hospitalised for COVID-19 based on
antidiabetic treatment (F).

Remarkably, GLP-1 receptor agonists (GLP-1 RAs) exhibited significantly better sur-
vival estimates (p < 0.001) for both cohorts of subjects throughout the entire observation
period (Figure 3B,C). The Kaplan-Meier survival curves among hospitalized subjects
displayed a consistent decline over time across all treatment groups. Conversely, for non-
hospitalized subjects, the curves maintained a relatively stable trajectory up to around
300 days, after which they experienced a more rapid decrease across all treatment groups.
Notably, non-hospitalized subjects treated with GLP-1 RAs demonstrated a higher likeli-
hood of survival compared to those treated with other medications (with p < 0.05).

These findings persisted even when variables associated with COVID-19 and non-
COVID-19-related hospitalizations were introduced into the analysis. Once again, GLP-1
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receptor agonists (GLP-1 RAs) demonstrated significantly improved survival curves when
compared to all other antidiabetic drugs (with p-values < 0.05) (Figure 3D-F).

4. Discussion

In addition to their hypoglycemic effects, DPP-4 inhibitors (DPP-4is) and GLP-1
receptor agonists (GLP-1 RAs) exert a broad anti-inflammatory influence. They achieve
this by facilitating the transformation of blood and tissue monocyto-macrophagic cells into
the anti-inflammatory M2 phenotype. Simultaneously, they decrease the production of
inflammatory cytokines [15,20-22].

A recent study conducted on a total of 338 COVID-19 inpatients revealed that the
administration of sitagliptin, a DPP-4 inhibitor, upon admission yielded substantial benefits.
Among the group of 169 patients treated with sitagliptin, there was a significant reduction
in in-hospital mortality when compared to the control group of 169 patients receiving
conventional insulin treatment (18% vs. 37%; Hazard Ratio [HR] = 0.44). Notably, the
use of sitagliptin was also associated with a reduced risk of mechanical ventilation and
admission to intensive care units (ICUs), with Hazard Ratios (HRs) of 0.27 and 0.51,
respectively [23]. In addition to these data and always in the context of COVID-19 inpatients,
a multination meta-analysis showed that DPP-4is administration was associated with
significantly reduced overall mortality rates (OR 0.75) [24].

GLP-1 RAs were considered excellent candidates for treating COVID-19 also in pa-
tients without diagnosis of T2DM owing to their multiple beneficial effects on excessive
inflammation-induced acute lung injury [8], once again showing that COVID-19 can be con-
sidered a model of acute stressor against which molecules with a marked anti-inflammatory
role can act.

A plausible explanation for the favorable effect of GLP-1 receptor agonists (GLP-1
RAs) on the clinical course of COVID-19 stems from an experimental study conducted in
an animal model using streptozotocin-induced diabetes rats. This study demonstrated
that liraglutide, a type of GLP-1 RA, can stimulate the expression of pulmonary ACE2 and
Angiotensin (1-7) [A(1-7)], thereby reversing the imbalance within the renin-angiotensin
system (RAS) in rats with type 1 diabetes mellitus (T1DM). This imbalance is characterized
by a preponderance of the vasoconstrictor component of the RAS. This results in elevated
levels of angiotensin II (AIl), which subsequently leads to right ventricle hypertrophy. The
study’s findings revealed that liraglutide effectively counteracted right ventricle hypertro-
phy and promoted increased production of proteins A and B of the pulmonary surfactant
(SP-A and SP-B) in diabetic rats [25].

The role of ACE2 expression in COVID-19 pathogenesis was already hypothesized in
many previous studies and its modulation was thought to be one of the keys for modulating
the inflammatory response [26,27]. Moreover, it was also theorised that uncontrolled hyper-
glycemia may cause aberrant glycosylation of ACE2 in lungs, nasal airways, tongue, and
oropharynx, thus increasing SARS-CoV-2 viral binding sites and leading to a higher trend of
SARS-CoV-2 infections and more severe forms of COVID-19 [28]. For this reason, an efficacy
regulation of plasma sugar levels plays a fundamental role in COVID-19 management.

The activation of the ACE2/A(1-7)/MasR axis is also able to determine an important
antithrombotic effect [29,30], mediated by the production of prostacyclin and nitric oxide
(NO) [31]. Furthermore, the restoration of the renin-angiotensin system (RAS) balance
achieved by enhancing the activity of the ACE2/Angiotensin (1-7)/MasR axis has the
potential to mitigate the pro-inflammatory state and suppress the excessive activation of
the coagulation process. This modulation of the RAS can also help mitigate the develop-
ment of thrombotic complications commonly associated with COVID-19, which is often
referred to as COVID-19 coagulopathy [32,33], which plays a fundamental role in the patho-
genesis of ARDS and multi-organ failure during SARS-CoV-2 infection [34] and is often
associated with an ominous prognosis of COVID-19 [35]. Therefore, it is conceivable that
the previously described effects of GLP-1 RAs on the synthesis of pulmonary surfactants
proteins [25], may be able to determine a further protective effect on the COVID-19 clinical
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outcomes. Additionally, while the elevated expression of ACE2 might be assumed as a
potential facilitator for SARS-CoV-2 cell entry, it is plausible that GLP-1 receptor agonists
(GLP-1 RAs), through their counteraction of pro-inflammatory cytokine effects and restora-
tion of RAS balance (including the enhancement of the ACE2/Angiotensin(1-7)/MasR axis
activity), could potentially exert a protective effect against lung damage and the onset of
multi-organ failure. In this context, GLP-1 RAs might contribute to reducing the severity
of COVID-19 by mitigating the detrimental impact on lung function and overall organ
health [9,36].

In the current state of research, numerous literature reports have emphasized the ne-
cessity for conducting clinical and epidemiological studies with the objective of evaluating
the effects of GLP-1 receptor agonists (GLP-1 RAs) on the clinical outcomes of COVID-19
in patients with type 2 diabetes (T2DM) [8,9]. A recent retrospective observational clinical
study highlighted that the prior use of GLP-1 RAs and SGLT-2 inhibitors (SGLT-2is), when
compared to the utilization of DPP-4 inhibitors (DPP-4is), was linked to a substantial
60-day mortality reduction. Additionally, it was associated with noteworthy reductions in
overall mortality, Emergency Room (ER) admissions, and hospitalizations [37]. Conversely,
another retrospective observational study conducted in Denmark indicated that the utiliza-
tion of incretin-based therapies was not associated with improved COVID-19 outcomes.
However, it is worth noting that statistical power was constrained due to a small sample
size [38].

A neutral effect of both incretin-based therapies (and SGLT-2is) on COVID-19-related
mortality was also showed by a national retrospective observational study performed in
England on a total of 2,851,465 T2DM patients [39].

Researchers from Indonesia conducted a study that revealed a significant association
between the pre-admission use of GLP-1 receptor agonists (GLP-1 RAs) and a reduction in
mortality rates related to COVID-19 among patients with type 2 diabetes (T2DM). The OR
calculated for this association was 0.53, indicating a substantial reduction in the odds of
mortality for those who were using GLP-1 RAs prior to their admission due to COVID-19.
Importantly, this association held irrespective of other factors such as age, sex, pre-existing
diagnosis of hypertension or other cardiovascular diseases, and the administration of other
antidiabetic medications like metformin or insulin [40].

Two other recent meta-analyses have delved into the effects of preadmission use
of antidiabetic medications on the in-hospital mortality of patients with type 2 diabetes
(T2DM) and COVID-19. In the first meta-analysis, which encompassed 61 studies, it was
found that preadmission use of certain antidiabetic medications correlated with distinct
outcomes in terms of in-hospital mortality. Specifically, the use of metformin (OR 0.54),
GLP-1 RAs (OR 0.51), and SGLT-2is (OR 0.60) was associated with lower mortality rates in
individuals with diabetes and COVID-19. Conversely, the use of DPP-4is (OR 1.23) and
insulin (OR 1.70) was linked to elevated mortality rates. Other antidiabetic medications
such as sulfonylureas, thiazolidinediones, and alpha-glucosidase inhibitors exhibited a
neutral impact on mortality outcomes [41]. The second meta-analysis showed instead that
treatment with metformin (OR 0.74), DPP-4is (OR 0.88), SGLT-2is (OR 0.82), and GLP-1
RAs (OR 0.91) was related to reduced COVID-19 mortality rates in T2DM subjects, while
insulin to increased mortality [42]. Additionally, GLP-1 RAs exhibited the most substantial
and significant protective effect in reducing mortality rate, followed by SGLT-2is and
metformin.

As for comparisons between the use of DPP-4is and GLP-1 RAs towards COVID-19
outcomes, conflicting results have been reported. While some studies have not shown
a significant favourable effect on COVID-19 outcomes by DPP-4is [43,44], some others
showed a possible protective action [45,46]. Moreover, while a recent meta-analysis per-
formed on a total of 10 studies showed that DPP-4is therapy is not able to determine a
significant improvement in COVID-19 outcomes [47], another meta-analysis which in-
cluded the aforementioned study by Solerte et al. [23], in addition to 2 studies considering
the intrahospital use of DPP-4is [46,48], highlighted a significant reduction in terms of
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mortality among T2DM patients treated with such drugs; the association was weaker in
patients who were also taking metformin and/or ACE inhibitors [49]. A second recent
meta-analysis by Indian scientists showed that intra-hospital administration of DPP-4is
(pre-admission administration was not considered) was associated with significantly lower
COVID-19-related mortality [50].

Based on the existing observational studies, it remains challenging to arrive at defini-
tive conclusions regarding the impact of pre-existing DPP-4 inhibitor (DPP-4is) therapy
on COVID-19 outcomes [51]. However, there is a plausible hypothesis that the continued
use of incretin-based therapies within the hospital setting might have the potential to
notably enhance clinical outcomes for COVID-19 patients. Therefore, it is crucial to conduct
thorough analyses to investigate the potential effects of pre-admission treatment involving
both DPP-4is and GLP-1 RAs on the clinical outcomes of COVID-19.

Even though the study did not specifically discuss treatment with SGLT-2 inhibitors
(SGLT-2is), it is worth noting some recent research that highlights the anti-inflammatory
effects of SGLT-2is. These medications have been shown to reduce the activity of pro-
inflammatory cytokines such as tumor necrosis factor alpha (TNF-w), interleukin-6 (IL-6),
and C-reactive protein (CRP) [52-54]. These effects are potentially mediated by SGLI-
2is-induced reductions in uric acid, insulin levels [55], and leptin, as well as increases
in adiponectin levels [56,57]. Additionally, SGLT-2is have demonstrated the ability to
counteract low-grade inflammation and oxidative stress linked to diabetes [58], and they are
associated with the polarization of monocyte-macrophage cells into the anti-inflammatory
M2 phenotype [59,60].

Regarding sulfonylureas, a retrospective study conducted using the United Health
Group Clinical Discovery Database revealed that both sulfonylureas and insulin were
associated with increased odds of hospitalization among individuals with T2DM [61]. In
contrast, a recent meta-analysis indicated that metformin and sulfonylureas might be linked
to a reduced risk of mortality in patients with T2DM and COVID-19 [62]. Moreover, another
recent meta-analysis corroborated the protective role of metformin against COVID-19-
related deaths [63].

When assessing the effects of various antidiabetic medications on the clinical course of
SARS-CoV-2 infection, it is important to note that there is a lack of definitive and conclusive
data across the board. However, an exception to this trend appears to be metformin.
Existing evidence suggests that metformin generally exerts a favorable effect, both in terms
of reducing the risk of hospitalization and lowering mortality rates among individuals with
SARS-CoV-2 infection [64—67]. A possible explanation of this phenomenon could involve
the population of subjects with T2DM treated with metformin, the first line of treatment
for T2DM and usually destinated to subjects with non-complicated forms of T2DM.

Our study demonstrates a favorable effect of GLP-1 RAs home therapy in the cohort of
hospitalised and non-hospitalised subjects and also after a subgroups analysis concerning
the subjects admitted for COVID-19 or for other reasons. Once again, we could state that
GLP-1 RAs are able to offer an additional layer of protection for T2DM patients even under
acute stressors like COVID-19, and this is in line with some of the aforementioned studies
and meta-analyses [37,40—42]: in our cohort of patients the effects of GLP-1 RAs are evident
in each step of the analyses performed, and it is linked to significantly lower percentage of
death, even after a period of observation of two years.

The results of the logistic regression analyses performed clearly demonstrate how the
burden of major adverse cardiovascular events (MACESs) in subjects with T2DM, coupled
with their older age and male sex, directly correlates with a higher likelihood of hospital
admission (for various reasons). This observation aligns well with the current literature
and does not require further elaboration. Similarly, these same variables contribute to
higher mortality rates in T2DM subjects, both during their hospital stay and cumulatively
over time, leaving no room for misinterpretation. Simultaneously, the Mantel-Cox log-rank
tests unambiguously reveal that both hospitalized and non-hospitalized T2DM subjects
who achieve the best survival outcomes are those treated with GLP-1 RAs. This holds true
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for patients hospitalized due to a clear acute stressor, such as COVID-19, as well as those
hospitalized for other medical reasons.

While many of the anti-inflammatory effects of GLP-1 RAs and DPP-4is still require
further clarification, the current literature does not offer a consensus on the lasting ben-
efits provided by these two categories of drugs. Additionally, a more extensive body
of research dedicated to these antidiabetic agents could shed light on their potential to
modulate the course of acute and/or chronic stressors to which patients with diabetes are
particularly susceptible.

Our observations are subject to several limitations, primarily stemming from the
retrospective nature of the study and variations in sample size among different subject
cohorts. The use of current administrative data sources ensures immediate availability but
comes with inherent limitations in terms of data variety. Accessing the necessary infor-
mation would necessitate manual consultation of each patient’s electronic health record
(EHR), which is both costly and time-consuming, hindering the analysis of comorbidities
and the continuity of antidiabetic treatments during hospitalization. Furthermore, we
consciously chose not to focus on certain other antidiabetic drugs (e.g., acarbose, SGLT-2is,
thiazolidinediones), as their data were grouped under the umbrella category of “other drug
combinations or other drugs”, a limitation that should also be acknowledged.

Additionally, important information regarding factors that could influence disease
severity (such as medical history, level of physical activity, or laboratory results) is lacking
due to the aforementioned reasons.

We recognize that drawing definitive conclusions from administrative data requires
larger sample sizes and acknowledge the challenges in doing so. Nonetheless, we are confi-
dent that this study, akin to those exploring the effects of antidiabetic medications during
acute stressors like COVID-19 or other medical conditions, can serve as a foundational step
toward arriving at conclusive findings and a deeper understanding of these drugs.

5. Conclusions

In our cohort of individuals with T2DM, those receiving home treatment with GLP-1
RAs exhibit lower mortality rates compared to any other subgroup treated with various
antidiabetic medications. Notably, favorable survival trends were consistently observed
for both hospitalized individuals (for acute stressors such as COVID-19 or other medical
conditions) and those who were not hospitalized. Furthermore, the beneficial impact of
GLP-1 RAs appears to be enduring, resulting in enhanced cumulative survival among
individuals with diabetes, even over a two-year observation period.
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Abstract: Type 2 diabetes mellitus (T2DM) is a prevalent chronic metabolic disorder characterized
by insulin resistance and progressive beta cell dysfunction, presenting substantial global health
and economic challenges. This review explores recent advancements in diabetes management,
emphasizing novel pharmacological therapies and their physiological mechanisms. We highlight the
transformative impact of Sodium-Glucose Cotransporter 2 inhibitor (SGLT2i) and Glucagon-Like
Peptide 1 Receptor Agonist (GLP-1RA), which target specific physiological pathways to enhance
glucose regulation and metabolic health. A key focus of this review is tirzepatide, a dual agonist of
the glucose-dependent insulinotropic polypeptide (GIP) and GLP-1 receptors. Tirzepatide illustrates
how integrating innovative mechanisms with established physiological pathways can significantly
improve glycemic control and support weight management. Additionally, we explore emerging
treatments such as glimins and glucokinase activators (GKAs), which offer novel strategies for
enhancing insulin secretion and reducing glucose production. We also address future perspectives
in diabetes management, including the potential of retatrutide as a triple receptor agonist and
evolving guidelines advocating for a comprehensive, multifactorial approach to care. This approach
integrates pharmacological advancements with essential lifestyle modifications—such as dietary
changes, physical activity, and smoking cessation—to optimize patient outcomes. By focusing
on the physiological mechanisms of these new therapies, this review underscores their role in
enhancing T2DM management and highlights the importance of personalized care plans to address
the complexities of the disease. This holistic perspective aims to improve patient quality of life and
long-term health outcomes.

Keywords: insulin resistance; SGLT2i; GLP1-RA; tirzepatide; GIP receptor agonists;
diabetes management; comprehensive care approach; pharmacological therapies

1. Introduction

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder characterized by
insulin resistance and progressive beta cell dysfunction, leading to hyperglycemia. It is
the most common form of diabetes, accounting for about 90-95% of all diabetes cases
worldwide. The prevalence of T2DM has been rising at an alarming rate, driven by factors
such as population aging, urbanization, and lifestyle changes, which include unhealthy
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diets and physical inactivity. According to the International Diabetes Federation (IDF), as
of 2021, approximately 537 million adults (20-79 years) were living with diabetes globally,
a figure projected to increase to 643 million by 2030 and 783 million by 2045 [1]. This rapid
rise in diabetes cases imposes a substantial burden on individuals and healthcare systems.
Diabetes is associated with serious complications such as cardiovascular disease, kidney
failure, neuropathy, and retinopathy, which can lead to disability and premature death [2].
In addition to the human cost, diabetes poses significant economic challenges. The global
healthcare expenditure on diabetes was estimated to be USD 966 billion in 2021, an increase
of 316% over the past 15 years [1]. These statistics underscore the urgent need for effective
diabetes management strategies that not only control blood glucose levels but also address
the broader health implications and socioeconomic impacts of the disease.

In recent years, the management of diabetes has seen significant advancements
with the introduction of innovative medications that offer improved glycemic control
and additional health benefits. Medications such as Sodium-Glucose Cotransporter 2
inhibitor (SGLT2i), Glucagon-Like Peptide 1 Receptor Agonist (GLP-1RA), and the novel
dual glucose-dependent insulinotropic polypeptide (GIP) and GLP-1 receptor agonist,
tirzepatide, have revolutionized diabetes treatment paradigms (Table 1). However, while
these pharmacological advancements are crucial, managing diabetes effectively extends
beyond medication alone [3-5]. Diabetes management, in fact, requires a multifactorial
approach that addresses not only blood glucose control but also the myriad of factors
that influence overall health and well-being. Pharmacological treatment alone is insuffi-
cient. Multifactorial care integrates dietary modifications, regular physical activity, weight
management, and smoking cessation, which are critical in reducing the risk of complica-
tions such as cardiovascular disease, nephropathy, and neuropathy. Moreover, continuous
patient education and psychological support play vital roles in enhancing treatment ad-
herence, self-management, and quality of life. Personalized care plans must consider
individual patient needs, preferences, comorbidities, and control of the entire spectrum
of risk factors for cardiovascular disease, not only to prevent the onset of complications
but also to enhance overall cardiovascular health. By addressing the diverse aspects of
diabetes, a multifactorial care approach aims to achieve comprehensive disease manage-
ment, improve patient outcomes, and reduce the burden of diabetes on individuals and
healthcare systems [6].

Balancing the efficacy and benefits of new medications with comprehensive care
strategies ensures that patients receive personalized, effective, and sustainable treatment,
ultimately improving their overall quality of life and long-term health outcomes. This
review explores the modern challenges in diabetes management by examining the latest
therapeutic innovations and their integration into a holistic care framework.

Table 1. Overview of key diabetes medications.

Drug Class Drug Name lﬁe‘:}:taig:m Indications Drug Formulation Restrictions Adverse Effects
T2DM; TIDM - .
Dapagliflozin SGLT?2 inhibition in in combination E}e]r;irt?szsslltlgslgr:ge EEZ%‘SI;E: 1diabetic
Empagliflozin the proximal tubule with insulin or excipients; ketoacidosis
. . X . (Sotagliflozin, . . - . o
SGLT2i Canagliflozin of the kidney, N Film-coated tablet caution in patients diarrhea, increased
Sotagliflozin reducing glucose Dapagliflozin); at high risk of creatinine, polyuria,
1 0zt 58 HFrEF :eh une polyuria,
Ertugliflozin reabsorption S diabetic pollakiuria,
(Dapagliflozin, K idosi 1 denleti
E liflozi etoacidosis volume depletion
mpagliflozin)
Nausea, vomiting,
diarrhea, abdominal
GLP-1 receptor Eamétizcrfeaitiiseje
Liraglutide agonists: enhance Solution for Hypersensitivity to I(E)CF;I in'écﬁoxg'm '
grutic insulin secretion, . injection in YPpers ty X Je
GLP-1RA Dulaglutide S, T2DM, obesity . . the active substance site reactions,
. inhibit glucagon pre-filled pen; L e
Semaglutide . or excipients cholelithiasis,
release, and slow tablet (Semaglutide) h 1
astric emptying gastroespp agea
& reflux disease,
constipation,
flatulence
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Table 1. Cont.

Drug Class Drug Name xi?;g:m Indications Drug Formulation Restrictions Adverse Effects
Nausea, vomiting,
. diarrhea, abdominal
Dual agonist: acts ain. fatieue
asbotha GIP gastrloesogpha,geal
analogue and G LP-1 Solution for Hypersensitivity to reflux disease,
GLP-1/GIP Ti . receptor agonist, . . . L
. irzepatide .o ! T2DM, obesity injection in the active substance ~ constipation,
Receptor Agonist enhancing insulin . L
. pre-filled pen or excipients flatulence, local
secretion and L .
! injection site
reducing glucagon .
levels reactions,
hypersensitivity
reactions
Dual mechanism:
improves
mltoghondrlal . Restricted in Nausea, vomiting,
function, reducing atients with severe diarrhea, possible
Glimins Imeglimin insulin resistance, T2DM Oral tablets P . X . ' P
renal impairment or  risk of lactic
and enhances A . P
. - ’ hepatic impairment acidosis
insulin secretion
from pancreatic
beta cells
GK activator Hypoglycemia,
increases glucose Limited data gastrointestinal
) o sensitivity and ToDM Oral tablets available; disturbances,
GK Activators Dorzagliatin enhances insulin ; - - R contraindications potential long-term
. (investigational) (investigational) . . .
secretion by pending further cardiovascular risks
activating clinical trials (under investiga-
glucokinase tion)
Triple agonist:
activates GLP-1, Contraindicated in Nausea, vomiting,
GIP, and glucagon patients with a diarrhea, possible
GLP-1/GIP/ receptors, leading to  Obesity, T2DM Subcutaneous history of risk of thyroid
Glucagon Receptor Retatrutide improved glycemic (under injection medullary thyroid tumors (under
Agonist control, enhanced investigation) (investigational) carcinoma or investigation),
insulin secretion, multiple endocrine pancreatitis, and
weight loss, and neoplasia syndrome  gallbladder issues

lipid control

2. Research Strategy

In preparing this review, a structured literature search was conducted to identify
relevant studies on novel pharmacological therapies and their physiological mechanisms
in Type 2 diabetes management. We utilized databases such as PubMed, MEDLINE,
Web of Science, and Scopus, focusing on peer-reviewed articles published within the last
10 years. Our search strategy employed key terms such as “Type 2 Diabetes”, “SGLT2
inhibitors”, “GLP-1 receptor agonists”, “tirzepatide”, “Glimins”, “Glucokinase activators”,
and “multifactorial care”. The inclusion criteria emphasized studies that explored the
impact of these novel therapies on glycemic control, weight management, and overall
metabolic health. We also prioritized studies that discussed the transition from single drug
therapies to their integration within multifactorial care approaches. We included clinical
trials, systematic reviews, and meta-analyses to ensure a comprehensive review of the
evidence. Exclusion criteria involved studies that lacked clinical relevance and statistical
power and where not written in English.

