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Editorial on the Research Topic
Clinical and genetic determinants of diabetes and complications

Diabetes Mellitus (DM) continues to be a significant cause of death worldwide,
imposing a substantial burden on global public health. According to the data from
International Diabetes Federation, the number of DM patients is expected to increase by
50% by 2030 compared to the 366 million cases reported in 2011. DM gives rise to various
complications, resulting in organ damage, such as the heart and kidneys, ultimately leading
to a diminished quality of life and an increased rate of premature mortality. For instance,
individuals with diabetes have a twofold higher risk of cardiovascular mortality. The
development of DM involves multiple factors, and several clinical risk factors, including
overweight or obesity, have been suggested. However, the impact of several other potential
factors on DM’s pathogenesis remains inconclusive. At the genetic level, having a family
history of DM elevates the risk of developing the condition, and more than 500 genetic loci
have been identified as being associated with DM. Early efforts to find genes associated with
diabetes complications relied on family linkage analyses, candidate gene studies susceptible
to false positives, and underpowered genome-wide association studies (GWAS)
constrained by sample size. Detecting individuals who are very vulnerable to the disease
may help with disease prevention. Nevertheless, the genetic determinants of DM
complications are not yet well comprehended.

This Research Topic encompasses a collection of 30 studies that explore various aspects
of diabetes and its complications. Specifically, it includes 15 studies examining the
epidemiological characteristics and risk factors associated with diabetes and its
complications. Furthermore, five studies analyze potential biochemical markers relevant
to the pathogenesis of diabetes and diabetic complications, and seven studies evaluate
genetic information for predicting diabetes and its complications, and three studies that

assess treatment options.
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The incidence and death rates associated with diabetic
complications differ based on the population and the underlying
factors contributing to the disease. For instance, a cross-sectional
study conducted by Bundo et al. revealed a lower prevalence of
diabetic foot disease in Catalonia (Spain) compared to previous
similar studies. Meanwhile, in a systematic review and meta-
analysis by Akhtar et al., the prevalence of foot ulcers in diabetic
patients in Pakistan was investigated, indicating a relatively high
prevalence of diabetic foot ulcers in the country. Alizadeh et al.
conducted a cohort study involving 1329 participants aged 20 to 70
years with prediabetes, finding that the risk of progressing to
diabetes was elevated in individuals with combined impaired
fasting glycemia (IFG)/impaired glucose tolerance (IGT)
compared to IFG alone. The results of a study by Liu et al.
suggested that the OTUD3 gene variant rs78466831 is associated
with type 2 DM (T2DM) and may serve as a risk factor for diabetic
retinopathy. In another Chinese follow-up study, Shi et al. revealed
that frailty is common among older adults with diabetes and is
correlated with an elevated risk of adverse health outcomes.

Abnormalities in glucose and lipid metabolism play a crucial
role in the progression of diabetic complications. Xiao et al.
discovered that bile acids independently contribute to adverse
renal outcomes in patients with diabetic kidney disease (DKD).
Song et al. observed higher levels of remnant cholesterol in T2DM
patients with the peripheral arterial disease (PAD), which were
independently associated with the severity of PAD. In their study,
Guan et al. compared the circulating adiponectin levels in Japanese
women with varying levels of physical activity. They found that
adiponectin primarily correlated with regional adiposity and high-
density lipoprotein cholesterol (HDL-C). Li et al. summarized in
their review that obesity can induce oxidative stress, which can
contribute to insulin resistance, inflammation, and disorders in
lipid metabolism, ultimately impacting cognitive dysfunction in
individuals with diabetes. According to the findings of Lin et al,,
admission hyperglycemia in critically ill sepsis patients with
diabetes was not found to be a contributing factor to the short-
term prognosis.

With the increasing prevalence of diabetes, there is a
proportional rise in the incidence of diabetic complications.
Within this Research Topic, numerous papers explore the causal
association between diabetes and its associated complications. Hao
et al. provided evidence of a causal association between T2DM and
systolic blood pressure. Guo et al. demonstrated a causal association
between T2DM and coronary artery disease in East Asians but not
atrial fibrillation. Previous research has identified a bidirectional
link between nonalcoholic fatty liver disease (NAFLD) and T2DM.
Yu et al. revealed the causal effect of NAFLD on the development of
T2DM, emphasizing the need for further verification regarding the
lack of a causal association between T2DM and NAFLD. Xu et al.
indicated that lymphoid leukemia increases the risk of developing
diabetes. Guo et al. suggested that T2DM is an independent risk
factor for elevated risk of synovitis and tenosynovitis.

Biomarkers play a crucial role in the identification, diagnosis,
prevention, and treatment monitoring of diseases. Since many
complications of diabetes are difficult to detect, the discovery of
biomarkers is essential for early detection and management. In a
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retrospective observational study, Song et al. identified that the
combination model of the neutrophil/HDL-C ratio and the
systemic inflammation response index was the most valuable in
predicting PAD in individuals with T2DM. In another retrospective
study, Li et al. suggested that the triglycerides/HDL-C ratio could be
an effective marker for assessing the risk of NAFLD in patients
newly diagnosed with T2DM. Mitra et al.’s review summarized the
prospective potential of exosomal microRNAs in diagnosis and
clinically prognosis of gestational DM (GDM) and its impact on
pregnancy outcomes. Huo et al. conducted a cross-sectional study,
revealing that increased levels of circulating glycoprotein non-
metastatic melanoma protein B are associated with both DM and
cataracts, thus serving as a potential biomarker for DM-associated
cataracts. Ferraz et al. suggested that 41 miRNAs were differentially
regulated between T1DM and control individuals. In particular,
hsa-miR-26b-5p and hsa-miR-21-5p may influence nuclear and
mitochondrial dysfunction, leading to dysregulation in type 1 DM.

The progression of T2DM varies significantly and can be
influenced by genetic factors. Therefore, numerous studies have
explored genetic information related to diabetic complications in
this field. Wang et al. conducted a cross-sectional study involving
120 T2DM patients from Han and Tibetan ethnic groups, revealing
subtle differences in clinical characteristics between various ethnic
groups that may be associated with epigenetic modifications. Liu
et al. reviewed the association between epigenetic changes and
DKD, emphasizing that DNA methylation, histone modification,
and changes in noncoding RNA expression profiles are deeply
involved in DKD-related inflammation, oxidative stress,
hemodynamics, and abnormal signaling pathways. Ramos-Levi
et al. identified a core set of single nucleotide polymorphisms
(SNPs) associated with diabetes and GDM, suggesting the
usefulness of identifying these genetic variants for designing
preventive strategies, even in nutritional interventions. In their
research, Mansour et al. performed an Exome-Wide Association
Study on Emirati individuals diagnosed with T2DM. Through their
study, they identified specific genetic loci that are linked to various
categories of T2DM-related complications within the Emirati
population. Zhang et al. investigated the distribution pattern of
the CYP2C9 gene in Chinese Han individuals and identified
variants that may impact drug metabolic activities. Yu et al.
reported one colocalized locus and 14 additional candidate loci
shared between T2DM and periodontal disease (PD)/oral health.
Zhang et al. revealed that the MUC5B SNP 152943512 (A > C) or the
up-regulation of MUC5B in bronchial epithelial cells might
significantly promote interstitial lung disease in patients
with T2DM.

In this Research Topic, there are also papers focused on treating
diabetic complications, aiming to improve the management and
control of their progression, considering their high rates of
disability and fatality. In a randomized controlled trial conducted
in China, Cai et al. demonstrated that a subcutaneous
administration of polyethylene glycol loxenatide, along with
regular treatment, led to a more significant weight reduction than
metformin in overweight or obese patients with T2DM. Akiyama
et al.s review highlighted that SGLT2 inhibitors reduce blood
glucose levels and decrease the likelihood of being admitted to the
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hospital due to heart failure and worsening renal function in
patients with T2DM. Lastly, in a mini-review, Renuka et al.
discussed the use of stimuli-responsive nanocomposite scaffolds
in addressing specific issues related to wound healing and
angiogenesis in diabetic patients, demonstrating their potential to
interact with wound microenvironment, release bioactive materials
in a regulated manner, and act as dressings for diabetic
wound healing.

The Research Topic underscores the significance of clinical and
genetic factors in the progression of diabetes and its complications,
which holds important implications for prevention and treatment
strategies. These findings provide valuable insights for
clinical practice.
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Are the determinants of the
progression to type 2 diabetes
and regression to
normoglycemia in the
populations with pre-diabetes
the same?
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Karim Kohansal®, Farzad Hadaegh?, Fereidoun Azizi®
and Davood Khalili***
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Iran, 2Ageing Clinical and Experimental Research Team, Institute of Applied Health Sciences, School
of Medicine, Medical Sciences and Nutrition University of Aberdeen, Aberdeen, United Kingdom,
*Endocrine Research Center, Institute of Endocrinology and Metabolism, Iran University of Medical
Sciences, Tehran, Iran, “Prevention of Metabolic Disorders Research Center, Research Institute for
Endocrine Sciences, Shahid Beheshti University of Medical Sciences, Tehran, Iran, *Endocrine
Research Center, Research Institute for Endocrine Sciences, Shahid Beheshti University of Medical
Sciences, Tehran, Iran, ¢Department of Biostatistics and Epidemiology, Research Institute for
Endocrine Sciences, Shahid Beheshti University of Medical Sciences, Tehran, Iran

Background: We aimed to determine the predictors of regression to
normoglycemia and progression to diabetes among subjects with pre-
diabetes in a single model concurrently.

Methods: The present study included 1329 participants aged 20 to 70 years with
prediabetes from the population-based cohort of the Tehran Lipid and Glucose
Study, with a 10-year follow-up. Glycemic status at follow-up was categorized as
regression to normoglycemia: fasting plasma glucose [FPG] of <5.55 and 2h-
plasma glucose [PC] of <7.77 mmol/L, and not taking antidiabetic medications.
Glycemic status at follow-up was categorized as progression to diabetes: FPG >7
or 2h-PG of >11.1 mmol/L, or taking antidiabetic medications. Glycemic status
determined whether the patients remained in prediabetes category (isolated
impaired fasting glycaemia [ilFG] [(5.55<FPG<7 and 2h-PG<7.77 mmol/L);
isolated impared glucose tolarence [iIGT] (7.77 < 2h-PG<11.1 and FGP<5.55
mmol/L)]. With prediabetes as a reference, multinomial logistic regression was
utilized to identify the determinants of glycemic changes.

Results: Approximately 40% of participants returned to normoglycemia (n =
578), and similar percentage of participants progressed to diabetes (n = 518).
Based on the multivariable multinomial model, regression to normoglycemia
was associated with age (relative risk ratio [RRR] = 0.97; 95% Cl, 0.95-0.99),
female sex (RRR = 1.72; 95% ClI, 1.18-2.50), high education level of >12 years
(RRR = 2.10; 95% Cl, 1.19-3.70), and combined IFG/impaired glucose tolerance
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(IGT) versus IFG (RRR = 0.45; 95% Cl, 0.29-0.70). The risk of progression to
diabetes increased with body mass index (RRR = 1.10; 95% ClI, 1.05-1.15), waist
circumference (RRR = 0.97; 95% CI, 0.96-0.99), positive familial history of
diabetes (RRR = 1.62; 95% Cl, 1.07-2.45), and combined IFG/IGT versus IFG
(RRR = 2.54; 95% Cl, 1.71-3.77).

Conclusion: A small percentage of patients with prediabetes remain in this
condition, but the majority go on to develop diabetes or regress to
normoglycemia. Both directions had distinct predictors.

KEYWORDS

normoglycemia, pre-diabetes, type 2 diabetes, Cardiometabolic disorders,
progression, regression

Introduction

Prediabetes is understood to be a critical metabolic stage in
the onset of diabetes and its complications. In prediabetes,
glucose levels are higher than normal but not yet at the
threshold for diabetes. The number of people with prediabetes
is rapidly rising in all countries around the world. In terms of
disease burden, high fasting plasma glucose (FPG) ranked fifth
in 2017. Globally, 352 million adults (7.3%) had prediabetes, and
that number was projected to rise to 587 million (8.3%) by the
year (1) 2045. Rates of progression to diabetes and regression to
normoglycemia from prediabetes have been reported differently
in previous studies. Every year, 5% to 10% of those with
prediabetes may develop diabetes, while the same number may
develop normoglycemia. According to the American Diabetes
Association expert panel, 70% of people with prediabetes will
eventually develop diabetes (2).

Regression ranged from 33% to 59% within 1 to 5 years’
follow-up in 47 studies (3). Clinical studies have confirmed that
lifestyle modification programs focusing on consuming a
healthier diet and engaging in more physical activity can lower
the risk of developing diabetes. Reversion from prediabetes to
normoglycemia is associated with improving a range of
cardiovascular risk factors (1).

In this study, our objective was to determine the predictors
of the regression to normoglycemia and progression to diabetes
among adults with pre-diabetes in a single model simultaneously
using a population-based cohort study with ten years of
follow-up.
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Methods
Study design and population

The Tehran Lipid and Glucose Study (TLGS)—the first
community-based large-scale, long-term cohort study in Iran
—was designed (4) in 1998. The TLGS was initiated in 1999 to
investigate noncommunicable disease (NCD) and its associated
risk factors or determinants among a representative population
of Tehran. The baseline measurement was conducted between
February 1999 and August 2001. In this study, those who were 3
years old or older and residing in the District 13 of Tehran were
considered the reference population. Currently, the project is in
its seventh phase. A total of 15,005 people aged 3 and older were
recruited during the baseline data collection phase of the project
(1999-2001), and they were examined for NCD risk factors—a
procedure that is repeated every 3 years following the
standardized protocol. Data for this study were taken from the
third examination cycle (n = 9998). We considered adults aged
20-70 years with the diagnosis of prediabetes as the study
population. So, those with the diagnosis of diabetes, defined as
FPG 27 or 2h-PG 211.1 mmol/L or taking anti-diabetic
medications (n=943), and those with normoglycemia
(FPG<5.55 and 2h-PG<7.77 mmol/L and not taking anti-
diabetic medications) were excluded. Because of comorbidities
in people over 70 years old, we excluded these participants as
well (n=624). The flowchart in Figure 1 shows the description of
the study population. Finally,1329 participants with prediabetes
aged 20 to 70 years remained eligible and were observed for 10
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FIGURE 1

Flow diagram describing the study population.

years in the current analysis. The study was reviewed and
approved by the ethics committee of Shahid Beheshti
University of Medical Sciences (Ethics approval reference
number: IRSBMU.ENDOCRINE.REC.1400.113).

Measurements

Each interview was conducted through a structured
questionnaire to collect demographic data, education level,
smoking status, medication use, family history of diabetes,
history of cardiovascular disease (CVD), or family history of
CVD. The mercury column sphygmomanometer was used to
measure the systolic and diastolic blood pressure (SBP, DBP),
and the mean of 2 consecutive measurements on the same arm
after at least 5 minutes of seated rest in a chair was calculated.
The standard measurement techniques were used to determine
the body weight, waist sizes, and height. A venous sample was
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taken between 7:00 AM and 9:00 AM after 12 to 14 hours of
fasting for laboratory testing, and all samples were analyzed in
the TLGS research laboratory on the day of blood sampling. The
details and protocols of the TLGS clinical measurements were
published elsewhere (5).

Definition of variables

At the baseline or each examination, participants were
classified as (1) having diabetes (fasting plasma glucose
[FPG] 27 or 2h-PG 211.1 mmol/L, or taking antidiabetic
medications), (2) normoglycemia (FPG <5.55 and 2h-
PG<7.77 mmol/L and not taking antidiabetic medications),
and (3) as prediabetes (isolated impared fasting glucose [IFG]
[5.55<FPG<7 and 2h-PG<7.77 mmol/L]; isolated impared
glucose tolerance [IGT] [7.77 < 2h-PG<I11.1 and FGP<5.55
mmol/L] and combined IFG/IGT [5.55<FPG<7 and 7.77 < 2h-
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PG<11.1 mmol/L]). If any participant’s first-degree relatives
had type 2 diabetes, it was regarded as having a positive family
history of the disease. Body mass index (BMI) was calculated as
weight in kilograms divided by squared height in meters.
Smoking status was categorized as follows: current, former,
and nonsmokers. Furthermore, participants were divided into
3 groups based on their length of education: 0 to 5, 6 to 12, and
>12 years. The outcome of our study was evaluated by whether
patients developed diabetes or normoglycemia for the first time
or maintained prediabetes during our follow-up. The event
date was taken into account as the point at which the person
first experienced normoglycemia or diabetes and last
experienced prediabetes; for those without a normoglycemia
or diabetes event, the most recent follow-up time was taken
into account.

Statistical analysis

Baseline characteristics were summarized as mean and standard
deviation for continuous variables and frequencies (%) for
categorical variables. The predictive mean matching method and
a 5-time imputation with 50 iterations were used to perform
multiple imputations for missing data at the baseline (up to
12.4% for different variables) and follow-up (up to 29% in
separate examinations). One-way analysis of variance and chi-
square tests were used to compare continuous and categorical
variables between the groups. Multinomial logistic regression was
performed to calculate the relative risk ratio (RRR) and 95% CI for
the considered risk factors. First, a univariable analysis of potential
predictors were performed that included age, sex, BMI, SBP, DBP,
use of antihypertensive drugs, use of antihyperlipidemic drugs,
positive familial history of type 2 diabetes, waist circumference,
glycemic status, total cholesterol (TC), triglycerides (TG), high-
density lipoprotein cholesterol (HDL-C), personal history of CVD,
familial history of CVD, smoking status, and education level. For
the next step, variables presenting P <2 were included in the
multivariable model— all variables were significant in one or
both outcomes. The interaction of the selected variables with age
and sex was assessed using the likelihood ratio test (LR test). Since
the LR test was not significant, the interaction terms were not
entered into the multivariable model. We also checked the
interaction between type of prediabetes (IFG/IGT) and other
predictors and did not find a significant interaction. BMI had a
strong correlation with waist circumference (r = 0.78), thus,a
sensitivity analysis was performed. Separate models for weight
and waist circumference were developed. (see Supplementary
Tables). Continuous variables were centralized to ease the
interpretation of intercept terms. An RRR> 1 suggests a higher
risk for regression in the case of regression to normoglycemia,
which is a favorable outcome. In the case of a progression to
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diabetes, an RRR >1 indicates a higher risk of progression, which is
an unfavorable outcome. Statistical significance was set at P <.05. All
analyses were performed using STATA Version 16 (Stata Corp).

Results

We assessed 1329 people with prediabetes between 2006 and
2018, and the median follow-up time was 10 years (interquartile
range, 0.9 years).

Baseline clinical characteristics and laboratory data
according to transition status during follow-up are presented
in Table 1. The BMI, systolic blood pressure, diastolic blood
pressure, waist circumference, FPG, 2h-PG, TC, TG, likelihood
of using a drug to treat hyperlipidemia, positive family history of
type 2 diabetes, and dyslipidemia were all higher in participants
who had progressed to diabetes. However, those who regressed
to normoglycemia had more favorable values. No significant
differences across categories were observed regarding CVD
history, familial history of CVD, and smoking status. Overall,
approximately 40% of participants (n = 578) (men, 43.03;
women, 43.86) returned to normoglycemia, and 40% of
participants (n = 518) (men, 36.56; women, 40.89) progressed
to diabetes (see Figure 1 and Table 2).

Table 3 shows a univariable multinomial logistic regression
analysis with unadjusted RRRs of variables used for the
multivariable model.

We observed an age-related reversion to normoglycemia in the
multivariable model. The regression probability decreases by 3% per
year (RRR = 0.97; 95% CI, 0.95-0.99). Similarly, baseline combined
IFG/IGT had a notable negative effect, and these participants had a
55% lower regression probability (RRR = 0.45; 95% CI, 0.29-0.70)
compared with the i[FG participants. Women were 72% more likely
to regress (RRR = 1.72; 95% CI, 1.18- 2.50). Higher education level
(212 years) was positively associated with regression to
normoglycemia (RRR = 2.10; 95% CI, 1.19-3.70) (Table 4).

A higher BMI significantly increased the likelihood of
developing diabetes from prediabetes. The progression probability
increases by 10% for each BMI unit increase (RRR = 1.10; 95% CI,
1.05-1.15), whereas waist circumference had a negative effect on the
progression to diabetes (0.97 [0.96-0.99]). The risk of progression
was 62% higher for those with a positive family history of diabetes
compared with those with a negative history (RRR = 1.62; 95% CI,
1.07-2.45). This predictor had a strong positive correlation with the
development of diabetes, in contrast to regression to normal
condition, which was inversely related to the combined IFG/IGT.
Those with combined IFG/IGT were 2.5 times (95% CI, 1.71-3.77)
more likely to develop diabetes than the participants with
il[FG (Table 4).

As previously explained, due to the significant negative
relationship observed between waist circumference and
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TABLE 1 Baseline characteristics of participants according to transition status?.