3. SGLT2 Inhibitors: A New Era in Diabetes Treatment

Inhibitors of the SGLT?2, also known as gliflozins, are a class of antihyperglycemic
drugs crucial in treating T2DM [7]. Healthy kidneys filter approximately 160 g of glucose
per day under euglycemic conditions; when blood glucose levels increase to the point that
the filtered load exceeds this capacity, the excess is excreted in the urine [8]. Approximately
90% of filtered glucose reabsorption is mediated by SGLT2 located on the apical membrane
of the S1 segment of the proximal tubule cells, while SGLT1 reabsorbs the remaining 2-3%
under normoglycemic conditions [9]. SGLT2 symporters cotransport glucose and sodium
in a 1:1 ratio: glucose is passively transported by GLUT1 and GLUT2 transporters at the
anti-luminal site, while sodium is extruded by an active outward movement driven by
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ATP [10]. This sodium gradient across the apical membrane is maintained by basolateral
Na*/K"-adenosine triphosphatase, which pumps out Na+ and pumps in K*, resulting
in low intracellular Na* concentration, thereby facilitating glucose reabsorption through
the luminal membrane [11]. The capacity for renal glucose reabsorption is enhanced in
diabetes due to SGLT2 overexpression in the proximal tubule cells (PTCs), which can be
explained by their persistent exposure to high glucose levels [12]. This upregulation has
been linked to the activation of angiotensin II (Ang II) AT1 receptors [13] and the transcrip-
tion factor hepatocyte nuclear factor HNF-1« [14], potentially responding to basolateral
hyperglycemia sensed through GLUT?2 [15]. Consequently, diabetic patients have a higher
threshold for urinary glucose excretion and increased glucose reabsorption compared to
healthy individuals [16,17]. Under hyperglycemic conditions, increased reabsorption via
SGLT1 and SGLT2 leads to a reduction in sodium concentration in the downstream tubular
lumen [18]. This concentration is falsely perceived as effective hypovolemia by the macula
densa at the end of the Henle loop, triggering tubulo-glomerular feedback. High sodium
levels in the cells inhibit the conversion of ATP into the potent vasoconstrictor adenosine,
leading to a reduction in vasodilation of the afferent arteriole, while the intrarenal activa-
tion of the renin-angiotensin-aldosterone system constricts the efferent arteriole [19,20].
The resulting increase in intraglomerular pressure induces hyperfiltration and glomerular
injury with urinary albumin excretion, potentially leading to kidney damage up to overt
diabetic nephropathy. The PTCs also contain the sodium/hydrogen exchanger (NHE)
3, responsible for the reabsorption of approximately two thirds of the total sodium reab-
sorption. NHE3 exchangers colocalize with SGLT2 symporters, and their activities are
linked via the accessory membrane-associated protein 17 [21]. As a result, the increased
activity of one may increase the activity of the other, explaining why SGLT2 inhibitors
can block NHE3 [22,23]. Indeed, SGLT2 inhibition is associated with a marked inhibition
of NHES3, even in the absence of glucose. This result can explain the significant SGLT2
inhibitor-induced natriuresis [24] (Figure 1).
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Figure 1. Schematic representation of the mechanism of action of Sodium-Glucose Cotransporter
2 inhibitors (SGLT2is). These inhibitors target SGLT2 transporters in the proximal renal tubules,
reducing glucose reabsorption and enhancing glucose excretion in the urine, thereby lowering blood
glucose levels. The figure also highlights the roles of the Na* /H* exchanger (NHE3) and the Na+/K+
ATPase pump, which work together to maintain the sodium gradient essential for the operation
of SGLT2. Additionally, the glucose transporter (GLUT) is depicted, illustrating its function in
facilitating the reabsorption of glucose into the bloodstream.
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The induction of glucosuria leads to improved glycemic control in all stages of T2DM,
with a low risk of hypoglycemia, because they stop working when the filtered glucose
load drops below 80 g per day without interfering with metabolic counter regulation [8].
This antihyperglycemic effect is influenced by specific factors. The efficacy of these drugs
decreases progressively as blood glucose concentration falls [25]. Another factor is the
glomerular filtration rate (GFR); the lower the GFR, the smaller the glycosuria [26]. These
drugs influence glycosylated hemoglobin (HbAlc), which decreases by 7-10 mmol/mol
(0.6-0.9%) compared with the placebo [27]. In addition to their main glycosuric effect, this
class of drugs is characterized by pleiotropic actions, resulting in benefits for blood pressure,
body weight, and particularly cardiovascular and renal protection. SGLT2 inhibition
reduces body weight, initially through a diuretic effect, and subsequently by shifting
substrate utilization from carbohydrates to lipids, thereby reducing body fat, including
visceral and subcutaneous fat. The released free fatty acids are also used for the hepatic
formation of ketone bodies, which provide additional energy substrates to improve the
performance of cardiac myocytes and kidney epithelia [28,29]. By decreasing blood glucose
and body weight, SGLT2 inhibitors cause a sustained improvement in beta cell function
and insulin sensitivity [8]. The cardioprotective effect has been analyzed and demonstrated
through several clinical trials. The clinical trials EMPAREG OUTCOME, CANVAS, and
DECLARE-TIMI 58 showed that this class of drugs improved cardiovascular outcomes
in T2DM patients with atherosclerotic cardiovascular disease: they significantly reduced
the risk of myocardial infarction (MI), cardiovascular mortality, and all-cause mortality,
although they had no effect on strokes [30-32]. In addition to the primary outcomes, several
secondary or exploratory endpoints were collected from these trials, including those related
to heart failure (HF) and kidney disease [33,34]. All gliflozins significantly reduced the risk
of hospitalization for heart failure by approximately 30%, both in newly onset or recurrent
HF [35]. Moreover, evidence was also reported by several real-world studies of SGLT2
is having proven to ameliorate cardiac remodeling [36-40]. Regarding kidney disease,
several specific trials (CREDENCE, DAPA CKD, EMPA-KIDNEY) demonstrated the ability
of SGLT2 inhibitors to reduce a composite of renal outcomes by 40-70%, including the
doubling of serum creatinine, development of macroalbuminuria, need for dialysis and/or
transplantation, and kidney death, regardless of antihyperglycemic action [41-43] (Table 2).

The primary and well-recognized side effects are euglycemic diabetic ketoacidosis
(DKA) and urinary tract infections (UTIs) [44]. DKA has been reported with an incidence
rate varying from 0.16 to 0.76 events per 1000 patient-years, with recognized risk factors
including malnutrition, infectious diseases, weight loss, vomiting, or imbalanced insulin
doses [45]. Moreover, to reduce the risk of euglycemic DKA, the American Diabetes
Association Standards of Care recommends that SGLT2 inhibitors be discontinued 3-4 days
before surgery [46]. The etiopathogenesis is still not fully clear; some authors suggest
that SGLT inhibitors can stimulate lipolysis, liver ketogenesis, and a reduction in insulin
production, leading to increased ketone storage and ketonemia. Additionally, it seems
that the increased renal reabsorption of ketones and the hypovolemia induced by SGLT
inhibitors could increase this risk [47]. The risk of UTIs is associated with glycosuria, which
increases the likelihood of glucose accumulation in the urinary tract, thereby promoting
bacterial growth [48]. Patients who receive proper training in regular personal hygiene
can mitigate this risk. Furthermore, it appears that this effect does not extend to an
increased risk of pyelonephritis or upper urinary tract infections [49]. Meta-analyses
also confirmed an increased risk of genital infections, particularly among females and
those with a prior history of such infections [50-52]. These genital infections, however,
are typically non-severe and manageable without necessitating the discontinuation of
treatment. An exception is Fournier’s gangrene, a rare but life-threatening condition [53,54].

There have been concerns that SGLT2is may affect mineral metabolism, potentially
reducing bone density and increasing the risk of fractures [55,56]. Specifically, decreases
in total hip bone mineral density (BMD) have been observed after two years of treatment
with Canagliflozin. The CANVAS trial indicated a significantly higher risk of fractures
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overall with Canagliflozin compared to the placebo, though no significant difference in
low-trauma fractures was noted. In contrast, the EMPA-REG OUTCOME and DECLARE-
TIMI 58 studies did not show a significant difference in fracture risk [30,33]. Additionally,
SGLT2is may predispose patients to dehydration and an increased risk of falls, warranting
caution when prescribing these drugs, particularly to the elderly population [33].

Table 2. Summary of key clinical trials for cardiovascular and renal outcomes with diabetes medications.

Trial Drug Primary Outcome Secondary Outcomes Ref.
o Reduced risk of cardiovascular mortality Improved heart failure outcomes,
EMPA-REG OUTCOME Empagliflozin and all-cause mortality in T2DM patients no significant effect on stroke (301
o Reduced risk of myocardial infarction (MI)  Increased risk of fractures, reduced
CANVAS Canagliflozin and cardiovascular mortality hospitalization for heart failure (311
o Reduced risk of major cardiovascular Reduced risk of hospitalization for
DECLARE-TIMI 58 Dapagliflozin events (MACE) heart failure [32]
o Reduced risk of renal outcomes Reduced progression to dialysis
CREDENCE Canagliflozin (e.g., doubling of serum creatinine) and kidney-related death [41]
P Reduced risk of renal outcomes, regardless ~ Improved cardiovascular
DAPA-CKD Dapagliflozin of diabetes status outcomes in CKD patients (421
o Reduced risk of progression to end-stage Improved cardiovascular outcomes
EMPA-KIDNEY Empagliflozin renal disease (ESRD) in kidney disease patients (431
. . Reduced MACE, including cardiovascular ~ Reduced renal mortality and
LEADER Liraglutide death, non-fatal MI, and stroke macroalbuminuria [57]
SUSTAIN-6 Semaglutide Lowered risk of MACE in T2DM patients ~ otable reductions in HbAleand 54
body weight
REWIND Dulaglutide Reduced M.ACE mn TZDM patlepts with Reduced macroalbuminuria [59]
lower baseline cardiovascular risk
HARMONY Albiglutide Reduced MACE in T2DM patients - [60]
PIONEER-6 Oral Semaglutide Reduced MACE - [61]
. Cardiovascular benefits similar to other
AMPLITUDE-O Efpeglenatide GLP-1Ras - [62]
Reduced incidence of cardiovascular death,
SELECT Semaglutide MI, and stroke in obese patients - [63]
without T2DM
. Nephroprotective effects, including _
FLOW Semaglutide reduced progression to ESRD [64]
. Improved symptoms and physical Greater weight loss, better
STEP HFpEF Semaglutide limitations in HFpEF patients exercise function [65]
SURMOUNT-1 Tirzepatide Significant weight loss in obese patients Improved cardiovascular [66]
outcomes
. . Ongoing trial for cardiovascular outcomes
SUMMIT Tirzepatide in T2DM patients - [67]
SURPASS-CVOT Tirzepatide Reduced hazard ratio for cardiovascular _ [68]

outcomes in T2DM patients

4. GLP-1 Receptor Agonists: Enhancing Glycemic Control and Beyond
The Glucagon-Like Peptide 1 Receptor (GLP-1R) belongs to the class B family of G

protein-coupled receptors [69]. It is primarily expressed in the beta cells of the pancreas
but is also found in the neurons of both the central and peripheral nervous systems, as well
as various cells in the gastrointestinal tract [70]. The natural ligand for GLP-1R is the
incretin hormone GLP-1, which is secreted by enteroendocrine L cells in response to food
intake [71]. The binding of GLP-1 to its receptor in the pancreas initiates a signaling cascade
that involves cyclic adenosine monophosphate (cAMP) and protein kinase A (PKA), leading
to a series of pleiotropic effects crucial for glucose regulation [72].

Endogenous GLP-1 is rapidly degraded by the enzyme dipeptidyl peptidase 4 (DPP-4)
into a less active form, which is then quickly eliminated by the kidneys [73]. Due to its short
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half-life—generally around 1 or 2 min in humans—direct administration of GLP-1 as a drug
is limited [74]. This challenge is addressed by GLP-1RAs, which mimic the actions of GLP-1
and have been shown to be a significant advancement in the treatment of T2DM, offering
benefits beyond traditional glycemic control [75]. For instance, Coskun et al. developed a
GLP-1RA with a half-life of approximately five days, improving patient compliance [76].

GLP-1RAs enhance glycemic control through several mechanisms. Upon binding to
GLP-1R on pancreatic beta cells, these agonists activate adenylyl cyclase, converting ATP
into cAMP. Elevated cAMP levels activate PKA and exchange protein directly activated by
cAMP (EPAC), both of which are pivotal in insulin secretion and glucose regulation [77].
PKA phosphorylates various targets, including those that regulate calcium channels, facili-
tating calcium entry into the cell, essential for insulin release. Additionally, PKA inhibits
ATP-sensitive potassium channels, causing cell membrane depolarization and further in-
creasing calcium influx. This rise in intracellular calcium triggers the exocytosis of insulin
granules, releasing insulin into the bloodstream [78] (Figure 2).
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Figure 2. Schematic representation of the molecular pathways involved in the mechanism of action
of GLP-1RAs. Upon binding to GLP-1 receptors on pancreatic beta cells, GLP-1RAs activate the
cAMP /PKA signaling pathway, leading to the phosphorylation of the cAMP response element-binding
protein (CREB). This activation enhances insulin gene transcription and secretion. Additionally, GLP-
1RAs inhibit glucagon release from alpha cells via the same signaling pathway, thus decreasing hepatic
glucose production. Colored dots represent key molecules in insulin secretion from beta cells. Orange
dots (Na*) and red dots (Ca2*) illustrate ion flow crucial for membrane depolarization, which triggers
the release of insulin (dark pink) and amylin (pink), aiding in glucose regulation.

GLP-1RAs also act on pancreatic alpha cells to inhibit glucagon secretion, thereby
decreasing hepatic glucose production and contributing to lower blood glucose levels [79].
These agents slow gastric emptying, reducing the rate at which glucose is absorbed into the
bloodstream postprandially. This effect is mediated through neural pathways and direct
actions on the gastrointestinal tract [80]. Additionally, GLP-1RAs influence the CNS to
promote satiety and reduce food intake by activating receptors in the hypothalamus and
other brain regions involved in appetite regulation [81].

Beyond the primary cAMP-PKA pathway, GLP-1RAs engage several secondary sig-
naling mechanisms. cAMP activates EPAC2, which activates proteins such as Ras-related
protein 1 (RAP1) and phospholipase C (PLC). PLC generates inositol triphosphate (IP3)
and diacylglycerol (DAG), promoting calcium release from intracellular stores. PKA also
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phosphorylates the IP3 receptor, enhancing IP3-mediated calcium release, and modu-
lates enzymes involved in metabolic pathways, increasing glucose uptake and utilization.
The combined increase in intracellular calcium and activation of downstream kinases facil-
itates the docking and fusion of insulin-containing vesicles with the plasma membrane,
culminating in insulin release [82].

GLP-1RAs are highly effective in improving glycemic control in T2DM, lowering
HbA1lc levels by approximately 0.5 to 1.5% depending on the specific drug and patient
characteristics [83—-85]. Originally developed for diabetes management, GLP-1RAs like
semaglutide and liraglutide have also been found to aid in weight reduction [86]. These
drugs work by decreasing appetite and hunger while increasing feelings of fullness, which
helps reduce overall calorie intake [87-89]. Beyond glycemic control, GLP-1RAs offer
significant cardiovascular benefits. Several large-scale cardiovascular outcomes trials
(CVOTs) have demonstrated the benefits of GLP-1 receptor agonists in both glycemic
control and cardiovascular health. The LEADER trial showed that liraglutide significantly
reduced major adverse cardiovascular events (MACEs), including cardiovascular death,
non-fatal myocardial infarction, and non-fatal stroke, while also reducing renal mortality
and macroalbuminuria in patients with T2DM [57]. Similarly, the SUSTAIN-6 trial con-
firmed that semaglutide lowered the risk of MACE alongside providing notable reductions
in HbAlc and body weight [58]. The REWIND trial, which focused on dulaglutide, demon-
strated a reduction in MACEs, even in a population with a lower baseline cardiovascular
risk compared to other trials, and also showed reductions in macroalbuminuria. More
recent trials continue to highlight the broad benefits of GLP-1Ras [59]. The HARMONY
trial [60], with albiglutide, and the PIONEER-6 trial [61], with oral semaglutide, also demon-
strated reductions in MACEs. The AMPLITUDE-O trial [62] evaluated efpeglenatide and
confirmed similar cardiovascular benefits. The SELECT trial [63] and the ongoing SOUL
trial [90] are further exploring the long-term cardiovascular effects of semaglutide, with
a continued focus on MACE reduction. The SELECT trial showed that in patients with
pre-existing cardiovascular disease and overweight or obesity but without diabetes, weekly
subcutaneous semaglutide (2.4 mg) was superior to the placebo in reducing the incidence of
death from cardiovascular causes, non-fatal myocardial infarction, or non-fatal stroke [61].
Additionally, newer trials such as the FLOW trial have shown the nephroprotective ef-
fects of semaglutide, including reductions in the progression to end-stage renal disease,
renal mortality, and creatinine levels [64]. The STEP HFpEF trial demonstrated that in
patients with heart failure with preserved ejection fraction and obesity, treatment with
semaglutide (2.4 mg) led to larger reductions in symptoms and physical limitations, greater
improvements in exercise function, and greater weight loss compared to the placebo [65].

Large-scale cardiovascular outcome trials (CVOTs) have consistently demonstrated
that these medications can reduce major adverse cardiovascular events (MACEs), including
non-fatal myocardial infarction, non-fatal stroke, and cardiovascular death [91-93] (Table 2).
Additionally, they have been observed to lower systolic blood pressure modestly, improve
lipid profiles by reducing LDL cholesterol and triglycerides, and potentially offer nephro-
protective effects, such as reducing albuminuria and slowing the decline in the estimated
glomerular filtration rate (eGFR).

GLP-1RAs are generally well tolerated and are not associated with an increased risk
of hypoglycemia, thanks to the glucose-dependent activation of beta cells involving several
intracellular mediators, such as EPAC and calcium [94]. However, they do carry some
potential risks and side effects. The most common adverse effects are gastrointestinal
symptoms, such as nausea, vomiting, and diarrhea, particularly when starting therapy [95].
There have been reports of acute pancreatitis associated with these medications, though a
definitive causal relationship has not been established [96]. Additionally, an increased risk
of gallbladder-related events, including cholelithiasis and cholecystitis, has been observed.
Patients with pre-existing renal impairment should use these medications with caution,
as there is potential for worsening renal function. In rodent studies, GLP-1RAs have been
linked to an increased risk of thyroid C-cell tumors, but this risk has not been confirmed in
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humans. Injection site reactions can also occur with these drugs. Despite these potential
side effects, the benefits of GLP-1RAs in managing T2DM often outweigh these risks,
but healthcare providers should monitor patients closely [97].

5. New Frontiers: The Promise of Tirzepatide

Tirzepatide is a recently developed drug useful in the treatment of T2DM and for
weight loss. This molecule shows 80% bioavailability, binds with albumin, undergoes liver
metabolism through proteolytic cleavage and fatty acid 3-oxidation, and is excreted via the
urine and feces, with a half-life of 5 days, allowing for weekly subcutaneous administration.
It is considered a long-acting molecule, with its extended activity primarily due to the
addition of two residues to its lysine-linked side chain, enabling the drug to exert its
benefits longer than its natural homologues [98].

Tirzepatide is a unimolecular dual agonist that acts as an analogue of gastric inhibitory
polypeptide (GIP) and as a receptor agonist for glucagon-like peptide 1 (GLP-1). Its structure
is a linear synthetic peptide comprising 39 amino acids, 19 of which are similar to those in
GIP. Pharmaceutical modifications include a residue in the DPP4-binding site, making this
molecule resistant to DPP4 enzymatic action; additionally, a fatty acid side chain linked to
a lysine residue promotes a high-affinity bond with albumin, extending its half-life to up to
5 days. GIP and GLP-1 are involved in blood sugar homeostasis; they are secreted by cells
in the human gut after food intake and regulate insulin release by pancreatic (3-cells. GIP
is produced by K cells in the duodenum after nutrient intake, with receptors mainly in the
pancreas but also in the heart, adrenal cortex, and fat tissue. GLP-1 is secreted by L cells in
the bowel, with receptors predominantly in pancreatic 3-cells and, to a lesser degree, in the
liver, kidneys, gastric mucosa, and brain (where it regulates satiety and food intake) [98,99]
(Figure 3).
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Figure 3. Schematic representation of the molecular pathways involved in the mechanism of action
of tirzepatide in pancreatic beta cells. Tirzepatide acts on the GIPR/GLP-1R receptors, leading to
the activation of adenylate cyclase (AC) and an increase in cyclic AMP (cAMP) levels. This activates
protein kinase A (PKA), which in turn promotes glycolysis, ATP production, and gene transcription.
The increase in ATP levels causes membrane depolarization by closing potassium (K*) channels,
and opening sodium (Na*) and calcium (Ca”*) channels, resulting in Ca®* influx. The elevated
intracellular Ca2* concentration stimulates insulin (dark pink) and amylin (pink) secretion.

GIP is the most effective incretin-acting polypeptide in humans, and its action is
triggered by increased blood glucose levels, linked with rising levels of cyclic adenosine
monophosphate (CAMP). Hyperglycemia stimulates GIP secretion and promotes an in-
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crease in GIP receptor expression, enhancing cAMP levels to optimize incretin secretion.
Tirzepatide’s affinity for both receptors varies; it binds more strongly to GIP receptors
compared to GLP-1 receptors. This dual pathway activation significantly increases in-
sulin secretion. Additionally, studies show that this drug improves circulating levels of
adiponectin, a protein known for its role in lipid and glucose metabolism [99].

Tirzepatide’s health benefits extend to cardiovascular protection and renoprotection.
Its cardiovascular benefits are closely related to enhanced GIP effectiveness, promoting
anti-atherogenic effects on endothelial cells, activating endothelial nitric oxide synthase
(eNOS) for vasodilation, and suppressing advanced glycation end-products (AGEs) and
other atherogenic molecules. Furthermore, studies suggest potential therapeutic efficacy in
lowering CD36 levels—a membrane protein involved in fatty acid import and acting as a
scavenger receptor expressed mostly in abdominal fat, jejunal mucosa, and monocytes—
and in suppressing inflammatory responses in macrophage foam cells [100]. A mechanism
involving the reduction in triglyceride-rich lipoproteins has been postulated, contributing to
the stabilization of atherosclerotic plaques. Three significant studies (SURMOUNT-1, SUM-
MIT [an ongoing multicentric trial], and SURPASS-CVOT) have evaluated improvements
in cardiovascular outcomes in patients with obesity, heart failure, and T2DM, respectively,
showing a significant reduction in the hazard ratio [66-68] (Table 2).

In terms of renoprotection, tirzepatide was evaluated in patients with cardiovascular
disease, showing a significant reduction in kidney-worsening events, such as renal-related
mortality, progression of kidney function decline to end-stage renal disease (ESRD), and
new onset of macroalbuminuria, compared with treatment with insulin glargine [68]. Addi-
tionally, it is known that increased cAMP levels trigger PKA activation and inhibit oxidative
stress-related kidney damage, preventing the progression of diabetic nephropathy [101].
Tirzepatide also appears to stimulate renin-secreting cells in the juxtaglomerular apparatus,
enhancing natriuresis and nitric oxide levels (via decreased angiotensin Il levels), thereby
preventing chronic kidney injury [102].

For these reasons, tirzepatide is a promising therapeutic option for patients with T2DM
and those needing significant weight loss, regardless of T2DM status. Comparative studies
between standard and innovative T2DM treatments underscore the superiority of this
new molecule over both placebo and active comparators (degludec [SURPASS-3], glargine
[SURPASS-4], and semaglutide [SURPASS-2]), with significant reductions in HbAlc levels
after 40 and 52 weeks, particularly at doses up to 15 mg/week. The same studies, following
the same dosage regimen, also reported significant body weight loss [101,103,104].

Tirzepatide is generally well tolerated, with the most adverse effects being gastroin-
testinal symptoms, such as nausea, vomiting, and diarrhea, occurring within the first month
of treatment. More serious adverse events, such as pancreatitis (3%) and cell proliferation in
thyroid and pancreatic tissues, which could lead to neoplasms, are rarer [105-107]. The link
between tirzepatide administration and endocrine cancers is currently unclear.

In conclusion, this new drug has made significant advancements in therapeutic strate-
gies for T2DM and weight loss. Its potential to treat other metabolic conditions, such as
obstructive sleep apnea syndrome (OSAS) and steatohepatitis, highlights its versatility, as
demonstrated by recent studies [105,108].

6. Future Perspectives in Diabetes Management

The landscape of diabetes management is rapidly evolving, with promising advance-
ments in therapies and technologies, updated guidelines, and new standards of care.

6.1. Glimins

Among the emerging therapies, glimins represent a new class of oral glucose-lowering
drugs with mechanisms distinct from traditional medications. These molecules primar-
ily act within the mitochondria, targeting the mitochondrial respiratory chain complex
to reduce the production of reactive oxygen species (ROS) and prevent mitochondrial
permeability transition pore opening, thereby protecting cells from death. They achieve
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this through partial inhibition of Complex I and correction of deficient Complex III activ-
ity [109].

Glimins increase glucose-stimulated insulin secretion (GSIS), a defective process in
diabetic patients, involving an NAD*~cyclic ADP-ribose-Ca?* signaling pathway. ATP
and NAD™ production is increased through the “salvage pathway”, with an induction of
nicotinamide phosphoribosyltransferase (NAMPT) and an increase in the glucose-induced
ATP pool [109] (Figure 4).
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Figure 4. Schematic representation of the mechanism of action of Imeglimin in pancreatic 3-cells.
Imeglimin acts by inhibiting mitochondrial pyruvate uptake, leading to a reduction in the ATP/ADP
ratio. This decrease triggers downstream effects, including the activation of nicotinamide phospho-
ribosyltransferase (NAMPT), which enhances the salvage pathway, converting nicotinamide into
nicotinamide mononucleotide (NMN) and subsequently into nicotinamide adenine dinucleotide
(NAD*) through the action of nicotinamide mononucleotide adenylyltransferase (NMNAT). NAD*
serves as a substrate for CD38, which catalyzes the formation of cyclic ADP-ribose (cADPR) and
nicotinic acid adenine dinucleotide phosphate (NAADP). These molecules facilitate calcium (Ca%")
release from the endoplasmic reticulum (ER) and lysosomes through the ryanodine receptors (RyR)
and two-pore channels (TPCs), respectively. The resulting increase in intracellular CaZ* concentration
contributes to membrane depolarization and promotes insulin secretion.

Additionally, glimins preserve {3-cell mass and increase the number of insulin gran-
ules [110], while simultaneously reducing insulin resistance in insulin-sensitive tissues [111].
Glimins also exhibit a protective effect on human endothelial cells by modulating mito-
chondrial permeability in hyperglycemia-induced oxidative stress environments, without
inhibiting mitochondrial respiration, suggesting a potential role in preventing diabetic
macrovascular and microvascular complications [112].

Imeglimin, the first molecule of this new class of oral antidiabetic drugs, has shown
substantial improvement in glycemic control, safety, and tolerability, even as a monother-

apy [113].

6.2. GK Activators

Another promising therapy involves glucokinase activators (GKAs), which address
the increased hepatic glucose production fundamental to the pathophysiology of T2DM.
Glucokinase (GK) is the key enzyme for gluconeogenesis in hepatocytes, converting glucose
into glucose-6-phosphate [114]. GK is also expressed in various other tissues, particularly
in the pancreas, where it functions as a glucose sensor in beta cells, regulating insulin
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secretion [115]. Although there is no established correlation between pancreatic GK function
and T2DM [116], GK remains inactive in the liver during fasting, forming a complex with
glucokinase regulatory protein (GKRP) in the nucleus. Postprandial increases in glucose
levels dissociate this complex, allowing GK to become active in the cytoplasm [117].

While mutations in the GCK gene cause maturity-onset diabetes of the young type 2
(MODY?2), no GCK mutations have been clearly identified in the etiology of typical T2DM.
However, Haeusler et al. discovered that in diabetic patients with high HbAlc levels
(>7.0), GK expression was suppressed by more than 60%, likely due to transcriptional or
post-translational effects on the enzyme [118].

In this context, GKAs are a promising class of antidiabetic drugs that regulate glycemia
and enhance beta cell function in T2DM patients [119]. Two recent molecules have shown
great potential in terms of efficacy and safety. Dorzagliatin, also known as HMS-5552, is
a dual-acting GKA that has completed two phase III trials. It targets both the liver and
pancreas, working as an allosteric activator to stabilize a high-affinity conformation of
the enzyme, thus increasing glucose phosphorylation activity. In the liver, Dorzagliatin
activates GK, leading to the dissociation of the GK-GKRP complex. In the pancreas,
the drug-activated GK inhibits insulin resistance and increases insulin sensitivity [120]
(Figure 5).

TTP399, or Cadisegliatin, is a liver-specific GKA that has completed a phase II trial.
Although its structural interaction with GK is still partially unclear, preclinical studies have
shown that it binds to the allosteric site of GK, expanding its kinase binding cavity and
increasing its catalytic activity without interfering with GK-GKRP interaction [121].
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Figure 5. Schematic representation of the mechanism of action of glucokinase (GK) activators.
The figure illustrates two distinct mechanisms by which GK activity is modulated in hepatocytes.
Dorzagliatin (DORZA) promotes the dissociation of the glucokinase regulatory protein (GKRP)-
GK complex within the nucleus, resulting in the release of active GK into the cytosol. This active
GK facilitates the phosphorylation of glucose (Glc) to glucose-6-phosphate (Glc-6-P), a key step in
glycolysis. In contrast, TTP399 activates GK directly without disrupting the GK-GKRP complex,
enhancing the enzyme’s catalytic activity. Both mechanisms increase the conversion of glucose to
glucose-6-phosphate, thus promoting glycolysis and enhancing glucose utilization. The figure also
shows glucose entering the cell through GLUT?2 transporters, emphasizing the coordinated regulation
of glucose metabolism.

6.3. Retatrutide

Finally, among new drugs for diabetes treatment, retatrutide stands out as a GIP, GLP-1,
and glucagon receptor triple agonist. It is a single peptide that interacts with these three
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different receptors. Compared to the already known tirzepatide (a GLP-1/GIP receptor
agonist), retatrutide also acts on the glucagon receptor, increasing energy expenditure in
mice [122].

It has been demonstrated that glucagon decreases hunger through the activation of
the central nervous system via the vagus nerve. Weight loss induced by glucagon is due
to increased energy expenditure, thermogenesis, and fatty acid oxidation, suggesting that
this hormone impacts body weight through both feeding-dependent and -independent
mechanisms [123]. In 2023, Sanyal et al. studied the effect of a 24-week treatment with
retatrutide on liver fat reduction, finding that at least 80% of participants achieved >70%
relative reduction in liver fat, and more than 85% achieved resolution of steatosis, defined as
<5% total liver fat content. This outcome is superior to that seen with SGLT2is, dulaglutide,
tirzepatide, and even semaglutide [124,125].

7. Evolving Guidelines and Standards of Care

In many studies, a decline in diabetes complications has been reported; various factors
may be responsible for this change, but one of the most significant reasons is the improved
management of risk factors [126]. According to ESC guidelines, it is recommended to screen
patients with diabetes for the presence of severe target organ damage (TOD) [127,128] and
for symptoms suggestive of atherosclerotic cardiovascular disease (ASCVD) [129,130].
In patients with T2DM without symptomatic ASCVD or severe TOD, it is recommended
to estimate cardiovascular (CV) risk [131], considering various factors such as clinical
and family history, laboratory tests, and other examinations. The 2023 ESC guidelines
introduced the SCORE2-Diabetes tool to calculate the 10-year CV risk in diabetic patients,
considering multiple risk factors, including the patient’s country of origin. This tool
classifies 10-year CV risk into four categories: low risk (<5%), moderate risk (5-10%), high
risk (10-20%), and very high risk (>20%) [131].

Once this parameter is calculated, efforts should focus on reducing CV risk through
various means. Primarily, improving the patient’s lifestyle [2,132] through a balanced
low-carb diet and regular exercise can induce weight loss, significantly reducing HbAlc
and blood pressure [133]. Smoking cessation is also crucial, as it is associated with a 36%
reduction in mortality in cardiovascular disease patients [134-137]. Kim et al. showed
that smoking cessation and initiation of exercise after diabetes diagnosis are associated
with a 46% reduced risk of cardiovascular disease [136]. Recent research highlights that
smoking cessation, rather than reduction, is associated with reduced cardiovascular disease
risk [137]. If lifestyle changes are not enough to improve glycemia and other risk factors
(such as high blood pressure, lipid abnormalities, and obesity), medication should be used
to reduce CV risk [138].

Defining glycemic targets in diabetes management is complex. Tight glycemic control
(HbAlc < 7%) decreases the risk of microvascular complications, but there is a U-shaped
relationship between HbAlc levels and clinical outcomes, with increased mortality asso-
ciated with excessively tight control. Hence, lower HbAlc is not always better [139-150].
Individualized glycemic targets should consider life expectancy, comorbidities, and dia-
betes duration. For patients with a short life expectancy, softer glycemic targets (HbAlc
< 8.5%) may be appropriate, whereas tighter targets (HbAlc < 7%) are suitable for those
with longer life expectancy, prioritizing agents with proven cardiovascular benefits and
low hypoglycemic risk. It is crucial to avoid hypoglycemia, as it is associated with an
increased risk of vascular events [151,152]. Figure 6 illustrates the FDA approval timeline
for medications used in the treatment of type 2 diabetes. This timeline highlights key
milestones in the evolution of therapeutic options, reflecting the continuous advancements
in diabetes management [153]. Figure 7 complements this by presenting the chemical
structures of these key medications, visually depicting the molecular innovations that
underlie their therapeutic effects. As new drugs are developed and approved, they shape
clinical guidelines and standards of care, offering healthcare professionals an expanding
range of tools to better manage this chronic condition.
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8. Balancing Innovation with Comprehensive Care

8.1. The Importance of Personalized Treatment Plans
In recent decades, scientific evidence, albeit limited, has suggested a shift from a

glucocentric therapeutic vision to a multifactorial intervention approach in patients with

201



Biomedicines 2024, 12, 2039

T2DM [167]. These findings have shown that in addition to glycemic control, targeting
other modifiable cardiovascular risk factors, such as blood pressure, cholesterol, lifestyle,
and obesity, can prevent micro- and macrovascular complications [167-169].

Some hypotheses have been proposed to explain the pathophysiological mechanisms
underlying the protective effects observed in subjects undergoing multifactorial inter-
ventional treatment. According to some studies, an additive protective effect is due to
multifactorial intervention on cardiovascular and endothelial inflammatory damage. The
effects of blood pressure-lowering treatment with RAS inhibition, the “legacy effect” on
AGEs due to glucose-lowering therapy, the impact of statins on LDL and inflammatory
cytokines, and the inhibition of platelet adhesion may reduce leukocyte activation and thus
atherosclerosis [170,171].

The most up-to-date guidelines have highlighted the fundamental role of “tailored”
therapy and the control of cardiovascular risk factors in preventing the development and
progression of diabetic disease and its complications [172-174].

8.2. Role in Multifactorial Diabetes Care of New Drug Treatments

For optimal glycemic control, achieving an HbAlc of less than 7% is recommended to
reduce the risk of microvascular complications while avoiding hypoglycemic events. For
multifactorial intervention, guidelines suggest achieving a target systolic blood pressure
of 130 mmHg and LDL-C levels of less than 100 mg/dL for individuals at moderate
cardiovascular risk, less than 70 mg/dL for those at high risk, and less than 55 mg/dL for
those at very high risk [172].

Currently, no single drug can address and control all cardiovascular risk factors [175].
Metformin, in the absence of contraindications, remains the first-line treatment at the time
of diabetes diagnosis [176]. However, recent scientific evidence has shown that new drugs
for the treatment of T2DM (GLP1-RAs and SGLT2 inhibitors) may have pleiotropic effects.
Besides helping achieve glycemic targets, these drugs can prevent the progression of ma-
jor cardiovascular risk factors, such as reducing blood pressure, having diuretic effects,
lowering body mass index, and reducing heart filling pressures and volumes [125,176,177].
Therefore, the history and clinical characteristics of each patient should guide the best
choice of tailored therapy, especially in addition to metformin [174,178-180]. Results
from randomized placebo-controlled trials have demonstrated that in subjects with T2DM
and atherosclerotic cardiovascular disease, both SGLT2 inhibitors and GLP1-RAs showed
proven cardiovascular benefits, including reduced hospitalization and mortality risk. Specif-
ically, in subjects with diabetes and heart failure with reduced ejection fraction, SGLT2
inhibitors are recommended (class I, level A evidence), with specific recommendations for
empagliflozin or dapagliflozin in subjects with left ventricular ejection fraction over 40% [6].
Moreover, recent evidence has shown that chronic kidney disease (CKD) is strongly asso-
ciated with the risk of developing heart failure and major adverse cardiovascular events
(MACES), especially in individuals with T2DM [180,181]. In such conditions, both SGLT2 in-
hibitors and GLP1-RAs are useful in reducing cardiovascular risk. For subjects with stage IV
or V CKD (eGFR < 30 mL/min per 1.73 m?), GLP1-RAs are primarily recommended [174].

8.3. Addressing Patient Adherence and Lifestyle Modifications

The treatment of T2DM should always begin with lifestyle modifications. The chal-
lenge for clinicians often lies in encouraging patients to make lifestyle changes, considering
their physical, social, and economic characteristics. Here again, the concept of tailored
therapy is crucial in guiding clinicians toward the best choice [6].

In at least 90% of cases, T2DM is associated with overweight or obesity, which in turn
often results from an unbalanced lifestyle rich in refined carbohydrates and marked by
physical inactivity. Several studies have shown that a lifestyle characterized by moderate
weekly physical exercise and a healthy diet can significantly reduce the risk of metabolic
diseases and cardiovascular complications (RR: 0.84; 95% CI: 0.77, 0.91) [182,183]. Accord-
ing to guidelines, a Mediterranean diet and 180 min per week of moderate physical activity
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form the basis of a healthy lifestyle. However, other dietary approaches have also shown
promise in reducing cardiovascular risk, though further evidence is needed to confirm
these benefits [184-189].

8.4. Coordinating Care among Healthcare Providers

Clinicians, whether working alone or as part of a multidisciplinary team, play a central
role in applying the most appropriate therapeutic strategies to address each cardiovascular
risk factor. As noted earlier, some trials have demonstrated how multifactorial intervention
can reduce the risk of major cardiovascular events (MACEs) and mortality [190].

The Steno-2 study was the first to address this issue. In this trial, subjects with microal-
buminuria were randomly assigned to either intensive treatment or conventional therapy.
The intensive treatment group aimed for stricter multifactorial treatment targets and, at the
end of the study, showed a significant reduction in their risk of nephropathy (HR, 0.39; 95%
CI, 0.17 to 0.87), retinopathy (HR, 0.42; 95% CI, 0.21 to 0.86), autonomic neuropathy (HR,
0.37;95% CI, 0.18 to 0.79), stroke, and mortality (HR, 0.54; 95% CI, 0.32 to 0.89) [191,192]. In
another trial, the Japan Diabetes Outcome Intervention Trial (J-DOIT3), individuals with
T2DM in the intensive therapy group experienced a significant reduction in their risk of
cerebrovascular events (HR, 0.42; 95% CI, 0.24 to 0.74), nephropathic events (HR, 0.68; 95%
CI, 0.56 to 0.82), and retinopathic events (HR, 0.86; 95% CI, 0.74 to 1.00) [193]. More recently,
the NID-2 study, a trial conducted on subjects with T2DM and high cardiovascular risk,
demonstrated the efficacy of multifactorial treatment [170]. The intensive arm showed a
53% lower risk of MACEs (adjusted HR 0.47, 95% CI 0.30-0.74, p = 0.001) and a reduced
all-cause death risk (adjusted HR 0.53, 95% CI 0.29-0.93, p = 0.027). Furthermore, a subse-
quent post hoc analysis revealed that individuals with a higher number of risk factors at
target had better cardiovascular prognoses [155].

9. Limitations and Perspectives

This review provides a comprehensive overview of recent advancements in Type 2
diabetes management, focusing on novel pharmacological therapies. However, several
limitations should be acknowledged for proper data interpretation. First, the scope of the
literature covered was limited by the availability and selection of published studies, poten-
tially introducing publication bias and restricting the inclusion of emerging but less widely
reported treatments. Additionally, the heterogeneity of the included studies—varying
in methodology, population, and outcome measures—may challenge the generalizability
of the findings. Future research should aim to address these limitations through more
systematic, interdisciplinary approaches. Moving forward, the integration of novel treat-
ments into multifactorial care should consider individual patient variability and long-term
outcomes [194]. Further exploration of emerging therapies, such as retatrutide, and the
development of personalized treatment plans will be critical to advancing Type 2 diabetes
care [195]. Incorporating a broader range of studies, including those that evaluate the
combination of pharmacological interventions with lifestyle modifications, will be essen-
tial to optimizing patient outcomes and addressing the complexities of Type 2 diabetes
management [196].

10. Conclusions

The management of T2DM has evolved significantly, with new therapeutic agents
and a broader focus on multiple cardiovascular risk factors. This shift from a glucocentric
approach has been crucial in reducing both microvascular and macrovascular complications
in diabetic patients [197,198].

Medications like GLP-1 receptor agonists, SGLT2 inhibitors, tirzepatide, and glimins
not only enhance glycemic control but also provide cardiovascular and renal benefits,
underscoring the importance of personalized treatment plans based on individual patient
characteristics [197]. Lifestyle modifications, including diet and exercise, remain founda-
tional in T2DM management, highlighting the role of healthcare providers in coordinating
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comprehensive care [198]. Multidisciplinary approaches, validated in trials such as Steno-2,
J-DOIT3, and NID-2, have been effective in reducing major adverse cardiovascular events
(MACESs) and improving patient outcomes. These advancements emphasize the need for a
holistic treatment strategy that combines emerging therapies with lifestyle interventions
and thorough monitoring of cardiovascular and metabolic health [199]. As diabetes man-
agement continues to advance, a focus on individualized care and comprehensive risk
factor management will be key to optimizing patient outcomes.
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Abstract: Major depressive disorder (MDD) increases the risk of type 2 diabetes (T2D) by 60% in
untreated patients, and hypercortisolism is common in MDD as well as in some patients with T2D.
Patients with MDD, despite hypercortisolism, show inappropriately normal levels of corticotropin-
releasing hormone (CRH) and plasma adrenocorticotropin (ACTH) in the cerebrospinal fluid, which
might implicate impaired negative feedback. Also, a positive feedback loop of the CRH-norepinephrine
(NE)-CRH system may be involved in the hypercortisolism of MDD and T2D. Dysfunctional CRH
receptor 1 (CRHR1) and CRH receptor 2 (CRHR?2), both of which are involved in glucose regulation,
may explain hypercortisolism in MDD and T2D, at least in a subgroup of patients. CRHR1 increases
glucose-stimulated insulin secretion. Dysfunctional CRHR1 variants can cause hypercortisolism,
leading to serotonin dysfunction and depression, which can contribute to hyperglycemia, insulin
resistance, and increased visceral fat, all of which are characteristics of T2D. CRHR2 is implicated in
glucose homeostasis through the regulation of insulin secretion and gastrointestinal functions, and it
stimulates insulin sensitivity at the muscular level. A few studies show a correlation of the CRHR2
gene with depressive disorders. Based on our own research, we have found a linkage and association
(i.e., linkage disequilibrium [LD]) of the genes CRHR1 and CRHR2 with MDD and T2D in families
with T2D. The correlation of CRHR1 and CRHR2 with MDD appears stronger than that with T2D, and
per our hypothesis, MDD may precede the onset of T2D. According to the findings of our analysis,
CRHR1 and CRHR? variants could modify the response to prolonged chronic stress and contribute to
high levels of cortisol, increasing the risk of developing MDD, T2D, and the comorbidity MDD-T2D.
We report here the potential links of the CRH system, NE, and their roles in MDD and T2D.

Keywords: CRH; corticotropin releasing hormone receptor; norepinephrine; autonomous
sympathetic nervous system; major depressive disorder; depression; type 2 diabetes; HPA axis;
stress; cortisol
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1. Introduction
1.1. Major Depressive Disorder (MDD) and Type 2 Diabetes (T2D) Prevalence

Both MDD and T2D are widespread global pathologies. Worldwide, about 5% of
adults suffer from depression [1], and by 2030, depression is estimated to become the
most common disease in the world, according to the World Health Organization [2].
Meanwhile, worldwide, about 10% of adults suffer from T2D [3], with 58% of European
Caucasians having impaired fasting glucose (glycemia > 100 mg/dL) [4]. This perspective
article explores what is known about the role of linkage and association (i.e., linkage
disequilibrium [LD]) of the corticotropin-releasing hormone (CRH) CRHR1 and CRHR2
genes with MDD and T2D in families with T2D. We searched within PubMed using the
keywords “type 2 diabetes, T2D, major depressive disorder, MDD, depression, stress,
hypothalamic-pituitary-adrenal axis, HPA, CRH, CRHR, norepinephrine” and included
articles reporting valuable concepts on the association of chronic stress, the CRH system,
norepinephrine (NE), depression, and T2D, including the genes CRHR1 and CRHR?2.

1.2. MDD and T2D Comorbidity

MDD and T2D are often associated, and numerous different genes may underlie
their comorbid pathogenesis. As MDD increases the risk of T2D by 60% [5] in patients
never previously treated pharmacologically for MDD, genetic predisposition may—at
least partially—underlie the MDD-T2D comorbidity, not depending on antidepressant
therapy [6]. Conversely, T2D increases the risk for MDD, albeit slightly [5]. Furthermore,
depressive symptoms increase both the risk for T2D and, in diabetic patients, the increase
in blood sugar levels and the risk of complications and mortality from all causes [7]. While
many genes and neuro-endocrine-metabolic pathways are likely implicated in T2D, MDD,
and their comorbidity, the hypothalamic—pituitary—adrenal (HPA) axis and the serotonergic
system are known to be interconnectedly involved in MDD [8-15] and perhaps also in
T2D and associated metabolic alterations [11,15-19]. In fact, the etiology of stress in the
pathogenesis of T2D has been reported [20,21]. Also, subjects with depression have higher
hair cortisol concentrations than healthy subjects [22]. Similarly, in a cohort of African
American adults with and without T2D, elevated hair cortisol, a marker of long-term HPA
axis dysregulation, was correlated with increased glycosylated hemoglobin (HbAlc) in the
whole group and in the T2D group [19].

Chronic stress acts on the gut-brain axis and has systemic effects, such as the induction
of systemic inflammation present in both depression and T2D. Thus, another potential mech-
anism is represented by the stress-related intestinal microbiota imbalance—also named
dysbiosis—which, by impairing the gut-brain-immune axis, can lead to stress-related
MDD-T2D comorbidity [23]. In addition, the persistent activation of the sympathetic ner-
vous system (SNS) results in increased levels of proinflammatory cytokines, which per se
can trigger the HPA axis hyper-response during stress. Furthermore, in the presence of
hyperglycemia and/or T2D, the immune system can be dysregulated, thereby augmenting
cytokine release, which can increasingly stimulate the HPA axis and can contribute to
depression, T2D, and their comorbidity [24].

Furthermore, genetic studies on MDD-T2D comorbidity will disclose mechanisms
underlying T2D and MDD and their comorbidity. Finally, confirmation in larger ethnically
diverse samples and longitudinal studies will lead to primary prevention targeting individ-
uals at risk for both T2D and MDD and secondary prevention for patients with a confirmed
diagnosis of T2D-MDD.

1.3. Hypothalamic—Pituitary—Adrenal (HPA) Axis and Stress

The HPA axis is a neuroendocrine system that regulates the stress response and
interacts with the serotonergic, noradrenergic, and dopaminergic brain systems.

In response to prolonged chronic stress, the hypothalamic paraventricular nucleus
(PVN) secretes corticotropin-releasing hormone (CRH, aka corticotropin-releasing fac-
tor, CRF), which in turn stimulates pituitary corticotropin (ACTH) secretion, resulting
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in an increased in plasma cortisol produced by the adrenal gland [25]. The PVN also
receives circadian signals from the hypothalamic suprachiasmatic nucleus connected to the
retina through the retinohypothalamic tract, which also functions as the central circadian
clock [26].

Corticotropinergic neurons are present not only in the anterior pituitary gland but
also in the hypothalamus, hippocampus, amygdala, and locus coeruleus (LC), located
on the floor of the fourth ventricle. CRHR1 and CRHR2 are G-protein-coupled receptors
carrying an amino acid sequence homology of 71% [27], binding CRH and stimulating
ACTH secretion. CRHR1 and CRHR? are responsible for the HPA axis response to stress
and circadian rhythms. CRHR1 mostly binds CRH, while CRHR2 binds urocortin with an
affinity 40 times greater than CRH [28]. CRHR1 is expressed especially in the hippocampus
and generally in the brain, and to a lesser extent in peripheral tissues, such as the adipose
tissue and liver. CRHR2 is mostly expressed in peripheral tissues such as the liver and
adipose tissue but is also expressed in the brain [28].

1.4. Resilience, Stress, CRH System, and Depression

Resilience varies among human and non-human primates. Anxious temperament
(AT) manifests early in life with physiological and behavioral hyper-reactivity to mildly
threatening stimuli. In children, AT predicts psychopathology and risk for anxiety disorders
and depression. In monkeys, the function of the anterior hippocampus and the central
nucleus amygdala predicts AT, and even if anatomically closely linked, their heritability
differs significantly, as the anterior hippocampus metabolic activity is significantly more
heritable compared to the central nucleus amygdala metabolic activity, indicating dissimilar
influences of genes and environment mediating AT and anxiety and depression risk [29].

Various studies show that the genetic basis of depression may reside, in part, in genes
regulating stress-response systems [12,30] such as the HPA axis [31,32]. Various endocrine
factors, including CRH and glucocorticoids, have been implicated in the structural and
intracellular abnormalities seen in depression [33].