Variables Total Participants Remained in Prediabetes Regression to Progression to Diabetes P
(N =1329) (n =233) Normoglycemia (n = 578) (n =518)

Age, years 50.01 + 12.11 52.46 + 10.69 4727 + 13.20 51.97 +10.77 <.001

Sex, female 741 (55.76) 113 (48.50) 325 (56.23) 303 (58.49) 037

BMI, Kg/m’ 29.43 + 4.88 28.96 + 4.30 28.64 + 4.70 30.53 + 5.12 .003

SBP, mmHg 12129 + 18.41 122.70 + 17.30 117.80 + 17.76 124.56 + 18.95 <.001

DBP, mmHg 77.32 £ 10.30 77.42 £ 10.36 75.69 + 9.84 79.10 + 10.49 <.001

Antihypertensive 98 (7.37) 19 (8.15) 30 (5.19) 49 (9.46) 023

drugs

Antihyperlipidemic 79 (5.94) 19 (8.15) 24 (4.15) 36 (6.95) 043

drugs

Familial History of 282 (21.22) 41 (17.60) 106 (18.34) 135 (26.06) 003

T2DM

Waist 97.15 + 11.42 97.52 + 10.66 94.97 + 11.64 99.42 + 11.05 <.001

circumference, cm

FPG, mmol/L 5.62 .52 5.63 + .47 5.44 + .50 5.81 +.50 <.001

2h-PG, mmol/L 7.61 £ 1.75 7.46 + 1.74 7.17 £ 1.66 8.18 £ 1.70 <.001

TC, mmol/L 526 + 1.05 526 +.99 5.18 + 1.01 536 + 1.11 0171

TG, mmol/L 213+ 1.27 2.16 + 1.08 1.99 £ 133 227 +1.26 .0008

HDL-C, mmol/L 1.04 + 25 1.02 + .23 1.06 + .27 1.02 + 23 0147

Personal history of 59 (4.44) 11 (4.72) 22 (3.81) 26 (5.02) 606

CVD

Familial history of 121 (9.10) 20 (8.58) 53 (9.17) 48 (9.27) 953

CVD

Smoking 484

Former 134 (10.08) 26 (11.16) 62 (10.73) 46 (8.88)

Current 152 (11.44) 28 (12.02) 72 (12.46) 52 (10.04)

Education <.001

<6 years 496 (37.32) 103 (44.21) 182 (31.49) 211 (50.85)

6-11 years 624 (46.95) 106 (45.49) 280 (48.44) 238 (38.75)

212 years 209 (15.73) 24 (10.30) 116 (20.07) 69 (13.32)

“Data are presented as mean + SD or n (%). One-way analysis of variance and Chi-Square tests were used to compare continuous and categorical variables between the groups. BMI, body
mass index; CVD, cardiovascular disease; DBP, diastolic blood pressure; FPG, fasting plasma glucose; HDL-C, high-density lipoprotein cholesterol; SBP, systolic blood pressure TC, total

cholesterol; TG, triglyceride; T2DM, type 2 diabetes; 2h-PG, 2-hour plasma glucose.

progression to diabetes, the researchers decided to investigate
the correlation between waist circumference and BMI. They
observed a high correlation, and as a result, sensitivity analysis
was done. The relationship in the model containing BMI
remained significant (RRR = 1.06; 95% CI, 1.02-1.10)(see

Supplementary Table 1). Significance disappeared in the
model when waist circumference was included (RRR = 1;
95% CI, 0.98-1.01) (see Supplementary Table 2). There was
no change in the significance of other variables (see
Supplementary Tables 1, 2).

TABLE 2 Cumulative incidence of regression to normoglycemia and progression to diabetes by sex during a 10-year follow-up among people

with prediabetes”.

Total Male Female
Regression to normoglycemia 578 (43.49) 253 (43.03) 325 (43.86)
Remained in prediabetes 233 (17.53) 120 (20.41) 113 (15.25)
Progression to diabetes 518 (38.98) 215 (36.56) 303 (40.89)
Total 1329 588 741

“Data are presented as n (%).
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TABLE 3 Prognostic factors associated with regression and progression in prediabetes over a 10-year follow-up in a uni-variable analysis®.

Regression to Normoglycemia

Variables

Age, years

Sex, female

BMI, Kg/m®

SBP, mmHg

DBP, mmHg
Antihypertensive drugs
Antihyperlipidemic drugs
Familial history of T2DM
Waist circumference, cm
Glycemic status

ilFG

ilGT

Combined IFG/IGT

TC, mmol/L

TG, mmol/L

HDL-C, mmol/L
Personal history of CVD
Familial history of CVD
Smoking

Nonsmoker

Ex-smoker

Smoker

Education

<6 years

6-12 years

=12 years

0.96 (0.95-0.97)
1.76 (1.60-1.94)
1.09 (1.06-1.12)
1.007 (1.005-1.008)
1.011 (1.009-1.013)
1.57 (.88-2.80)
1.26 (.69-2.30)
2.58 (1.80-3.70)
1.009 (1.007-1.010)

Reference
3.40 (2.65-4.56)
1.10 (.77-1.59)
1.17 (1.14-1.21)
1.38 (1.29-1.48)
2.39 (2.07-2.76)

2 (.96-4.12)
2.64 (1.58-4.43)

Reference
2.38 (1.50-3.76)
2.57 (1.66-3.97)

Reference
2.64 (2.11-3.30)
4.83 (3.11-7.50)

Progression to Diabetes

1(0.99-1.01)
1.67 (1.51-1.84)
1.12 (1.10-1.15)
1.006 (1.005-1.007)
1.010 (1.008-1.012)
2,57 (1.51-4.38)
1.89 (1.08-3.30)
3.29 (2.32-4.67)
1.008 (1.006-1.009)

1.71 (1.26-2.31)
4.07 (3.03-5.46)
1.16 (1.12-1.19)
1.39 (1.30-1.49)
2.09 (1.80-2.42)
236 (1.16-4.78)
2.39 (1.42-4.04)

1.76 (1.09-2.86)
1.85 (1.17- 2.94)

2.24 (1.78-2.82)
2.87 (1.80-4.57)

“Data are presented as RRR (95% CI). A total of 1329 participants remained in prediabetes as reference group. BMI, body mass index; CVD, cardiovascular disease; DBP, diastolic blood

pressure; FPG, fasting plasma glucose; HDL-C, high-density lipoprotein cholesterol; ilFG, isolated impared fasting glucose; iIGT, isolated impared glucose tolerance; SBP, systolic blood

pressure TC, total cholesterol; T2DM, type 2 diabetes; TG, triglyceride; RR, relative risk ratio.

Discussion

The aim of the study was to simultaneously identify the
determinants of regression to normoglycemia and progression to
diabetes in individuals with prediabetes. In this population-based
cohort study with a 10-year follow-up, we observed similar
conversion rates of approximately 40% for progression and
regression from prediabetes in participants, but with different
predictors. A study on middle-aged participants with prediabetes
showed that during a 10-year follow-up, the rates of regression to
normoglycemia and progression to diabetes were about 23% and
30%, respectively (6). Another study among the middle-aged
Swedish population with prediabetes reported a rate of regression
of bout 36% during 8 tol0 years (7). The KORA S4/F4 study of
those aged 55 to 74 years in Germany found a reversion rate of
16.3% over 7 years of follow-up using an oral glucose tolerance test
as the diagnostic criterion (8). The conversion rate varies based on
the population characteristics, length of follow-up, and the
definition used to define normoglycemia, prediabetes, and diabetes.
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Our results showed that the factors that lead to regression
from prediabetes to normoglycemia are not the same as factors
that predict progression to diabetes. Age, sex, education level,
and combined IFG/IGT predicted the regression. BMI, familial
history of type 2 diabetes, and combined IFG/IGT are
determinants of diabetes progression. The combined IFG/IGT
were inversely associated with regression to normoglycemia and
directly associated with the development of diabetes.

This analysis showed that younger age—independent of other
factors—was related to a higher probability of regression to
normoglycemia, which is in line with previous studies (1, 9).
Aging is an inevitable risk factor for insulin resistance (10, 11).
To reestablish the normal state, identification and intervention at
younger ages may be considered. In this cohort, women had a
higher probability of regression to normoglycemia. This finding
may reflect a higher use of health care services and health awareness
among women. A previous study (12) found an association between
female sex and regression to normoglycemia, whereas other studies
did not (13, 14). However, a study reported that women had a
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TABLE 4 Prognostic factors associated with regression and progression in prediabetes over a 10-years follow-up in a multi-variable analysis®.

Regression to Normoglycemia

Variables

Age, years

Sex, female

BMI, Kg/m®

SBP, mmHg

DBP, mmHg
Antihypertensive drugs
Antihyperlipidemic drugs
Familial History of T2DM
Waist circumference, cm
Glycemic status

ilFG

iIGT

Combined IFG/IGT

TC, mmol/L

TG, mmol/L

HDL-C, mmol/L
Personal history of CVD
Familial history of CVD
Smoking

Non-smoker

Ex-smoker

Smoker

Education

<6 years

6-12 years

=12 years

0.97 (0.95-0.99)
0.72 (1.18- 2.50)
0.99 (0.94-1.04)
0.99 (.98-1.01)
0.99 (.97-1.01)
0.95 (49-1.82)
0.55 (0.28-1.08)
0.84 (0.55-1.29)
0.99 (0.98-1.01)

Reference
1.43 (0.99-2.06)
0.45 (0.29-0.70)
0.97 (0.81-1.15)
0.98 (.84-1.14)
1.92 (.93-3.97)
1.31 (.60-2.88)
1.02 (0.58-1.79)

Reference
1.45 (0.84-2.50)
1.41 (0.83-2.38)

Reference
1.19 (.81-1.76)
2.10 (1.19-3.70)

Progression to Diabetes

1 (.98-1.02)
1.11 (.76-1.62)
1.10 (1.05-1.15)

1(.99-1.01)
1.01 (0.99-1.03)
0.95 (0.52-1.76)
0.76 (0.40-1.42)
1.62 (1.07-2.45)
0.97 (0.96-0.99)

1.08 (0.72-1.60)
2.54 (1.71- 3.77)
1.04 (0.87-1.24)
1.03 (0.89-1.20)
96 (0.45-2.04)
0.96 (0.44-2.08)
.94 (0.53-1.66)

94 (0.53-1.65)
96 (0.55-1.65)

1.21 (.82-1.80)
1.72 (.95-3.09)

“Data are presented as RRR (95% CI). A total of 1329 participants remained in prediabetes as reference group. BMI, body mass index; CVD, cardiovascular disease; DBP, diastolic blood

pressure; FPG, fasting plasma glucose; HDL-C, high-density lipoprotein cholesterol; ilFG, isolated impared fasting glucose; ilGT, isolated impared glucose tolerance; RRR, relative risk ratio;
SBP, systolic blood pressure TC, total cholesterol; T2DM, type 2 diabetes; TG, triglyceride.

higher insulin secretion index (15). It is well documented that
diabetes complications and burden vary between the sexes (16).
However, there is not much proof of this problem in the stage of
prediabetes. Previous studies have reported that women with
prediabetes have a higher burden of cardiovascular disease as a
complication of diabetes than their men counterparts (17). All of
the aforementioned information suggests that among people with
prediabetes, gender-related factors may need to be taken into
account before diabetes actually develops. Age and sex are
nonmodifiable factors that were associated with regression to
normal glucose levels; however, they can be valuable for screening
and intervention programs. This study found no correlation
between conversions and blood pressure or dyslipidemia (low
HDL-C and high cholesterol levels). Measures of lipid
metabolism in relation to glycemic status have only been
investigated in a small number of previous studies, and the results
have been inconsistent (6, 18). In their study on 1610 participants
with prediabetes, Ahmadi et al (19) showed that rising the trend of
HDL-C was an independent risk factor for conversion to diabetes 9
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years before the incidence of diabetes. In our study, although there
were some associations between lipid measures and both regression
and progression, this association disappeared after adjustment with
other possible predictors. Based on these results, it appears that
additional research may be required to examine how lipid
components, which are frequently utilized in clinical laboratories
as metabolites, contribute to the onset of diabetes. Lipid-lowering
medication was associated with an increased risk of progression to
diabetes in univariable analysis (RRR = 1.89; 95% CI, 1.08-3.30) but
decreased the regression to diabetes by about 2-fold with a
borderline significance (RRR = 0.55; 95% CI, 0.28-1.08). This
outcome is expected given that statins make up the majority of
antihyperlipidemic medications and that they raise the risk of
dysglycemia. Our findings regarding BMI and waist
circumference mostly agree with those of previous studies on the
progression toward diabetes. In line with our findings, previous
studies from India and South Africa did not detect any association
between waist circumference and progression to diabetes (20, 21).
However, weight gain, particularly visceral fat accumulation, could
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increase impaired insulin signaling, leading to insulin resistance and
increasing the risk of progression from prediabetes to diabetes (22).
In our study, this was shown with BMI.

In addition, our findings about the parental history of
diabetes are consistent with findings from previous studies.
Although the increased risk of progression to diabetes among
those with a family history of diabetes shows some genetic
effects, it may also indicate that individuals with a family
history of diabetes are more likely to have their glucose level
tested (23), and that a family history of diabetes probably affects
an individual’s knowledge of having diabetes (24).

Diabetes risk is increased by both IFG and IGT, and it is
increased by the two together more than by either one alone. This
is consistent with the concept that any rise in glucose is not benign
and reflects an endocrine pancreatic defect. The annual incidence
of diabetes in people with IFG or IGT varied from 5% to 10%.
Compared with normoglycemic people, the meta-analyzed relative
risk and 95% CI for diabetes was 5.52 (3.13-7.91) in people with
{IGT, 7.54 (4.63-10.45) in people with iIFG, and 12.13 (4.27-20) in
people with both IFG and IGT (25). With the ilFG group chosen as
the reference group in this study, we demonstrated that ilFG and
iIGT had no differences in the progression to diabetes, but iIGT
had a higher likelihood of regressing to normoglycemia with a
borderline significance (P = .054). Insulin resistance in subjects
with IFG is due to increased hepatic insulin resistance while in
subjects with IGT it is related to the increased insulin resistance in
skeletal muscles. However, there is a strong association between
increased insulin resistance in liver and skeletal muscles. In both
kinds of pre-diabetes, insulin resistance combined with B-cell
dysfunction would be responsible for the increased risk of type 2
diabetes. (Abdul-Ghani MA, DeFronzo RA. Pathophysiology of
prediabetes. Current diabetes reports. 2009 Jun;9(3):193-9.)

Regression to normoglycemia was more likely to occur in
participants with higher education levels. Education level is
associated with income, occupation, and physical activity.
Education also improves the willingness to seek health
information and encourages healthy lifestyle behaviors. The
inverse association between education level and diabetes and
obesity has been supported by previous studies (26, 27).

In terms of possible clinical and public health significance of
our findings, since identifying high-risk populations is considered a
critical issue in diabetes prevention and intervention programs, pre-
diabetes is an appropriate state in which high-risk individuals could
be identified and followed for appropriate interventions. Therefore,
identifying high-risk pre-diabetes people who progress to diabetes
can help us carry out effective interventions to prevent diabetes, and
even better control of these risk factors can increase the regression
to normoglycemia.

Strengths and limitations

The population-based longitudinal study design, multiple

measurements from both clinical and paraclinical sources,
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including tests and questionnaires, repeated blood sampling,
extensive follow-up, and use of an analysis that takes into
account all outcomes simultaneously are the main strengths of
our study. The loss of follow-up is a limitation in our study, as it
is in any cohort study, which we tried to resolve via imputation.
Another limitation is the definition of diabetes and
normoglycemia, which was determined by a single blood
glucose measurement; however, this is common in
epidemiological studies. The diagnosis of diabetes in clinical
practice is based on at least two measurements of hyperglycemia
and using one measurement in epidemiological studies makes
the results unreliable. In our study the fluctuation of glucose
level could be on both sides, i.e toward diabetes or
normoglycemia, so although it may decrease the reliability of
the results, a measurement bias is not plausible. Furthermore,
although there is a growing body of evidence describing how the
types of prediabetes are physiologically different, because of
the low sample size we could not separate the analysis based
on the type of prediabetes. Nevertheless, the likelihood ratio test
did not show a significant interaction between the type of
prediabetes and different predictors.

Conclusion

The magnitude of regression to normal glucose levels was
the same as progression toward diabetes. We did not aim to
investigate the reasons why people with prediabetes progressed
to diabetes and regressed to normoglycemia, however, we did
demonstrate that different factors can predict these related
outcomes. Factors associated with regression to normal
glucose levels were age, sex, and education level, and factors
associated with progression to diabetes were BMI and familial
history of type 2 diabetes. The combined IFG/IGT had a notable
significant relationship with both, which indicates the major
determinant role for prediabetes transitions.

In diabetes preventive and intervention programs,
identifying high-risk people is thought to be a challenging
task. It seems that prediabetes is a state in which high-risk
populations should be identified, and essential interventions
should be done. Identification of high-risk prediabetes
individuals who go on to develop diabetes is crucial for
effective diabetes prevention. Prediabetic individuals may
progress to normoglycemia if these risk factors are
better managed.
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Aims: Abnormalities of glucolipid metabolism are critical mechanisms involved
in the progression of diabetic kidney disease (DKD). Bile acids have an essential
role in regulating glucolipid metabolism. This study investigated the
clinicopathological characteristics of DKD patients with different bile acid
levels and explored the relationship between bile acids and renal outcomes
of DKD patients.

Methods: We retrospectively reviewed and evaluated the histopathological
features and clinical features of our cohort of 184 patients with type 2 diabetes
mellitus and biopsy-proven DKD. Patients were divided into the lower bile acids
group (<2.8 mmol/L) and higher bile acids group (>2.8 mmol/L) based on the
cutoff value of bile acids obtained using the time-dependent receiver-
operating characteristic curve. Renal outcomes were defined as end-stage
renal disease (ESRD). The influence of bile acids on renal outcomes
and correlations between bile acids and clinicopathological indicators
were evaluated.

Results: Bile acids were positively correlated with age (r = 0.152; P = 0.040) and
serum albumin (r = 0.148; P = 0.045) and negatively correlated with total
cholesterol (r = -0.151; P = 0.041) and glomerular class (r = -0.164; P =0.027).
During follow-up, 64 of 184 patients (34.78%) experienced progression to
ESRD. Lower levels of proteinuria, serum albumin, and bile acids were
independently associated with an increased risk of ESRD (hazard ratio,
R=5.319; 95% confidence interval, 1.208-23.425).

Conclusions: Bile acids are an independent risk factor for adverse renal
outcomes of DKD patients. The serum level of bile acids should be
maintained at more than 2.8 mmol/L in DKD patients. Bile acid analogs or
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their downstream signaling pathway agonists may offer a promising
strategy for treating DKD.

KEYWORDS

bile acids, diabetic kidney disease, glucolipid metabolism, end-stage renal
disease, renal outcomes, risk factors

Introduction

Data collected from 142 countries comprising 97.3% of the
worldwide population showed that the global prevalence of
diabetes among patients with end-stage renal disease (ESRD)
increased from 19.0% in 2000 to 29.7% in 2015, and that the
proportion of patients with ESRD attributable to diabetes
increased from 22.1% to 31.3% (1). Diabetic kidney disease
(DKD) is a significant microvascular complication that has
become the leading cause of chronic kidney disease and ESRD,
resulting in large health and economic burdens worldwide (2-4).

The management of risk factors, such as hyperglycemia,
hypertension, dyslipidemia, and the use of renin-angiotensin-
aldosterone system blockers, has helped to delay the progression
of DKD. Recently, new therapeutic agents, including sodium-
glucose transporter 2 inhibitors, endothelin antagonists,
glucagon-like peptide-1 receptor agonists, and
mineralocorticoid receptor antagonists, have provided
additional treatment options for patients with DKD (5).
Although more treatment options are available, a significant
number of patients still experience progression to ESRD.
Therefore, it is urgent to actively explore the pathogenesis of
DKD to find more effective intervention targets.

Abnormalities of glycolipid metabolism are crucial in the
development and progression of DKD. Bile acids are the main
components of bile (approximately 50% of the organic bile
composition) and are mainly synthesized by the liver;
furthermore, they have been confirmed to regulate glycolipid
metabolism (6, 7). The improvement of glycolipid metabolism
has been proven to be renoprotective; therefore, bile acids may
indirectly exert renoprotective effects by improving glycolipid
metabolism. Additionally, many studies have shown that bile
acid signaling molecules exert metabolic effects by interacting
with nuclear receptors (farnesoid X receptor [FXR], pregnane X
receptor, vitamin D receptor, G-protein-coupled receptors
[TGR5]), and cellular signal transduction pathways (e.g., c-Jun
N-terminal kinase and extracellular signal-regulated kinase) (8).
This suggests that bile acids and their analogs may exert direct
physiological effects by activating receptors in other organs.
Some studies confirmed that bile acid derivatives or analogs
can directly act on the bile acid receptors (TGR5/FXR) of the
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kidney to protect the kidney (9-13). Whether improving glucose
and lipid metabolism or modulating energy metabolism or
directly activating renal bile acid receptors, bile acids are
closely related to the prognosis of DKD patients; therefore,
bile acid analogs are likely to become a new treatment for DKD.
No study has confirmed whether bile acids are associated
with renal outcomes of patients with DKD. Therefore, during
this retrospective cohort study, we explored whether bile acid
levels could predict the renal prognosis of Chinese patients with
type 2 diabetes mellitus (T2DM) and biopsy-proven DKD.