Early life adversity (e.g., early life maternal separation) [34] increases HPA axis activity
in rats and humans [31,34] and generates anxious and depressive behaviors in adult
mice [35].

In humans, childhood events, like abuse or loss, are closely related to the risk of
adult MDD [36]. Early life stress, characterized by altered neural plasticity, leads in sub-
jects with reduced resilience and additional stressors to persistent central nervous system
(CNS)-CRH circuit hyperactivity, increased HPA axis sensitization, and sympathetic ner-
vous system (SNS) response. This lasting increased stress sensitization mediates vulnera-
bility to adolescent and adult depression [37]. Furthermore, the CRH system plays a role in
psychopathology, anxiety, and depressive disorders triggered by prolonged chronic stress,
and various neuro-behavioral-endocrine-sympathetic-immune responses intensely involve
the CRH system [31].

1.5. CRH System, Stress, and CRH-Norepinephrine—CRH Circuit

Cortisol secretion accompanying acute stress is a physiological coping response to
anxiety triggers. Catecholamine secretion, specifically the major SNS neurotransmitter,
norepinephrine (NE), regulated by the catechol-o-methyltransferase (COMT), mediates SNS
activation during short-term stress [38]. During induced stress, human bilateral amygdala
activity strongly mediates a sympathetic response and attachment insecurity. Thus, under
stress, the amygdala activates the central SNS [39]. The brainstem SNS lies in the LC, the
main site synthesizing NE, beyond the adrenal medulla. Also, cortical and midbrain areas
have noradrenergic neuron projections. To maintain homeostasis, chronic stress usually
elicits central nervous system adaptation. Extrahypothalamic CRH and LC-NE systems are
the principal components of stress response. In animals, CRH produces various anxiety-,
arousal-, and stress-associated behaviors. In the LC, CRH increases the activity of tyrosine
hydroxylase (rate-limiting enzyme in the synthesis of catecholamines) and therefore in-
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creases the release of NE in the projection areas of the LC. Chronic “unpredictable” stress
can maintain CRH neuronal activity and LC-NE system dysregulation, impairing the adap-
tation system. Further, the NE-CRH interaction may occur in various brain areas, including
the hypothalamic PVN and the amygdala central nucleus, where NE stimulates CRH re-
lease. The CRH-NE-CRH feed-forward system progressively augments the stress response
with repeated exposure. Acute and chronic moderate and “predictable” stresses induce
beta-adrenergic receptor down-regulation, which represents stress adaptation. On the
contrary, chronic “unpredictable” stress, resembling a model for depression, up-regulates
the beta-adrenergic receptor [40]. In rats exposed to 14-day-long chronic “unpredictable”
stress, treatment with the selective serotonin-reuptake inhibitor (SSRI) citalopram causes
frontal cortex beta-receptor down-regulation; thus, increased 5-hydroxytryptophan (5-HT)
availability can preserve beta-receptor down-regulation by NE-potentiating agents. In
human depression, CRH-NE hyperactivation of the CRH-NE feed-forward system is
implicated in sympathetic activation, hyperarousal, and anxiety. 5-HT reduction is impli-
cated in depression, and an SSRI-mediated 5-HT increase may normalize beta-receptor
down-regulation, offering, in prolonged stress, adaptive self-regulation against excessive
CRH-NE activity [40]. In cattle, intravenous tryptophan administration attenuates cortisol
secretion induced by the intracerebroventricular injection of NE [41].

2. Stress, Depressive Symptoms, T2D, and Our Hypothesis

We hypothesize that a group of depressed patients may have an underlying genetic
predisposition to augmented, maladaptive hyperarousal and stress vulnerability activat-
ing and self-feeding the CRH-NE-CRH system, characterized by defective CRHR1 and
high-normal CRH and NE levels, the latter triggering peripheral cortisol secretion, in the
absence of a clear ACTH augmentation. Another theory, depending on the depressed
patient subgroups, is that long-lasting chronic stress may be maintained by an enduring
imbalance of the HPA axis via CRH and ACTH secretion and hypercortisolism. As the
latter can also be triggered by central NE and peripheral adrenal catecholamine secretion,
the two hypothesized mechanisms may overlap in some patients presenting with increased
ACTH levels beyond increased CRH, NE, and cortisol levels.

Figure 1 illustrates these concepts for how stress and the HPA axis relate to T2D and
depression. We hypothesize that receptor resistance of the CRH system can induce hyper-
cortisolism: the CRH system is implicated in the response to depression and prolonged
stress [30,32], and CRH SNPs are variants of depression risk [32]. Depressed and hypercor-
tisolemic subjects have an attenuated ACTH response to CRH, thus potentially suggesting
intact negative feedback. CRH infusion in healthy individuals induces hypercortisolism as
in depression but via ACTH [42]. This difference suggests that in depression, hypercorti-
solism may be due to a defect in the CRHR receptor response with the hypersecretion of
CRH and consequently of NE.

A significant cortisol response to a blunted ACTH response may also indicate that
the adrenal glands hyper-respond to ACTH due to an ACTH receptor or melanocortin
receptor 2 (MC2R) abnormality [43]. The most probable dynamics, however, would be the
increase in central NE secretion, triggered by the limbic response to CRH [44]; in turn, NE
stimulates the secretion of adrenal cortisol [41,45] and, through positive feedback, also the
hypothalamic and limbic secretion of CRH, supporting the central hyperactivation of the
HPA system [46,47]. This hypothetical mechanism fully fits with the strong correlation of
plasma cortisol with cerebrospinal fluid (CSF) NE in depressed patients [48].

In depressed and control subjects, circadian variations of CSF NE and plasma cor-
tisolemia are superimposable and correlate positively during the day. While healthy
individuals have significantly negatively correlated plasma cortisol and CSF-CRH levels,
depressed patients have significantly higher circadian CSF NE and plasma cortisol levels,
but inappropriately “normal” plasma ACTH and CRH [44]. These studies compellingly
suggest that upstream CRH receptor dysfunction may be a cause of depression and that
downstream hypercortisolism may further feed into depression by altering the serotonin
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pathway [14], as well as increasing the risk of T2D and accounting, at least in part, for
MDD-T2D comorbidity. The above-mentioned robust correlation of cortisolemia with CSF
NE of depressed patients [48] points towards a persistent stress-response dysregulation in
depression, independently from any conscious stress, and indicates a bidirectional mutual
boosting link between the hyper-noradrenergic state and the hyperfunctioning HPA axis,
each triggered and maintained by hypercortisolism through interactions at the central level
and the peripheral adrenal level [48].
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Hippocampus
Locus Cerouleus
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Depression <----+++----> Type 2 Diabetes

LEGEND:

L' Red Pathway — Long-lasting chronic stress maintained by high normal
CRH and NE levels. NE triggers peripheral cortisol secretion in the
absence of a clear ACTH augmentation and peripheral catecholamine
secretion.

— Long-lasting chronic stress maintained by an enduring
imbalance of the HPA axis, via CRH, and ACTH and cortisol secretion.

O — Both the pathways may overlap in some patients
presenting with increased ACTH levels, beyond increased CRH, NE, and
cortisol and catecholamine levels.

Figure 1. CRH-NE-CRH Circuit and Hypothalamic-Pituitary-Adrenal Axis Implication in the Comor-
bidity of Depression and Type 2 Diabetes.
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Increased cortisol and reduced HPA axis feedback are alterations present in both
depression and T2D [49,50], while T2D, metabolic traits, and MDD are associated with
hypercortisolemia [11,15]. The increase in cortisol due to chronic stress, according to our
hypothesis, could also lead to T2D. However, anomalies in the feedback and activity of the
HPA axis are characteristics found in aging [18].

Also, a potential mechanism may be related to maternal nutritional imbalances,
which may permanently affect the offspring by altering the cortisol and sympathetic
stress response. Recent studies showed that lower human birth weight—a marker of fetal
undernutrition—is correlated in both children and adults to impaired sympathetic nervous
system and HPA axis stress responses, which are further linked to depression and T2D [51].

A genetic predisposition to HPA axis hyperactivation and hypercortisolemia could
induce glucose intolerance [52], metabolic abnormalities, and depressive symptoms [11].
Various HPA axis receptor genes are related to metabolic alterations [43,53]. Furthermore,
hypercortisolemia causes an alteration in serotonergic transmission, which is one of the
determinants of depression [12].

To support our hypothesis, studies have shown that CRH injected in rats’ brains
increases plasmatic epinephrine, NE, and glucagon, leading to hyperglycemia. Of interest,
CRH-induced hyperglycemia is present even with hypophysectomy or adrenalectomy;
thus, this disease model is not due to the HPA axis but to CRH enhancing both epinephrine
and NE secretion [44]. Of note, in congenital adrenal hyperplasia due to 21-hydroxylase
deficiency, cortisol precursors are increasingly secreted with ACTH stimulation, indicating
impaired cortisol production and compensating increased hypothalamic CRH secretion.
In a study, carriers of 21-hydroxylase deficiency (i.e., parents of children with classical
congenital adrenal hyperplasia) showed significantly higher state-anxiety scores than
healthy subjects, and their mean 24 h urinary free cortisol excretion was significantly
associated with psychoticism and paranoid ideation, thereby making them susceptible to
anxiety disorders [54].

Of note, the prevalence of subclinical hypercortisolism was found to be significantly
higher in hospitalized patients with T2D compared to controls, with 7% of T2D statistically
attributable to subclinical hypercortisolism, and subclinical hypercortisolism was signifi-
cantly related to severe T2D, defined by the presence of insulin treatment, hypertension,
and dyslipidemia [55].

A study reported that 30% of T2D patients have significantly elevated basal plasma
cortisol levels, higher cortisol levels after a dexamethasone (DEX) suppression test, and a
larger response to CRH, without significantly higher ACTH levels. The increased respon-
siveness to CRH, together with reduced suppression after DEX, may indicate dysfunctional
negative HPA axis feedback in T2D. An exaggerated HPA response to the CRH test is also
present among depressed patients and the elderly [56,57] and could imply impaired feed-
back due to a hippocampal glucocorticoid receptor deficit [58]. Of interest, we identified
familial linkage to and association with T2D and MDD in the glucocorticoid receptor (GR
or NR3C1) gene [59]. However, the above-mentioned findings could also be due to—at
least in some patients—variants in the melanocortin receptor 2 (MC2R) gene, which might
increase responsiveness to ACTH; in fact, we reported MC2R linkage and association
to/with T2D; one variant was the opposite allele of the variant causing glucocorticoid
deficiency syndrome [60].

However, in T2D, even though cortisol is increased, plasma ACTH values are higher,
but not significantly compared to controls without T2D. Even considering the wide vari-
ability in ACTH, hypercortisolemia without a significant increase in ACTH suggests a
peripheral rather than central alteration, such as hyperactivity of the CRH-NE system.

Among the T2D subjects, cortisol levels during the DEX/CRH test are also significantly
positively associated with Hbalc, independent of age, body mass index, hypertension, and
dyslipidemia [50].

The diurnal rhythm of cortisol shows a peak 30 min after awakening (cortisol awaken-
ing response [CAR]) and a decline during the day with a nadir at midnight [61]. Of note,
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in healthy subjects, increased fasting cortisolemia at 9 am is associated with glycemia at
fasting and 2 h status post oral glucose tolerance test, triglyceride levels, and systolic blood
pressure [62], and 24 h urinary free cortisol is associated with insulin resistance, visceral
obesity, and lipids [63].

Long-lasting cortisol excess of Cushing’s syndrome as well as glucocorticoid treatment
cause T2D [64,65]. A flatter diurnal cortisol slope is associated with T2D-related traits
(e.g., central adiposity [66], increased cardiovascular disease risk [67]). However, the
reported T2D associations with diurnal cortisol patterns are inconsistent. In 3508 adults
(50-74 years), inclusive of 238 T2D patients, T2D was associated with a flatter diurnal
cortisol slope decline and higher bedtime cortisol, independently from several covariates.
However, no association was found between T2D and morning cortisol or CAR [68]. In
this study, T2D patients showed a flatter diurnal cortisol slope than healthy subjects,
even after adjusting for several potential confounders (e.g., fatigue, BMI, smoking, age,
sex, waking time, late saliva collection, employment grade, history of coronary artery
disease, cardiovascular medication). A flatter diurnal cortisol slope can be due to low
cortisol values on waking or high cortisol values in the evening. T2D patients, compared
to control subjects, on average lack significantly higher cortisol waking levels and also
have significantly higher bedtime cortisol levels, even after adjusting for covariates [68].
As raised late-night cortisol levels are diagnostic for Cushing’s syndrome [69], to exclude
Cushing’s syndrome patients, subjects with very high cortisol were excluded. Obesity,
which is strongly associated with Cushing’s syndrome [68], is not driving the results. High
late-night salivary cortisol values are reported in T2D without Cushing’s syndrome in other
studies as well [70]. Also, feelings of tension and anger are associated with flatter diurnal
cortisol rhythms, primarily due to their association with higher evening cortisol [71].

Another study showed that T2D patients, compared to healthy subjects, have smaller
hippocampal volumes and show a blunted CAR [72]. A study showed that adolescents
with insulin resistance have a blunted CAR, smaller hippocampal volumes, and greater
frontal lobe atrophy, as compared to control subjects. A smaller CAR is related to higher
BMI, associated with higher fasting insulinemia, which is per se associated with smaller
hippocampal volume and greater frontal lobe atrophy. Thus, HPA impairment may impact
brain structures via metabolic abnormalities [73].

Computed tomography (CT) evaluating the adrenal volume in obese patients with
and without T2D reports that total adrenal volume is significantly higher in T2D patients
versus control subjects and that visceral fat, visceral fat/subcutaneous fat ratio, and total
adrenal volume are highly correlated in all subjects tested. These data suggest that visceral
obesity, T2D, and enlarged adrenal glands are associated and support that the hypothesized
HPA axis hyperactivation in obese subjects may be involved in T2D pathogenesis [74].

A hereditary predisposition to dysfunction of the HPA axis could therefore induce
CRH-noradrenergic system abnormalities, causally contributing to depression, T2D, and
depression-T2D comorbidity.

3. CRHR1 Genetic Studies

CRHRI is an adenylate cyclase-associated membrane receptor and is highly expressed
in the neocortex, hippocampus, amygdala, cerebellum, and anterior pituitary gland. Crhrl
knockout mice show adrenal medullary atrophy, suggesting the peripheral importance
of Crhrl in catecholamine biosynthesis, independent of the central activation of the HPA
axis and SNS. Dysfunctional CRHR1 receptors may therefore be responsible for reinforcing
the positive feedback of CRH and SNS, peripherally and centrally, with hypersecretion of
CRH, bypassing the negative feedback of glucocorticoid receptors. Crhrl knockout mice
have a depressed HPA axis, low plasma corticosteronemia, and a decreased ACTH and
corticosterone response to stress due to marked agenesis of the adrenal glands due to ACTH
insufficiency; agenesis is in fact avoided by the administration of ACTH. CRHR1 variants,
therefore, can reduce ACTH release, while catecholamines can positively modulate CRH-
dependent ACTH secretion. Crhrl knockout mice show, in addition to a reduced stress
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response, reduced anxious behavior and increased exploratory activity [28,75]. CRHR1
is therefore fundamental in the development of the HPA axis and in the modulation of
the anxiety response and behavior, but, in mice, Crhr1 is not essential for the formation of
corticotrope cells or for ACTH production in basal conditions [28].

In a study of Crhrl knockout mice, Crhrl appeared to have a bivalent action: its
activation in the forebrain glutaminergic system promotes anxious behaviors, whereas in
the mesencephalic dopaminergic system, it reduces them. In fact, in mice, while Crhrl
knockout in prosencephalic glutaminergic neurons leads to reduced anxious behavior and
alters neurotransmission in the amygdala and hippocampus, Crhirl knockout in mesen-
cephalic dopaminergic neurons leads to the opposite behavior and reduces the release of
dopamine by the prefrontal cortex. Thus, CRHR1 may play a bidirectional role in anxi-
ety, as an imbalance between CRHR1-controlled anxiogenic glutamatergic and anxiolytic
dopaminergic systems may lead to emotional impairments [76].

Other studies have reported that in young rhesus monkeys, CRHR1 variants correlate
with anxious behavior and brain metabolic activity. Rhesus monkeys’ trait anxiety is similar
to the childhood risk trait underlying human anxiety and depression. Single nucleotide
polymorphisms (SNPs) of CRHR1 modulate metabolic activity in the intraparietal sulcus,
precuneus, amygdala, and anterior hippocampus, thereby influencing key neural struc-
tures of anxious behavior and contributing to psychopathology triggered by childhood
trauma [77].

Further work has confirmed that the CRHRI gene is associated with depression,
increasing the risk of depression after childhood trauma [37,78] and the risk of suicide
in males [79]. Three main haplotypes depend on the CRHR1 SNPs rs7209436, rs4792887,
and rs110402 (i.e., CCG, 35.3%, CTG, 32.9%, TCA, 30.4%). The CRHR1-rs110402 or TCA
haplotype contributes to MDD in child abuse cases [80]. MDD significantly associates with
the allelic and genotypic rs242939 SNP and the GGT haplotype formed by the rs1876828,
rs242939, and rs242941 alleles [81]. Very anxious subjects suffering from MDD who are
homozygous carriers of the GAG haplotype are more sensitive to the antidepressant
fluoxetine or desipramine; even highly anxious MDD patients and carriers of the rs242941
G/G genotype associated with the homozygous GAG haplotype have a high response to
fluoxetine [82,83].

We previously found no studies on human CRHR1 and T2D. We were the first to
report the role of CRHR1 in familial T2D, familial MDD, and T2D-MDD [84]. Of note, the
CRHR1 17q12 locus is associated with T2D [85] and metabolic syndrome [86]. Pancreatic
beta cells express CRHR1 on their surface, which stimulates cell proliferation and insulin
secretion in a glucose-dependent manner [87]. An alteration in the CRHR1 receptor could
therefore be a cause of hyperglycemia and T2D.

4. CRHR2 Genetic Studies

The CRHR? gene is expressed in the brain; Crhr2 knockout mice show reduced stress
response [88], hypersensitivity to stress, and anxiety behavior [89,90]. The CRHR2 receptor
has urocortins 1, 2, and 3 as ligands [91]. Studies with urocortin analogues have highlighted
a strategic role of CRHR2 in glucose homeostasis: it reduces insulin secretion and inhibits
gastric emptying and glucose absorption [92] both directly and indirectly through the
strengthening of mechano-sensitive gastric vagal afferents [93]; furthermore, the CRHR2
receptor is abundantly expressed at the muscle level and increases insulin sensitivity in
this tissue [94,95]. Male Crhr2 knockout mice develop hepatic steatosis and metabolic
syndrome [96]. A few studies have investigated the potential involvement of CRHR2 in
depressive disorders, finding a positive correlation of some alleles with MDD [97] or its
mediated resistance to pharmacological treatment [98]. The CRHR2 7p21-p15 locus is,
however, related to T2D [99,100]; blood glucose, high-density lipoprotein, and triglyceride
values [101]; MDD [102]; and bipolar disorder [103,104]. Indeed, bipolar disorder and
depression share various genes [105]. Crhr2 knockout mice have arterial hypertension and
reduced sustained hypophagia [88]; thus, CRHR2 variants might contribute to hypertension
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and obesity. A recent study showed an association between CRHR2 SNPs and T2D in a
body of pooled genotypic data from 32 genome-wide association studies of European
ancestry (GWAS) [106]. We were the first to report the CRHR? linkage and association with
familial T2D, MDD, and T2D-MDD comorbidity [107].

5. Conclusions

HPA axis dysregulation may contribute to T2D and MDD, alone or in combination, due
to dysfunctional CRHR1 and CRHR?2 receptors. According to our hypothesis, an impaired
function of CRHR1 would fuel the CRH-NE-CRH circuit, supporting the hyperactivation
of the HPA axis with increased secretion of NE and cortisol, the latter especially implicated
in metabolic and depressive disorders. The CRHR?2 receptor also appears to be related
to metabolic and depressive disorders. Reduced functioning of CRHR2 could contribute
to the pathogenesis of T2D and MDD. Future studies to investigate our hypothesis are
warranted, including genetic studies of the CRHR1 and CRHR2 genes in various ethnicities.
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Abstract: Tuberculosis meningitis (TBM) is a result of the invasion of the meninges with the bacilli
of Mycobacterium tuberculosis (Mtb), leading to inflammation of the meninges around the brain or
spinal cord. Oxidative stress occurs when the body’s cells become overwhelmed with free radicals,
particularly reactive oxygen species (ROS). ROS plays a significant role in the pathogenesis of TBM
due to their toxic nature, resulting in impairment of the body’s ability to fight off infection. ROS
damages the endothelial cells and impairs the defense mechanisms of the blood-brain barrier (BBB),
which contributes to CNS susceptibility to the bacteria causing TBM. Diabetes mellitus (DM) is
a common condition that is characterized by the impairment of the hormone insulin, which is
responsible for modulating blood glucose levels. The increased availability of glucose in individuals
with diabetes results in increased cellular activity and metabolism, leading to heightened ROS
production and, in turn, increased susceptibility to TBM. In this review, we summarize our current
understanding of oxidative stress and its role in both TBM and DM. We further discuss how increased
oxidative stress in DM can contribute to the likelihood of developing TBM and potential therapeutic
approaches that may be of therapeutic value.

Keywords: Mycobacterium tuberculosis; tuberculosis meningitis; diabetes; oxidative stress

1. Introduction

Tuberculous meningitis (TBM) is an extrapulmonary manifestation of Mycobacterium
tuberculosis (Mtb) infection of the central nervous system (CNS), resulting in non-suppurative
inflammation of the meninges of the brain or spinal cord [1,2]. In humans, TBM is thought
to be secondary to pulmonary tuberculosis (TB), the most predominant form of TB that
begins with inhalation of Mtb into the lungs, where it infects alveolar macrophages, neu-
trophils, and dendritic cells, and continues to replicate [3]. Impaired anti-mycobacterial
immune responses can lead to a severe form of cavitary TB that can further result in the dis-
semination of Mtb to the CNS [4]. Experimental models have proposed several mechanisms
that promote entry of Mtb across the blood-brain barrier (BBB), allowing access to the CNS.
Research shows that invasion of the BBB by Mtb results in cytoskeletal actin rearrangements
of brain cells [5]. Furthermore, specific genes were found to be upregulated during Mtb
invasion of the BBB, suggesting the role of possible Mtb virulence factors in transmission [5].
In addition, Mtb-infected macrophages can penetrate the BBB, with simultaneous elevation
in the levels of vascular endothelial growth factor (VEGF), suggesting VEGF’s possible role
in Mtb invasion [6]. Although it is difficult to quantify the true global burden of TBM due to
poor diagnostics and surveillance, research suggests that TBM contributes to about 5-10%
of all extrapulmonary tuberculosis (TB) cases, and approximately 1-10% of TB patients
develop TBM, strongly depending on the local prevalence [7]. Among the major factors that
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affect TBM diagnosis and prognosis are age and HIV prevalence. Over 80% of individuals
with TBM were HIV-infected in a high HIV prevalence setting [8]. In children, a higher
rate of TBM can be due to a weakened or immature immune system. Researchers found
that 30% of children with TBM were in contact with an individual with pulmonary Mtb,
in contrast to only 13% of adults with TBM [9]. Nevertheless, TBM remains the most fatal
manifestation among all forms of tuberculosis, with a significant frequency of mortality
and morbidity, reaching approximately 40% [10,11].

Diabetes mellitus (DM) is a chronic condition in which the body fails to produce and
respond to insulin, resulting in elevated glucose levels [12]. Common characteristics of
individuals living with DM include thirst, frequent urination, and weight loss. Type 1
diabetes (T1D) is characterized by cell-mediated auto-immune destruction of the pancreatic
(3-cells responsible for producing insulin. Conversely, type 2 diabetes (T2D) is attributed
to insulin resistance and reduced insulin secretion [13]. Currently, there are 29.1 million
individuals living with DM in the United States, with T2D being more prevalent than
T1D [14]. Both T1D and T2D are associated with genetic predispositions and lifestyle
factors [15]. Current treatment strategies for DM include lifestyle changes and insulin
therapy, which works to mimic the body’s innate insulin secretion. Depending on the
stage of the disease, exogenous insulin can be used for both T1D and T2D and has been
shown to reduce complications associated with DM, such as neuropathy, retinopathy, and
kidney disease [16]. For patients suffering from T2D, lifestyle intervention and metformin,
a medication that increases insulin sensitivity, were shown to decrease the incidence of
diabetes by 58% and 31%, respectively [17]. More targeted approaches, such as exosome
therapy, are being considered as future treatments for DM [18].