Materials and methods
Study design and patients

This was a retrospective cohort study including T2DM
patients with biopsy-confirmed DKD at the West China
Hospital of Sichuan University from April 2009 to December
2021. The diagnosis and classification of T2DM were based on
the criteria of the American Diabetes Association (14). DKD was
diagnosed according to the standards of the Renal Pathology
Society in 2010. The inclusion criteria were age 18 years or older,
diagnosis of T2DM, and diagnosis of DKD proven by renal
biopsy. The exclusion criteria were malignant tumors,
coexistence with other glomerular diseases, hepatobiliary
disease (active hepatitis, cirrhosis, hepatobiliary stones),
estimated glomerular filtration rate (eGFR) <15 mL/min/1.73
m? or dialysis, and incomplete data (Figure 1). This study was
approved by the ethics committee of West China Hospital of
Sichuan University. The study protocol complied with the
ethical standards of the 1964 Declaration of Helsinki and its
later amendments. Written informed consent was obtained from
all patients.

Clinical and pathologic characteristics
Clinical and pathologic characteristics were collected from the

electronic medical records at the time of renal biopsy. Subsequent
follow-up evaluations of these patients were performed two to
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FIGURE 1
Flowchart of included patients in this study.

four times per year depending on the patient’s condition. The
renal outcomes were defined by ESRD, which was considered the
requirement for renal replacement therapy (kidney
transplantation and/or hemodialysis and/or peritoneal dialysis),
and/or eGFR <15 mL/min/1.73 m”. The eGFR was calculated
using the creatinine-based Chronic Kidney Disease Epidemiology
Collaboration equation. Bile acid tests were performed using an
enzymatic cycling assay. All biopsy specimens were routinely
examined by light immunofluorescence. The histological lesions
were evaluated according to the criteria of the Renal Pathology
Society (15).

Statistical analysis

All statistical tests were analyzed using SPSS version 26.0
(SPSS Inc., Chicago, IL, USA). The normally distributed
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continuous variables were expressed as the mean + standard
deviation or median and interquartile range. Categorical data
were presented as the number and percentage. The time-
dependent receiver-operating characteristic curve (ROC) was
used to evaluate the prognostic accuracy of bile acids, and the
cutoff value was calculated using R4.03 (R Foundation for
Statistical Computing, Vienna, Austria). When comparing two
groups, we used the t test, Mann—-Whitney U test, and chi-square
test, as appropriate. Correlations between bile acids and clinical
and pathological findings were calculated using correlation
analysis. Pearson’s correlation was used for normally distributed
numerical variables, and Spearman’s correlation was used for
other variables. The renal survival curves were assessed using the
Kaplan-Meier method and compared using the log-rank test. Cox
proportional hazard models were performed to analyze the
influence of bile acids on renal outcomes. A two-sided P <0.05
was considered statistically significant.
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Results
Baseline characteristics

This study cohort comprised a total of 184 individuals with
biopsy-proven DKD (Figure 1). Clinical data are provided in
Table 1. The median bile acid level was 2.80 mmol/L (1.60—4.85
mmol/L) for all patients. The median age was 51.0 years (44.0
-56.0 years), and 74.5% of patients were male. The median
duration of diabetes was 108.00 months (60.00—144.00 months).
Complications of diabetic retinopathy were observed in 53.06%
of patients. Comorbidities of hypertension were observed in
85.33% of patients. The mean proteinuria and eGFR levels were
5.16 + 4.27 g/d and 63.21 + 26.59 mL/min/1.73 m’, respectively.
The patients had more severe proteinuria and lower eGFR.
Furthermore, 78.0% of the patients used renin-angiotensin
system inhibitors (RASI). A restricted cubic spline was used to
calculate the cutoff value of bile acids (Figure 2). Then, patients
were divided into the lower bile acids group (<2.8 mmol/L) and
the higher bile acids group (>2.8 mmol/L) according to the cutoff
value. Compared with the lower bile acids group, the higher bile
acids group had lower total cholesterol levels, lower low-density
lipoprotein cholesterol levels, older ages, higher serum albumin
levels, and higher eGFR levels (Table 1). There were no
significant differences in the pathologic changes and use of
RASI (Table 2).

TABLE 1 Baseline clinical features of 184 DKD patients.

10.3389/fendo.2022.1026995

Clinical and pathological features
associated with bile acids

The bile acid level was positively correlated with age (r =
0.152; P = 0.040) and serum albumin (r = 0.148; P = 0.045) and
negatively correlated with total cholesterol (r = -0.151; P = 0.041)
and glomerular class (r = -0.164; P =0.027) (Figure 3,
Supplementary Table 1).

Risk of progression to ESRD

During the median follow-up of 19.02 months (8.65-32.39
months), 64 of 184 (34.78%) patients experienced progression to
ESRD. Compared with patients with lower bile acid levels, those
with higher bile acid levels were likely to have a lower incidence
of ESRD (Table 1). A Kaplan-Meier analysis indicated that
patients with lower bile acid levels at baseline were at
significantly higher risk for progression to ESRD. The time-
dependent ROC was used to evaluate the prognostic accuracy of
bile acid levels of patients with DKD and showed that the
predictive ability of bile acids for ESRD was relatively stable
over time (Figure 4, Supplementary Figure 1). The Cox
regression analysis evaluated the association between baseline
clinicopathological variables and the renal prognosis. Univariate
analyses revealed that bile acids, diabetic retinopathy (DR), body

Variables All (n=184) Lower bile acids (n=93)<2.8mmol/L Higher bile acids (n=91)>2.8mmol/L p-value
Age (years) 51.00 (44.00-56.00) 50.00 (43.00-53.00) 54.5 (46.5-59.5) 0.002
Gender (male, %) 137 (74.5) 69 (74.2) 68 (74.7) 0.934
DR [n (%)] 52 (53.1) 27 (54.0) 25 (52.1) 0.849
Duration of diabetes (Months) 108.00 (60.00—144.00) 96.00 (60.00-156.00) 108.00 (60.00-138.00) 0.936
BMI (kg/mz) 24.74 (22.23-26.89) 24.38 (21.51-26.53) 25.01 (22.41-27.97) 0.413
Hypertension [n (%)] 157 (85.3) 82 (88.2) 75 (82.4) 0.270
Initial proteinuria (g/day) 5.16 + 4.27 545 + 4.23 4.81 + 4.34 0.379
e-GFR (ml/min/1.73m?) 63.21 + 26.59 58.94 + 25.30 67.46 + 27.31 0.030
Serum creatinine (mg/dL) 133.42 + 10791 148.65 + 141.96 118.02 + 51.92 0.055
Serum albumin (g/L) 35.35 +7.38 33.08 + 6.87 37.67 +£7.20 <0.001
Hemoglobin (g/L) 120.54 £ 22.53 117.99 + 22.51 123.15 + 22.38 0.120
HbAlc (%) 7.89 £ 1.99 7.76 £ 2.25 8.02 + 1.67 0.411
EBS (mmol/L) 7.15 (5.70-10.09) 7.03 (5.71-13.88) 7.71 (5.63-9.80) 0.816
Triglyceride (mmol/L) 212 +1.22 2.08 = 1.14 225+ 1.64 0.410
Total cholesterol (mmol/L) 5.08 + 1.64 556 + 1.54 4.59 + 1.60 <0.001
LDL-¢ (mmol/L) 292 +1.34 337 £1.34 247 £ 1.18 <0.001
HDL-c (mmol/L) 1.36 + 0.67 1.43 +0.73 1.28 + 0.60 0.128
RASI [n (%)] 142 (78.0) 71 (78.0) 71 (78.0) 1.000
Progressed to ESRD (%) 64 (34.8) 40 (43.0) 24 (26.4) 0.018

DR, diabetic retinopathy; e-GFR, estimated glomerular filtration rate; FBS, fasting blood sugar; LDL, low density lipoprotein; HDL, high density lipoprotein; RASI, renin-angiotensin system
inhibitor; ESRD, end-stage renal disease;
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TABLE 2 Baseline pathologic features of 184 DKD patients.

Variables

Glomerular class [n (%)]

I

IIa

1Ib

III

v

IFTA [n (%)]

0

1

2

3

Interstitial inflammation [n (%)]
0

1

2

3

Arteriolar hyalinosis [n (%)]
0

1

2

All (n=184) Lower bile acids (n=93)<2.8mmol/L  Higher bile acids (n=91)>2.8mmol/L  p-value
0.130
10 (5.4) 5 (5.4) 5 (5.5)
38 (20.7) 14 (15.1) 24 (26.4)
34 (18.5) 16 (17.2) 18 (19.8)
74 (40.2) 39 (41.9) 35 (38.5)
28 (15.2) 19 (20.4) 9 (9.9)
0.118
2(L1) 1(L1) 1(L1)
78 (42.4) 35 (37.6) 40 (47.3)
74 (40.2) 36 (38.7) 38 (41.8)
30 (16.3) 21 (22.6) 9 (9.9)
0.118
4(3.1) 3 (5.0) 1(1.5)
89 (70.1) 38 (60.0) 53 (79.1)
32 (25.2) 20 (33.3) 12 (17.9)
2(1.6) 1(17) 1(15)
0353
8 (5.6) 3 (4.4) 5 (6. 6)
75 (52.0) 32 (47.1) 43 (56.6)
61 (42.4) 33 (48.5) 28 (36.8)

IFTA, interstitial fibrosis and tubular atrophy.
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mass index (BMI), eGFR, hemoglobin, serum albumin, initial
proteinuria, glomerular class, interstitial fibrosis, and tubular
atrophy, and the use of RASI were risk factors for progression to
ESRD (P < 0.05) (Supplementary Table 2). Lower bile acid levels
remained independently associated with a higher risk of

progression to ESRD with DKD after adjusting for baseline
age, sex, BMI, DR, hypertension, DM duration, eGFR, initial
proteinuria, hemoglobin, serum albumin, glomerular class,
interstitial fibrosis and tubular atrophy, and RASI use (in
model 3). The hazard ratio for the lower bile acids group was
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FIGURE 4
The prediction of bile acids for ESRD in DKD patients.
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5.319 (95% confidence interval, 1.208-23.425; P = 0.027)
(Table 3). Additionally, initial proteinuria and serum albumin
levels were independent risk factors for renal outcomes of
patients with DKD.

Discussion

To the best of our knowledge, this is the first cohort study to
relate bile acids to renal outcomes of patients with DKD. We
explored the associations among bile acids, clinicopathological
features, and renal outcomes of 184 patients with T2DM and
biopsy-proven DKD. The results indicated that bile acids are an
independent predictor of DKD progression to ESRD in T2DM
patients in addition to traditional factors, including proteinuria
and serum albumin levels, that serum bile acid, as a noninvasive
marker, was associated with adverse renal outcomes, and that
bile acid analogs and their targeting downstream signaling
pathway might be promising therapeutic agents for the
treatment of DKD.

Bile acids are synthesized intrahepatically from cholesterol
and are the major organic component of bile. Eating foods that
are high in protein can lead to increased bile acid secretion.
Vagus nerve excitation can also lead to increased bile acid
secretion. Humoral factors such as gastrin, pancreatin,
cholecystokinin, and bile salts, can cause increased bile acid
secretion. Pathological factors such as hepatobiliary disease can
also lead to increased bile acid secretion. Additionally, studies
have suggested that metformin (16, 17) and metabolic surgery
(18, 19) increase bile acid levels.

There have been no reports of the relationship between bile
acids and the renal prognosis of patients with DKD. We found
that the risk of ESRD decreased with increasing bile acid levels.
We obtained the cutoff value using the restricted cubic spline.
Patients with DKD and bile acid levels less than 2.8 mmol/L
have a poor renal prognosis. Additionally, the cutoff value is a

TABLE 3 Associations between bile acid levels and renal outcomes.
Hazard Ratio (95% Confidence Interval)

Lower bile acids Higher bile acids p-value

(<2.8mmol/L) (>2.8mmol/L)
Unadjusted 2311 (1.386-3.852) 1 0.001
Model 1° 6.006 (1.512-23.857) 1 0.011
Model 2" 6.338 (1.555-25.834) 1 0.10
Model 3¢ 5.319 (1.208-23.425) 1 0.027

Model 1* adjusted for baseline age, gender, BMI, hypertension (yes or no), DR (yes or no),
DM duration, e-GFR, and proteinuria, Hemoglobin, Serum albumin. Model 20 adjusted
for covariates in model 1 plus renal pathological findings (the glomerular class, IFTA).
Model 3° adjusted for covariates in model 2 plus RASI use. CI, confidence interval; DR,
diabetic retinopathy; e-GFR, estimated glomerular filtration rate; IFTA, interstitial
fibrosis and tubular atrophy; RASI, renin-angiotensin system inhibitor.
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reference value for discriminating those at clinically higher risk
for ESRD. However, we believe that there is an upper limit to
the bile acid level that is beneficial to renal outcomes.
Exceeding the upper limit, however, may mean that more
bile acid receptors will be activated and more side effects may
occur, thus leading to more harm than good. The time-
dependent ROC was used to evaluate the prognostic accuracy
of bile acid levels of patients with DKD and showed that the
predictive ability of bile acids for ESRD was relatively stable
over time. The survival analysis performed during our study
confirmed that patients with higher bile acid levels have a
better renal prognosis. Furthermore, the risk of ESRD was
5.319-times higher for patients with lower bile acid levels
compared to those with higher bile acid levels, suggesting the
importance of bile acids to patient outcomes. Further
exploration of the mechanisms of their protective effects
is necessary.

A better renal prognosis for DKD patients with higher bile
acid levels might be achieved by improvements in glucose
metabolism disorders. Increasing studies have shown that bile
acids are involved in glycometabolism. Wang et al. (20)
demonstrated that bile acids can regulate postprandial glucose
metabolism levels, suggesting a direct role of bile acids in the
regulation of blood glucose. Sang et al. (21) demonstrated an
increased risk of dysglycemia for Chinese community-dwelling
individuals who underwent cholecystectomy, indirectly
suggesting that bile acids have an important role in
maintaining blood glucose. Many studies have shown that
regulating blood glucose can delay DKD progression. The
United Kingdom Prospective Diabetes Study was a landmark
randomized, multicenter trial of glycemic therapies for 5102
patients with newly diagnosed T2DM that was conducted for 20
years (1977-1997) at 23 clinical sites in the United Kingdom and
conclusively showed that intensive control can reduce the risk of
microvascular complications, including progression to DKD
(22-24). The ACCORD (25), ADVANCE (26), and VADT
(27) studies also confirmed the same conclusion for patients
with T2DM. Furthermore, a meta-study evaluated seven trials
involving 28,065 adults who were monitored for 2 to 15 years
and showed that compared with conventional control, intensive
glucose control reduced the risks of microalbuminuria and
macroalbuminuria (28). However, our study showed no
correlation between bile acid levels and HbAlc and fasting
blood sugar levels of patients with DKD. This may have
occurred because most patients had been treated with glucose-
lowering therapy. In our study, glucose-lowering therapy,
including the use of insulin and oral hypoglycemic agents, was
used for 89.9% of the patients. Therefore, we think that the renal
protective effects of bile acids may be attributed to improved
glucose metabolism.

The better renal prognosis for DKD patients with higher bile
acid levels might be achieved by their improved glycolipid
metabolism disorders. We initially recognized that the primary
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role of bile acids is to promote the digestion and absorption of lipid
nutrients, thus serving as amphipathic biological detergents for lipid
metabolism (6). Bile acids are the end products of cholesterol
catabolism and have an important role in maintaining cholesterol
homeostasis and preventing the build-up of toxic metabolites and
the accumulation of cholesterol (7). However, hyperlipemia is a
traditionally recognized risk factor for cardiovascular disease for
patients with T2DM and DKD (29). Several studies have shown
that high triglyceride levels and/or low high-density lipoprotein
cholesterol levels are independent risk factors for DKD in patients
with the recommended target values of blood glucose and blood
pressure for type 1 diabetes mellitus and T2DM (30). Muntner et al.
(31) investigated the relationship between plasma lipids and kidney
disease indicated by an increase of >0.4 mg/dL in the serum
creatinine level of the large cohort of the Atherosclerosis Risk in
Communities study that included patients with T2DM. The United
Kingdom Prospective Diabetes Study investigating baseline clinical
risk factors associated with the later development of kidney
dysfunction in more than 4000 participants, all with T2DM,
identified that higher triglyceride and low-density lipoprotein
cholesterol levels significantly and independently predicted
incident renal impairment (32). The Early Treatment Diabetic
Retinopathy Study revealed that increased serum triglyceride and
total cholesterol levels were independently associated with kidney
outcomes (33). The role of bile acids in regulating lipid metabolism
was also confirmed during our study. We found that there was a
negative correlation between bile acids and total cholesterol with
DKD. Therefore, we consider that the renoprotective effect of bile
acids may be attributable to the improved lipid metabolism of
patients with DKD.

Bile acids may improve renal outcomes of patients with DKD
by directly activating renal FXR or TGR5. In human and animal
models, tubular cells and glomerular cells of the kidney highly
express FXR, and FXR is downregulated in diabetic kidney disease
(9). Wang et al. (10) demonstrated accelerated renal injury in
diabetic FXR knockout mice. In contrast, treatment with the FXR
agonist INT-747 improved renal injury by decreasing proteinuria,
glomerulosclerosis, and tubulointerstitial fibrosis and modulating
renal lipid metabolism. Similarly, Jiang et al. (11) reported that FXR
modulates renal lipid metabolism, fibrosis, and DKD. Many studies
have suggested that FXR activation inhibits inflammation in DKD
(12). Moreover, FXR activation improves diabetic tubular function
and tubular toxicity (34-36). TGR5 was identified as a membrane
receptor for bile acids which is highly expressed in tubules,
podocytes, and mesangial cells in the kidney (37, 38). It has been
confirmed that the TGR5 agonist INT-777 induced mitochondrial
biogenesis, decreased oxidative stress, increased fatty acid beta
oxidation, and decreased renal lipid accumulation (39). We found
that the bile acid level was negatively correlated with the severity of
the glomerular injury, suggesting that bile acids may activate
receptors and downstream signaling pathways in glomerular cells.
Therefore, the direct relationship between bile acids and kidney
injury must be explored.
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Metformin can increase bile acid levels and the glucose-
lowering effect, which may benefit the kidneys. Possible
mechanisms for metformin-induced suppression of active bile
acid reabsorption in the ileum are inhibition of the apical sodium-
dependent bile acid transporter and modulation of the
transcriptional activity of FXR via an AMPK-mediated
mechanism in enterocytes (16). However, metformin is
contraindicated for many individuals with impaired kidney
function because of concerns of lactic acidosis (40).
Nevertheless, many studies have suggested that metformin may
have renoprotective effects on DKD. A recent retrospective study
confirmed that metformin for advanced chronic kidney disease
patients decreased the risk of all-cause mortality and incident
ESRD. Additionally, metformin did not increase the risk of lactic
acidosis. However, because of the remaining bias even after
propensity score matching, further randomized, controlled
experiments with large samples are necessary to change real-
world practice (41). Therefore, metformin may exert
renoprotective effects through bile acids in DKD, but the
specific mechanism requires further investigation.
Unfortunately, our data lacked information regarding
metformin treatment, and it was impossible to analyze the
relationship between metformin and bile acids during our study.

Bariatric and metabolic surgeries, including Roux-en-Y
gastric bypass and vertical sleeve gastrectomy, are known to
increase bile acid secretion and alter bile acid composition,
particularly after Roux-en-Y gastric bypass (18, 19). The
mechanisms underlying the benefits of bariatric and metabolic
surgeries likely involve the bile acids signaling pathway mediated
mainly by nuclear FXR and the membrane TGRS, the
interaction of bile acids and gut microbiota, and exosomes (18,
19). Bariatric and metabolic surgeries have been shown to
improve hyperglycemia, insulin sensitivity, and hyperlipidemia
(19). These renoprotective effects may be closely related to the
bile acid and glycolipid metabolic benefits associated with
bariatric and metabolic surgeries. However, the effects on
important endpoints of kidneys, such as ESRD and eGFR
changes, must be further confirmed by randomized controlled
experiments with large samples. Furthermore, the mechanism of
action in DKD requires more research for further elucidation.

Higher levels of bile acids with better renal outcomes may be
attributed to the indirect effects of bile acids that result in
improved glycolipid metabolism and the direct effects of
activating bile acids receptors to protect the kidney.

We also found a negative correlation between bile acid levels
and age; this may have occurred because the synthesis and
secretion of bile acids are different in individuals of different
ages. We found a positive correlation between bile acid and
serum albumin levels; however, more studies exploring the
possible mechanism are necessary.

This study had some limitations. First, this was a
retrospective study; therefore, some selection bias was
inevitable. Second, the patients had biopsy-proven DKD, and
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the sample size was insufficient. Finally, we did not control all
therapeutic interventions (such as glucagon-like peptide-1 and
sodium-glucose transporter 2), which could have been
confounders of the results.

In conclusion, our study describes a novel marker for
predicting the renal outcomes of DKD and indicates that the
serum level of bile acids should be maintained at more than 2.8
mmol/L in patients with DKD. Our study also predicted that bile
acid analogs and their targeting downstream signaling pathway
might be promising therapeutic agents for the treatment of DKD.
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Hypothesis: Gestational diabetes mellitus (GDM) entails a complex underlying
pathogenesis, with a specific genetic background and the effect of
environmental factors. This study examines the link between a set of single
nucleotide polymorphisms (SNPs) associated with diabetes and the
development of GDM in pregnant women with different ethnicities, and
evaluates its potential modulation with a clinical intervention based on a
Mediterranean diet.