Oxidative stress occurs when there exists an imbalance between the production of
reactive oxygen species (ROS) and the capacity of antioxidants to remove such toxic
substances from the body [19]. ROS are natural byproducts of physiological processes in
the body important for cell signaling; however, it is when the production of ROS exceeds the
ability of the body to effectively remove such substances that the body experiences a state
of oxidative stress, leading to cell tissue damage [19]. The increase in cellular activity and
metabolism observed in individuals with diabetes renders them particularly susceptible to
increased oxidative stress [20]. The role of oxidative stress in the pathogenesis of TBM has
been studied. The aim of this review is to provide several mechanisms in which increased
oxidative stress in diabetic patients may increase one’s likelihood of developing TBM.

2. TB and Diabetes

Diabetes can have a significant impact on Mtb infection, including increased suscep-
tibility to active TB infection, altered immune responses, and poor treatment outcomes.
Multiple studies have shown that asymptomatic infection with Mtb, termed latent TB
infection (LTBI), is found in higher numbers among individuals with pre-diabetes and
T2D compared to those without [21,22]. Diabetes is also a well-studied risk factor for
the progression from LTBI to active TB disease [23,24]. T2D predisposes individuals to
develop active TB and, thus, as the prevalence of T2D increases, the global burden of TB
is also thought to increase. Recent evidence suggests that, in addition to hyperglycemia,
hypercholesterolemia, and elevated triglyceride levels associated with DM, diabetes is also
a main contributor to the increased susceptibility to TB [24].

Chronic inflammation and altered immune defense mechanisms in diabetics may com-
promise the ability of the host immune system to combat Mtb infection [25]. Furthermore,
the ability of immune cells to recognize and destroy Mtb may be impaired, allowing the
bacteria to replicate and manifest elsewhere, such as in the meninges in the case of TBM.
For instance, there exists an inverse relationship between the activity of natural killer (NK)
cells and hyperglycemia, wherein an increase in blood sugar levels is associated with an
observed decrease in NK cell function in the innate and adaptive immune response against
infection [26]. Moreover, another study demonstrated that endoplasmic reticulum (ER)
stress as a result of uncontrolled hyperglycemia led to the downregulation of natural-killer
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receptor group 2, member D (NKG2D), a well-studied NK cell-activating receptor [27].
Induced hyperglycemia was found to impair neutrophil degranulation, a mechanism of
pathogen clearance involving extracellular destruction [28]. Moreover, long-term high-
glucose concentrations sensitize macrophages to cytokine stimulation while reducing the
phagocytic and bactericidal function of macrophages essential in fighting pathogens [29].
Lastly, the role of cytokines in the increased susceptibility of diabetics to infection has
been studied. Upregulation of pro-inflammatory IL-6 and TNF-« has been observed in
diabetics, whereas there is a reduction in the circulating levels of anti-inflammatory IL-
10 [30,31]. Thus, cytokine dysregulation in diabetic individuals, involving an increase in
pro-inflammatory cytokines along with a decrease in anti-inflammatory cytokines, results in
a chronic inflammatory cellular state, increasing one’s susceptibility to infection (Figure 1).
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Figure 1. As blood sugar levels rise, the immune system operates with less efficiency, leading to

increased vulnerability to infections, such as Mycobacterium tuberculosis (Mtb). Neutrophils and
macrophages, crucial for combating infections, exhibit restricted degranulation and phagocytic
activity in individuals with diabetes. Hyperglycemia contributes to a decline in natural killer
(NK) cell functionality, resulting in diminished cytotoxic activity. Additionally, diabetic individuals
experience cytokine dysregulation, which gives rise to a state of chronic inflammation.

Multidrug-resistant TB (MDR-TB) is characterized by the resistance to at least isoniazid
and rifampin, two potent drugs used in the treatment of TB. Diabetes, in particular T2D,
is associated with a two-fold increased risk of MDR-TB [32]. Whole-genome sequencing
of clinical isolates of Mtb revealed several mutations in individuals with T2D conferring
resistance to isoniazid, ethionamide, fluoroquinolone, and rifampicin [33]. Interestingly,
the serum concentrations of isoniazid and pyrazinamide were reduced in TB patients with
T2D compared to those without T2D, which may be attributed to the generally higher
BMI observed in T2D patients and/or the increased metabolic rate of anti-TB drugs in
diabetics [34,35].

The relationship between DM and TB infection has been well studied. In this review,
however, we provide novel insight into the potential mechanisms that predispose diabetic
individuals to the extrapulmonary manifestation of TB infection into TBM.

3. Pathogenesis of TBM in Humans

Following Mtb infection of the cells of the CNS, slow-progressive meningitis de-
velops with clinical symptoms such as headaches, vomiting, fever, and neck stiffness,
indistinguishable from other meningitis types [36]. If untreated, TBM progresses to se-
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vere clinical conditions, including unconsciousness, focal neurological deficits, cranial
nerve palsies, seizures, raised intracranial pressure, and hemiparesis. These symptoms are
driven by the exacerbated inflammation caused by Mtb infection [36]. Elevated levels of
pro-inflammatory cytokines, including tumor necrosis factor-alpha (TNF-«) released by
infected immune cells into the CNS, contribute to the local and systemic inflammation in
TBM, with the fifth and third cranial nerves being involved in approximately 50% of pa-
tients [37]. In advanced TBM, about 10% of patients report either hemiplegia or paraplegia,
and death is almost inevitable at this stage, without proper therapeutic interventions [38].
Pleocytosis with lymphocyte predominance (150-1000 leukocytes/pL), enriched with neu-
trophils and lymphocytes, low glucose levels with the cerebrospinal fluid (CSF) to plasma
glucose ratios of <0.5, and high protein content (0.8-2.0 g/dL) are some of the essential
laboratory findings in the CSF of patients with TBM [10]. Furthermore, in patients with
human immunodeficiency virus (HIV) co-infection, TBM is characterized by the absence of
mononuclear leukocytes and the prominent presence of neutrophils (>1000 cells/uL) in the
CSF, mimicking acute pyogenic bacterial meningitis [10]. Elevated levels of inflammatory
cytokines are commonly noted in the plasma and CSF of patients with TBM. Radiographi-
cally, patients with TBM show basal meningeal exudates, infarction, tuberculomas, and
hydrocephalus [10].

4. Oxidative Stress in the Pathogenesis of TBM

Increased production of reactive oxygen species (ROS) has been found to be intimately
involved in the pathogenesis of TB and TBM [4,39]. Upon exposure to Mtb infection, the
host immune system activates several defense mechanisms to control the infection, one
of which includes the generation of ROS. Although ROS is initially produced to protect
against infection, its overproduction leads to host tissue damage, including brain tissue,
contributing to the pathogenesis of TBM. Increased ROS levels have been shown to impair
the host immune response against Mtb infection and, in turn, allow infection to ensue in
other parts of the body, including the brain [40]. Biomarkers identified from cerebrospinal
fluid (CSF) samples from individuals with TBM demonstrated increased inflammation,
disruption of the BBB, and impairment of amyloid-3 (Ap) metabolism [41].

Cellular damage and inflammation play a significant role in the pathogenesis of TBM.
Both pro- and anti-inflammatory cytokines have been shown to be induced in individuals
with TBM; however, it is the imbalance between the two that is responsible for the patho-
genesis and prognosis of TBM [4]. Damage to cellular structures including lipids, proteins,
and nucleic acids induced by excessive ROS production may lead to chronic inflammation
and, in turn, increases the likelihood of TBM [42].

ROS may also have a significant impact on the integrity of the BBB. The lining of the
BBB acts to protect the CNS by regulating the passage of molecules between the bloodstream
and the brain. The BBB consists of tightly connected cells, including endothelial cells,
astrocytes and pericytes. Increased ROS production and the resulting oxidative stress have
been shown to damage endothelial cells crucial for the integrity of the BBB, resulting in
increased permeability of the BBB to infection, including Mtb [43]. Subsequent impairment
of tight junctions between endothelial cells also contributes to the dysregulation of the
BBB. Moreover, ROS-induced production of pro-inflammatory stimuli, such as the redox-
sensitive transcription factor NF-kB, can further impair the BBB by promoting leukocyte
adhesion and extravasation, leading to increased neuroinflammation [43]. Furthermore,
the BBB employs antioxidant defense mechanisms, such as superoxide dismutase (SOD)
and glutathione peroxidase (GPx), to neutralize ROS and maintain redox homeostasis;
however, in conditions of ROS overproduction, these antioxidants become overwhelmed
and lead to subsequent damage of the BBB [44]. Lastly, increased ROS production may
result in the upregulation of matrix metalloproteinases (MMPs), which are enzymes found
to degrade components of the extracellular matrix, including those in the BBB, further
disrupting the integrity of tight junctions and basal lamina of the BBB [43]. In summary, the
accumulation of ROS leads to increased permeability of the BBB, allowing the infiltration
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of harmful and infectious agents such as Mtb, leading to the culmination of Mtb infection
in the meninges. Thus, the increase in ROS production seen in diabetics may significantly
increase an individual’s susceptibility to TBM.

Impaired metabolism of Af peptide metabolism and its resulting aggregation is a
well-known pathological hallmark of Alzheimer’s disease. However, emerging evidence
suggests that A3 aggregation and deposition may also be implicated in the pathogenesis of
diabetes and related neurodegenerative and neurovascular changes [45]. Hyperglycemia is
associated with increased amyloid precursor protein (APP), leading to an increase in A
peptide production and increased permeability through endothelial tight junctions [46].
Furthermore, insulin resistance, a hallmark of T2DM, has been shown to impair A3 clear-
ance through the BBB, resulting in A3 accumulation in the brain [46]. Oxidative stress,
such as that seen in diabetic patients, further promotes A aggregation [47]. Thus, one may
argue that the increase in A3 peptides observed in CSF samples of diabetic individuals
suffering from TBM may be partly attributed to oxidative stress.

5. Oxidative Stress in Diabetes

Oxidative stress is implicated in the onset of insulin resistance due to the impairment
of insulin signaling pathways, as well as in 3-cell dysfunction and apoptosis, reducing the
number of functional pancreatic 3-cells [48]. Persistent hyperglycemia makes those with
diabetes particularly susceptible to oxidative stress due to enhanced ROS production as
well as impaired antioxidant defense mechanisms [49]. Thus, therapeutic interventions
targeting oxidative stress in diabetes management through modulating ROS production or
antioxidant supplementation have gained attention (Figure 2).
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Figure 2. Hyperglycemia in individuals with diabetes leads to an elevation in glucose auto-oxidation,
the activation of the polyol pathway, and the formation of advanced glycation end products (AGEs).
These processes collectively contribute to an increased generation of reactive oxygen species (ROS),
which subsequently results in increased oxidative stress. Furthermore, diabetes is associated with
reduced levels of antioxidants such as glutathione, as well as diminished activity of antioxidant
enzymes such as glutathione reductase (GR), superoxide dismutase (SOD), and catalase (CAT). The
compromised functioning of the antioxidant defense system in diabetic individuals results in the
accumulation of ROS, ultimately leading to increased oxidative stress and subsequent damage.
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5.1. Increased ROS Production in Diabetics

Diabetes may lead to an overproduction of ROS primarily through increased glucose
auto-oxidation, activation of the polyol pathway, and the generation of advanced glycation
end products (AGEs) [50]. Hyperglycemia is considered a significant source of ROS in
the body since the increased availability of glucose contributes to an elevated rate of
cellular processes involving glucose and, thus, an increase in ROS generation [50]. Glucose
auto-oxidation is described as the spontaneous oxidation of glucose in the presence of
oxygen or other electron acceptors. Under normal conditions, glucose exists in equilibrium
with its enediol; however, under conditions of glucose auto-oxidation, an enediol radical
is formed [51]. Glucose auto-oxidation is a significant source of free radical formation,
such as hydrogen peroxide (H,O,) and superoxide anion [50]. The polyol pathway, also
termed the sorbitol pathway, involves the conversion of glucose to sorbitol and then to
fructose, using the enzyme aldose reductase (AR). This pathway is another mechanism
through which hyperglycemia can lead to ROS generation [52]. Overactivity of AR under
hyperglycemia conditions subjects’ diabetics to increased activity of the polyol pathway
and, thus, increased ROS generation [52]. The conversion of glucose to sorbitol involves
the consumption and depletion of NADPH, a necessary component of the host antioxidant
defense system against ROS [52]. Lastly, the increased formation of AGEs in diabetes has
been shown to increase ROS [53]. AGEs are modified proteins or lipids that have been non-
enzymatically glycated and oxidized in response to glucose exposure. AGEs may interact
with receptors for advanced glycation end products (RAGE) to increase ROS production
via NADPH oxidases within the mitochondria, resulting in increased inflammation and
tissue damage [54].

5.2. Impaired Antioxidant Defense Mechanisms in Diabetics

Antioxidants play a crucial role in the response against the production of ROS by
effectively counteracting the detrimental effects of free radicals and mitigating the onset of
oxidative stress. Consequently, impaired functionality of the antioxidant defense mech-
anism results in the accumulation of harmful species and, in turn, increased oxidative
stress and damage. Due to the high metabolic activity in the brain, it relies on antioxidant
defense mechanisms to exert neuroprotective effects by scavenging ROS and defending
against oxidative damage, yet their efficiency is compromised in diabetics [55]. Diabetes
is associated with reduced levels of antioxidants, such as glutathione, and antioxidant
enzymes, such as glutathione reductase (GR), superoxide dismutase (SOD), and catalase
(CAT) [56]. Another study revealed a positive correlation between GR, CAT, and SOD with
malondialdehyde (MDA), a marker of oxidative stress [57].

Levels of glutathione have been reported to be decreased in individuals with di-
abetes compared to non-diabetic individuals [58,59]. The active and reduced form of
glutathione (GSH) plays a crucial role in ROS scavenging, whereas the oxidized form of
glutathione (GSSG) is often increased in conditions of oxidative stress. Thus, a reduced
plasma GSH/GSSG ratio, such as that seen in diabetic individuals, may be used as an indi-
cator of oxidative stress [60]. One study attributed GSH deficiency in patients with T2DM
to the limited availability of glutathione precursors and, upon dietary administration of the
GSH precursor amino acids cysteine and glycine, GSH levels were restored, and levels of
oxidative stress and oxidative damage were reduced [58]. Another study using a diabetic
mouse model demonstrated that liposomal glutathione (L-GSH) supplementation used in
combination with rifampicin improved the treatment response against Mtb infection [61].
Moreover, GR is the enzyme responsible for maintaining glutathione in its reduced and
active form by catalyzing the reduction of GSSG with the use of an NADPH electron donor.
The decrease in GR activity in diabetics results in increased levels of GSSG and, thus, a
diminishment in the levels of GSH and its ability to combat oxidative damage [62].

SODs are a group of enzymes that defend against ROS via the dismutation of su-
peroxide radicals (O2-) to molecular oxygen and HyO,. Superoxide radicals produced
in excess amounts lead to cell damage and, therefore, must be regulated by the action of
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SOD [63]. The expression and activity of the several isoforms of SOD varies in diabetes.
Cytosolic CuZn-SOD (SOD1) and extracellular CuZn-SOD (SOD3) were downregulated in
KK/Ta-Akita diabetic mouse models susceptible to diabetic nephropathy, whereas no sig-
nificant change in mitochondrial Mn-SOD was observed [64]. Another study found reduced
serum levels of extracellular SOD to be associated with polyneuropathy in individuals with
recent-onset diabetes [65].

CAT is an antioxidant enzyme that catalyzes the reduction of H,O, into water and
molecular oxygen, protecting the body from oxidative damage. Although CAT activity
in the brain is lower compared to other tissues and organs, such as the liver and kidney,
it is still regarded as an important antioxidant necessary for proper brain function [66].
Inhibition of CAT activity is associated with enhanced cytotoxicity and increased levels of
ROS, namely the accumulation of hydrogen peroxide that is responsible for compromised
neurological function [66]. Low levels of catalase activity and the subsequent accumulation
of HyO, contribute to the pathogenesis of T2DM and related diabetic complications [67].

5.3. Role of Inflammation in Oxidative Stress and Diabetes

There also exists an intricate relationship between inflammation and oxidative stress
in the context of diabetes, wherein diabetes-mediated inflammation triggers the produc-
tion of pro-inflammatory molecules as well as the production of ROS by immune cells,
aimed at combating pathogens [68]. Although these events are initially protective, chronic
inflammation in diabetes leads to sustained ROS production, causing cellular damage and
depletion of antioxidant defenses [69]. Moreover, the presence of excess adipose tissue in
patients with T2D leads to the release of pro-inflammatory molecules, such as IL-6 and
TNF-«, intensifying oxidative stress [70]. Additionally, the hexosamine pathway demon-
strates the effects of hyperglycemia in the alteration of gene expression and contribution
to diabetic complications, including tissue-type plasminogen activator inhibitor-1 (PAI-1)
and transforming growth factor-1 (TGF-1) [68]. PAI-1 and TGF-p1 play a crucial role
in the production of ROS and promotion of oxidative stress in diabetic nephropathy and
neuropathy, respectively [68]. Finally, oxidative stress resulting from a pro-inflammatory
state has been shown to impair insulin secretion and beta-cell function, ultimately worsen-
ing hyperglycemia [71]. Inflammation clearly plays a pivotal role in the advancement of
oxidative stress, making it a potential therapeutic target in diabetic individuals, as observed
using metformin.

6. Effects of Anti-Diabetic Agents on Oxidative Stress

DM is commonly managed through lifestyle modifications and medications. Met-
formin is the currently recommended first-line treatment of T2DM and exerts its effects by
inhibiting hepatic gluconeogenesis and increasing insulin sensitivity, resulting in enhanced
glucose uptake and reduced blood glucose levels [72,73]. One study demonstrated that rats
treated with metformin exhibited an associated decrease in oxidative stress markers, such
as conjugated dienes and thiobarbituric acid-reactive substances (TBARS), when compared
to control groups [74].

Metformin has been proposed to lower oxidative stress through its inhibition of the
mitochondrial electron transport chain (ETC) [72]. The ETC comprises four complexes that
work together to generate an electrochemical gradient that ultimately results in the genera-
tion of ATP. However, the ETC can work in reverse, a process that has been proposed to be
inhibited by metformin [72]. By inhibiting complex, I (NADH: ubiquinone oxidoreductase),
metformin directly lowers mitochondrial-induced production of ROS, decreasing oxidative
stress [72] (Figure 3).
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Figure 3. The electron transport chain (ETC) is composed of four complexes that collaborate to

generate energy within the mitochondria. Typically, mitochondria produce reactive oxygen species
(ROS) through complexes I and III during respiration. Nonetheless, the ETC may also function in
reverse, allowing electrons that enter complex II to circulate back to complex I. This reversal leads to
the generation of ROS. Metformin has been suggested as a potential inhibitor of this phenomenon,
thereby potentially decreasing ROS production and aiding in the regulation of oxidative stress.

As previously mentioned, increased AGEs in diabetic patients can lead to increased
ROS production. Metformin also plays a protective role against AGEs. In a three-month
study of T2DM patients treated with metformin, there was a significant reduction in
levels of RAGE isoforms, 3-amyloid, and inflammatory cytokines, indicating a decrease in
oxidative stress and tissue inflammation [75].

Anti-diabetic treatments have also been shown to affect antioxidant function and
levels. For example, paraoxonase 1 (PON 1) is an enzyme that primarily functions in
the liver as an antioxidant against lipid oxidation [76]. In a study conducted using a rat
model, metformin was associated with increased PON 1 activity in diabetic rats, increasing
its protection against ROS [77]. However, previous studies regarding metformin and
antioxidant capacity were unable to quite confirm its direct effects. While the previous
study showed an increase in antioxidant activity, metformin has been shown to instead
prevent antioxidant levels from increasing. The study theorized that this could be due
to metformin limiting the production of ROS in the first place, eliminating the need for
increased antioxidant activity [78].

It is evident that metformin plays a protective role in protecting diabetic patients
against oxidative stress by decreasing the production of harmful species and/or increasing
antioxidant activity within cells. Nevertheless, further studies involving the direct effects
of metformin as well as its specific mechanism of action are warranted.

7. Potential Therapeutic Strategies

The current antibiotics-based regimen for TBM treatment is the same used to treat
pulmonary TB. This standard TB therapy regimen consists of a combination of isoni-
azid (INH), rifampin (RIF), pyrazinamide (PZA), and ethambutol (ETH) administered for
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2 months, followed by INH plus RIF for another 4-10 months [37,79]. For these antibiotics
to be effective against TBM, they must cross the BBB and reach the therapeutic concentra-
tion at the site of infection in the brain [10,38]. It was reported that RIF and ETH poorly
cross the BBB, and limited studies are available on the anti-TB drug distribution in various
compartments of the brain [10,37,38,80]. Additionally, the pharmacokinetic characteri-
zation of the anti-TBM drug to understand the efficient therapeutic concentration in the
brain is yet to be determined [81]. Anti-inflammatory agents, such as corticosteroids, are
often used in conjunction with anti-TB drugs to improve TBM treatment. However, the
immunosuppressive nature of corticosteroids poses the risk of acquiring new infections and
reactivation of latent TB. Therefore, new and improved therapeutic strategies are urgently
needed for the efficient management of TBM [82,83].

Metformin is associated with reduced intracellular growth of Mtb in infected mice and
enhanced efficacy of anti-TB drugs [84]. In Mtb-infected mice treated with both metformin
and traditional anti-TB medications, including isoniazid (INH) or ethionamide (ETH),
mice treated with metformin and INH were reported to have a lower bacterial load in
their lungs compared to mice treated with INH alone [84]. Based on the discussion above,
metformin used in combination with additional therapies to combat oxidative stress may
have additional therapeutic value in the prevention and treatment of diabetic patients with
TBM. Supplementing metformin with oral vitamin D, a nonenzymatic antioxidant, has
been shown to further reduce advanced oxidation protein products [85]. However, it is
important to note that metformin has been associated with respiratory side effects such
as hypoxia secondary to lactic acidosis caused by metformin [86]. In T2DM patients with
pulmonary conditions, such as chronic obstructive pulmonary disease (COPD), metformin
was associated with increased bacterial pneumonia infections and usage of ventilators [87].
Therefore, when treating TBM, especially when symptoms of respiratory insufficiency are
present, the risks should be carefully evaluated before treating with metformin.

Though metformin is the first-line treatment for T2DM, other medications, such as
sulfonylureas, a-glucosidase inhibitors, and meglitinides, are also approved to act as
glucose-lowering agents [88]. Pharmaceutical therapies that are specifically associated with
decreased biomarkers of oxidative stress in animal models include, but are not limited
to, thiazolidinediones, pioglitazone, and statins [89]. Statins are commonly prescribed to
T2DM patients as preventative care since diabetes is a risk factor for the development of car-
diovascular pathologies. In addition to managing lipid levels within the body, statins also
possess anti-inflammatory properties. They have been reported to decrease inflammation
via reduced C-reactive proteins [90]. In human endothelial cells exposed to hyperglycemic
environments, atorvastatin and simvastatin have been shown to decrease production of
ROS through the inhibition of HMG-CoA reductase in cholesterol synthesis [91]. Sodium-
glucose cotransporter-2 (SGLT2) inhibitors can also be used to lower blood glucose levels
by inhibiting glucose reabsorption within the kidneys. Similar to statins, they interrupt
oxidative stress production pathways, leading to lowered ROS generation as well as re-
duced inflammatory biomarkers, such as AGEs [92]. Lower blood glucose and reduced
oxidative stress markers have also been reported after vitamin C supplementation [93].
Overall, these pharmaceutical therapies have pleiotropic benefits that extend beyond their
intended use. Statins and SGLT?2 inhibitors were intended for lipid and glucose control
and meant to reduce T2DM complications. However, patients can also benefit from their
anti-inflammatory effects, leading to improved overall clinical outcomes.

High levels of HyO, may stimulate further production of ROS; hence, there is a
need to limit the levels of HyO,. GSH, in the presence of GPx, may be used to manage
mitochondrial ROS production by reducing HyO, to water [94]. Oral administration of the
GSH precursors cysteine and glycine resulted in individuals with T2DM having restored
rates of GSH synthesis and, in turn, reduced oxidative stress and oxidant damage plasma
markers [58,95]. Considering that individuals with T2DM exhibit an associated reduction
in levels of GSH, GSH supplementation may be an option to help combat oxidative stress
and prevent TBM in these patients (Figure 4).
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Figure 4. Reactive oxygen species (ROS) are generated by the mitochondria as a consequence of
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cellular respiration. In the presence of superoxide dismutase (SOD), ROS undergoes catalysis to form
hydrogen peroxide (H,O;). Glutathione (GSH), aided by the presence of glutathione peroxidase
(GPx), functions to counteract HyO, by converting it into water, thereby assisting in the regulation
of oxidative stress. Nevertheless, when the levels of HyO, become elevated, they can trigger the
production of additional ROS, thereby intensifying oxidative stress within the cellular environment.
Administering precursors of GSH, such as cysteine and glycine, aids in the restoration of GSH levels.
As a result, this helps to manage H,O; levels and subsequently control oxidative stress.