Methods: 2418 women from our hospital-based cohort of pregnant women
screened for GDM from January 2015 to November 2017 (the San Carlos
Cohort, randomized controlled trial for the prevention of GDM
ISRCTN84389045 and real-world study ISRCTN13389832) were assessed for
evaluation. Diagnosis of GDM was made according to the International
Association of Diabetes and Pregnancy Study Groups (IADPSG) criteria.
Genotyping was performed by IPLEX MassARRAY PCR using the Agena
platform (Agena Bioscience, SanDiego, CA). 110 SNPs were selected for
analysis based on selected literature references. Statistical analyses regarding
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patients’ characteristics were performed in SPSS (Chicago, IL, USA) version
24.0. Genetic association tests were performed using PLINK v.1.9 and 2.0
software. Bioinformatics analysis, with mapping of SNPs was performed using
STRING, version 11.5.

Results: Quality controls retrieved a total 98 SNPs and 1573 samples, 272
(17.3%) with GDM and 1301 (82.7%) without GDM. 1104 (70.2%) were Caucasian
(CAU) and 469 (29.8%) Hispanic (HIS). 415 (26.4%) were from the control group
(CQ), 418 (26.6%) from the nutritional intervention group (IG) and 740 (47.0%)
from the real-world group (RW). 40 SNPs (40.8%) presented some kind of
significant association with GDM in at least one of the genetic tests considered.
The nutritional intervention presented a significant association with GDM,
regardless of the variant considered. In CAU, variants rs4402960, rs7651090,
IGF2BP2; rs1387153, rs10830963, MTNR1B; rs17676067, GLP2R; rs1371614,
DPYSL5; rs5215, KCNJ1; and rs2293941, PDX1 were significantly associated
with an increased risk of GDM, whilst rs780094, GCKR; rs7607980, COBLLI1;
rs3746750, SLC17A9; rs6048205, FOXA2; rs7041847, rs7034200, rs10814916,
GLIS3; rs3783347, WARS; and rs1805087, MTR, were significantly associated
with a decreased risk of GDM, In HIS, variants significantly associated with
increased risk of GDM were rs9368222, CDKALL; rs2302593, GIPR; rs10885122,
ADRAZ2A; rs1387153, MTNRI1B; rs737288, BACE2; rs1371614, DPYSL5; and
rs2293941, PDX1, whilst rs340874, PROX1; rs2943634, IRS1; rs7041847,
GLIS3; rs780094, GCKR; rs563694, G6PC2; and rs11605924, CRY2 were
significantly associated with decreased risk for GDM.

Conclusions: We identify a core set of SNPs in their association with diabetes
and GDM in a large cohort of patients from two main ethnicities from a single
center. Identification of these genetic variants, even in the setting of a nutritional
intervention, deems useful to design preventive and therapeutic strategies.

KEYWORDS

genetic risk variants, genetic polymorphisms, gestational diabetes mellitus, single
nucleotide polymorphisms, SNPs, Mediterranean diet, nutritional intervention

Introduction

Gestational diabetes mellitus (GDM), defined as diabetes
newly diagnosed in the second or third trimester of pregnancy,
and was not clearly overt diabetes prior to gestation (1), is a
frequent gestational metabolic complication that has become a
major public health issue. Its prevalence has significantly
increased in parallel with increasing rates of obesity, older age
at pregnancy, and the implementation of the International
Association of the Diabetes and Pregnancy Study Groups
criteria (IADPSG criteria) (2). GDM is associated with adverse
maternal and neonatal outcomes and an increased risk for the
future development of type 2 diabetes both in the mother and
the offspring (1, 2), so strategies for early detection and
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prevention, and interventions to control maternal glucose
levels have become a priority.

The complex underlying pathogenesis of GDM includes a
specific genetic background and the effect of environmental
factors. Although there is still much to be known regarding
the underlying mechanisms responsible for the development of
GDM, several modifiable and non-modifiable factors have been
acknowledged; for instance, increased adiposity, lifestyle,
ethnicity, increased maternal age, polycystic ovary syndrome
or a family history for type 2 diabetes. Regarding the genetic
background, several genetic polymorphisms have been identified
as potentially associated with an increased risk of developing
GDM, most of them overlapping with those associated with the
risk of type 2 diabetes. However, there is still controversy on the
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true impact of genetic polymorphisms on the risk of these
metabolic alterations, and whether this increased risk could be
modulated by clinical interventions such as diet. In previous
studies (3, 4) we found that an early nutritional intervention
with a supplemented Mediterranean diet (MedDiet) reduces
the incidence of GDM and, consequently, our hospital
recommended the adoption of this nutritional intervention to
all pregnant women.

The objective of this study is to examine the link between a
set of single nucleotide polymorphisms (SNPs) associated with
diabetes and GDM, according to different bibliographical
references, and the development of GDM in pregnant women
of different ethnicities, in the setting of a clinical intervention
based on the MedDiet.

Methods
Study population

The study population originates from our hospital-based
cohort of pregnant women screened for GDM from January
2015 to November 2017 (the San Carlos Cohort, randomized
controlled trial (RCT) for the prevention of GDM registered
December 4, 2013 at ISRCTN84389045 (DOI 10.1186/
ISRCTN84389045) and real-world study, registered
October 11", 2016 at ISRCTN13389832 (DOI 10.1186/
ISRCTN13389832) (3, 4) with approval by the Clinical Trials
Committee of the Hospital Clinico San Carlos (July 17, 2013, CI
13/296-E and October 1%, 2016, CI16/442-F, respectively), and
compliance with the Declaration of Helsinki). The central
location of our hospital and its relatively large reference
healthcare population of around 445,000 implied that our
study sample could adequately represent the population living
in our country.

Figure 1 shows the CONSORT 2010 flowchart of our study
population. From January 2015 to November 2017, a total of
2418 women who attended their first gestational visit (at 8 + 2
gestational weeks (GW), in which the first ultrasound is
performed and analytical screening for chromosomal
alterations is carried out), with fasting plasma glucose (FPG) <
92 mg/dL, were assessed for the clinical trial. Inclusion criteria
were >18 years old, singleton gestation, and willingness to
participate in the study. Exclusion criteria comprised
gestational age at entry >14 weeks, pre-gestational diabetes,
diseases affecting carbohydrate metabolism, intolerance to nuts
or extra-virgin olive oil (EVOO), and medical conditions or
pharmacological therapy that could compromise the effect of the
intervention and/or the follow-up program. All patients
included signed a written informed consent.

A sample of 1000 women was selected and randomly divided
into two groups of the same size, control group (CG) and
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intervention group (IG), according to two nutritional
intervention models. The same basic MedDiet and daily
exercise habits were recommended for both groups.
Participants allocated to IG received lifestyle guidance from
dieticians one week after inclusion in a unique 1-hour group
session. The key IG recommendation was a daily consumption
of at least 40 mL of EVOO and a handful (25-30g) of pistachios.
To ensure the consumption of the minimum amount
recommended, women were provided with 20 L of EVOO and
4 Kg of roasted pistachios. Women in the CG were advised by
midwives to restrict consumption of dietary fat, including
EVOO and nuts. These recommendations are provided in
local antenatal clinics as part of the available guidelines in
pregnancy standard care (5). The first women was included on
January 274 2015 and the last one was included on December
27", 2015. The follow up until delivery on July 2016. The study
was completed by 874 women (440/434, CG/IG). This group is
the initial sub-cohort of this paper.

The aforementioned RCT concluded that an early
nutritional intervention with a supplemented MedDiet reduces
the incidence of GDM (3). Based on these results, our hospital
recommended the adoption of this nutritional intervention (i.e.,
MedDiet enriched with EVOO and nuts), without providing
these specific products, to all pregnant women, from the
beginning of gestation, in real word (4). Thus, from November
2016 onwards, every pregnant woman who attended the first
gestational visit were invited to participate in our study based on
the implementation of the RCT results in clinical practice. The
last women included on November 30, 2017 was follow up until
delivery on July 2018. In accordance with the inclusion and
exclusion criteria indicated above, a new sub-cohort (real-world
group, RW) was defined, with 768 samples that are included in
this study.

Ethnicity of participants includes mainly Caucasian and
Hispanic, as well as some minority ethnicities (Chinese,
African and others). Given the characteristics of this study,
samples corresponding to these minority ethnic groups were
excluded. Therefore, samples from 1586 pregnant women were
available and were used for this study. The characteristics of
patients included in the study are displayed in Table 1.

Patient data collection

Data regarding clinical, demographic and anthropometric
characteristics was collected from medical records and follow-up
visits. Specifically, we collected information on maternal age,
ethnicity, gestational week at the time of the oral glucose
tolerance test (OGTT), body mass index, family history of type
2 diabetes, past medical history of GDM, past obstetric history
and parity, gestational weight gain, associated comorbidities, and
the newborn’s birthweight.
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I Enrollment ‘ Assessed for eligibility (n=2418) ‘

10.3389/fendo.2022.1036088

i

‘ Randomized (n=1000)

Excluded (n=1418).
e Not meeting inclusion criteria (n=376).
e Decline to participate (n=917).

Other reasons (n=125).

3

l Allocation |

Allocated to control (n=500).
e Received allocated
intervention (n=500).

l Follow Up I

Allocated to intervention (n=500).
e Received allocated
intervention (n=500).

Lost to follow-up (miscarriage, did
not attend GDM screening (n=51).

Discontinued control (decline visit,
changed hospital (n=9).

Lost to follow-up (miscarriage, did
not attend GDM screening (n=48).

Discontinued control (decline
visit, changed hospital (n=18).

l RCT Analysis

RCT Analyzed Control Group
(CG) (n=440).

|

RCT Analyzed Nutritional
Intervention Group (IG) (n=434).

[ Real Word (Start Nov 2016) ]

Assessed for inclusion at 8-12 GW
(n=1066)

Excluded (n=186).
o Not meeting criteria
(n=112).
e Other reasons (n=74).

h 4

Real World Group (RW) (n=768).

|

Lost in genotyping process (n=10).

Minority ethnic groups (n=14).

Lost in genotyping process (n=3).

Minority ethnic groups (n=10).

|

Minority ethnic groups (n=19).

}

GWA Quality Control Process
(n=1).

GWA Quality Control Process
(n=3).

!

GWA Quality Control Process
(n=9).

GWA Analyzed Control Group
(CG) (n=415).

GWA Analyzed Nutritional
Intervention Group (IG) (n=418).

GWA Analyzed Real World
Group (RW) (n=740).

7

O\

7\

Caucasian Latin American Caucasian Latin American
ethnicity ethnicity ethnicity ethnicity
(n=286). (n=129). (n=291). (n=127).

Caucasian Latin American
ethnicity ethnicity
(n=527). (n=213).

FIGURE 1
Flow diagram of women included in our study.

Diagnosis of gestational diabetes mellitus

A 2-hour OGTT with 75-g glucose was performed at 24-28
weeks of gestation. FPG levels were determined by the glucose
oxidase method in fresh plasma samples. The International
Association of Diabetes and Pregnancy Study Groups
(IADPSG) criteria were used for the diagnosis of GDM (2).

Genotype analysis

Genomic DNA was extracted from EDTA-stabilized blood
samples taken during the OGTT using the Maxwell RSC
instrument (Promega, Dubendorf, Switzerland).

Genotyping was performed by IPLEX MassARRAY PCR using
the Agena platform (Agena Bioscience, SanDiego, CA). IPLEX
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MassARRAY PCR and extension primers were designed from
sequences containing each target SNP and 150 upstream and
downstream bases with AssayDesign Suite (http://agenabio.com/
assay-design-suite-20-software) using the default settings. Single
base extension reactions were performed on the PCR reactions
with the iPLEX Gold Kit (AgenaBioscience) and 0.8yl of the custom
UEP pool. The kit contains mass modified terminator nucleotides
that increase the mass difference between extended UEPs, allowing
for greater accuracy in genotyping. The mass difference with
unmodified terminator nucleotides ranges from 9 to 40 kDa,
depending on the two nucleotides compared. With the mass-
modified terminator nucleotides the mass difference increases to
16-80 kDa. The single base extension reactions were cycled with a
nested PCR protocol that used five cycles of annealing and
extension nested with a denaturation step in a cycle that was
repeated 40 times for a total of 200 annealing and extension
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TABLE 1 Main characteristics of patients included in the study.

Ethnicity Caucasian
Hispanic
Total
Intervention nutritional group Control (CG)
Intervention (IG)
Real Word (RW)
Total

Age (years)

Prior body weight (kg)

Prior BMI

Parity 1

NA

Total
Obstetric history None
Abortion
GDM
HT
Other

Total

10.3389/fendo.2022.1036088

Gestational diabetes mellitus

NO YES
N (%) N (%)
915 (70.3) 189 (69.5)
386 (29.7) 83 (30.5)
1301 (100) 272 (100)
319 (24.5) 96 (35.3)
349 (26.8) 69 (25.4)
633 (48.7) 107 (39.3)
1301 (100) 272 (100)
33+ 5 34+ 5
594+ 9.72 62.82 + 10.99
2247+ 343 2399 + 4.01
567 (43.6) 117 (43.0)
394 (30.3) 86 (31.6)
203 (15.6) 41 (15.1)
129 (9.9) 28 (10.3)
8 (0.6) 0 (0)
1301 (100) 272 (100)
804 (61.8) 162 (59.6)
422 (32.4) 85 (31.2)
28 (2.2) 10 (3.7)
14 (1.1) 1(04)
33 (2.5) 14 (5.1)
1301 (100) 272 (100)

Data are presented as number and percentage for categorical values and mean + standard deviation for quantitative values

steps. The goal was to extend nearly all of the UEPs. Following
single base extension, the reactions were diluted with 16l of water
and deionized with 6 ng of resin. After deionizing for 20 min the
reactions were dispensed onto SpectroChipArrays with a
Nanodispenser (Agena Bioscience). The speed of dispensation
was optimized to deliver an average of 20 nl of each reaction to a
matrix pad on the SpectroChip. An Agena Bioscience Compact
MassArray Spectrometer was used to perform MALDI-TOF mass
spectrometry according to the iPLEX Gold Application Guide. The
Typer 4 software package (Agena Bioscience) was used to analyze
the resulting spectra and the composition of the target bases was
determined from the mass of each extended oligo. These panels
were designed in collaboration with PATIA and Genotyping was
performed at the Agena platform located at the Epigenetics and
Genotyping laboratory, Central Unit for Research in Medicine
(UCIM), Faculty of Medicine, University of Valencia,
Valencia, Spain.

Selection of SNPs

The 110 single-nucleotide polymorphisms were based on
literature references (6-12). Specifically, SNPs were prioritized
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according to the results of large meta-analysis of genome-wide
association studies (GWAS) performed in European and other
populations, and with the presumption that their effects can be
extrapolated and generalized, and that large sample sizes allow
solid estimations of the true size effect. Allele frequencies were
considered to maximize the SNPs’ predictive power (effect size x
allele frequency). In addition, significant SNPs identified in
smaller association studies were also included. As a result,
the selected SNPs for analysis fulfilled the following criteria:
odds ratio (OR) >1.2, Rare Allele Frequency (RAF) >0.20
and Association Statistical Significance of p <1 x 10-5
(Supplementary Table 1).

GWA quality control

Quality control steps removed participants with a high missing
genotype rate (MIND >5%, 13 samples), removed SNPs with a high
missing genotype data (GENO > 5%, 1 variant), removed SNPs due
to Hardy-Weinberg exact test (HWE, p < 1 x 1075, 7 variants), and
removed SNPs due to allele low frequency threshold (MAF < 5%, 4
variants). As a result, our data warehouse included 1573 women
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and 98 SNPs, with a total genotyping rate of 0.996544
(Supplementary Table 1).

Statistical analysis

Statistical analyses regarding patients’ characteristics were
performed in SPSS (Chicago, IL, USA) version 24.0. Data are
presented as mean + standard deviation or median and
interquartile range according to the normality of their
distribution. x2 test was used to compare qualitative
characteristics and quantitative characteristics were assessed
with Student’s t-test. A two-sided p-value <0.05 was
considered statistically significant.

The association between each SNP and GDM risk was
evaluated by genetic binary logistic regression models. All
genetic association tests were performed using PLINK v.1.9
and 2.0 software (13). Specifically, we used the following
models and tests: ADDITIVE model - test ADD;
DOMINANT model - test DOM; RECESSIVE model - test
REC and HETHOM model -test HOM and HET.

In all the logistic regression models, a variable was added to
represent the nutritional intervention group [GROUP]. We
defined this variable with values 1, 2 and 3 corresponding
respectively to the CG, IF and RW groups of Figure 1. The
reference group for the logistic regression model was the
CG group.

The analysis was carried out by stratifying the sample by
ethnicity, according to the two categories present in the data:
Caucasian (CAU) and Hispanic (HIS). The allele indicated in the
previous literature was taken as the reference allele (REF). In the
logistic regression models, the minor allele (Al) was always
taken as the base category, meaning that it can be a risk allele
when OR > 1 or a protective allele when OR < 1. For each test of
a model, the corresponding p-value was obtained using the
PLINK software. As false discovery rate control (FDR), we
started with the set of p-values and then we calculated the g-
values (i.e. minimum FDR incurred when calling a test
significant) and Ifdr-values (local false discovery rate, i.e. the
empirical Bayesian posterior probability that the null hypothesis
is true, conditional on the observed p-value) using the gvalue
package (version 2.24.0) of R software (version 4.1.2) (14), with
smoother method option and adjustment of lambda parameter
in the interval 0.01-0.95 with increment of 0.01 (14). As
association significance criteria we used the following
thresholds: p-value < 0.05, g-value < 0.05, Ifdr-value < 0.1.

Bioinformatics analysis

We mapped each SNP to its nearest corresponding protein-
coding gene and then we performed gene ontology (GO)
enrichment analysis and protein-protein interaction (PPI)
analysis for the set of SNPs that reached significance in any of
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the criteria indicated above. The analysis was performed using
STRING, version 11.5 (15).

Results

Patient data and SNP data

Quality controls retrieved a total 98 SNPs and 1573 samples,
272 (17.3%) with GDM and 1301 (82.7%) without GDM. 1104
(70.2%) were Caucasian (CAU) and 469 (29.8%) Hispanic (HIS).
415 (26.4%) were from the control group (CG), 418 (26.6%)
from the nutritional intervention group (IG) and 740 (47.0%)
from the real-world group (RW). Women’s main demographic
and anthropometric characteristics are represented in Table 1.
Table 2a CAU and 2b HIS show the main characteristics of the
variants for the Caucasian and Hispanic ethnicities, respectively.

Supplementary Tables 2 CAU-2HIS show, respectively, for
each ethnicity, logistic regression analysis performed for the 98
SNPs and 1573 samples. Tables 3a CAU and 3b HIS extract,
respectively, the main relevant findings for the two ethnic strata
considered; specifically, these tables show the SNPs for which a
discovery (p-value <0.05, or g-value < 0.05, or Ifdr < 0.1) was
obtained in at least one of the SNP genetic tests performed.

General findings and effect of the
nutritional intervention

Of a total of 110 variants included in the study, 98 (89.1%)
passed the quality control. Of these, 40 (40.8%) presented some
kind of significant association with GDM in at least one of the
genetic tests considered, that is, the corresponding threshold was
reached in some assessment criteria, with the following
distribution by ethnicity: 13 (32.5%) only in the Caucasian
ethnic stratum, 19 (47.5%) only in the Hispanic ethnic stratum
and 8 (20.0%) in both ethnic strata (Table 3a CAU, 3b HISP).
The nutritional intervention presented a significant association
with GDM, regardless of the variant considered; we obtained an
OR < 1 for GROUP variable in favor of MedDiet, with all the
significance criteria satisfied in practically all the tests of each
model (Supplementary Tables ICAU and 1HIS).

Caucasian ethnicity findings

Table 3a CAU summarizes the most relevant findings for
Caucasian pregnant women. The genetic variants significantly
associated with increased risk of GDM were rs4402960,
rs7651090, IGF2BP2; rs1387153, rs10830963, rs10830962,
MTNRI1B; rs17676067, GLP2R, rs1371614, DPYSL5; rs5215,
KCNJ11; and rs2293941, PDXI1. Variants significantly
associated with decreased risk of GDM were rs780094, GCKR;
rs7607980, COBLL1; rs3746750, SLC17A9; rs6048205, FOXA2;
rs7041847, rs7034200, rs10814916, GLIS3; rs3783347, WARS;
and rs1805087, MTR.
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TABLE 2 CAU Characteristics of variants. CAUCASIAN.