Moreover, supplementation of metformin with oral vitamin D, a non-enzymatic an-
tioxidant, has been shown to further reduce advanced oxidation protein products [85]. A
spectrum of pharmacologic therapies has been associated with decreased biomarkers of ox-
idative stress in animal models, including thiazolidinediones, pioglitazone, and statins [89].
A reduction in blood glucose levels and oxidative stress biomarkers has also been reported
following vitamin C supplementation [93]. Though fruits can increase glucose levels within
the body, various studies have shown that sweet limes, oranges, apples, cranberries, grapes,
pomegranate, and blueberries have been identified as harboring antioxidant properties
and, thus, reduce oxidative stress levels among diabetic patients [93]. Furthermore, regular
exercise can both reduce ROS production and enhance antioxidant capabilities, while also
increasing insulin sensitivity, resulting in better glucose uptake into cells and lowering
blood glucose levels [93]. Such exercises that have been shown to counteract the effects of
oxidative stress are Tai chi, Pilates, and moderate-intensity aerobic exercises.

Hence, since oxidative stress is highly implicated in the pathogenesis of TBM, we
propose that the aforementioned therapeutic strategies may offer protective benefits beyond
Mtb lung infections and can prevent TBM, specifically in diabetic patients.

8. Discussion

We have discussed the association of TBM with DM in terms of oxidative stress and
susceptibility to infection. Individuals with diabetes, particularly T2D, exhibit heightened
levels of oxidative stress, leading to cellular damage and inflammation. This condition
may compromise the ability of the immune system to fight Mtb infection, particularly in
the CNS.

Whereas the host immune system generates ROS in the defense against exposure
to Mtb, the overproduction of ROS in diabetics leads to tissue damage, including brain
tissue, contributing to the development of TBM. ROS may also impact the integrity of the
BBB—the major defense mechanism of the CNS. Damage to the endothelial cells lining
the BBB increases permeability to pathogens and contributes to the development of TBM.
Oxidative stress may also play a role in the accumulation and aggregation of A peptides
in the brain, an identified biomarker of TBM. Diabetes leads to an overproduction of ROS
in addition to impaired antioxidant defense mechanisms, further contributing to a state
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of oxidative stress. Several factors, such as glucose auto-oxidation, glucose metabolism,
and AGEs, contribute to the increased generation of ROS in individuals with diabetes.
Moreover, the impairment of antioxidants, such as GSH, and antioxidant enzymes, such as
GR, CAT, and SOD, worsen the effects of ROS and oxidative stress. The combination of
increased ROS production and reduced antioxidant defense mechanisms creates a state of
oxidative stress, leading to cellular damage and inflammation.

Considering the role of oxidative stress in the pathogenesis of TBM and the increased
levels of oxidative stress in diabetes, we propose the use of antioxidants and other therapies
targeting oxidative stress in the treatment of TBM. This article also highlights the role
of metformin, a common diabetes medication, in reducing oxidative stress in diabetic
patients. Thus, combining metformin with additional therapies, such as vitamin D or
GSH supplementation, is a novel therapeutic strategy that may have significant value
in combatting oxidative stress and improving treatment outcomes in diabetic patients
and preventing the development of TBM. Overall, this review sheds light on the complex
relationship between TBM and diabetes co-infection, with emphasis on the role of oxidative
stress, suggesting that targeting oxidative stress through various therapeutic approaches
could have beneficial effects in preventing TBM in diabetics.

Nevertheless, the limitations inherent in this review involve the fundamental nature
of literature reviews, which inherently rely upon previously published studies and their
accessibility. Specifically, we encountered a lack of comprehensive data pertaining to the
direct relationship between TBM and DM. One anticipated challenge within the potential
therapies proposed in this review is the establishment of a non-human model for the pur-
pose of investigating the coexistence of DM and TBM to study the effect of various therapies.
Moreover, the prospective therapeutic interventions suggested for mitigating oxidative
stress, notably the employment of metformin, predominantly draw upon evidence derived
from animal models, and a paucity of human-related data persists. These gaps in the cur-
rent knowledge, pervasive within the available literature, inevitably constrain the capacity
to offer efficacious and pragmatic potential therapeutic strategies. Thus, there exists a need
for additional research in this field to build upon the existing findings and contribute to the
expanding body of evidence that supports the connection between oxidative stress and the
co-occurrence of TBM in individuals with diabetes.

Author Contributions: Conceptualization, I.N. and V.V,; software, L.N.; validation, V.V.; writing—
original draft preparation, ILN., S.Y,, H.N., S.S. and P.V.; writing—review and editing, LN., S.S. and
V.V,; supervision, V.V. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

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

References

1.  Donald, PR.; Donald, PR.; Schaaf, H.S.; Schoeman, J.F. Tuberculous meningitis and miliary tuberculosis: The Rich focus revisited.
J. Infect. 2005, 50, 193-195. [CrossRef] [PubMed]

2. Sharma, P; Garg, RK.; Verma, R.; Singh, M.K.; Shukla, R. Incidence, predictors and prognostic value of cranial nerve involvement
in patients with tuberculous meningitis: A retrospective evaluation. Eur. J. Intern. Med. 2011, 22, 289-295. [CrossRef] [PubMed]

3. Manyelo, C.M.; Solomons, R.S.; Walzl, G.; Chegou, N.N. Tuberculous Meningitis: Pathogenesis, Inmune Responses, Diagnostic
Challenges, and the Potential of Biomarker-Based Approaches. J. Clin. Microbiol. 2021, 59, €01771-20. [CrossRef]

4. Davis, A.G.; Rohlwink, U.K.; Proust, A.; Figaji, A.A.; Wilkinson, R.J. The pathogenesis of tuberculous meningitis. J. Leukoc. Biol.
2019, 105, 267-280. [CrossRef] [PubMed]

5. Jain, S.K; Paul-Satyaseela, M.; Lamichhane, G.; Kim, K.S.; Bishai, W.R. Mycobacterium tuberculosis invasion and traversal across an

in vitro human blood-brain barrier as a pathogenic mechanism for central nervous system tuberculosis. J. Infect. Dis. 2006, 193,
1287-1295. [CrossRef] [PubMed]

236



Biomedicines 2023, 11, 2568

10.
11.

12.

13.

14.

15.

16.

17.

18.
19.
20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

van Leeuwen, L.M.; Boot, M.; Kuijl, C.; Picavet, D.I.; van Stempvoort, G.; van der Pol, S.M.A.; de Vries, H.E.; van der Wel, N.N.;
van der Kuip, M.; van Furth, A.M.; et al. Mycobacteria employ two different mechanisms to cross the blood-brain barrier. Cell
Microbiol. 2018, 20, e12858. [CrossRef]

Dodd, PJ.; Osman, M.; Cresswell, EV; Stadelman, A.M.; Lan, N.H.; Thuong, N.T.T.; Muzyamba, M.; Glaser, L.; Dlamini, S.S.;
Seddon, J.A. The global burden of tuberculous meningitis in adults: A modelling study. PLoS Glob. Public Health. 2021, 1, €0000069.
[CrossRef]

Marais, S.; Pepper, D.J.; Schutz, C.; Wilkinson, R.J.; Meintjes, G. Presentation and outcome of tuberculous meningitis in a high
HIV prevalence setting. PLoS ONE 2011, 6, €20077. [CrossRef]

Miftode, E.G.; Dorneanu, O.S.; Leca, D.A.; Juganariu, G.; Teodor, A.; Hurmuzache, M.; Nastase, E.V.; Anton-Paduraru, D.T.
Tuberculous Meningitis in Children and Adults: A 10-Year Retrospective Comparative Analysis. PLoS ONE 2015, 10, e0133477.
[CrossRef]

Torok, M.E. Tuberculous meningitis: Advances in diagnosis and treatment. Br. Med. Bull. 2015, 113, 117-131. [CrossRef]
Navarro-Flores, A.; Fernandez-Chinguel, ].E.; Pacheco-Barrios, N.; Soriano-Moreno, D.R.; Pacheco-Barrios, K. Global morbidity
and mortality of central nervous system tuberculosis: A systematic review and meta-analysis. J. Neurol. 2022, 269, 3482-3494.
[CrossRef] [PubMed]

Genuth, S.M.; Palmer, J.P; Nathan, D.M. Classification and Diagnosis of Diabetes. In Diabetes in America, 3rd ed.; Cowie,
C.C., Casagrande, S.S., Menke, A., Cissell, M.A., Eberhardt, M.S., Meigs, ].B., Gregg, E.W., Knowler, W.C., Barrett-Connor, E.,
Becker, D.J., et al., Eds.; National Institute of Diabetes and Digestive and Kidney Diseases: Bethesda, MD, USA, 2018; Chapter 1.
Permutt, M.A.; Wasson, J.; Cox, N. Genetic epidemiology of diabetes. J. Clin. Investig. 2005, 115, 1431-1439. [CrossRef] [PubMed]
Centers for Disease Control and Prevention. National Diabetes Statistics Report Website. Available online: https://www.cdc.
gov/diabetes/data/statistics-report/index.html (accessed on 26 July 2023).

Tuomi, T. Type 1 and type 2 diabetes: What do they have in common? Diabetes 2005, 54 (Suppl. 2), S40-545. [CrossRef] [PubMed]
Diabetes Control and Complications Trial Research Group; Nathan, D.M.; Genuth, S.; Lachin, J.; Cleary, P.; Crofford, O.; Davis, M.;
Rand, L.; Siebert, C. The effect of intensive treatment of diabetes on the development and progression of long-term complications
in insulin-dependent diabetes mellitus. N. Engl. J. Med. 1993, 329, 977-986. [CrossRef] [PubMed]

Diabetes Prevention Program Research Group; Knowler, W.C.; Fowler, S.E.; Hamman, R.E; Christophi, C.A.; Hoffman, H.J.;
Brenneman, A.T.; Brown-Friday, ].O.; Goldberg, R.; Venditti, E.; et al. 10-year follow-up of diabetes incidence and weight loss in
the Diabetes Prevention Program Outcomes Study. Lancet 2009, 374, 1677-1686. [CrossRef]

Zhu, M.; Wu, J.; Gao, J. Exosomes for diabetes syndrome: Ongoing applications and perspective. Biomater. Sci. 2022, 10, 2154-2171.
[CrossRef]

Burton, G.J.; Jauniaux, E. Oxidative stress. Best. Pr. Res. Clin. Obs. Gynaecol. 2011, 25, 287-299. [CrossRef]

Giacco, E; Brownlee, M. Oxidative stress and diabetic complications. Circ. Res. 2010, 107, 1058-1070. [CrossRef]

Hensel, R.L.; Kempker, R.R.; Tapia, J.; Oladele, A.; Blumberg, H.M.; Magee, M.]. Increased risk of latent tuberculous infection
among persons with pre-diabetes and diabetes mellitus. Int. |. Tuberc. Lung Dis. 2016, 20, 71-78. [CrossRef]

Salindri, A.D.; Haw, J.S.; Amere, G.A.; Alese, ].T.; Umpierrez, G.E.; Magee, M.]. Latent tuberculosis infection among patients
with and without type-2 diabetes mellitus: Results from a hospital case-control study in Atlanta. BMC Res. Notes. 2021, 14, 252.
[CrossRef]

Workneh, M.H.; Bjune, G.A.; Yimer, S.A. Prevalence and associated factors of tuberculosis and diabetes mellitus comorbidity: A
systematic review. PLoS ONE 2017, 12, e0175925. [CrossRef] [PubMed]

Ngo, M.D.; Bartlett, S.; Ronacher, K. Diabetes-Associated Susceptibility to Tuberculosis: Contribution of Hyperglycemia vs.
Dyslipidemia. Microorganisms 2021, 9, 2282. [CrossRef] [PubMed]

Abbas, U.; Masood, K.I; Khan, A_; Irfan, M.; Saifullah, N.; Jamil, B.; Hasan, Z. Tuberculosis and diabetes mellitus: Relating
immune impact of co-morbidity with challenges in disease management in high burden countries. J. Clin. Tuberc. Other Mycobact.
Dis. 2022, 29, 100343. [CrossRef] [PubMed]

Kim, ].H,; Park, K,; Lee, S.B.; Kang, S.; Park, ].S.; Ahn, C.W.; Nam, ].S. Relationship between natural killer cell activity and glucose
control in patients with type 2 diabetes and prediabetes. J. Diabetes Investig. 2019, 10, 1223-1228. [CrossRef]

Berrou, J.; Fougeray, S.; Venot, M.; Chardiny, V.; Gautier, ].E; Dulphy, N.; Toubert, A.; Peraldi, M.N. Natural killer cell function,
an important target for infection and tumor protection, is impaired in type 2 diabetes. PLoS ONE 2013, 8, €62418. [CrossRef]
[PubMed]

Stegenga, ML.E.; van der Crabben, S.N.; Bliimer, R-M.; Levi, M.; Meijers, ].C.; Serlie, M.].; Tanck, M.W.; Sauerwein, H.P.; van
der Poll, T. Hyperglycemia enhances coagulation and reduces neutrophil degranulation, whereas hyperinsulinemia inhibits
fibrinolysis during human endotoxemia. Blood 2008, 112, 82-89. [CrossRef]

Pavlou, S.; Lindsay, J.; Ingram, R.; Xu, H.; Chen, M. Sustained high glucose exposure sensitizes macrophage responses to cytokine
stimuli but reduces their phagocytic activity. BMC Immunol. 2018, 19, 24. [CrossRef]

Goyal, R.; Faizy, A.F,; Siddiqui, S.S.; Singhai, M. Evaluation of TNF-« and IL-6 Levels in Obese and Non-obese Diabetics: Pre- and
Postinsulin Effects. N. Am. J. Med. Sci. 2012, 4, 180-184. [CrossRef]

Naz, S.; Shafique, N.; Sharif, S.; Manzoor, F; Saifi, S.Z.; Firasat, S.; Kaul, H. Association of Interleukin 10 (IL-10) Gene with Type 2
Diabetes Mellitus by Single Nucleotide Polymorphism of Its Promotor Region G/A 1082. Crit. Rev. Eukaryot. Gene. Expr. 2020, 30,
285-289. [CrossRef]

237



Biomedicines 2023, 11, 2568

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

Huangfu, P.; Ugarte-Gil, C.; Golub, J.; Pearson, F.; Critchley, J. The effects of diabetes on tuberculosis treatment outcomes: An
updated systematic review and meta-analysis. Int. ]. Tuberc. Lung Dis. 2019, 23, 783-796. [CrossRef]

Ruesen, C.; Chaidir, L.; Ugarte-Gil, C.; van Ingen, J.; Critchley, J.A.; Hill, P.C.; Ruslami, R.; Santoso, P; Huynen, M.A.;
Dockrell, HM; et al. Diabetes is associated with genotypically drug-resistant tuberculosis. Eur. Respir. J. 2020, 55, 1901891.
[CrossRef] [PubMed]

Kumar, A.K.; Chandrasekaran, V.; Kannan, T.; Murali, A.L.; Lavanya, J.; Sudha, V.; Swaminathan, S.; Ramachandran, G. Anti-
tuberculosis drug concentrations in tuberculosis patients with and without diabetes mellitus. Eur. J. Clin. Pharmacol. 2017, 73,
65-70. [CrossRef] [PubMed]

Alfarisi, O.; Mave, V.; Gaikwad, S.; Sahasrabudhe, T.; Ramachandran, G.; Kumar, H.; Gupte, N.; Kulkarni, V.; Deshmukh, S.;
Atre, S.; et al. Effect of Diabetes Mellitus on the Pharmacokinetics and Pharmacodynamics of Tuberculosis Treatment. Antimicrob.
Agents Chemother. 2018, 62, e01383-18. [CrossRef] [PubMed]

Gupta, M.; Munakomi, S. CNS Tuberculosis. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2023.

Davis, A.; Meintjes, G.; Wilkinson, R.]. Treatment of Tuberculous Meningitis and Its Complications in Adults. Curr. Treat. Options
Neurol. 2018, 20, 5. [CrossRef] [PubMed]

Thwaites, G.E.; van Toorn, R.; Schoeman, J. Tuberculous meningitis: More questions, still too few answers. Lancet Neurol. 2013, 12,
999-1010. [CrossRef]

Shastri, M.D.; Shukla, S.D.; Chong, W.C.; Dua, K.; Peterson, G.M.; Patel, R.P; Hansbro, PM.; Eri, R.; O"Toole, R.E. Role of Oxidative
Stress in the Pathology and Management of Human Tuberculosis. Oxid. Med. Cell Longev. 2018, 2018, 7695364. [CrossRef]

de Martino, M.; Lodi, L.; Galli, L.; Chiappini, E. Inmune Response to Mycobacterium tuberculosis: A Narrative Review. Front.
Pediatr. 2019, 7, 350. [CrossRef]

Stroffolini, G.; Guastamacchia, G.; Audagnotto, S.; Atzori, C.; Trunfio, M.; Nigra, M.; Di Stefano, A.; Di Perri, G.; Calcagno, A.
Low cerebrospinal fluid Amyloid-feta 1-42 in patients with tuberculous meningitis. BMC Neurol. 2021, 21, 449. [CrossRef]
Pizzino, G.; Irrera, N.; Cucinotta, M.; Pallio, G.; Mannino, F.; Arcoraci, V.; Squadrito, F.; Altavilla, D.; Bitto, A. Oxidative Stress:
Harms and Benefits for Human Health. Oxid. Med. Cell Longev. 2017, 2017, 8416763. [CrossRef]

Lehner, C.; Gehwolf, R.; Tempfer, H.; Krizbai, I.; Hennig, B.; Bauer, H.C.; Bauer, H. Oxidative stress and blood-brain barrier
dysfunction under particular consideration of matrix metalloproteinases. Antioxid. Redox Signal. 2011, 15, 1305-1323. [CrossRef]
Lee, K.H.; Cha, M.; Lee, B.H. Neuroprotective Effect of Antioxidants in the Brain. Int. . Mol. Sci. 2020, 21, 7152. [CrossRef]
[PubMed]

Stanciu, G.D.; Bild, V.; Ababei, D.C.; Rusu, R.N.; Cobzaru, A.; Paduraru, L.; Bulea, D. Link Between Diabetes and Alzheimer’s
Disease due to the Shared Amyloid Aggregation and Deposition Involving both Neurodegenerative Changes and Neurovascular
Damages. J. Clin. Med. 2020, 9, 1713. [CrossRef]

Chao, A.C,; Lee, T.C; Juo, S.H.; Yang, D.I. Hyperglycemia Increases the Production of Amyloid Beta-Peptide Leading to Decreased
Endothelial Tight Junction. CNS Neurosci. Ther. 2016, 22, 291-297. [CrossRef] [PubMed]

Jurcau, M.C.; Andronie-Cioara, EL.; Jurcau, A.; Marcu, E; Tit, D.M.; Pascalau, N.; Nistor-Cseppentd, D.C. The Link between
Oxidative Stress, Mitochondrial Dysfunction and Neuroinflammation in the Pathophysiology of Alzheimer’s Disease: Therapeutic
Implications and Future Perspectives. Antioxidants 2022, 11, 2167. [CrossRef] [PubMed]

Rains, J.L.; Jain, S.K. Oxidative stress, insulin signaling, and diabetes. Free Radic. Biol. Med. 2011, 50, 567-575. [CrossRef]
Asmat, U.; Abad, K.; Ismail, K. Diabetes mellitus and oxidative stress-A concise review. Saudi Pharm. ]. 2016, 24, 547-553.
[CrossRef]

Tangvarasittichai, S. Oxidative stress, insulin resistance, dyslipidemia and type 2 diabetes mellitus. World ]. Diabetes 2015, 6,
456-480. [CrossRef]

Gonzalez, P.; Lozano, P; Ros, G.; Solano, F. Hyperglycemia and Oxidative Stress: An Integral, Updated and Critical Overview of
Their Metabolic Interconnections. Int. J. Mol. Sci. 2023, 24, 9352. [CrossRef]

Yan, L.J. Redox imbalance stress in diabetes mellitus: Role of the polyol pathway. Anim. Model. Exp. Med. 2018, 1, 7-13. [CrossRef]
Nowotny, K.; Jung, T.; Hohn, A.; Weber, D.; Grune, T. Advanced glycation end products and oxidative stress in type 2 diabetes
mellitus. Biomolecules 2015, 5, 194-222. [CrossRef]

Cepas, V.; Collino, M.; Mayo, J.C.; Sainz, R.M. Redox Signaling and Advanced Glycation Endproducts (AGEs) in Diet-Related
Diseases. Antioxidants 2020, 9, 142. [CrossRef] [PubMed]

Kurutas, E.B. The importance of antioxidants which play the role in cellular response against oxidative/nitrosative stress: Current
state. Nutr. J. 2016, 15, 71. [CrossRef] [PubMed]

Tiwari, B.K.; Pandey, K.B.; Abidi, A.B.; Rizvi, S.I. Markers of Oxidative Stress during Diabetes Mellitus. ]. Biomark. 2013,
2013, 378790. [CrossRef] [PubMed]

Kumawat, M.; Sharma, TK.; Singh, L; Singh, N.; Ghalaut, V.S.; Vardey, S.K.; Shankar, V. Antioxidant Enzymes and Lipid
Peroxidation in Type 2 Diabetes Mellitus Patients with and without Nephropathy. N. Am. ]. Med. Sci. 2013, 5, 213-219. [CrossRef]
Sekhar, R.V.; McKay, S.V.; Patel, S.G.; Guthikonda, A.P,; Reddy, V.T.; Balasubramanyam, A.; Jahoor, F. Glutathione synthesis is
diminished in patients with uncontrolled diabetes and restored by dietary supplementation with cysteine and glycine. Diabetes
Care 2011, 34, 162-167. [CrossRef]

238



Biomedicines 2023, 11, 2568

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.
71.
72.

73.
74.

75.

76.

77.

78.

79.

80.

81.

Lagman, M.; Ly, J.; Saing, T.; Kaur Singh, M.; Vera Tudela, E.; Morris, D.; Chi, P.T.; Ochoa, C.; Sathananthan, A.; Venketaraman, V.
Investigating the causes for decreased levels of glutathione in individuals with type II diabetes. PLoS ONE 2015, 10, e0118436.
[CrossRef]

Calabrese, V.; Cornelius, C.; Leso, V.; Trovato-Salinaro, A.; Ventimiglia, B.; Cavallaro, M.; Scuto, M.; Rizza, S.; Zanoli, L.;
Neri, S.; et al. Oxidative stress, glutathione status, sirtuin and cellular stress response in type 2 diabetes. Biochim. Biophys. Acta
2012, 1822, 729-736. [CrossRef]

Beever, A.; Kachour, N.; Owens, J.; Sasaninia, K.; Kolloli, A.; Kumar, R.; Ramasamy, S.; Sisliyan, C.; Khamas, W.; Subbian, S.; et al.
L-GSH Supplementation in Conjunction with Rifampicin Augments the Treatment Response to Mycobacterium tuberculosis in a
Diabetic Mouse Model. Front. Pharmacol. 2022, 13, 879729. [CrossRef]

Ferlita, S.; Yegiazaryan, A.; Noori, N.; Lal, G.; Nguyen, T; To, K.; Venketaraman, V. Type 2 Diabetes Mellitus and Altered Immune
System Leading to Susceptibility to Pathogens, Especially Mycobacterium tuberculosis. ]. Clin. Med. 2019, 8, 2219. [CrossRef]
Wang, Y.; Branicky, R.; Noég, A.; Hekimi, S. Superoxide dismutases: Dual roles in controlling ROS damage and regulating ROS
signaling. J. Cell Biol. 2018, 217, 1915-1928. [CrossRef]

Fujita, H.; Fujishima, H.; Chida, S.; Takahashi, K.; Qi, Z.; Kanetsuna, Y.; Breyer, M.D.; Harris, R.C.; Yamada, Y.; Takahashi, T.
Reduction of renal superoxide dismutase in progressive diabetic nephropathy. J. Am. Soc. Nephrol. 2009, 20, 1303-1313. [CrossRef]
[PubMed]

Strom, A.; Kaul, K.; Briiggemann, J.; Ziegler, I.; Rokitta, I.; Piittgen, S.; Szendroedi, J.; Miissig, K.; Roden, M.; Ziegler, D. Lower
serum extracellular superoxide dismutase levels are associated with polyneuropathy in recent-onset diabetes. Exp. Mol. Med.
2017, 49, €394. [CrossRef] [PubMed]

Azami, S.; Forouzanfar, F. Therapeutic potentialities of green tea (Camellia sinensis) in ischemic stroke: Biochemical and molecular
evidence. Metab. Brain Dis. 2023; Online ahead of print. [CrossRef]

Goth, L. Catalase deficiency and type 2 diabetes. Diabetes Care 2008, 31, €93. [CrossRef] [PubMed]

Caturano, A.; D’Angelo, M.; Mormone, A.; Russo, V.; Mollica, M.P.;; Salvatore, T.; Galiero, R.; Rinaldi, L.; Vetrano, E.;
Marfella, R.; et al. Oxidative Stress in Type 2 Diabetes: Impacts from Pathogenesis to Lifestyle Modifications. Curr. Issues
Mol. Biol. 2023, 45, 6651-6666. [CrossRef] [PubMed]

Luc, K.; Schramm-Luc, A.; Guzik, T.J.; Mikolajczyk, T.P. Oxidative stress and inflammatory markers in prediabetes and diabetes.
J. Physiol. Pharmacol. 2019, 70. [CrossRef]

Oguntibeju, O.O. Type 2 diabetes mellitus, oxidative stress and inflammation: Examining the links. Int. J. Physiol. Pathophysiol.
Pharmacol. 2019, 11, 45-63.

Sreedhar, A.; Zhao, Y. Uncoupling protein 2 and metabolic diseases. Mitochondrion 2017, 34, 135-140. [CrossRef]

Kelly, B.; Tannahill, G.M.; Murphy, M.P,; O’Neill, L.A. Metformin Inhibits the Production of Reactive Oxygen Species from
NADH:Ubiquinone Oxidoreductase to Limit Induction of Interleukin-1§ (IL-1f3) and Boosts Interleukin-10 (IL-10) in Lipopolysac-
charide (LPS)-activated Macrophages. J. Biol. Chem. 2015, 290, 20348-20359. [CrossRef]

Tseng, C.H. Metformin Decreases Risk of Tuberculosis Infection in Type 2 Diabetes Patients. J. Clin. Med. 2018, 7, 264. [CrossRef]
Malinskd, H.; Oliyarnyk, O.; gkop, V,; éilhavy, J.; Landa, V.; Zidek, V.; Mlejnek, P.; Simakova, M.; Strnad, H.; Kazdova, L.; et al.
Effects of Metformin on Tissue Oxidative and Dicarbonyl Stress in Transgenic Spontaneously Hypertensive Rats Expressing
Human C-Reactive Protein. PLoS ONE 2016, 11, e0150924. [CrossRef]

Adeshara, K.A.; Bangar, N.S.; Doshi, P.R.; Diwan, A.; Tupe, R.S. Action of metformin therapy against advanced glycation,
oxidative stress and inflammation in type 2 diabetes patients: 3 months follow-up study. Diabetes Metab. Syndr. 2020, 14,
1449-1458. [CrossRef]

Litvinov, D.; Mahini, H.; Garelnabi, M. Antioxidant and anti-inflammatory role of paraoxonase 1: Implication in arteriosclerosis
diseases. N. Am. . Med. Sci. 2012, 4, 523-532. [CrossRef] [PubMed]

Roxo, D.E,; Arcaro, C.A.; Gutierres, V.O.; Costa, M.C.; Oliveira, J.O.; Lima, T.FO.; Assis, R.P; Brunetti, I.L.; Baviera, A.M.
Curcumin combined with metformin decreases glycemia and dyslipidemia, and increases paraoxonase activity in diabetic rats.
Diabetol. Metab. Syndr. 2019, 11, 33. [CrossRef] [PubMed]

Diniz Vilela, D.; Gomes Peixoto, L.; Teixeira, R.R.; Belele Baptista, N.; Carvalho Caixeta, D.; Vieira de Souza, A.; Machado, H.L.;
Pereira, M.N.; Sabino-Silva, R.; Espindola, E.S. The Role of Metformin in Controlling Oxidative Stress in Muscle of Diabetic Rats.
Oxid. Med. Cell Longev. 2016, 2016, 6978625. [CrossRef] [PubMed]

Nahid, P; Dorman, S.E.; Alipanah, N.; Barry, PM.; Brozek, J.L.; Cattamanchi, A.; Chaisson, L.H.; Chaisson, R.E.; Daley, C.L.;
Grzemska, M; et al. Official American Thoracic Society /Centers for Disease Control and Prevention/Infectious Diseases Society
of America Clinical Practice Guidelines: Treatment of Drug-Susceptible Tuberculosis. Clin. Infect. Dis. 2016, 63, e147-e195.
[CrossRef]

Mehta, K.; Narayanan, N.; Heysell, S.K.; Bisson, G.P,; Subbian, S.; Kurepina, N.; Kreiswirth, B.N.; Vinnard, C. Pharmacogenetic
variability and the probability of site of action target attainment during tuberculosis meningitis treatment: A physiologically
based pharmacokinetic modeling and simulations study. Tuberculosis 2022, 137, 102271. [CrossRef]

Te Brake, L.H.M.; de Knegt, G.J.; de Steenwinkel, J.E.; van Dam, T.].P.; Burger, D.M.; Russel, FEG.M.; van Crevel, R.; Koenderink,
J.B.; Aarnoutse, R.E. The Role of Efflux Pumps in Tuberculosis Treatment and Their Promise as a Target in Drug Development:
Unraveling the Black Box. Annu. Rev. Pharmacol. Toxicol. 2018, 58, 271-291. [CrossRef]

239



Biomedicines 2023, 11, 2568

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Kumar, R.; Kolloli, A.; Singh, P.; Vinnard, C.; Kaplan, G.; Subbian, S. Thalidomide and Phosphodiesterase 4 Inhibitors as Host
Directed Therapeutics for Tuberculous Meningitis: Insights from the Rabbit Model. Front. Cell Infect. Microbiol. 2020, 9, 450.
[CrossRef]

Davis, A.G.; Donovan, J.; Bremer, M.; Van Toorn, R.; Schoeman, J.; Dadabhoy, A.; Lai, R.P].; Cresswell, FV.; Boulware, D.R.;
Wilkinson, R.J.; et al. Host Directed Therapies for Tuberculous Meningitis. Wellcome Open Res. 2021, 5, 292. [CrossRef]

Singhal, A; Jie, L.; Kumar, P; Hong, G.S.; Leow, M.K,; Paleja, B.; Tsenova, L.; Kurepina, N.; Chen, ].; Zolezzi, F; et al. Metformin
as adjunct antituberculosis therapy. Sci. Transl. Med. 2014, 6, 263ra159. [CrossRef]

Cojic, M,; Kocic, R.; Klisic, A.; Kocic, G. The Effects of Vitamin D Supplementation on Metabolic and Oxidative Stress Markers
in Patients with Type 2 Diabetes: A 6-Month Follow Up Randomized Controlled Study. Front. Endocrinol. 2021, 12, 610893.
[CrossRef] [PubMed]

Zhu, A.; Teng, Y.; Ge, D.; Zhang, X.; Hu, M.; Yao, X. Role of metformin in treatment of patients with chronic obstructive pulmonary
disease: A systematic review. J. Thorac. Dis. 2019, 11, 4371-4378. [CrossRef] [PubMed]

Yen, ES.; Wei, ].C.; Yang, Y.C.; Hsu, C.C.; Hwu, C.M. Respiratory outcomes of metformin use in patients with type 2 diabetes and
chronic obstructive pulmonary disease. Sci. Rep. 2020, 10, 10298. [CrossRef]

American Diabetes Association. 9. Pharmacologic Approaches to Glycemic Treatment: Standards of Medical Care in Diabetes-
2020. Diabetes Care 2020, 43 (Suppl. 1), S98-5110, Erratum in: Diabetes Care 2020, 43, 1979. [CrossRef] [PubMed]

Johansen, ].S.; Harris, A.K.; Rychly, D.J.; Ergul, A. Oxidative stress and the use of antioxidants in diabetes: Linking basic science
to clinical practice. Cardiovasc. Diabetol. 2005, 4, 5. [CrossRef]

Eldor, R.; Raz, I. American Diabetes Association indications for statins in diabetes: Is there evidence? Diabetes Care 2009, 32
(Suppl. 2), S384-5391. [CrossRef]

Choi, S.W.; Ho, C.K. Antioxidant properties of drugs used in Type 2 diabetes management: Could they contribute to, confound or
conceal effects of antioxidant therapy? Redox Rep. 2018, 23, 1-24. [CrossRef]

Klen, J.; Dolzan, V. SGLT2 Inhibitors in the Treatment of Diabetic Kidney Disease: More than Just Glucose Regulation.
Pharmaceutics 2023, 15, 1995. [CrossRef]

Wronka, M.; Krzemiriska, J.; Mtynarska, E.; Rysz, J.; Franczyk, B. The Influence of Lifestyle and Treatment on Oxidative Stress
and Inflammation in Diabetes. Int. . Mol. Sci. 2022, 23, 15743. [CrossRef]

Nuhu, E; Gordon, A.; Sturmey, R.; Seymour, A.M.; Bhandari, S. Measurement of Glutathione as a Tool for Oxidative Stress
Studies by High Performance Liquid Chromatography. Molecules 2020, 25, 4196. [CrossRef]

To, K.; Cao, R.; Yegiazaryan, A.; Owens, J.; Nguyen, T.; Sasaninia, K.; Vaughn, C.; Singh, M.; Truong, E.; Medina, A ; et al. Effects
of Oral Liposomal Glutathione in Altering the Immune Responses Against Mycobacterium tuberculosis and the Mycobacterium bovis
BCG Strain in Individuals with Type 2 Diabetes. Front. Cell Infect. Microbiol. 2021, 11, 657775. [CrossRef] [PubMed]

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

240



b

e

° ° 7
omedicines ﬂw\n\py

Systematic Review

Comparative Efficacy and Safety of Weekly GLP-1/GIP Agonists
vs. Weekly Insulin in Type 2 Diabetes: A Network
Meta-Analysis of Randomized Controlled Trials

Hazem Ayesh '*, Sajida Suhail 2, Suhail Ayesh ? and Kevin Niswender 3

1 Deaconess Health System, Evansville, IN 47708, USA

2 Gene Medical Labs, Gaza 00972, Palestine; sajidasuhail91@gmail.com (S.S.); profayesh@gmail.com (S.A.)
Department of Medicine, Division of Diabetes, Endocrinology, and Metabolism, Vanderbilt University
Medical Center, Nashville, TN 37232, USA; kevin.niswender@vumc.org

*  Correspondence: hazimayesh@gmail.com

Abstract: Background: Diabetes mellitus (DM) significantly impacts global health due to its com-
plications and the economic burden it places on healthcare systems. The rise of novel once-weekly
diabetes medications with different mechanisms of action necessitates an evaluation of their relative
efficacy and safety. Objectives: This study compares the efficacy and tolerability of once-weekly
insulin analogs (icodec and BIF) with once-weekly GLP-1/GIP agonists (semaglutide, exenatide,
tirzepatide, dulaglutide) in managing type 2 diabetes mellitus (T2DM). Methods: We conducted a net-
work meta-analysis (NMA) using data from randomized controlled trials (RCTs) that compared these
treatments with a baseline of daily basal insulin. Primary outcomes included changes in HbAlc, body
weight, and tolerability. Results: The analysis integrated data from 25 RCTs, involving 18,257 patients.
Tirzepatide significantly outperformed other treatments in reducing HbAlc and promoting weight
loss. Weekly insulins, compared to GLP-1/GIP agonists, showed a more tolerable profile and were
beneficial for certain patient demographics emphasizing weight stability. Conclusion: Our findings
suggest that while once-weekly GLP-1/GIP agonists provide superior glycemic control and weight
management, weekly insulins offer viable options for patients prioritizing fewer side effects and
weight stability. This comprehensive comparison aids in refining personalized treatment strategies
for T2DM management.

Keywords: diabetes management; once-weekly insulin; GLP-1/GIP receptor agonists; HbAlc
reduction; treatment tolerability

1. Introduction

Diabetes mellitus (DM) imposes a substantial global burden, contributing significantly
to morbidity and mortality rates, particularly due to associated complications such as
cardiovascular disease, renal dysfunction, and neurological impairments [1,2]. Moreover,
the economic impact of diabetes on healthcare systems is considerable [2]. Hence, optimiz-
ing diabetes management is imperative, especially given the escalating prevalence of this
metabolic disorder.

There are remarkable advancements in the practice of diabetes, particularly in the
realm of once-weekly agents designed to enhance treatment adherence and simplify pa-
tient management [3,4]. However, the proliferation of these agents has created a complex
decision-making landscape for healthcare providers, necessitating evidence-based strate-
gies for personalized treatment plans [4].

Among the recent advancements are glucagon-like peptide-1 (GLP-1) agonists and
glucose-dependent insulinotropic peptide (GIP) dual agonists and once-weekly insulin,
which offer promising avenues for diabetes management [5,6]. These novel agents offer
intriguing alternatives to traditional therapies, potentially revolutionizing the treatment
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paradigm. Nonetheless, the challenge lies in personalizing therapy in order to optimize
treatment outcomes while minimizing adverse effects and the risk of polypharmacy.

Our study aims to address this challenge by comparing the efficacy, safety, and tol-
erability profiles of once-weekly insulin formulations, such as icodec and BIF, against
once-weekly GLP-1/GIP agonists, including semaglutide, exenatide, tirzepatide, and du-
laglutide. Specifically, we will evaluate their impact on glycated hemoglobin (HbAlc)
levels, body weight, and tolerability, providing valuable insights into their relative efficacy
and safety profiles.

Conducting a comprehensive comparison through network meta-analysis (NMA) rep-
resents a significant endeavor with far-reaching implications. NMA enables the integration
of data from diverse randomized controlled trials (RCTs), offering a robust framework for
assessing the comparative efficacy and safety of different treatment modalities. By elucidat-
ing the relative merits of once-weekly GLP-1/GIP agonists and insulin formulations, our
analysis aims to inform clinical decision-making, guide guideline development, and inform
healthcare policies. Ultimately, this endeavor seeks to enhance the delivery of personalized
and effective care for individuals living with type 2 diabetes mellitus (T2DM).

2. Methods

The protocol for this network meta-analysis was registered in OSF registries (https:
//osfio/p7szu, accessed on 30 May 2024) [7]. Results were reported according to preferred
reporting items for systematic reviews and meta-analyses (PRISMA) guidelines [8].

2.1. Data Sources

We conducted a comprehensive search in the databases Scopus, PubMed, Cochrane, and
Web of Science from inception to 5 April 2024 (search strategy detailed in Supplement S1).

2.2. Study Selection

We included randomized controlled trials (RCTs) involving individuals diagnosed
with type 2 diabetes mellitus that evaluated weekly GLP-1/GIP agonists and weekly
insulin in comparison to daily insulin. The primary outcome measures evaluated were
glycemic control (HbAlc levels and fasting plasma glucose), weight change, and safety
parameters (incidence of hypoglycemia and adverse events). We excluded non-randomized
studies, observational studies, extension studies, exploratory analyses, post hoc analyses,
and animal studies. Additionally, we excluded studies involving individuals without type
2 diabetes mellitus, pediatric populations, studies that did not have daily insulin as a
comparator, and studies not reporting relevant outcomes related to efficacy and safety.

2.3. Data Extraction

The primary efficacy outcome extracted from each RCT was the mean change from
baseline in hemoglobin Alc (HbAlc). Secondary efficacy outcomes included mean changes
from baseline in fasting plasma glucose (FPG) and body weight (BW). Safety outcomes
encompassed the incidence of hypoglycemia, treatment-emergent adverse events (TEAE),
and rates of treatment discontinuation due to adverse events.

In our analysis, we calculated the standard error (SE) of the mean with the equation:
SE = (CI_width)/(2 x z_value), where CI_width denotes the breadth of the confidence
interval and z_value is the z-score corresponding to the targeted confidence level [9]. This
approach enabled us to estimate the SE when only the confidence interval (CI) and the
mean of the data were provided [9]. We selected data for analysis that represented the
longest follow-up periods and included comparisons with daily basal insulin since there is
no direct comparison between GLP-1/GIP and weekly insulin. In cases where the original
studies reported data as medians and ranges, we converted these to means and standard
deviations to ensure uniformity in our analysis [10].
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2.4. Risk of Bias Assessment

The risk of bias was assessed using the RoB2 tool [11]. This evaluation covered several
domains, deviations from intended interventions, randomization process, missing outcome
data, outcome measurement, and selection of the reported results.

2.5. Statistical Analysis

We performed frequentist random effects network meta-analysis that compared multi-
ple treatments by analyzing data from various studies, allowing for both direct and indirect
comparisons. This method synthesizes evidence to determine the relative efficacy of each
treatment, even if some treatments were not directly compared in any individual study [12].

For continuous outcomes (HbAlc, FPG, BW), we calculated mean differences (MDs)
with 95% confidence intervals (Cls). For binary outcomes (TEAE, hypoglycemic events,
incidence of serious adverse events, and treatment discontinuation due to adverse events),
we calculated risk ratios (RRs) with 95% Cls.

Pairwise comparisons were conducted for direct comparisons [13]. We validated the
transitivity assumption by utilizing node splitting to compare direct and indirect outcomes,
ensuring their consistency [14]. Heterogeneity was evaluated by comparing the magnitude
of the common between-study variance (12) for each outcome with empirical distributions
of heterogeneity variances [15]. We also created surface under the cumulative ranking
curve (SUCRA) graphs for efficacy outcomes and conducted meta-regression analyses for
age, BMI, and diabetes duration [16]. SUCRA provides a hierarchical ranking of treatments
facilitating comparison across studies [16]. We conducted a sensitivity analysis to ensure
the robustness of our results by applying a Bayesian network meta-analysis model with
meta-regression (accounting for age, BMI, and duration) for efficacy outcomes, thereby
confirming the findings of our network meta-analysis.

We performed the analysis using RStudio version number 4.3.2 (31 October 2023)
and R packages: netmeta version number 2.9-0, gemtc version number 1.0-2, and rjags
version number 4.15 [17-20]. The certainty of evidence was evaluated using the confidence
in network meta-analysis (CINeMA) framework and online application (https://cinema.
ispm.unibe.ch/, accessed on 30 May 2024) [21].

3. Results
3.1. Study Characteristics

A total of 25 trials [22-46] were included in the analysis (Figure 1). The network of
trials comparing HbAlc is shown in Figure 2. The characteristics of studies and patients’
baseline features are presented in Supplement S2.

The mean age of participants in the included studies was 57.8 years (standard deviation
[SDI: 11.2), with 57.8% being male. The mean body mass index (BMI) was 31.2 kg/m? (SD:
5.6). The mean HbAlc level was 8.3% (SD: 0.8), and the mean duration of diabetes was
11.0 years (SD: 7.7).

There was substantial heterogeneity in HbAlc, fasting plasma glucose (FPG), body
weight (BW), risk of adverse events, and risk of hypoglycemia. Overall, global inconsistency
was minimal. The primary outcome’s risk of bias was low in 20 trials, with 5 trials
presenting some concerns. Comparison-adjusted funnel plots indicated no publication
bias for HbAlc, hypoglycemia, FPG, and body weight, but there was some indication
of publication bias for the incidence of adverse events. (Supplement S4). The certainty
of evidence was generally moderate to high for each of the main comparisons, with
some comparisons having low certainty. All data from certainty analysis are included in
(Supplement S6).
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Figure 1. PRISMA flowchart for study selection.

llaglutide 0.75 mg

Semaglutide 2 mg

Figure 2. Meta-analysis networks for change in HbAlc level. Each circle indicates a treatment node.
Lines connecting two nodes represent direct comparisons between two treatments; the thickness of
the lines is proportional to the number of trials directly comparing the two connected treatments.
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3.2. HbAlc

We evaluated the effects of GLP-1/GIP receptor agonists and weekly insulin analogs on
HbA1lc reduction, using daily insulin as the active comparator. The analysis encompassed
25 studies involving 18,257 patients. Tirzepatide showed the highest efficacy with the 15 mg
dose achieving a mean difference (MD) in HbAlc reduction of —1.29 (95% CI: —1.44 to
—1.14), followed by the 10 mg dose with an MD of —1.16 (95% CI: —1.31 to —1.02), and the
5 mg dose with an MD of —0.94 (95% CI: —1.09 to —0.79). Semaglutide showed substantial
HbA1c reductions across dosages: the 2 mg dose had an MD of —1.00 (95% CI: —1.34 to
—0.65), the 1 mg dose at —0.82 (95% CI: —0.98 to —0.65), and the 0.5 mg dose at —0.47 (95%
CIL: —0.65 to —0.29). Exenatide 2 mg also contributed with an MD of —0.27 (95% CI: —0.46
to —0.08). Among the weekly insulin analogs, icodec demonstrated a modest but significant
reduction in HbAlc compared to daily insulin, with an MD of —0.16 (95% CI: —0.30 to
—0.02). BIF, however, did not demonstrate a statistically significant change, with an MD
of 0.08 (95% CI: —0.17 to 0.33). Detailed results of pairwise comparisons can be found in
Supplement S5, and network meta-analysis results are presented in Figure 3. The SUCRA
ranking is depicted in Figure 4, and confirms tirzepatide 15 mg as the top-ranked treatment
for HbAlc reduction, unaffected by patient age, BMI, or diabetes duration according to our
meta-regression analyses. Meta-regression results are depicted in Supplement S7.

Treatment Change in HbA1c Mean Difference (95% CI) Participants
Tirzepatide 15 mg - -1.29 [-1.44;-1.14] 1556
Tirzepatide 10 mg - -1.16 [-1.31; <1.02] 1543
Semaglutide 2 mg —E -1.00 [-1.34;-0.65] 480
Tirzepatide 5 mg - -0.94 [-1.09;-0.79] 1546
Semaglutide 1 mg = -0.82 [-0.98;-0.65] 2014
Semaglutide 0.5 mg : 3 -0.47 [-0.65;-0.29] 748
Dulaglutide 1.5 mg - -0.32 [-0.47;-0.17] 1312
Exenatide 2 mg - -0.27 [-0.46;-0.08] 853
Icodec o -0.16 [-0.30;-0.03] 1515
Dulaglutide 0.75 mg = -0.05[-0.18; 0.08] 1550
BIF o 0.08 [-0.17; 0.33] 410

[ I [ I 1
-2 -1 0 1 2

Figure 3. Network meta-analysis results for change from baseline. HbAlc compared with daily
insulin. Effect sizes are presented as mean difference (MD) and 95% confidence intervals (CI).
Treatments are presented according to their effect estimate compared with glargine. Abbreviations:
HbAlc: hemoglobin Alc, BIF: basal insulin Fe.

3.3. FPG

Our analysis focused on the impact of GLP-1/GIP receptor agonists and weekly
insulin analogs on fasting plasma glucose (FPG) levels, using daily insulin as the baseline
for comparison. The pooled data from 18,257 patients reveal that tirzepatide at 15 mg had
the most substantial effect on reducing FPG, with a mean difference (MD) of —0.70 mmol/L
(95% CI: —1.00 to —0.41), and the 10 mg dose showed a significant decrease with an MD of
—0.55 mmol/L (95% CI: —0.84 to —0.25). The 5 mg dose of tirzepatide also suggested a
reduction in FPG levels, with an MD of —0.21 mmol/L (95% CI: —0.50 to 0.09), although
this was not statistically significant. Semaglutide displayed varied effects across dosages:
the 2 mg dose led to a reduction with an MD of —0.45 mmol/L (95% CI: —1.19 to 0.28),
the 1 mg dose had a non-significant impact with an MD of —0.12 mmol/L (95% CI: —0.47
to 0.22), and the 0.5 mg dose increased FPG levels slightly with an MD of 0.47 mmol /L
(95% CI: 0.09 to 0.85). Exenatide 2 mg had an MD of 0.34 mmol/L (95% CI: —0.08 to 0.76),
indicating a possible, but not statistically significant, increase. BIF and icodec had MDs of
0.60 mmol/L (95% CI: 0.15 to 1.05) and —0.06 mmol/L (95% CI: —0.35 to 0.22), respectively,
reflecting a significant increase for BIF and a non-significant difference for icodec. Detailed
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results of pairwise comparisons can be found in Supplement S5. Network meta-analysis
results are presented in Figure 5. Meta-regression results are depicted in Supplement S7.

< < < N & @ v < N 5 ° ©

Treatment

0.75

SUCRA
°
8

0.

N
&

0.00

Figure 4. The surface under the cumulative ranking (SUCRA) plot displays the ranking probabilities
of treatments in reducing hemoglobin Alc (HbAlc). Higher SUCRA scores indicate a greater likeli-
hood of lowering HbAlc. Abbreviations: T3: tirzepatide 15 mg, T2: tirzepatide 10 mg, T1: tirzepatide
5mg, S3: semaglutide 2 mg, S2: semaglutide 1 mg, S1: semaglutide 0.5 mg, D2: dulaglutide 1.5 mg,
E: exenatide 2 mg, I: icodec, D: daily insulin, B: BIF, D1: dulaglutide 0.75 mg.