CHROM Locus POS D REF  ALT Al ALCT  ALLELECT  ALCASECT  AICIRLCT  CASEALLELE CT  CIRL ALLELE CT  CASE.NON_AI_CT  CASE_HET_AICT  CASE_HOM_AICT  CTRLNON_AILCT  CIRL HET_AI.CT  CTRLHOM_AICT  ALFREQ  AlCASEFREQ  AI_CTRL FREQ  OBS_CT
1 MTHER 11794419 51801131 T G G 630 272 103 527 374 1798 95 81 1 437 397 6 0290 0275 0293 1086
1 MTHER 11796321 51801133 G A A 847 2204 157 690 376 1828 63 93 32 339 460 15 0384 0418 0377 1102
1 PROXI 213985913 340874 T c T 1065 2206 185 880 376 1830 51 89 a8 236 478 201 0483 0492 0481 1103
1 LYPLALL 219527177 12785980 T c c 717 2202 107 610 376 1826 9% 7 15 39 42 93 0326 0285 0334 1101
1 MTR 236885200 £51805087 A G G 397 2204 54 343 378 1826 137 50 2 600 283 30 0.180 0143 0.188 1102
2 DPYSL5 26930006 rs1371614 c T T 572 2204 1 461 378 1826 87 93 9 521 323 69 0.260 0291 0252 1102
2 GCKR 27518370 1780094 T c T 1043 2208 153 890 378 1830 69 87 33 251 438 226 0472 0405 0.486 1104
2 MAP3KI9 134998059 151530559 A G A 765 2202 139 626 374 1828 73 89 25 391 420 103 0347 0372 0342 1101
2 RBMS1 160460949 156742799 A c c 389 2200 62 327 374 1826 130 52 H 618 263 32 0177 0.166 0179 1100
2 FIGN 163641436 152119289 c G c 284 2204 44 240 378 1826 149 36 4 686 214 13 0129 0116 0131 1102
2 COBLLL 164694691 £7607980 T c c 318 2204 a 277 378 1826 151 35 3 655 239 19 0141 0108 0152 1102
2 G6PC2 168906638 Is560887 T c T 581 2208 88 493 378 1830 114 62 13 491 355 69 0263 0233 0269 1104
2 G6PC2 168917561 15563694 c A c 679 2194 110 569 378 1816 94 80 15 419 409 80 0309 0291 0313 1097
2 IRSI 226203364 12943634 A c A 673 2176 12 561 374 1802 88 86 13 42 393 84 0309 0299 0311 1088
2 IRST 226795828 51801278 c T T 188 2206 39 149 376 1830 151 35 2 770 141 1 0.085 0104 0081 1103
3 PPARG 12348985 1517036328 T c c 205 2208 31 174 378 1830 161 25 3 752 152 1 0.093 0082 0095 1104
3 PPARG 12351626 rs1801282 c G G 194 2208 2 165 378 1830 163 23 3 759 147 9 0.088 0077 0.090 1104
3 UBE2E2 23413299 151496653 A G G 394 2208 62 332 378 1830 135 46 8 611 276 2 0178 0.164 0181 1104
3 AMT 49417897 11715915 c T T 713 2188 128 585 376 1812 83 82 23 42 383 101 0326 0340 0323 1094
3 ADCY5 123346931 1511708067 A G G 359 2192 70 289 376 1816 124 58 6 636 255 17 0164 0.186 0159 1096
3 SLC2A2 170999732 1511920090 T A A 352 2204 57 295 376 1828 136 47 H 6144 25 25 0.160 0152 0161 1102
3 IGF2BP2 185793899 154402960 G T T 695 2208 148 547 378 1830 68 94 27 441 401 73 0315 0392 0299 1104
3 IGE2BP2 185795604 157651090 A G G 696 2208 147 549 378 1830 67 97 2 436 409 70 0315 0.389 0300 1104
3 ADIPOQ 186853103 152241766 T G G 400 2206 70 330 378 1828 126 56 7 608 282 2 0.181 0185 0181 1103
1 WESI 6288259 £s4458523 T G T 825 2194 140 685 372 1822 73 86 27 361 415 135 0376 0376 0376 1097
4 FAMI3A 88820118 153822072 G A A 1065 219 189 876 374 1822 43 99 45 230 486 195 0485 0505 0481 1098
4 TET2 105160479 59884482 T c c 870 2196 142 728 374 1822 75 82 30 319 456 136 0.396 0.380 0400 1098
4 PDGFC 156798972 154691380 c T T 827 2204 145 682 376 1828 69 93 26 353 440 121 0375 0.386 0373 1102
H IRX1 4355595 1517727202 T [¢ c 165 2208 27 138 378 1830 162 27 0 779 134 2 0075 0071 0075 1104
H ANKRDSS 56310924 15459193 A G A 663 2208 105 558 378 1830 100 73 16 451 370 91 0.300 0278 0305 1104
H ZBED3 77130042 7708285 G A G 658 2208 128 530 378 1830 84 82 23 460 380 75 0298 0339 0290 1104
5 PCSKI 96207022 1513179048 c A A 623 2208 99 524 378 1830 102 75 12 454 398 63 0282 0262 0286 1104
H PCSKI 96295001 1517085593 c G G 637 2204 103 534 376 1828 99 75 14 443 408 63 0289 0274 0292 1102
H PCSKL 96393194 16235 c G G 565 2200 88 477 371 1826 107 7 8 481 387 15 0257 0235 0261 1100
6 RRBI 7212967 117762454 c T T 615 2188 9 520 372 1816 102 73 1 462 372 74 0281 0255 0286 1094
6 RREB1 7231610 9379084 G A A 332 2208 66 266 378 1830 130 52 7 668 228 19 0.150 0175 0145 1104
6 CDKALI 20679478 157756992 A G G 549 2192 86 463 374 1818 108 72 7 503 349 57 0250 0230 0255 1096
6 CDKALI 20686765 rs9368222 c A A 522 2206 80 442 378 1828 115 68 6 523 340 51 0237 0212 0242 1103
6 RSPO3 127131790 2745353 c T T 1075 2206 177 898 378 1828 52 97 40 240 450 24 0.487 0.468 0491 1103
7 DGKB 15024684 2191349 G T G 987 2202 175 812 376 1826 56 89 43 286 442 185 0448 0465 0445 1101
7 GCK 44189469 151799884 c T T 424 2208 77 347 378 1830 119 63 7 599 285 31 0192 0204 0.190 1104
7 GCK 44196069 rs4607517 G A A 409 2184 74 335 378 1806 120 64 5 597 277 29 0.187 0.196 0185 1092
7 GRBIO 50690548 1933360 c T c 530 219 91 439 374 1822 108 67 12 523 337 51 0241 0243 0241 1098
7 GRBIO 50723882 rs6943153 T c T 602 2184 102 500 372 1812 98 7 14 469 374 63 0276 0274 0276 1092
7 HIPL 75546898 11167800 A G G 974 2208 156 818 378 1830 62 98 2 281 450 184 0441 0413 0447 1104
8 PPPIR3B 9326086 red841132 A G A 135 2208 2 13 378 1830 167 2 0 809 99 7 0061 0.058 0.062 1104
8 PPPIR3B 9330085 7004769 A G A 407 2204 63 344 378 1826 131 53 5 609 264 40 0185 0.167 0.188 1102
8 ANK1 11651740 £s12549902 G A G 1025 2198 175 850 378 1820 514 95 10 238 494 178 0.466 0.463 0.467 1099
8 SLC30A8 117172544 rs13266634 c T T 581 2208 98 483 378 1830 104 72 13 485 377 53 0263 0259 0.264 1104
8 SLC30A8 117172786 13802177 G A A 567 2208 95 472 378 1830 106 7 12 490 378 47 0257 0251 0258 1104
8 SLC30A8 117173494 1511558471 A G G 601 2206 99 502 378 1828 103 73 13 466 394 54 0272 0262 0275 1103
9 GLIS3 4287466 IS7041847 A G 1034 2202 167 867 376 1826 63 83 42 245 469 199 0470 0444 0475 1101
(Continued)
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TABLE 2 Continued

CHROM LoCUs POS D REF  ALT Al AILCT  ALLELECT  ALCASECT  ALCIRLCT  CASEALLELE CT  CTRLALLELE CT  CASENON_AI_CT  CASE_HET_AICT  CASE_HOM_AICT  CTRLNON_AILCT  CTRL HET_AICT  CTRLHOM_AICT  A1LFREQ  Al_CASEFREQ  AI_CTRL FREQ  OBS_CT
9 GLIS3 4289050 17034200 c A c 1092 2206 180 912 378 1828 60 78 51 225 466 23 0495 0476 0499 1103
9 GLIS3 4293150 rs10814916 A c A 1043 2194 171 872 378 1816 6 81 45 234 476 198 0475 0452 0.480 1097
9 CDKN2B 22134095 rs10811661 T c c 423 2188 73 350 374 1814 122 57 8 592 280 35 0.193 0195 0193 1094
9 SARDH 133734024 573904 c T T 626 2206 120 506 378 1828 8 88 16 479 361 71 0.284 0317 0277 1103
10 cpci23 12265895 1$11257655 c T T 503 2208 93 410 378 1830 107 7 1 330 40 0228 0246 0224 1104
10 cpci23 12286011 1512779790 A G G 433 2208 78 355 378 1830 120 60 9 587 301 27 0.196 0206 0.194 1104
10 CUBN 17114152 151801222 A G A 607 2198 114 493 376 1822 90 82 16 488 353 70 0276 0303 0271 1099
10 HKDC1 69223185 154746822 c T c 968 2204 161 807 378 1826 60 97 32 276 467 170 0439 0426 0442 1102
10 HHEX 92722319 17923866 c T T 783 2206 132 651 378 1828 75 9% 18 374 429 1 0355 0349 0356 1103
10 ADRA2A 11282335 rs10885122 T G T 292 2206 48 244 376 1830 144 40 4 687 212 16 0132 0128 0133 1103
10 TCF7L2 112994312 rs34872471 T c c 759 2208 140 619 378 1830 72 94 23 394 423 98 0344 0370 0338 1104
10 TCF712 112996282 154506565 A T T 819 2204 147 672 378 1826 68 95 26 356 442 15 0372 0389 0368 1102
10 TCF7L2 112998590 £7903146 c T T 774 2206 144 630 378 1828 73 88 2 387 424 103 0.351 0381 0345 1103
1 DUSP8 1675619 12334499 c T T 967 2180 172 795 376 1804 50 104 34 279 451 172 0444 0457 0441 1090
1 KONJI1 17387083 155215 c T c 772 2200 146 626 376 1824 6 9% 2 39 406 110 0351 0388 0343 1100
1 CRY2 45851540 1511605924 A c c 1096 2208 178 918 378 1830 52 % 41 238 436 241 0496 0471 0502 1104
1 MADD 47314769 £s7944584 A T T 71 2204 110 601 378 1826 9 81 13 a12 401 100 0323 0291 0329 1102
1 ORiS1 48311808 rs1483121 G A A 310 2201 53 287 378 1826 139 a7 3 610 259 14 0151 0140 0157 1102
1 EADS1 61804006 1174550 T c c 675 219 18 557 378 1818 88 84 17 432 397 80 0307 0312 0306 1098
1 ARAPL 72721940 1511603334 G A A 283 2208 43 240 378 1830 149 37 3 691 208 16 0128 0114 0131 1104
1 MTNRIB 92940662 51387153 c T T 646 2206 136 510 378 1828 75 92 2 470 378 66 0293 0.360 0279 1103
1 MTNRIB 92965261 1510830962 c G G 935 2196 180 755 374 1822 a7 100 40 310 447 154 0426 0481 0414 1098
1 MINRIB 92975544 1510830963 c G G 607 2204 132 475 378 1826 78 90 21 504 313 66 0275 0319 0260 102
12 GLS2 56471554 £S2657879 A G G 473 2206 83 390 378 1828 13 69 7 568 302 44 0214 0220 0213 1103
12 IGFI 102481791 1535767 A G A 346 2202 54 292 378 1824 139 46 4 650 232 30 0157 0143 0.160 1101
12 HNFIA 121022883 157957197 T A A 464 2200 71 393 376 1824 125 55 8 560 E 41 0211 0.189 0215 1100
12 P2RX2 132465032 rs10747083 G A G 769 2206 130 639 378 1828 87 7 28 373 443 98 0349 0344 0350 1103
13 PDX1 27917061 152293941 G A A 534 2204 103 431 378 1826 97 81 1 538 319 56 0242 0272 0236 1102
13 KL 32980164 1576674 G A G 504 2192 83 421 376 1816 12 69 7 524 347 37 0230 0221 0232 1096
14 WARS 100372924 153783347 G T T 383 2208 53 330 378 1830 141 43 5 609 282 24 0173 0.140 0.180 1104
15 C20D4A 62090956 54502156 T c 1011 2202 174 837 378 1824 57 90 42 264 459 189 0459 0.460 0459 1101
15 C2CD4B 62141763 1511071657 A G G 875 2208 156 719 378 1830 61 100 28 328 455 132 0396 0413 0393 1104
16 FTO 53767042 1421085 T c c 914 2204 149 765 376 1828 65 97 2 303 457 154 0415 0.396 0418 1102
16 FTO 53782363 rs8050136 c A A 896 2194 154 742 376 1818 66 90 32 317 442 150 0.408 0410 0408 1097
16 CTRB2 75211105 159921586 G T T 281 2208 47 234 378 1830 143 45 1 693 210 12 0127 0124 0128 1104
17 GLP2R 9888058 1517676067 T c c 598 2206 120 478 376 1830 90 76 2 498 356 61 0271 0319 0.261 1103
17 HNFIB 37738049 4430796 A G A 1009 2206 169 810 378 1828 63 8 13 269 50 195 0447 0.460 1103
19 CILP2 19547663 116996148 G T T 171 2208 2 145 378 1830 163 2 0 774 137 4 0,077 0.069 0079 1104
19 PEPD 33408159 1731839 G A G 762 2196 136 626 376 1820 75 90 2 383 428 99 0347 0362 1098
19 GIPR 45693376 152302593 G 1082 2198 188 894 378 1820 43 104 42 235 456 219 0492 0497 0491 1099
20 FOXA2 22578963 rs6048205 A G G 110 2208 10 100 378 1830 179 10 0 819 92 4 0050 0.026 0.055 1104
20 TOPL 41115265 1s6072275 G A A 336 2206 £ 282 378 1828 138 8 3 651 238 2 0152 0143 0151 1103
20 ZHX3 41203988 517265513 T c c 406 2204 68 338 378 1826 127 56 6 609 270 34 0184 0.180 0185 1102
20 SLCI7A9 62967547 1s3746750 A G A 759 2200 11 648 376 1824 94 77 17 362 452 98 0345 0295 0355 1100
21 BACE2 41209710 15737288 T 773 2188 130 643 374 1814 74 96 17 373 425 109 0353 0348 0354 1094
2 BACE2 41211811 16517656 G A A 458 2208 78 380 378 1830 18 61 7 573 304 38 0207 0206 0.208 1104

Main characteristics of the variants for the Caucasian (CAU) ethnicity.

CHROM, Chromosome code; LOCUS, Locus/Gene; POS, Base-pair coordinate [GRCh38]; ID, Variant ID; REF, Reference allele; ALT, Alternate allele; A1, Counted allele in |
count; A1_CASE_CT, Al count in cases; A1_CTRL_CT, Al count in controls; CASE_ALLELE_CT, Case allele observation count; CTRL_ALLELE_CT, Control allele

ogistic regression; A1_CT, Total A1 allele count; ALLELE_CT, Allele observation
observation count; CASE_NON_A1_CT, Case genotypes with 0 copies of Al;

CASE_HET_A1_CT, Case genotypes with 1 copy of Al; CASE_LHOM_A1_CT, Case genotypes with 2 copies of Al; CTRL_NON_AI_CT, Control genotypes with 0 copies of Al; CTRL_HET_A1_CT, Control genotypes with 1 copy of Al;
CTRL_HOM_A1_CT, Control genotypes with 2 copies of Al; Al_FREQ, Al allele frequency; A1_CASE_FREQ, Al allele frequency in cases; Al_CTRL_FREQ, Al allele frequency in controls; OBS_CT, Number of samples in the regression.
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TABLE 2 HIS Characteristics of variants. HISPANIC.

CHROM Locus oS D REF  ALT Al ALCT  ALLELECT  ALCASECT  ALCTRLCT  CASEALLELECT  CTRLALLELE CT  CASENON_AICT  CASEHET ALCT  CASEHOM ALCT  CTRLNON_AICT  CTRLHET_AICT  CIRL.HOM AICT  ALFREQ Al CASEFREQ Al CTRLFREQ  OBS CT
1 MTHER 1704419 1801131 T G G 137 930 25 12 166 764 59 23 1 279 9 9 0147 0151 0147 165
1 MTHFR 1796321 1801133 G A A 373 936 6 308 166 770 30 1 12 139 184 & 0399 0392 0400 168
1 PROX1 213985913 rs340874 T c c 330 936 50 280 166 770 u“ 28 1 155 180 s0 0353 0301 0364 168
1 LYPLALI-ASI 219527177 rs2785980 T c T 1406 936 7 328 166 770 2 30 21 145 152 8 0434 0470 0426 468
1 MIR 236885200 11805087 A G G 195 938 £ 162 166 7 54 2 4 210 130 16 0208 0199 0210 169
2 DPYSLS 26930006 rs1371614 c T T 39 934 50 316 164 770 21 2 19 145 164 76 0421 0.488 0410 167
2 GCKR 27518370 15780094 T c T 308 930 i 260 164 766 m 28 10 164 178 2 0331 0293 0339 165
2 MAP3K19 134998059 151530559 A G A 308 934 4 259 164 770 41 3 8 174 163 48 0330 0299 0336 467
2 RBMSI 160460949 156742799 A c c 130 928 2 108 166 762 2l 2 1 279 9% 6 0140 0133 0142 464
2 FIGN 163641436 152119289 c G c 9 938 2 7 166 7 61 2 0 a1 7 2 0106 0133 0100 169
2 COBLLL 164694691 157607980 T c c 6 938 12 53 166 m 7 12 0 335 1 2 0,069 0072 0069 169
2 GepC2 168906638 1560887 T c T 94 938 12 8 166 m bl 10 1 307 k3 3 0100 0072 0106 469
2 GepC2 168917561 rs563694 c A c 1y 938 15 104 166 7 70 n 2 286 % 4 0127 0090 0135 469
2 IRs1 26203364 152943634 A c A 1% 932 2 165 164 768 61 17 4 27 109 28 0204 0152 0215 466
2 IRs1 26795828 rs1801278 c T T 0 938 s 52 166 m 7 s 0 338 m 4 0064 0018 0067 169
3 PPARG 12348985 rs17036328 T c c 146 938 2 125 166 m 6 17 2 73 101 12 0156 0127 0162 169
3 PPARG 12351626 1801282 c G G 123 938 17 106 166 m 7 15 1 21 81 1 0131 0.102 0137 169
3 UBE2E2 23413299 rs1496653 A G G 107 938 13 9 166 m 7 1 1 299 80 7 o114 0078 0122 469
3 AMT 490787 sU7IE C T T 140 938 30 10 166 7 58 20 5 289 81 13 0149 0181 0142 169
3 ADCYs 123346931 rsl1708067 A a a 335 936 51 21 166 770 39 3 10 154 181 s0 0358 0325 0365 168
3 SLC2A2 170999732 rs11920000 T A A 129 938 19 110 166 m 6 19 0 288 86 12 0138 0114 0112 169
3 IGF2BP2 185793899 154402960 G T T 27 938 51 186 166 m 41 3 9 m 102 2 0253 0307 0241 469
3 IGF2BP2 185795604 157651090 A G G 22 934 50 152 166 768 4 3 8 21 144 19 0248 0301 0237 467
3 ADIPOQ 186853103 152241766 T G G 168 938 B 136 166 m 54 2 3 259 ns 9 0179 0193 0176 469
4 WESL 6288259 154458523 T G T 292 926 16 216 162 761 38 W0 3 174 170 38 0315 0281 0322 163
1 FAMI3A 88820118 re3822072 G A A 01 934 7 329 166 768 2 2 15 121 197 3 0429 0434 0428 467
N TET2 105160479 rs9884482 T c c 398 934 2 3% 166 768 3 38 12 123 186 7 0426 0373 0438 467
1 PDGFC 156798972 rs4691380 c T T 35 932 64 261 166 766 3 3 15 171 163 49 0349 0386 0341 466
IRX1 455595 w22 T c c a0 938 5 35 166 m i 5 0 351 35 0 0043 0030 0015 169
5 ANKRDS5 56510924 15459193 A G A 219 934 a7 172 166 768 16 27 10 25 126 23 0231 0283 0224 167
5 ZBED3 77130042 rs7708285 G A G 338 938 @ 276 166 m 30 m 9 164 168 54 0360 0373 0358 169
5 PCSK1 96207022 mI39ME  C A A 173 936 2 148 166 770 59 23 1 253 116 16 0185 0151 0192 168
5 PCSKI 96295001 rs17085593  C G G 182 938 7 155 166 7 57 2 1 208 121 17 0194 0163 0201 169
5 PCSK1 96393194 156235 c G a 182 938 27 155 166 m 56 27 0 251 s 2 0191 0163 0201 169
3 RRBI 1967 w176t C T T 360 936 7 290 166 770 2 38 16 148 184 53 0385 0422 0377 168
3 RREBI 7231610 159379084 G A A 51 938 7 m 166 m 76 7 0 344 0 2 0054 0012 0057 169
6 CDKALI 20679478 157756992 A G G 288 934 57 231 166 768 36 37 10 1% 157 37 0308 0343 0301 167
6 CDKALI 20686765 rs9368222 c A A a1 938 8 164 166 m w0 38 5 21 126 19 0226 0289 0212 469
6 RSPO3 127131790 12745353 c T c 376 938 0 316 166 m 35 36 12 125 206 55 0.401 0361 0409 169
7 DGKB 15024681 2191349 G T T 384 936 7 306 166 770 20 18 15 132 200 53 0410 0470 0397 168
7 GCK 44189469 rs1799884 c T T 180 936 38 102 166 770 51 2% 6 258 2 15 0192 0229 0184 468
7 GCK 4419069 rs4607517 G A A 168 928 £ 136 162 766 54 2 5 261 108 14 0181 0.198 0178 464
7 GRBI0 50690548 15933360 c T c 341 936 7 29 166 770 2 36 18 166 169 50 0364 0434 0349 168
GRB10 5723882 rs6913153 T c c 160 932 7 384 166 766 2 2 17 91 194 95 0491 0.458 0501 166
7 HIPL 75546898 1s1167800 A G G 285 938 50 25 166 m 2 2 9 186 165 35 0304 0301 0304 169
8 PPPIRIB 9326086 154841132 A G A 26 936 39 187 164 m 49 27 6 219 147 20 0241 0238 0202 468
8 PPPIR3B 9330085 17004769 A G A 367 938 6 304 166 7 30 3 10 135 198 5 0391 0380 0394 169
s ANKI 65170 154992 G A a 387 932 7 315 164 768 27 38 17 124 205 55 0415 0439 0410 166
s SLC30A8 N7172544 rs13266634  C T T 235 936 5 192 166 770 8 27 8 219 140 2% 0251 0259 0219 168
8 SLC30A8 n7172786  1s3802177 G A A 2 938 4 191 166 m 29 27 7 m 137 27 0247 0247 0247 169
8 SLC30A8 N7173494  rslISs8aTL A G G 24 938 4 200 166 m 47 28 8 216 140 30 0260 0265 0259 169
9 GLIs 4287466 17041847 A G G 304 936 57 337 166 770 37 3 1 121 191 7 0421 0343 0438 168
(Continued)
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TABLE 2 Continued