Treatment Change in FPG Mean Difference (95% Cl) Participants
Tirzepatide 15 mg — -0.70 [~1.00;-0.40] 1556
Tirzepatide 10 mg — -0.56 [-0.85;-0.26] 1543
Semaglutide 2 mg —_—1 -0.45[-1.19; 0.28] 480
Tirzepatide 5 mg = -0.21 [F0.51; 0.09] 1546
Semaglutide 1 mg —a— -0.12 [F0.47; 0.22] 2014
Icodec = -0.06 [-0.35; 0.22] 1515
Exenatide 2 mg T 0.34 [-0.08; 0.77] 853
Semaglutide 0.5 mg — 0.47[0.08; 0.85] 748

BIF — 0.60[0.15; 1.05] 410
Dulaglutide 1.5 mg — 0.67 [0.36; 0.99] 1312
Dulaglutide 0.75 mg : : —I~— | 1.10[0.82; 1.38] 1550

A 2 a0 1 2

Treatment Change in Weight Mean Difference (95% CIl) Participants

Tirzepatide 15 mg

Tirzepatide 10 mg

Tirzepatide 5 mg

Semaglutide 2 mg =
Semaglutide 1 mg

Semaglutide 0.5 mg

Dulaglutide 1.5 mg

Exenatide 2 mg

Dulaglutide 0.75 mg

-12.39[-13.32;-11.46] 1556
-10.69 [-11.62; -9.76] 1543
-8.29[-9.22; -7.36] 1546
-7.46[-9.69; -5.23] 480
-6.69[-7.67; -5.70] 2014
-4.91[-5.96; -3.87] 748
-3.21[-4.06; -2.36] 1312
-2.97[-4.12; -1.83] 853
-2.48[-3.25; -1.71] 1550

Icodec . 0.60[-0.22; 1.42] 1515

BIF - 0.71[-0.68; 2.10] 410
[ | | [ |

B 20  -10 0 10 20

Figure 5. (A) Network meta-analysis results for change from baseline in FPG compared with daily
insulin. (B). Network meta-analysis results for change from baseline in weight compared with daily
insulin. Effect sizes are presented as mean difference (MD) and 95% confidence intervals (CI). Treat-
ments are presented according to their effect estimate compared with daily insulin. Abbreviations:
FPG: fasting plasma glucose, BIF: basal insulin Fe.
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3.4. BW

We evaluated the effects of GLP-1/GIP receptor agonists and weekly insulin analogs
on weight loss, using daily insulin as the active comparator. We pooled data from 25 studies
encompassing 18,257 patients. Tirzepatide showed the most notable weight loss, with the
15 mg dose achieving a mean difference (MD) of —12.39 kg (95% CI: —13.32 to —11.46),
and the 10 mg and 5 mg doses showing MDs of —10.69 kg (95% CI: —11.62 to —9.76) and
—8.29 kg (95% CI: —9.22 to —7.36), respectively. Significant reductions in weight were
also seen with semaglutide, with the 2 mg dose resulting in an MD of —7.46 kg (95% CI:
—9.69 to —5.23), the 1 mg dose at —6.69 kg (95% CI: —7.67 to —5.70), and the 0.5 mg dose
at —4.91 kg (95% CI: —5.96 to —3.87). Dulaglutide at 1.5 mg and 0.75 mg also showed
substantial weight reductions, with MDs of —3.21 kg (95% CI: —4.06 to —2.36) and —2.48 kg
(95% CI: —3.25 to —1.71), respectively. Exenatide 2 mg contributed to weight loss with an
MD of —2.97 kg (95% CI: —4.12 to —1.83). In contrast, icodec showed a non-significant
trend toward weight gain with an MD of 0.60 kg (95% CI: —0.22 to 1.42). BIF suggested a
potential increase in weight, with an MD of 0.71 kg (95% CI: —0.68 to 2.10), although this
was not statistically significant. Detailed results of pairwise comparisons can be found in
Supplement S5. Network meta-analysis results are presented in Figure 5. Meta-regression
results are depicted in Supplement S7.

3.5. Hypoglycemin

We conducted a comprehensive analysis to assess the risk of hypoglycemia associated
with GLP-1/GIP receptor agonists and weekly insulin analogs, using daily insulin as the
baseline comparator. The analysis pooled results from multiple studies that reported level
1 (<70 mg/dL) and level 2 (<55 mg/dL) hypoglycemia. It indicated that tirzepatide has a
low risk of hypoglycemia, particularly with the 5 mg dose (RR 0.26, 95% CI: 0.17 to 0.40),
followed by the 10 mg dose (RR 0.32, 95% CI: 0.21 to 0.49), and the 15 mg dose (RR 0.42,
95% CI: 0.27 to 0.64). Semaglutide also presents a low risk of hypoglycemia across its
dosages, with the 2 mg dose showing the most significant effect (RR 0.30, 95% CI: 0.11 to
0.80). Exenatide 2 mg showed a low risk of hypoglycemia as well (RR 0.35, 95% CI: 0.20 to
0.60). In contrast, icodec (RR 1.31, 95% CI: 0.94 to 1.84) and BIF (RR 1.41, 95% CI: 0.74 to
2.70) did not demonstrate a significant reduction in hypoglycemia risk compared to daily
insulin. Dulaglutide doses also showed a reduction in hypoglycemia risk, with RRs of 0.56
(95% CI: 0.39 to 0.83) for the 1.5 mg dose and 0.51 (95% CI: 0.35 to 0.75) for the 0.75 mg dose.
The network meta-analysis results are presented in Figure 6.

Regarding the subgroup analysis for level 2 hypoglycemia, tirzepatide demonstrated
a significant reduction in the risk of severe hypoglycemic episodes across all doses: the
10 mg dose achieved a risk ratio (RR) of 0.50 (95% CI: 0.36 to 0.71), the 5 mg dose an RR
of 0.52 (95% CI: 0.37 to 0.74), and the 15 mg dose an RR of 0.65 (95% CI: 0.46 to 0.91), all
indicating statistically significant decreases. Similarly, semaglutide showed substantial
reductions, with the 2 mg dose showing an RR of 0.22 (95% CI: 0.09 to 0.52), the 1 mg dose
an RR of 0.44 (95% CI: 0.28 to 0.68), and the 0.5 mg dose an RR of 0.36 (95% CI: 0.20 to
0.65). Exenatide 2 mg also notably decreased the risk with an RR of 0.40 (95% CI: 0.28 to
0.59). In contrast, dulaglutide, icodec, and BIF did not demonstrate statistically significant
effects: dulaglutide’s 1.5 mg and 0.75 mg doses had RRs of 0.55 (95% CI: 0.16 to 1.86) and
0.33 (95% CI: 0.09 to 1.22), respectively; icodec had an RR of 1.19 (95% CI: 0.84 to 1.70); and
BIF showed an RR of 0.97 (95% CI: 0.62 to 1.51). The network meta-analysis results are
presented in Figure 6.
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Treatment Pooled Hypoglycemia Risk Ratio (95% CIl) Participants
Tirzepatide 5 mg —— 0.26 [0.17; 0.40] 1546
Semaglutide2mg ——+— 0.30[0.11; 0.80] 479
Tirzepatide 10 mg —— 0.32[0.21; 0.49] 1543
Exenatide 2 mg — 0.3510.20; 0.60] 853
Semaglutide 0.5 mg — 0.36 [0.17; 0.74] 748
Semaglutide 1 mg —a 0.40[0.23; 0.71] 2013
Tirzepatide 15 mg — 0.42[0.27; 0.64] 1556
Dulaglutide 0.75 mg —— 0.51[0.35; 0.75] 1554
Dulaglutide 1.5 mg —— 0.56 [0.39; 0.83] 1315
Icodec = 1.31[0.94; 1.84] 1517
BIF : : : ——'—l— : | 1.41[0.74, 2.70] 409
A 0102 05 1 2 5 10

Treatment Level 2 Hypoglycemia Risk ratio (95% CI) Participants
Semaglutide 2 mg — 0.22[0.09; 0.52] 479
Dulaglutide 0.75mg ———+— 0.33[0.09; 1.22] 352
Semaglutide 0.5 mg —a— 0.36 [0.20; 0.65] 717
Exenatide 2 mg - 0.40[0.28; 0.59] 853
Semaglutide 1 mg = 0.44[0.28; 0.68] 2013
Tirzepatide 10 mg - 0.50[0.36; 0.71] 797
Tirzepatide 5 mg - 0.52[0.37; 0.74] 799
Dulaglutide 1.5 mg O e 0.55[0.16; 1.86] 299
Tirzepatide 15 mg - 0.65[0.46; 0.91] 808
BIF . 0.97 [0.62; 1.51] 409
Icodec — | —I—-——l — 1.19[0.84; 1.70] 910
B 0.05 051 2 10 20

Figure 6. (A) Network meta-analysis results for change from baseline in pooled hypoglycemia.
(B) Network meta-analysis results for change from baseline in level 2 (<55 mg/dL) hypoglycemia.
Effect sizes are presented as risk ratio (RR) and 95% confidence intervals (CI). Treatments are presented
according to their effect estimate compared with daily insulin. Abbreviations: BIF: basal insulin Fc.

3.6. Incidence of Any Adverse Events

Our comprehensive analysis assessed the incidence of adverse events associated with
GLP-1/GIP receptor agonists and weekly insulin analogs, using daily insulin as the baseline
comparator. The results indicated that tirzepatide had the highest incidence of adverse
events, with the 15 mg dose showing a risk ratio (RR) of 1.22 (95% CI: 1.04 to 1.43), followed
by the 10 mg dose at an RR of 1.18 (95% CI: 1.01 to 1.38). The 5 mg dose also showed an
increased risk of adverse events with an RR of 1.10 (95% CI: 0.95 to 1.29). Semaglutide
demonstrated an increased incidence as well, particularly the 1 mg dose with an RR of 1.13
(95% CI: 0.96 to 1.33), and the 2 mg dose with an RR of 1.23 (95% CI: 0.91 to 1.66). Exenatide
2 mg reported a notable increase in adverse events with an RR of 1.20 (95% CI: 0.95 to 1.51).
Dulaglutide doses showed an elevated risk with RRs of 1.08 (95% CI: 0.92 to 1.27) for the
0.75 mg dose and 1.14 (95% CI: 0.96 to 1.35) for the 1.5 mg dose. In contrast, icodec and BIF
did not demonstrate a statistically significant increase in adverse events compared to daily
insulin, with RRs of 1.07 (95% CI: 0.92 to 1.25) and 1.11 (95% CI: 0.81 to 1.52), respectively.
The network meta-analysis results are presented in Figure 7.
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Treatment Adverse events
Icodec —.'"
Dulaglutide 0.75 mg L
Semaglutide 0.5 mg L3
Tirzepatide 5 mg -

BIF -
Semaglutide 1 mg =
Dulaglutide 1.5 mg =
Tirzepatide 10 mg

Exenatide 2 mg

Tirzepatide 15 mg
Semaglutide 2 mg

Risk ratio (95% Cl) Participants

1.07[0.92;1.25] 1517
1.08[0.92;1.27] 1469
1.09 [0.88: 1.36] 663
1.10[0.95; 1.29] 1546
1.11[0.81; 1.52] 409
1.13[0.96; 1.33] 2013
1.14[0.96; 1.35] 1315
1.18[1.01;1.38] 1543
1.20[0.95; 1.51] 853
1.22[1.04;1.43] 1556
1.23[0.91;1.66] 479

A 0102 05 1 2 5 10

Treatment Serious adverse events Risk ratio (95% Cl) Participants
Semaglutide 2 mg —_— 0.63[0.29; 1.39] 479
Tirzepatide 15 mg — 0.85[0.60; 1.20] 1556
Semaglutide 1 mg —= 0.87 [0.58; 1.30] 2013
Tirzepatide 10 mg = 0.88[0.63; 1.25] 1543
Semaglutide 0.5 mg —a— 0.91[0.54; 1.54] 663
Exenatide 2 mg —a— 0.93[0.59; 1.47] 853
Tirzepatide 5 mg - 0.98 [0.69; 1.37] 1546
BIF — 1.01[0.57; 1.77] 409
Dulaglutide 1.5 mg N 1.03[0.72; 1.46] 1315
Dulaglutide 0.75 mg —a— 1.06 [0.76; 1.47] 1469
Icodec : : : ——Ir— : : | 1.06 [0.75; 1.50] 1517
B 01 02 05 1 2 5 10

Treatment Treatment discontiuation  Risk ratio (95% Cl) Participants
Dulaglutide 0.75 mg T 1.36 [0.92; 2.02] 1469
Icodec — 1.42[0.68; 2.95] 1517
Dulaglutide 1.5 mg ' 1.48[0.98; 2.24] 1315
BIF 1.51[0.36; 6.42] 409
Exenatide 2 mg — 1.75[1.05; 2.94] 853
Semaglutide 0.5 mg — 2.01[1.12; 3.60] 663
Semaglutide 2 mg T 2.191[0.88; 5.42] 479
Semaglutide 1 mg —— 2.28 [1.47; 3.56] 2013
Tirzepatide 5 mg — 2.34 [1.54; 3.54] 1546
Tirzepatide 10 mg — 3.23[2.15; 4.84] 1543
Tirzepatide 15 mg ——— 3.34 [2.23; 5.00] 1556

I T T T I

C 01 02 05 1 2 5

Figure 7. Network meta-analysis results for (A) incidence in adverse events. (B) incidence in serious
adverse events. (C) treatment discontinuation due to adverse events compared with daily insulin.
Treatments are presented according to their effect estimate compared with daily insulin. Effect
sizes are presented as risk ratio (RR) and 95% confidence intervals (CI). Abbreviations: BIF: basal

insulin Fc.

3.7. Incidence of Any Serious Events

Our analysis evaluated the incidence of serious adverse events associated with GLP-
1/GIP receptor agonists and weekly insulin analogs, with daily insulin serving as the
comparator. The results indicate that the majority of treatments did not demonstrate a
statistically significant increase in the risk of serious adverse events compared to daily
insulin. Specifically, tirzepatide showed non-significant differences across its doses, with
the 15 mg dose having a risk ratio (RR) of 0.85 (95% CI: 0.60 to 1.20), the 10 mg dose an
RR of 0.88 (95% CI: 0.63 to 1.25), and the 5 mg dose an RR of 0.98 (95% CI: 0.69 to 1.37).
Similarly, semaglutide’s doses all presented non-significant risks, with the 2 mg dose at
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an RR of 0.63 (95% CI: 0.29 to 1.39), the 1 mg dose at an RR of 0.87 (95% CI: 0.58 to 1.30),
and the 0.5 mg dose at an RR of 0.91 (95% CI: 0.54 to 1.54). Exenatide 2 mg and icodec also
showed no significant increase in risk with RRs of 0.93 (95% CI: 0.59 to 1.47) and 1.06 (95%
CI: 0.75 to 1.50), respectively. The same trend was observed with dulaglutide, where both
the 1.5 mg and 0.75 mg doses had non-significant RRs of 1.03 (95% CI: 0.72 to 1.46) and 1.06
(95% CI: 0.76 to 1.47). Additionally, BIF exhibited a reduced risk, though not statistically
significant, with an RR of 1.01 (95% CI: 0.57 to 1.77). The network meta-analysis results are
presented in Figure 7.

3.8. Treatment Discontinuation Due to Adverse Events

Our analysis examined treatment discontinuation due to adverse events among GLP-
1/GIP receptor agonists and weekly insulin analogs, using daily insulin as the baseline
comparator. The findings reveal that tirzepatide had the highest rates of discontinuation
due to adverse events, with the 15 mg dose showing a risk ratio (RR) of 3.34 (95% CI: 2.23
to 5.00), followed closely by the 10 mg dose at an RR of 3.23 (95% CI: 2.15 to 4.84). The 5 mg
dose also exhibited a significantly increased risk with an RR of 2.34 (95% CI: 1.54 to 3.54).
Semaglutide similarly led to higher discontinuation rates, particularly the 1 mg dose with
an RR of 2.28 (95% CI: 1.47 to 3.56), the 2 mg dose at an RR of 2.19 (95% CI: 0.88 to 5.42),
and the 0.5 mg dose at an RR of 2.01 (95% CI: 1.12 to 3.60). Exenatide 2 mg also showed a
notably high rate of discontinuation due to adverse events with an RR of 1.75 (95% CI: 1.05
to 2.94). In contrast, dulaglutide and icodec had less pronounced effects, with dulaglutide’s
1.5 mg dose showing a borderline significant increase in discontinuation rates (RR 1.48,
95% CI: 0.98 to 2.24), while its 0.75 mg dose and icodec did not show statistically significant
increases. BIF also did not demonstrate a significant difference in discontinuation rates
compared to daily insulin (RR 1.51, 95% CI: 0.36 to 6.42). The network meta-analysis results
are presented in Figure 7. Table 1 below summarizes the results of the study.

Table 1. Summary of the results of the network meta-analysis. Abbreviations: HbAlc: hemoglobin
Alc, MD: mean difference, CI: confidence interval, BIF: basal insulin Fc, BW: body weight, FPG:
fasting plasma glucose, RR: risk ratio, mg: milligrams, kg: kilograms, mmol/L: millimoles per liter.

Outcome Most Favor.able Treatment Effect Least Fav01:ab1e Treatment Effect
Intervention Intervention
Change in HbAlc Tirzepatide 15 mg MD_: 1_ if,z) /0_(19 5120) Cr BIF M?oolgSt(()g(;s ?{;)C &
MD: —0.70 mmol/L . o )
Change in FPG Tirzepatide 15 mg (95% CI: —1.00 to Dulaglutide 0.75 mg MD: 1'1t0 (?%2/;) CL: 082
—0.41) oL
Change in BW Tirzepatide 15 mg M[i 1_3132232) k_g1(19 ig))CI: BIF MI_)00621H§925 {B)C L
. O, . . 0, .
Pooled hypoglycemia Tirzepatide 5 mg RR: O'Zfo(%S 4/8)(31' 0.17 BIF RR: 1'410(9257?))(11' 0.74
Level 2 hypoglycemia Semaglutide 2 mg RR: 0'2%0(%55/;)CI: 0.09 Icodec RR: 1'120(9157/8)CL 0.84
Incidence of any RR: 1.07 (95% CI: 0.92 . RR: 1.23 (95% CI: 0.91
adverse events Ieodec to 1.25) Semaglutide 2 mg to 1.66)
Serious adverse events Semaglutide 2 mg RR: 0'630(9153/;)(11: 0.29 Icodec RR: 1'0?0(9155/8)CL 0.75
Treatment . o 1. . o 1.
discontinuation due to Dulaglutide 0.75 mg RR:1.36 (95% CI: 0.92 Tirzepatide 15 mg RR: 3.34 (95% CT. 2.23

adverse events

to 2.02)

to 5.00)
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4. Discussion

This systematic review and network meta-analysis incorporated data from 23 trials to
evaluate the efficacy and safety of GLP-1/GIP receptor agonists and weekly insulin analogs,
focusing on their effects on HbAlc reduction, fasting plasma glucose (FPG), body weight
(BW), incidence of hypoglycemia, and adverse events. Our analysis not only underscores
the variability in efficacy across different treatment modalities but also highlights important
safety and tolerability concerns associated with these therapies.

Tirzepatide emerged as the standout treatment, significantly reducing HbAlc levels
and body weight across all its dosages when compared to insulin glargine, the active
comparator. The superior efficacy of tirzepatide, particularly at the 15 mg dose, is consistent
with its dual mechanism of action as both a GLP-1 and GIP receptor agonist, which may
offer enhanced metabolic control over single-mechanism treatments. In contrast, weekly
insulin analogs like icodec showed modest HbAlc reductions but showed lower efficacy in
controlling body weight, sometimes even leading to weight gain. However, these insulins
could be a viable option for individuals in low to moderate weight categories where
significant weight loss is not a primary treatment goal. This suggests a potential niche
for weekly insulins in personalized diabetes management, particularly for patients where
weight stability is preferred or where GLP-1/GIP receptor agonists” effects on weight are
contraindicated. These results are consistent with works in the literature that showed 3 to
9 kg weight gain in the first year after starting insulin therapy [47].

The analysis reveals that while higher doses of GLP-1/GIP receptor agonists such as
tirzepatide showed higher efficacy, they are also associated with an increased incidence of
adverse events and treatment discontinuations. The most common adverse events include
gastrointestinal side effects such as nausea, vomiting, and abdominal pain, in addition
to hypoglycemia. Gastrointestinal adverse events were more common at higher doses of
GLP-1/GIP. On the other hand, hypoglycemia and injection sit reaction were more common
with weekly insulin. These findings are consistent with the current literature [48].

Lower doses of these agents, while slightly less efficacious in reducing HbAlc and
body weight, demonstrate better tolerability, making them suitable for patients who may
be sensitive to the side effects of higher doses. Considering the convenience of weekly
insulin, our data suggest that a combination therapy involving low doses of GLP-1/GIP
agonists with weekly insulin might be a viable strategy for achieving good glycemic control
with reduced side effects. This approach would leverage the benefits of both treatments:
the metabolic efficacy of GLP-1/GIP agonists and the convenience and tolerability profile
of weekly insulin but would increase expense.

The substantial heterogeneity detected in the incidence of adverse events and hypo-
glycemia across studies suggests that individual patient factors and underlying health
conditions play a significant role in the safety profiles of these therapies. The presence of
some publication bias for adverse events calls for cautious interpretation of the safety data.

The findings of this meta-analysis have significant implications for clinical practice.
The high efficacy of GLP-1/GIP receptor agonists in reducing both HbAlc and body weight
makes them attractive options for patients struggling with weight management in addition
to glycemic control. However, for patients where weight loss is not necessary or desired,
weekly insulins offer an effective alternative that maintains weight stability while still
providing good glycemic control. Combining lower doses of GLP-1/GIP agonists with
weekly insulin may enhance patient adherence and satisfaction by reducing the frequency
of injections and side effects while maintaining efficacy.

Further research is needed to explore the long-term outcomes of these treatments,
particularly regarding cardiovascular health, renal function, and mortality. Additionally,
studies should aim to identify patient characteristics that predict better tolerance and
response to these therapies, which could enable more personalized treatment approaches.

This investigation has yielded insights into the comparative efficacy, safety, and
patient reception of once-weekly GLP-1/GIP agonist treatments and basal insulin in the
context of type 2 diabetes mellitus (T2DM). There are, however, several limitations to our
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study. The novelty of the examined therapies has resulted in a limited selection of studies
for inclusion, which, in turn, has introduced a notable degree of heterogeneity to our
findings. Moreover, the analysis predominantly reflects short-term effects, underscoring
the need for extended longitudinal research to comprehensively discern the long-term
impacts of these treatments on the progression of T2DM, associated complications, and
the quality of life of the patients. Variations in the duration of studies, as well as the
demographic and baseline health characteristics of participants, inject a level of variability
that may limit the broad applicability of our findings. The methodology of network meta-
analysis, dependent on indirect treatment comparisons, is inherently complex and operates
under assumptions like transitivity and consistency that are critical to the integrity of our
conclusions. Inconsistencies in defining and documenting adverse events in clinical trials
further complicate the precision of our adverse event data. Finally, the very nature of
meta-analysis, contingent on the quality and inclusiveness of existing research, carries an
omnipresent risk of publication bias that cannot be completely negated.

5. Conclusions

In conclusion, this network meta-analysis provides comprehensive insights into the
comparative efficacy and safety of GLP-1/GIP receptor agonists and weekly insulin analogs.
It highlights the need for balancing efficacy with safety in diabetes management, and
the importance of individualizing treatment plans based on patient-specific factors and
preferences. Our findings underscore the superior efficacy of GLP-1/GIP agonists in both
glycemic control and weight management. However, weekly insulins remain a crucial
part of the therapeutic arsenal, especially for individuals where significant weight loss
is not desired or patients who cannot tolerate GLP-1/GIP agonists. The integration of
these agents into clinical practice should consider patient-specific factors such as baseline
body weight, potential side effects, and individual health goals to optimize outcomes in
diabetes care.
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Abbreviations

DM Diabetes mellitus

GLP-1 Glucagon-like peptide-1

GIP Glucose-dependent insulinotropic peptide
NMA Network meta-analysis

RCT Randomized controlled trial
HbAlc Hemoglobin Alc

BW Body weight

FPG Fasting plasma glucose

TEAE Treatment-emergent adverse events
SE Standard error

CI Confidence interval

RR Risk ratio

T2DM Type 2 diabetes mellitus
SUCRA  Surface under the cumulative ranking curve
PRISMA  Preferred reporting items for systematic reviews and meta-analyses
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