CHROM LoCUS POS D REF  ALT Al ALCT  ALLELECT  AILCASECT  AICTRL.CT  CASE ALLELE CT  CTRLALLELE CT  CASENON_ALCT  CASE HET_A1LCT  CASE_HOM_AICT  CTRLNON_AICT  CTRLHET_AICT  CTRLHOM_AI_CT  AI_FREQ  Al_CASEFREQ  AICIRLFREQ  OBS_CT
9 GLIS3. 4289050 157034200 c A c 461 936 7 390 166 770 27 41 15 93 194 98 0493 0428 0506 468
9 GLIS3. 4293150 1510814916 A c A 433 932 66 367 166 766 2 44 1 105 189 89 0465 0.398 0479 466
9 CDKN2B 22134095 £s10811661 T c c 19 934 2 95 166 768 60 2 1 295 83 6 0127 0145 0124 167
9 SARDH 133734024 15573904 c T T 201 934 36 165 166 768 51 2 4 234 135 15 0215 0217 0215 167
10 cpei23 12265895 511257655 c T T 245 938 46 199 166 772 44 32 7 213 147 2 0261 0277 469
10 cpeiz3 12286011 1512779790 A G G 135 936 23 12 166 770 61 21 1 282 94 9 0.144 0139 0145 468
10 CUBN 17114152 151801222 A G A 245 936 39 206 166 770 51 2 7 200 164 21 0262 0235 0268 468
10 HKDC1 69223185 rs4746822 c T T 457 936 84 373 166 770 2 38 23 105 187 93 0.488 0.506 0484 468
10 HHEX 92722319 157923866 c T c 466 936 90 376 166 770 17 2 2 104 186 95 0.498 0512 0488 468
10 ADRA2A 111282335 rs10885122 T G T 172 938 37 135 166 772 54 21 8 262 13 1 0183 0223 0175 469
10 TCF7L2 112994312 134872471 T c c 192 938 29 163 166 772 58 21 4 240 129 17 0205 0175 0211 469
10 TCF712 112996282 154506565 A T T 215 936 38 177 166 770 52 2 7 228 137 20 0230 0229 0230 468
10 TCF7L2 112998590 157903146 c T T 190 936 30 160 166 770 57 2 4 240 130 15 0203 0181 0208 168
1 DUSPS 1675619 152334499 c T T 425 934 8 340 166 768 2 35 25 123 182 79 0512 0443 467
1 KCNJIL 17387083 15215 c T c 294 932 55 239 166 766 36 39 8 185 157 41 0315 0331 0312 466
1 CRY2 45851540 1511605924 A c c 468 938 72 396 166 772 23 48 12 95 186 105 0499 0434 0513 469
i MADD 47314769 7944584 A T T 138 938 2 14 166 772 60 2 1 283 9 i 0.147 0145 0148 169
1 ORaS1 48311808 re1483121 G A A 57 938 14 13 166 772 70 12 1 344 a 1 0061 0.081 0056 169
1 FADSI 61804006 5174550 T c T 359 928 62 297 164 764 37 2 17 160 147 75 0387 0378 0389 464
1 ARAPL 72721940 111603334 G A A 71 936 8 63 166 770 76 6 1 326 55 4 0076 0.048 0082 468
1 MTNRIB 92940662 151387153 c T T 163 936 38 125 166 770 50 2 5 270 105 10 0174 0229 0162 468
1 MTNRIB 92965261 £510830962 c G G 309 938 62 247 166 772 34 36 13 182 161 4 0329 0373 0320 469
1 MINRIB 92975544 £s10830963 c G G 124 938 27 97 166 772 56 27 0 294 87 5 0132 0163 0126 169
2 GLS2 56471554 152657879 A G G 234 938 34 200 166 772 53 2 4 212 148 2 0249 0205 0259 469
2 IGFI 102481791 1535767 A G A 239 936 50 189 166 770 39 38 6 219 143 23 0255 0301 0245 468
2 HNFIA 121022883 157957197 T A A 106 938 18 88 166 772 66 16 1 310 64 2 0113 0.108 0114 469
12 P2RX2 132465032 rs10747083 G A G 243 938 37 206 166 772 52 2 6 201 164 2 0259 0223 0267 169
13 PDX1 27917061 152293941 G A A 277 938 53 224 166 772 35 3 5 206 136 44 0295 0319 0290 469
13 KL 32980164 1576674 G A G 344 934 60 284 164 770 31 12 9 161 164 60 0368 0.366 0369 467
14 WARS 100372924 rs3783347 G T T 9% 938 14 82 166 69 14 0 308 74 4 0102 0.084 0106 469
15 C20D4A 62090956 4502156 c 289 936 50 239 166 4 30 10 184 163 38 0309 0301 0310 468
15 C2CD4B 62141763 £s11071657 A G A 393 936 6 328 166 770 34 33 16 138 166 81 0420 0392 0426 468
16 FTO 53767042 11421085 T c c 151 938 2 129 166 772 61 2 0 267 109 10 0161 0133 0167 169
16 FTO 53782363 rs8050136 c A A 195 938 31 164 166 772 54 27 2 240 128 18 0208 0.187 0212 469
16 CTRB2 75211105 159921586 G T T 18 938 19 99 166 772 65 17 1 298 77 1 0126 0114 0128 469
17 GLP2R 9888058 517676067 T c c 109 936 23 86 166 770 62 19 2 301 82 2 0116 0139 0112 468
17 HNFIB 37738049 1430796 A G G 322 938 66 256 166 772 E 36 15 181 154 51 0343 0.398 0332 169
19 CcILP2 19547663 1516996148 G T T 57 938 13 44 166 772 7 1 1 343 12 1 0061 0078 0057 469
19 PEPD 3408159 1731839 G A G 416 934 78 338 164 770 2 2 18 18 196 71 0445 0476 0439 467
19 GIPR 45693376 152302593 c G c 387 934 8 304 166 768 21 41 21 146 172 66 0414 0.500 0396 467
20 FOXA2 22578963 rs6048205 A G G 50 938 12 38 166 772 72 10 1 352 30 4 0053 0072 0049 169
20 TOP1 41115265 16072275 G A A 18 938 20 98 166 772 65 16 2 203 88 5 0126 0120 0127 169
20 ZHX3 41203988 1517265513 T c c 72 938 15 57 166 772 69 13 1 330 55 1 0077 0.090 0074 469
20 SLCI7A9 62967547 rs3746750 A G A 314 934 6 251 164 770 30 41 1 167 185 33 0336 0.384 0326 467
21 BACE2 41209710 1737288 G T T 194 934 £ 155 164 770 52 21 9 246 123 16 0208 0238 0201 467
2 BACE2 41211811 16517656 G A A 167 936 36 131 166 770 55 2 8 270 99 16 0178 0217 0170 168

Main characteristics of the variants for the Hispanic (HIS) ethnicity.
CHROM, Chromosome code; LOCUS, Locus/Gene; POS, Base-pair coordinate [GRCh38]; ID, Variant ID; REF, Reference allele; ALT, Alternate allele; A1, Counted allele in logistic regression; A1_CT, Total A1 allele count; ALLELE_CT, Allele observation
count; A1_CASE_CT, Al count in cases; A1_CTRL_CT, Al count in controls; CASE_ALLELE_CT, Case allele observation count; CTRL_ALLELE_CT, Control allele observation count; CASE_ZNON_A1_CT, Case genotypes with 0 copies of Al;
CASE_HET_A1_CT, Case genotypes with 1 copy of Al; CASE_HOM_A1_CT, Case genotypes with 2 copies of Al; CTRL_NON_A1_CT, Control genotypes with 0 copies of Al; CTRL_HET_AI1_CT, Control genotypes with 1 copy of Al;
CTRL_HOM_A1_CT, Control genotypes with 2 copies of Al; Al_FREQ, Al allele frequency; A1_CASE_FREQ, Al allele frequency in cases; Al_CTRL_FREQ, Al allele frequency in controls; OBS_CT, Number of samples in the regression.
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TABLE 3 CAU (SNP + GROUP) MODELS. SIGNIFICANT SNPs. CAUCASIAN.

CHROM Locus
1 LYPLALL
1 MTR

2 DPYSLS
2 GCKR

2 COBLLI
3 IGF2BP2,
3 IGF2BP2
5 ZBED3

9 GLIs3

9 GLIS3

9 GLISY

9 SARDH
u KCNJL
1 MINRIB
n MTNRIB
1 MTNRIB
13 PDX1

14 WARS
17 GLP2R
20 FOXA2
20 SLCI7A9

219527177

236885200

26930006

27518370

164694691

185793899

185795604

77130042

4287466

4289050

4293150

133734024

17387083

92940662

92965261

92975544

27917061

100372924

9888058

22578963

62967547

12785980

151805087

151371614

15780094

17607980

154402960

157651090

17708285

r$7041847

157034200

£s10814916

15573904

155215

151387153

£s10830962

1510830963

152293941

rs3783347

£S17676067

16048205

13746750

REF

A
G

A

AL_FREQ

0326
0.180
0.260
0472
0144
0315
0315
0298
0470
0495
0475
0.284
0351
0293
0426
0275
0242
0173
0271
0050

0345

OBS_CT

1101
1102
1102
1104
1102
1104
1104
1104
1101
1103
1097
1103
1100
1103
1098
1102
1102
1104
1103
1104

1100

ADDITIVE

ADD

OR_CI95

079 (0.62-1.01)
073 (0.53-1.00)
121 (0.95-1.54)
074 (0.59-0.92)
0,67 (0.47-0.95)
154 (1.21-1.95)
152 (1.20-1.94)
124 (0.98-1.57)
087 (0.69-1.09)
090 (0.72-1.13)
087 (0.70-1.10)
120 (0.94-1.53)
1.24 (0.98-156)
149 (1.17-1.89)
131 (105-1.64)
151 (1.19-191)

120 (0.93-154)

073 (053-1.01)
130 (1.02-165)
0.47 (024-0.90)

0.73 (057-0.94)

pralue

0.062
0.050
0132
0.007
0.023
0.000
0.001
0.078
0228
0363
0244
0.140
0071
0.001
0019
0.001
0.154
0057
0.035
0023

0015

qualue

0037
0030
0076
0.006
0014
0.006
0.006
0046
0119
0.169
0126
0.081
0.042
0.006
0012
0.006
0.086
0034
0022
0.014

0.009

0224

0.169

0.488

0.019

0.066

0.004

0.004

0292

0.663

0769

0.681

0262

0.006

0.053

0.005

0.200

0110

0.065

0039

DOMINANT

DOM

OR_CI95

074 (054-1.02)

1.53 (1.12-2.10)

0.67 (0.48-0.93)
0.63 (0.43-0.92)
166 (1.20-230)
167 (1.20-231)
124 (0:90-1.70)
071 (051-1.00)
0.68 (0.49-0.96)
0.67 (0.48-0.94)
132 (0.96-1.81)
1.45 (1.04-2.01)
1.63 (1.18-2.24)
155 (1.08-221)
173 (126-237)
1.36 (0.99-1.87)
0.68 (0.47-0.97)
127 (0.92-1.74)
047 (024-0.91)

0.65 (047-0.89)

pralue

0.064
0.098
0.008
0016
0016
0.002
0.002
0.180
0.048
0030
0021
0083
0027
0.003
0017
0001
0055
0032
0140
0026

0.008

qualue

0.006
0.010
0.010
0.006
0.006
0.097
0.028
0.018
0013
0.047
0016
0.006
0.010
0.006
0.031
0.018
0077
0.016

0.006

0231

0383

0.020

0.042

0.041

0.008

0.008

0623

0.156

0.086

0,055

0318

0073

0.009

0.012

0.004

0.187

0.091

0533

0072

0019

RECESSIVE

REC

OR_CI95

074 (0.42-131)
031 (0.08-1.22)
0.59 (0.29-1.20)
0.66 (0.44-0.99)
073 (024-2.28)
189 (1.18-3.04)
179 (1.10-2.92)
152 (092-250)
102 (070-1.49)
114 (080-162)
110 (076-159)
1.08 (062-190)
109 (0.68-1.75)
171 (102-285)
131 (088-193)
160 (096-267)
0.90 (0.46-1.75)
0.99 (0.37-2.63)
180 (107-3.01)

0.50 (0.02-13.38)

0.78 (0.45-1.34)

pralue

0308
0095
0145
0042
0594
0.008
0020
0.099
0924
0485
0621
0.786
0722
0.040
0182
0.072
0750
0.981
0.027
0.682

0369

qualue

0219
0.081
0118
0037
0344
0.008
0018
0.084
0444
0.300
0316
0392
0372
0036
0144
0.063

0382

0.024

0362

0255

1fdr

0997

0512

0196

1000

0033

0078

0536

1000

1000

1000

1000

1000

0185

0854

0378

1000

1000

0111

1000

1000

HETHOM

HOM

OR_CI95

0.65 (036-1.18)
0.29 (0.07-1.24)
0.75 (036-1.57)
0.54 (0.35-0.86)
0.6 (020-2.15)
237 (142-3.95)
227 (134-3.85)
163 (0.97-276)
0.80 (0.52-1.23)
0.84 (055-1.27)
081 (053-1.24)
124 (0.69-2.24)
135 (0.81-2.26)
212 (123-3.65)
1.69 (1.06-2.69)
2,04 (118-3.51)
1.04 (0.52-2.05)
0.88 (0.33-2.36)
192 (1.12-329)
0.48 (0.02-12.67)

063 (036-1.11)

pralue

0161
0.096
0.448
0.009
0.489
0.001
0.002
0.066
0311
0.401
0335
0475
0251
0.007
0.028
0010
0920
0.802
0.018
0.658

0.109

qualue

0125
0385

0015

0015

0015

0316
0368
0331
0400
0282
0015
0040
0016
0542
0507
0027
0456

0.140

Ifdr

0.865

0645

0.981

0.051

0.981

0012

0,019

0.460

0973

0.980

0976

0.981

0.956

0.041

0172

0.060

0.982

0.982

0.107

0.982

0706

HET

OR_CI95

0.76 (0.55-1.06)
0.79 (0.56-1.13)
170 (1.23-235)
073 (0.51-1.04)
0,62 (0.42-0.93)
153 (109-215)
156 (1.11-219)
116 (083-162)
0,67 (0.47-0.97)
0,61 (0.42-0.89)
0,61 (0.43-0.89)
134 (096-1.86)
148 (1.05-2.08)
154 (1.10-2.16)
150 (103-218)
167 (120-233)
142 (1,03-1.97)
0.66 (0.45-0.95)
116 (083-162)
051 (0.26-0.99)

0.65 (0

1.91)

pralue

0110
0205
0.001
0.080
0020
0015
0011
0376
0033
0010
0.009
0.084
0026
0011
0036
0003
0035
0027
0396
0045

0012

qualue

0015
0.107
0.029
0022
0016
0.361
0.047
0016
0015
0111
0.038
0017
0.050
0015
0.049
0.040
0.368
0.063

0019

0714

0926

0014

0549

0117

0.085

0.062

0979

0210

0059

0,053

0574

0158

0.065

0232

0021

0222

0.168

0.980

0301

0071

Table that summarizes the most relevant results of the analysis of SNPs + Group models in Caucasian (CAU) ethnicity. ADD, Additive model; DOM, dominant model; REC, recessive model; HETHOM, heterozygous-homozygous model; CHROM,
Chromosome code; LOCUS, Locus/Gene; POS, Base-pair coordinate [GRCh38]; ID, Variant ID; REF, Reference allele; ALT, Alternate allele; A1, Counted allele in logistic regression; A1_FREQ, minor allele frequency; OBS_CT, Number of samples in the
regression; OR_CI95, odds ratio with 95% confidence interval.
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TABLE 3 HIS (SNP + GROUP) MODELS. SIGNIFICANT SNPs. HISPANIC.

ADDITIVE DOMINANT RECESSIVE HETHOM
ADD DOM REC HOM HET

CHROM 10CUs POS ] REF ALT Al ALFREQ OBS_CT OR_CI95 pralue qualue Ifdr OR_CI95 pralue qalue Ifdr OR_CI95 pralue qualue Ifdr OR_CI95 pralue qualue Ifdr OR_CI95 pralue qualue Ifdr
1 PROXI 213985913 15340874 T c c 0353 468 0.78 (0.54-1.12) 0177 0.139 0594 0.62 (0.38-1.00) 0.049 0023 0.079 1.06 (0.52-2.15) 0,869 0219 0.643 081 (0.39-1.70) 0.585 0371 0858 0.56 (0.33-0.95) 0032 0044 0.120
2 DPYSLS 26930006 1371614 c T T 0424 467 1.36 (0.98-1.88) 0069 0.064 0229 177 (103-3.03) 0039 0019 0.060 128 (072:227) 0407 0129 0521 179 (090-3.55) 0.09% 0.108 0368 176 (0.99-3.12) 0054 0.069 0202
2 GCKR 27518370 1780094 T c T 0331 465 0,80 (0.55-1.16) 0241 0172 0745 063 (0.39-1.02) 0.063 0029 0.107 120 (057-253) 0627 0175 0,605 0.93 (0.43-2.01) 0852 0443 05858 0.57 (0.34-0.96) 0033 0045 0125
2 G6PC2 168917561 15563694 c A c 0127 469 0.64 (0.36-1.14) 0132 o1 0460 054 (0.29-1.00) 0051 0024 0.083 225 (0.55-9.11) 0258 0,093 0417 1.96 (0.35-11.06) 0447 0325 0849 0.48 (0.24-0.95) 0034 0046 0126
2 IRSI 226203364 152943634 A c A 0204 466 0.65 (0.42-1.01) 0053 0.051 0.168 057 (0.33-0.98) 0.041 0020 0.064 0,61 (0.21-1.80) 0371 0119 0.501 0.52 (0.18-1.56) 0247 0223 0730 0.58 (0.32-1.04) 0,069 0.082 0.260
3 UBE2E2 23413299 £s1496653 A G G 014 469 0.60 (0.33-1.09) 0095 0.084 0330 056 (0.29-1.05) 0073 0033 0130 060 (0.12-2.92) 0526 0.158 0573 054 (0.07-4.50) 0569 0371 0858 056 (0.28-1.11) 0.097 0.108 0371
3 IGF2BP2 185793899 154402960 G T T 0253 169 139 (0.96-2.01) 0085 0077 0291 136 (0.85-2.18) 0197 0379 207 (0.95-4.51) 0067 0030 o114 226 (0.96-5.29) 0.061 0076 0230 123 (0.74-2.04) 0428 0314 0845
3 IGF2BP2 185795604 157651090 A G G 0248 467 1.38 (0.94-2.02) 0096 0.084 0333 135 (0.84-2.18) 0215 0081 0403 2,08 (0.87-4.97) 0099 0043 0.180 228 (0.93-5.58) 0073 0,086 0277 123 (0.75-2.04) 0412 0311 0841
4 WES1 6288259 154458523 T G T 0315 463 0,80 (0.54-1.17) 0250 0.176 0764 092 (0.57-1.49) 0730 0.198 0632 0.31(0.09-1.05) 0,060 0.027 0.101 0,32 (0.09-1.11) 0073 0,086 0278 106 (0.65-1.74) 0820 0438 0.858
5 ANKRDSS 56510924 15459193 A G A 0234 467 1.35 (0.94-1.94) 0.108 0.094 0378 129 (0.80-2.09) 0304 0.108 0.485 2,18 (0.99-4.80) 0054 0.025 0.089 226 (1.00-5.11) 0.050 0.064 0.185 111 (0.66-1.88) 0.695 0.405 0.858
5 PCSK1 96393194 136235 c G G 0.194 469 0.74 (0.48-1.16) 019 0.149 0.641 085 (051-1.42) 0539 0.162 0.595 0.10 (0.01-1.79) o118 0.049 0218 0.10 (0.01-1.80) 0118 0125 0.447 101 (0.61-1.69) 0.965 0.468 0.858
6 CDKALI 20686765 rs9368222 c A A 0226 469 150 (1.03-2.20) 0036 0035 0107 181 (1.13-2.90) 0014 001 0022 117 (0.46-299) 0746 0199 0627 150 (055-4.15) 0430 0314 0846 186 (1.13-3.05) 0015 0032 0,063
6 RSPO3 12713179 152745353 c T c 0.401 469 0,80 (0.55-1.15) 0223 0.164 0705 065 (0.40-1.05) 0.081 0036 0.149 100 (052-192) 0996 0245 0,666 0.76 (0.37-1.57) 0.465 0331 0852 0.62 (0.37-1.05) 0073 0.086 0279
7 DGKB 15024684 152191349 G T T 0410 468 142 (0.99-2.03) 0058 0.054 0.184 171 (0.99-2.96) 0.056 0026 0.092 139 (0.74-2.62) 0.308 0.106 0459 193 (091-407) 0.085 0.097 0324 165 (0.93-2.92) 0.085 0.097 0324
7 GRBIO 50690548 15933360 c T c 0364 468 1.38 (0.99-1.93) 0.061 0.056 0197 138 (0.84-2.27) 0.201 0077 181 (099-331) 0,056 0.026 0092 199 (1.02-3.90) 0.045 0,059 0.167 120 (0.70-2.05) 0504 0349 0.857
9 GLIS3 4287466 £S7041847 A G G 0421 468 0.70 (0.49-1.00) 0051 0.049 0159 059 (0.36-0.96) 0034 0017 0052 072 (0.36-1.44) 0356 onz 0491 0.5 (0.26-1.15) 012 0121 0425 0,61 (0.36-1.02) 0058 0074 0220
9 GLIS3 4293150 1510814916 A c A 0.465 466 0.74 (0.52-1.04) 0085 0077 0290 076 (0.46-1.26) 0291 0.105 0476 0,54 (0.27-1.05) 0070 0031 0121 0,50 (0.24-1.04) 0.064 0078 0244 0.88 (0.52-1.50) 0633 0387 0858
10 CUBN 17114152 rs1801222 A G A 0262 468 0,83 (0.55-1.24) 0366 0233 1000 0,68 (0.41-1.10) 0116 0231 157 (064-3.84) 0326 012 0472 128 (051-321) 0594 0374 0858 0,60 (0.35-1.01) 0054 0.069 0.201
10 ADRA2A 111282335 1510885122 T G T 0.183 469 131 (0.87-1.96) 0.195 0.149 0639 1.09 (0.67-1.79) 0718 0.197 0.631 369 (1.52-8.95) 0.004 0010 o011 3,54 (1.38-9.07) 0.009 0032 0045 0.86 (0.50-1.50) 0.605 0375 0.858
1 DUSPS 1675619 152334499 c T T 0455 467 133 (0.96-1.85) 009 0.080 0309 128 (075-2.17) 0370 0.124 0526 171 (1.00-2.91) 0,050 0.024 0.082 177 (0.93-3.36) 0.080 0093 0305 1.06 (0.60-1.90) 0836 0443 0858
1 CRY2 45851540 1511605924 A c c 0499 469 072 (0.51-1.01) 0057 0,054 0182 084 (0.50-1.41) 0505 0.158 0584 045 (0.24-0.84) 0012 0010 0022 0.46 (0.22-0.98) 0044 0059 0.164 105 (0.60-1.84) 0863 0443 0858
1 MTNRIB 92940662 1387153 c T T 0174 468 161 (1.06-2.43) 0025 0025 0074 165 (100-2.71) 0049 0023 0078 253 (0.84-7.68) 0101 0043 0183 291 (0.94-8.97) 0.063 0078 0238 153 (091-258) 0.109 0120 0415
2 P2RX2 132465032 1510747083 G A G 0259 469 0,80 (0.53-1.21) 0298 0.198 0568 0,67 (041-1.10) o113 0049 0226 140 (054-3.62) 0482 0.147 0556 116 (0.44-3.04) 0762 0423 0858 0.61 (0.36-1.03) 0065 0078 0245
3 PDXI 27917061 152293941 G A A 0.295 469 1.09 (0.76-1.54) 0647 0364 1.000 150 (0.92-2.43) 0.103 0045 0.201 0.46 (0.17-1.20) 0110 0.047 0203 0.61(0.22-1.65) 0325 0.264 0802 179 (1.09-296) 0022 0033 0.086
1 GIPR 45693376 152302593 c G c 0414 467 148 (1.06-2.07) 0020 0.021 0.061 179 (1.04-3.07) 0.034 0017 0.051 162 (0.92-2.85) 0096 0.042 0173 218 (1.11-4.28) 0.024 0035 0.091 164 (0.92-291) 0.091 0.102 0.346
2 BACE2 41209710 1737288 G T T 0208 467 121 (0.82-1.79) 0329 0212 0934 104 (0.63-1.72) 0.869 0227 0,634 256 (1.07-6.08) 0034 0016 0054 243 (101-5.86) 0,049 0.064 0181 0.84 (0.48-1.46) 0540 0361 0858
21 BACE2 41211811 156517636 G A A 0178 468 124 (0.84-1.84) 0277 0.190 0824 115 (0.69-1.92) 0584 0.608 213 (0.87-5.23) 0.100 0043 0182 212(0.85-5.27) 0.107 o118 0.408 0.98 (0.56-1.73) 0951 0.466 0858

Table that summarizes the most relevant results of the analysis of SNPs + Group models in Hispanic (HIS) ethnicity. ADD, Additive model; DOM, dominant model; REC, recessive model; HETHOM, heterozygous-homozygous model; CHROM,
Chromosome code; LOCUS, Locus/Gene; POS, Base-pair coordinate [GRCh38]; ID, Variant ID; REF, Reference allele; ALT, Alternate allele; A1, Counted allele in logistic regression; A1_FREQ, minor allele frequency; OBS_CT, Number of samples in the
regression; OR_CI95, odds ratio with 95% confidence interval.
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Hispanic ethnicity findings

Table 3b HIS summarizes the most relevant findings for
Hispanic pregnant women. The genetic variants significantly
associated with increased risk of GDM were rs9368222,
CDKALI; rs2302593, GIPR; rs10885122, ADRA2A; rs1387153,
MTNRIB; rs737288, BACE2; rs1371614, DPYSL5; and
rs2293941, PDXI1. Variants significantly associated with
decreased risk for GDM were rs340874, PROXI; rs2943634,
IRS1; rs7041847, GLIS3; rs780094, GCKR; 1563694, G6PC2;
and rs11605924, CRY2.

OR and p and g-values can be seen in the tables.

Additional findings

There are some variants for which some indication of
association with GDM was obtained, but the results were not
conclusive. Specifically, for CAU we can point to variants
rs2785980 (LYPLALI1), rs7708285 (ZBED3) and rs573904
(SARDH), while for HIS we can point to variants rs1496653
(UBE2E2), rs4402960 (IGF2BP2), rs7651090 (IGF2BP2),
rs4458523 (WFS1), rs459193 (ANKRDS55), rs6235 (PCSK1),
1$2745353 (RSPO3), rs2191349 (DGKB), rs933360 (GRB10),
rs10814916 (GLIS3), rs1801222 (CUBN), rs2334499 (DUSPS),
rs10747083 (P2RX2) and rs6517656 (BACE2) (Table 3a CAU
and Table 3b HISP).

Bioinformatics analysis results

The 40 variants that presented some type of association with
GDM were mapped to the closest gene/locus, resulting in a total
of 34 encoding proteins that were used as STRING input data
(Supplementary Table 3). Basic settings of analysis were: full
STRING network, edges indicate both functional and physical
protein associations, evidence as meaning of network edges, all
active interaction sources, medium confidence (0.400) as
minimum required interaction score. The complete results
provided by the software can be found in Supplementary
Table 4. The aspects that were considered most relevant to the
objective of the work were selected by inspection so that
Supplementary Table 5. Table 4 displayed the bioinformatic
analysis of relevant results, and the graph in Figure 2
were obtained.

Discussion

In this study, we have evaluated the association of 98
susceptibility genetic variants with the diagnosis of GDM in a
large population of pregnant women from two ethnic groups,
from a single center, living in Spain, in the setting of an ongoing
nutritional intervention program. To our knowledge, this is the
first time that a large relevant set of SNPs has been analyzed in
such a large sample of GDM patients, and with a close follow-up
regarding their diet and lifestyle.
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We have observed that the nutritional intervention
presented a significant association with GDM, regardless of the
variant considered, OR < 1 (p < 0.05, g <0.05, Ifdr < 0.1), in
practically all models for both ethnicities [Supplementary
Table 2 CAU-2HIS], confirming the protective effect of the
MedDiet for GDM, as previously reported (3, 4, 16, 17) and,
at the same time, confirming the significance of the observed
SNPs. The variable of the logistic regression model that
represents the nutritional group [GROUP] provided relevant
information to assess the association of the genetic variants with
GDM. The analysis showed that the SNP-GDM association tests
identified as significant, when adjusted by the GROUP variable,
had alower FDR, that is, the discoveries have a low proportion of
false significant identified associations, evaluated by g-values,
and a low local false discovery rate, evaluated by Ifdr-values.
Furthermore, g-values indicate that it is possible to qualify as
discovery a null hypothesis with a p-value greater than the usual
threshold of 0.05, increasing the set of variants that deserve
further investigation, without significantly increasing the false
discovery rate.

Although case-control-based GWAS usually refer to the
additive model, it is currently recommended to also consider
other genetic models (18) for a better understanding of the
variant-disease relationship. Our study includes four genetic
models that provide joint information on this relationship,
aiding in the understanding of genetic analysis and providing
further strengths to our findings. We can point out that, with
some minor exceptions, when a significant association is
observed for a given SNP in several models, the corresponding
OR verify ORspp < ORpom < ORggc < ORyonm, when minor
allele is a risk allele or ORppp > ORpom > ORgec > ORpyom
when minor allele is protective (Table 3a CAU-3b HIS).

Logistic regression results are consistent with information
collected on STRING databases relative to PPI, both known and
predicted, or associations identified by co-expression, protein
homology, or text mining. The most significant variants in
genetic tests are located in locus/genes encoding proteins
annotated in the knowledge database as associated with
biological processes related to diabetes and GDM (Table 4).
Most of the nodes in Figure 2 have the name of a locus/gene that
are well referenced in the literature because several SNPs with a
significant association with diabetes and GDM are located
nearby. Specifically, the nodes located in the central core of
the graph, MNTRIB (rs1387153, rs10830962, rs10830963),
IGF2BP2 (rs4402960, rs7651090), KCNJ11 (rs5215), GCKR
(rs780094), CDKALL (rs9368222), IRS1 (rs2943634),
ADRA2A (rs10885122), CRY2(rs11605924), DKGB
(rs2191349), G6PC2 (rs563694), GLIS3 (rs7041847, rs7034200,
rs10814916), GIPR (rs2302593), WES1 (rs4458523), ZBED3
(rs7708285), PROX1 (rs340874), FOXA2 (rs6048205), PDX1
(rs2293941), PCSK1 (rs6235), have been referred in various
GWAS as associated to diabetes (6, 19-25), GDM (26-34) or
both (35, 36).
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TABLE 4 Bioinformatic analysis relevant results.
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QueryIndex Queryltem Stringld Disease = Diabetes Gestational Regulation Regulation of cell Glucose Regulation of Insulin Cobalamin

Mellitus Diabetes of Biological Communication Homeostasis Secretion
Quality

1 ADRA2A 9606.ENSP00000280155 y R

2 ANKRD55 9606.ENSP00000342295 V

3 BACE2 9606.ENSP00000332979 v

4 CDKALI 9606.ENSP00000274695 V

5 COBLLI 9606.ENSP00000341360

6 CRY2 9606.ENSP00000478187 V «/

7 CUBN 9606.ENSP00000367064 y V

8 DGKB 9606.ENSP00000385780 3

9 DPYSL5 9606.ENSP00000288699 V

10 DUSPS8 9606.ENSP00000380530

11 FOXA2 9606.ENSP00000400341 xl

12 G6PC2 9606.ENSP00000364512 v

13 GCKR 9606.ENSP00000264717 v V

14 GIPR 9606.ENSP00000467494 v

15 GLIS3 9606.ENSP00000371398 V

16 GLP2R 9606.ENSP00000262441 V

17 GRB10 9606.ENSP00000381793 v V

18 IGF2BP2 9606.ENSP00000371634 v V

19 IRS1 9606.ENSP00000304895 v v

20 KCNJ11 9606.ENSP00000345708 v V

21 LYPLALI 9606.ENSP00000355895

22 MTNRI1B 9606.ENSP00000257068 v V

23 MTR 9606.ENSP00000355536 V

24 P2RX2 9606.ENSP00000343339 v «/

25 PCSK1 9606.ENSP00000308024 V ¥

26 PDX1 9606.ENSP00000370421 v «/

27 PROX1 9606.ENSP00000355925 V

28 RSPO3 9606.ENSP00000349131

29 SARDH 9606.ENSP00000360938

30 SLC17A9 9606.ENSP00000359376 V

31 UBE2E2 9606.ENSP00000379931

32 WARS 9606.ENSP00000347495 V

33 WESI 9606.ENSP00000226760 y y

34 ZBED3 9606.ENSP00000255198 V
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Full STRING network of both functional and physical protein associations. The edges indicate both functional and physical protein associations.

We can observe a subnetwork made up of the RSPO3
(rs2745353), ANKRD55 (rs459193), LYPLALL (rs2785980)
and COBLLI (RS7607980) nodes. Although this is not
annotated in STRING gene ontology, the revised literature
reports that all of them are related to fasting insulin and show
a significant association with diabetes and GDM (6, 19, 21-23,
35, 36).

In addition to the central core, where the nodes with the
highest intensity of interaction are located, the network has three
terminal nodes, four isolated nodes, and two isolated
subnetworks, one made up of two nodes and the other made
up of three nodes.

BACE2 (rs737288, rs6517656) node has been associated with
GDM in some studies (8, 37), but not in others (28, 38). It is
related to higher fasting C-peptide levels. As can be seen in the
graph, it has a close interaction with PCSKI1. In our work, the
association for the Hispanic ethnic stratum is significant. GRB10
(rs933360) node has strong interaction with the IRS1 node, an
insulin receptor substrate 1 that may mediate the control of
various cellular processes by insulin. It is associated with
diabetes in some studies (32-34), and with both diabetes and
GDM in other (35, 36). We have found an association with
GDM in the Hispanic ethnic stratum. UBE2E2 (rs1496653) node
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is an ubiquitin-conjugating enzyme associated with diabetes in
some reports (20, 21, 25), and with GDM in other studies (27, 35,
36). In our work, it shows interaction with IGF2BP2, but it
barely reaches significance in the Hispanic ethnicity.

DPYSL5 (rs1371614) has been associated with diabetes (6,
23, 24) and GDM (35, 36). It is a dihydropyrimidinase-related
protein that has been linked with fasting glucose. In our study,
we found an association in some models for both ethnic
groups. WARS (rs3783347) is a shear stress-responsive gene
that has been associated with diabetes (19, 22-24). In our
study, it is significant in some models for Caucasian ethnicity.
DUSPS8 (rs2334499), dual specificity protein phosphatase 8,
has phosphatase activity with synthetic phosphatase substrates
and negatively regulates mitogen-activated protein kinase
activity. Some studies (20, 21) report association with
diabetes, while others (27, 36) do so with GDM. Our work
GLP2R
(rs17676067) is a receptor for glucagon-like peptide 2, which

shows association in a model for Hispanics.

has been reported as associated with diabetes (21). Our work
shows association in the ADD, REC and HOM models for
Caucasian ethnicity.

SLC17A9 (rs3746750), Solute Carrier Family 17 Member 9,
is a protein coding gene related with transporter activity and
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involved in vesicular storage and exocytosis of ATP. It has been
related to purinergic signaling and diabetes (39, 40). In our work,
it shows a significant association in the ADD, DOM and HET
models for Caucasian ethnicity. In the graph, we can see a
strong association of SLC17A9 with P2RX2 (rs10747083),
purinoceptor 2, ion channel gated by extracellular ATP
involved in a variety of cellular responses. It is included in
some studies as associated with diabetes (19, 22, 23) and GDM
(36). In our study, it hardly reaches significance in the DOM
model of the Hispanic ethnicity.

The CUBN (rs18001222), MTR (rs1805087), and SARDH
(rs573904) proteins define a subnetwork in the graph that play a
role in one-carbon metabolism with functions in many cellular
processes. Also, genetic variants in the transport and metabolism
of folate modify glycemic control and risk of GDM, and the effect
of folic acid on homocysteine levels is modulated by CUBN
(rs1801222) (41). CUBN, cubilin, is a cotransporter which plays
a role in lipoprotein, vitamin and iron metabolism; serves as
transporter in several absorptive epithelia, including embryonic
yolk sac. In a study by Boger et al. (42) it is described as “a gene
locus for albuminuria”, an idea that is reiterated in subsequent
works (43). It has also been associated with type 2 diabetes in an
elderly population (44). In our work, it is in the limits of
significance in the DOM and HET model in the Hispanic
ethnicity. MTR, 5 -methyltetrahydrofolate-homocysteine
methyltransferase, catalyzes the transfer of a methyl group
from methyl- cobalamin to homocysteine; belongs to the
vitamin-B12 dependent methionine synthase family, and has
been associated with various biological processes related to
pregnancy (45). In our work, it has been significant in the
ADD model for Caucasian ethnicity.

It should be noted that some studies are partially in
disagreement with the most widely accepted results, that is,
they report no association with diabetes or GDM in some of the
variants mentioned above. In this regard, the following works
can be consulted (9, 38, 46-49):. As an example, in our study
some SNPs included in the initial list of variants and clearly
identified in the literature, such as TCFL2, KCNQI1, HNFA1A,
SCL30A8, have not reached a level of significance in any
association model with GDM. This could be related to the
complex genetic and epigenetic architecture, with both
similarities and differences between diabetes and GDM, which
deserves further investigation.

The idea of considering the evaluation of the impact of diet
and lifestyle on the significance of SNPs in their association with
GDM is currently attracting the interest of investigators (50). In
this regard, we remark that our study has been performed with a
meticulous evaluation of lifestyle habits, showing the protective
effect of a healthy MedDiet, and that significant SNPs remained
as such, after performing a rigorous genetic and statistical
bioinformatic analysis.
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Conclusion

Identifying the potential susceptibility genetic variants that
could be associated with developing GDM and their modulation
due to a nutritional intervention deems useful to design preventive
and therapeutic strategies, especially in the setting of the increasing
prevalence of GDM. In this study, we have examined a set of 98
SNPs in a large cohort of patients from two main ethnicities from a
single center, and in the setting of an ongoing clearly beneficial
nutritional intervention. The study confirms previous works that
promote the therapeutic recommendation of Mediterranean Diet to
all pregnant women to prevent GDM. In addition, we have
confirmed a core set of SNPs reported in the literature as
associated with diabetes and GDM. However, our statistical
models, that include the nutritional intervention as an additional
variable, highlight and reinforce the significance of the association
effects, reducing the FDR levels. This means that a safer tool is
available to control the risk of GDM based on the genomic profile of
the individual. Therefore, genotypic analysis of women of child-
bearing age and recommending a MedDiet, will assist the prompt
identification and management of GDM.
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Background: Our study aimed to assess the prevalence of diabetic foot disease
(DFD) and its associated risk factors among subjects attending primary care
centers in Catalonia (Spain).

Methods: We undertook a cross-sectional analysis of data from the primary
health care (SIDIAP) database. The presence of comorbidities and concomitant
medication were analyzed for subjects with or without DFD. DFD prevalence
was estimated from 1st January 2018 to 31st December 2018.

Results: During the 12-month observational period, out of 394,266 people with
type 2 diabetes, we identified 3,277 (0.83%) active episodes of DFD in the
database. The majority of these episodes were foot ulcers (82%). The mean age
of patients with DFD was 70.3 (+ 12.5) years and 55% were male. In the
multivariable descriptive models, male gender, diabetes duration,
hypertension, macrovascular, microvascular complications, and insulin and
antiplatelet agents were strongly associated with DFD. A previous history of

frontiersin.org
48


https://www.frontiersin.org/articles/10.3389/fendo.2022.1024904/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.1024904/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.1024904/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.1024904/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.1024904/full
https://orcid.org/0000-0002-5175-1555edu
https://orcid.org/0000-0002-2868-0250
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2022.1024904&domain=pdf&date_stamp=2022-10-24
mailto:didacmauricio@gmail.com
mailto:josep.franch@gmail.com
https://doi.org/10.3389/fendo.2022.1024904
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2022.1024904
https://www.frontiersin.org/journals/endocrinology

Bundo et al.

10.3389/fendo.2022.1024904

DFD was the stronger risk factor for DFD occurrence in subjects with T2DM
(OR: 13.19, 95%Cl: 11.81; 14.72).

Conclusions: In this real-world primary care practice database, we found a
lower prevalence of DFD compared to similar previous studies. Risk factors
such as male sex, duration of diabetes, diabetes complications and previous
history of DFD were associated with the presence of DFD.

KEYWORDS

Catalonia, diabetic foot disease, primary healthcare, prevalence, SIDIAP

Introduction

Diabetic foot disease (DFD) and its complications herald the
high morbidity and mortality among patients with type 2
diabetes mellitus (T2DM). Globally, it is estimated that the
subjects with DFD have a similar life expectancy compared to
some frequent cancer types such as colon and breast (1).
Actually, DFD is the leading cause of hospitalization among
T2DM subjects (2). In Catalonia (Spain), people with T2DM and
DFD are three times at higher risk for hospital admission, and
even five times more for admissions to socio-sanitary facilities
(day care facilities and residences) than the rest the population
(3). This entails a higher health cost and a decreased quality of
life of these subjects.

There is a 25% risk probability of developing a foot ulcer
among people with diabetes during the disease course (4). DFD
will evolve towards healing, amputation, or even death
depending on the severity, underlying comorbidities, and care
received. The prevalence of DFD varies among countries and
even within different regions in the same country (5, 6). This
variability could be due to differences in the type of population
studied, the definition of foot ulcers, and the methodology used
to identify the cases and the setting where the study was
performed (primary vs secondary care) (7).

Catalonia is situated in the northeast of Spain with a
population of 7.5 million whose capital is the city of Barcelona.
The primary care electronic medical records started in 2006 and
currently the health system is entirely electronic. Due to this
process, large amounts of routinely collected electronic health
data are available through different population databases.
Measuring the real burden of DFD could help us to better
quantify the impact of this highly complex and costly diabetes
complication on life expectancy and morbidity among persons
with T2DM in our primary health care settings. Moreover, it
could help us to identify factors associated with this condition
more efficiently. So far, to the best of our knowledge, there are no
real-world data (RWD) studies on DFD in our primary health
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care settings. Our study aimed to estimate the prevalence of the
DFD and its associated risk factors in subjects who attended the
centers of the largest public healthcare provider in Catalonia in
2018 (northeast region of Spain).

Materials and methods
Study population

At the “cut-off” date (31°' December 2018), we included all
live adult subjects (age > 18 years) in the database with a
diagnosis of T2DM defined as the presence of diagnostic codes
(International Statistical Classification of Diseases and Related
Health Problems 10th Revision-ICD-10): E11 and E14. Subjects
with other types of diabetes, such as type 1, secondary,
gestational or other types of diabetes (ICD-10: E10, E12, 024
or E13) were excluded from the analysis.

Study intervention and data source

We performed a cross-sectional study using the primary
health care population SIDIAP database from 1% January 2018
until 31% December 2018. The SIDIAP (Sistema d’Informacio
per al desenvolupament de la Investigacio en Atenci6é Primaria)
database includes the routinely collected healthcare data from
users attending the primary healthcare centers from Institut
Catala de la Salut (ICS) (8). The cross-sectional analysis was
chosen as well validated method in epidemiology to collect and
analyze the data from many different individuals from our
primary health care database at a single point in time and to
investigate the association between a putative risk factors and a
health outcome (9, 10). ICS is the major local public healthcare
provider, covering 80% (5,564,292 users) of the Catalonian
population. The SIDIAP database is a well-validated primary
health database in diabetes research in Spain (11).
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Study variables and comparison

We defined a DFD episode as the presence of one or a
combination of different diagnostic codes and sub-codes for
lower-extremity ulcers (ICD-10: L97, E11.621), osteomyelitis
(ICD-10: M86), gangrene (ICD-10: 196, E11.52), lower-
extremity amputation (ICD-10: Z89), or surgical detachment
procedures-0Y6) or Charcot neuroarthropathy (M14.6, E11.61)
at the cut-oft date. All those diagnostic codes and procedures
referring to amputations below the ankle were defined as minor
amputations and included amputations of one or more toes and
trans-metatarsal amputations. Those amputations above and
through the foot or ankle were defined as major amputations
(12, 13). The diagnostic codes related to low-extremity
amputations but without specific locations were considered
non-specific amputations. During the study period, we also
analyzed the prevalence of other comorbidities such as
hypertension and hyperlipidaemia identified by ICD-10
diagnostic codes and/or pharmacologic treatment,
macrovascular (coronary heart diseases, cerebral vascular
accident and heart failure) and microvascular complications
(diabetic retinopathy, diabetic neuropathy, and chronic kidney
disease, the latter defined as a combination of CKD-EPI
glomerular filtration rate <60 ml/min/1,73m” and/or an
albumin/creatinine ratio >30mg). We also analyzed other
clinical variables, such as diabetes duration, body mass index
(BMI), and systolic and diastolic blood pressure. Variables
related to lipid, renal profile, glycosylated hemoglobin
(HbAlc), and pharmacologic treatments were also extracted
from the database and analyzed.

Two groups of subjects were created, i.e. groups with and
without an episode of DFD that occurred during 2018. We
compared the groups for different clinical characteristics at “cut-
off” date.

Statistical analysis

We described all the variables during the study period. The
mean values and standard deviation for continuous variables
were estimated, while we calculated the number and frequencies
for categorical variables.

The prevalence of DFD was calculated as the proportion of
subjects with DFD divided by the total number of alive people
with T2DM in the database. In the case of multiple episodes of
DEFD in different moments, we counted the episodes only once
per person and the episode closest to the cut-off date to prevent
possible overestimation of the DFD prevalence in the database.
We calculated the prevalence of active episodes of DFD during
2018 (a 12-month period from the cut-off date). We created the
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variable “previous history of DFD” with this approach. As a
history of DFD, we considered all previous episodes that
occurred before 1% January 2018 the period to estimated DFD
prevalence, i.e. the 2018-year period).

To evaluate the association between different factors and
DEFD, we performed multivariable logistic models to describe the
association between the different clinically important variables
and the presence of DFD during the study period. Furthermore,
additional models were performed to evaluate the association
between antidiabetic drugs and presence of or history of
previous DFD (before 2018). All the analyzes were done with
R statistical software version 3.5.1.

Results

Between 1% January 2018 and 31°' December 2018, a total of
394,376 live subjects were identified in the database. Of these
subjects, 110 were excluded due to the double codification of
other types of diabetes. Thus, we finally included 394,266
subjects meeting the study eligibility criteria. Figure 1 shows
the study flowchart.

Characteristics of subjects with and
without DFD

Table 1 shows the clinical characteristics of the study subjects.
The mean age was 70.3 ( £ 12.5) years, with a male predominance
(55%). DFD episodes were more frequent among people aged 75
or older. There were more current smokers and “at-risk” alcohol
users in the group with DFD than in the non-DFD group.

We observed a worse comorbidity profile among people with
DEFD. These subjects had longer diabetes duration (3.7 years longer)
than those without DFD. Microvascular and macrovascular
complications were more prevalent among participants with
DFD. We observed minimum differences in BMI and blood
pressure between groups, and slightly poorer glycemic control
among subjects with DFD. The lipid profile was poorer among
subjects without DFD, while we observed lower glomerular
filtration rates among those with DFD.

Regarding antidiabetic treatment, lifestyle and dietary
measures, non-insulin antidiabetic drugs (NIAD) as a single
therapy and dual therapy were more frequent among subjects
without DFD. Accordingly, insulin alone or in combination was
more frequently used as a treatment option among the subjects
with DFD. We also observed a higher prevalence of other
concomitant drug treatments among subjects with DFD,
especially antiplatelet agents. The results of antidiabetic and
other concomitant treatments are summarized in Table 2.
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Subjects identified in the database n=394376

Subjects excluded from the
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Subjects without DFD
n=390989

FIGURE 1
Study flowchart DFD: diabetic foot disease; n: number.

DFD prevalence

During the last 12 months from the “cut-off” date (31/12/
2018), we identified 3,277 (0.83%) active episodes of DFD, of
which 82% were due to active foot ulcers. During this period,
28.8% of subjects underwent lower-limb amputations, while
7.9% of subjects had foot gangrene. The prevalence of DFD is
summarized in Table 3.

Factors related to the DFD

Supplement Table 1 and Figure 2 show different comorbidity
models. In all the multivariable descriptive models, male sex,
diabetes duration, at-risk alcohol use and higher BMI were
independent risk factors for DFD. Concerning the
comorbidities, the presence of hypertension, and
macrovascular and microvascular complications were
positively associated with DFD. As expected, peripheral artery
disease and diabetic neuropathy were associated with increased
risk for DFD in the fully itemized model. These associations
were even stronger in models merging conditions under
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Subjects with DFD n=3277

macrovascular and microvascular categories. The presence of
hyperlipidaemia was negatively associated with DFD.

In the additional models that included antidiabetic
treatment, insulin use was associated with DFD episodes
(Supplement Table 2 and Figure 3A). In contrast, treatment
with NIAD or lifestyle and dietary measures were negatively
associated with DFD. A previous history of DFD was strongly
associated (OR: 13.19, 95%CI: 11.82; 14.72) with the DFD events
in this additional model (Supplement Table 3 and Figure 3B).

Discussion

Our real-world evidence study from the SIDIAP primary
care database in Catalonia in the 12-month 2018 period found
that the prevalence of diabetic foot disease among live T2DM
subjects of 0.83%. Few studies have described the prevalence of
DFD among subjects with diabetes mellitus. The meta-analyzes
and systematic reviews done by Lazzarini et al. (5) and Zhang
et al. (6) reported a prevalence of DFD of 4.7% (95% CI: 0.2—-
11.9%) and 6.3% (95% CI: 5.4-7.3%), respectively. Both studies
described a significant variability in the prevalence from one
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TABLE 1 Clinical characteristics of the study subjects.

10.3389/fendo.2022.1024904

Variable Patients without DFD Patients with DFD Total
(N=390989) (N=3277) (N=394266)
Age, mean, years 70.3 (12.5) 74.0 (12.0) 70.3 (12.5)
Age >75 years, n (%) 146757(37.5) 1628 (49.7) 148385 (37.6)
Sex (male), n (%) 214618 (54.9) 2090 (63.8) 216708 (55.0)
Current Smoker, n (%) 55553 (14.4) 507 (15.6) 56060 (14.4)
“Low risk” alcohol use, n (%) 90533 (34.9) 649 (28.4) 91182 (34.8)
“At risk” alcohol use, n (%) 3294 (1.27) 41 (1.79) 3335 (1.27)
Diabetes duration, mean (SD), years, 10.2 (6.55) 13.4 (7.35) 10.2 (6.57)
Body mass index, mean (SD),kg/m2 30.0 (5.20) 30.1 (6.11) 30.0 (5.21)
SBP, mean (SD), mmHg 133 (13.6) 132 (16.7) 133 (13.7)
DBP, mean (SD), mmHg 75.1 (9.73) 71.8 (10.5) 75.1 (9.74)
Comorbidities, n (%)
Hypertension, 305581 (78.2) 3018 (92.1) 308599 (78.3)
Hyperlipidaemia, 272111 (69.6) 2408 (73.5) 274519 (69.6)
Ischemic heart disease 51252 (13.1) 771 (23.5) 52023 (13.2)
Heart failure 28127 (7.19) 743 (22.7) 28870 (7.32)
Cerebrovascular disease 38027 (9.73) 639 (19.5) 38666 (9.81)
Peripheral arterial disease 28577 (7.31) 1575 (48.1) 30152 (7.65)
Macrovascular complications 94340 (24.1) 2039 (62.2) 96379 (24.4)
Diabetic neuropathy 24199 (6.19) 883 (26.9) 25082 (6.36)
Diabetic retinopathy 39490 (10.1) 1186 (36.2) 40676 (10.3)
Chronic kidney disease 122122 (31.2) 1956 (59.7) 124078 (31.5)
Microvascular complications 64061 (16.4) 1666 (50.8) 65727 (16.7)
Laboratory parameters
HbAlc, mean, (SD), % 7.09 (1.29) 7.35 (1.54) 7.09 (1.29)
HbAlc = 8%, n (%) 56595 (18.84) 681 (27.7) 57276 (18.86)
Total cholesterol (mg/dL), mean (SD) 182 (40.4) 164 (43.6) 182 (40.4)
HDL cholesterol (mg/dL), mean (SD) 48.7 (12.7) 45.3 (13.3) 48.7 (12.7)
LDL cholesterol (mg/dL), mean (SD) 103 (33.3) 91.1 (34.9) 103 (33.3)
Triglycerides (mg/dL), mean (SD) 159 (104) 152 (97.9) 159 (104)
Estimated glomerular filtration rate, mL/min/1.73m?, mean 73.5 (18.4) 62.5 (23.5) 73.4 (18.5)

(SD)

DEFD, diabetic foot disease; SD, standard deviation; HbAlc, glycosylate haemoglobin; SBP, systolic blood pressure; DPB, diastolic blood pressure.

continent to another, and among the different regions where the
studies were carried out. Their great limitation was the
heterogeneity among the data, even within the same country.
In Zhang’s study, the prevalence in Europe was 5.1%. Analyzing
the included studies, great methodological variability was
observed, most with a small number of patients included;
further, more than 66% of the studies were old, published
before 2010 (6).

A large amount of routinely collected health care data in
recent years allowed the performance of real clinical practice
studies. Several studies have been published to determine the
prevalence of DFD using different registry systems (databases).
These studies bring us closer to the reality of the health care area
studied. In Spain, Alonso et al. (14), in a study of diabetes-related
complications in the Basque Country, found a prevalence of foot
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ulcers of 1.93%, very similar to the figure found in Israel (15)
(1.2%) and in Taiwan (2%) (16). In Saudi Arabia, the overall
prevalence of DFD was 3.3%, while the prevalence of foot ulcers,
gangrene, and amputations were 2.05%, 0.19%, and 1.06%,
respectively (17). These prevalences are higher compared to
those observed in our study.

In the current analysis, during 2018, a prevalence of 0.68%
(2,687) of new episodes of diabetic ulcer were recorded. This
percentage was lower if we compare this with the prevalence
observed in a retrospective registry-based study (2.05%) from
65,534 Saudi diabetic patients during the 2000 and 2012
regardless of the type of diabetes (17). In a recent cross-
sectional study developed in the southern area of the
metropolitan region of Barcelona, the point prevalence of foot
ulcers during a 2-month period in 2013 was 0.16% (18). That
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TABLE 2 Antidiabetic and other concomitant treatment.

Patients without DFD (N=390989)

Antidiabetic treatment *, n (%)
Diet and lifestyle only 90301 (23.1)
133538 (34.2)
65360 (16.7)
26592 (6.80)
19612 (5.02)

55586 (14.2)

NIAD monotherapy

Dual NIAD therapy

Triple NIAD therapy

Insulin alone

Insulin in combination

Other concomitant drugs**, n (%)
Anticoagulants 24015 (6.14)
113289 (29.0)
275630 (70.5)
206959 (52.9)
62926 (16.1)

Antiplatelet agents
Antihypertensive
Lipid-lowering
Antibiotics

DEFD: diabetic foot disease; NIAD: non-insulin antidiabetic drugs.
*In the last three months.
**In the last 12 months.

study was not specifically designed to assess the prevalence of
DFD, and included the recorded diagnostic codes of different
types of ulcers (including venous ulcers), without including
other forms of DFD, like those of our study (amputations,
osteomyelitis, Charcot disease). Additionally, that study did
not characterize subjects with diabetes. Furthermore, our study
is more representative of the Catalonian population. Therefore,
our findings are hardly comparable to those of this recent
study (18).

In our study population, there were 943 (0.24%) new
episodes of amputations. According to a systematic review by
Narres et al. (19), the incidence of lower-limb amputations in the
diabetic population ranged from 78 to 704 per 100,000 people
with diabetes/year. Also, high variation exists for these
procedures, from one country to another and even within the
same country. In Spain, the incidence of amputations also shows

TABLE 3 DFD prevalence and DFD related variables.

Total (N=394266)

DED, n (%) 3,277 (0.83)
Foot ulcers, n (%) 2687 (0.682)
Osteomyelitis, n (%) 220 (0.06)
Gangrene, n (%) 261 (0.07)
Charcot foot, n (%) 39 (0.01)
Amputations, n (%) 943 (0.24)
Major amputations, n (%) 168 (0.04)
Minor amputations, n (%) 393 (0.1)
Non-specific amputations, n (%) 596 (0.2)

Previous history of DFD

10852 (2.75)

10.3389/fendo.2022.1024904

Patients with DFD (N=3277) Total (N=394266)

547 (16.7) 90848 (23.0)
653 (19.9) 134191 (34.0)
399 (12.2) 65759 (16.7)
146 (4.46) 26738 (6.78)
599 (18.3) 20211 (5.13)
933 (28.5) 56519 (14.3)
441 (13.5) 24456 (6.20)
1733 (52.9) 115022 (29.2)
2726 (83.2) 278356 (70.6)
1881 (57.4) 208840 (53.0)
1415 (43.2) 64341 (16.3)

significant variation from one region to another, and in the case
of major lower-limb amputations, Catalonia is in an
intermediate situation among the different health care regions
(20). The rate of amputations in Catalonia in 2016 among the
diabetic population aged between 45 and 74 years was 27.4 per
10,000 people with diabetes (3). The results provided in our
study are lower, suggesting a decrease in the number of episodes,
as was the case for other countries (19); however, this finding
will need to be confirmed in further studies. Regarding Charcot
foot disease, we could only identify 39 newly diagnosed patients
(0.01%) in 2018. There are few published studies for comparison.
In a retrospective hospital-based study, Fabric et al. (21) found
an annual incidence of 0.3%.

Comparing diabetic patients with and without DFD in our
study, in the DFD group, there were more men, they were older,
with a longer diabetes duration, with a higher percentage of

Patients with DFD*(N=3277)

3,277(100)
2687 (82.0)
220 (6.71)
261 (7.96)
39 (1.19)
943 (28.8)
168 (5.13)
393 (12.0)
596 (18.2)
3105 (94.8)

*Active episodes of DFD during 2018; DFD: diabetic foot disease.
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smokers and patients with hypertension, and a higher
proportion of micro- and macrovascular complications. These
findings are in line with other similar studies. It is known that
the risk of ulcers and amputation increases with age (6, 14, 22),
duration of diabetes (6, 23), poor metabolic control (15, 23), and
smoking (6), and are more prevalent in men (6, 23), but is yet to
be explained (6). In our analysis, only 7.31% of the patients
without DFD had a recorded diagnosis of peripheral artery
disease compared to 48.1% of those diagnosed with DFD.
These results are similar to previous studies, and its presence
dramatically worsens the prognosis of these patients (24). It is
surprising that only 6.19% of patients without DFD and 26.9% of
those who had an episode of DFD had a recorded diagnosis of
peripheral neuropathy. This percentage is much lower than
those previously reported by other authors (25). This is most
probably due to the already-described underreporting of this
complication in primary care electronic health care records (26)
and it is in line with previously published similar studies with the
same database (27, 28).

Concerning the risk factors in the multivariable descriptive
models, we observed strong associations of macrovascular and
microvascular complications in patients with DFD. These
chronic complications are related with DFD as a consequence
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of a general vascular failure (2, 23, 29). A previous history of a
DFD increases the risk 13-fold of a new DFD episode, which is in
line with what has repeatedly described in multiple studies.

Our study has some limitations. Firstly, as in all studies
based on routinely collected healthcare data, the underreporting
or missing data is quite frequent and is a clear limitation. Also, to
prevent possible overestimation of the prevalence, only one
episode was recorded for each person with T2DM, the closest
to the cut-off date. The multivariable models are descriptive and
do not predict the occurrence of DFD in 2018. On the other
hand, as strength, the large sample size provides valuable
information and gives us an idea of the magnitude of the
problem in our country and primary health care facilities.

In conclusion, our real-world primary care database study in
Catalonia, Spain, shows a lower DFD prevalence than in other
similar studies. In our study, type 2 diabetic subjects with DFD
were older, with longer duration of diabetes, had more micro-
and macro-vascular complications, and were more often treated
with insulin and antiplatelet agents than those without DFD.
Further, a previous history of DFD was the stronger risk factor
for a new episode of DFD in subjects with T2DM. Moreover,
interventions are needed in our primary health care settings in
order to improve the DFD codification and detection. The strong
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DFD models for association with antidiabetic drugs or previous history of DFD (A) DFD model adjusted by antidiabetic treatment (B) Fully
adjusted model for DFD considering the previous history of DFD DFD: diabetic foot disease

economic and social impact of DFD warrants future studies to
evaluate the risk factors related to occurrence and prognosis,
potentially increasing the knowledge of prevention and better
treatment of this complex disease.
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We aimed to determine the pooled prevalence of diabetic foot ulcers in
Pakistan. MEDLINE (PubMed), Web of Science, Google scholars, and local
databases were systematically searched for studies published up to August 10,
2022, on the prevalence of foot ulcers among diabetic patients in Pakistan.
Random-effects meta-analysis was used to generate summary estimates.
Subgroup analysis and meta-regression models were used to address the issue
of high heterogeneity. Two authors independently identified eligible articles,
collected data, and performed a risk of bias analysis. Twelve studies were
included in the meta-analysis (14201, range 230-2199, diabetic patients),
of which 7 were of "high” quality. The pooled prevalence of diabetic foot
ulcers was 12.16% (95% Cl: 5.91-20.23%). We found significant between-study
heterogeneity (12 = 99.3%; p < 0.001) but no statistical evidence of publication
bias (p = 0.8544). Subgroup meta-analysis found significant differences in
foot ulcer prevalence by publication year and by the duration of diabetes. An
increasing trend was observed during the last two decades, with the prevalence
of diabetic foot ulcers being the highest in the latest period from 2011 to
2022 (19.54%) than in the early 2000s (4.55%). This study suggests that the
prevalence of diabetic foot ulcers in Pakistan is relatively high, with significant
variation between provinces. Further study is required to identify ways for early
detection, prevention, and treatment in the population.

KEYWORDS

pooled prevalence, foot ulcer, diabetes, Pakistan, meta-analysis, systematic review

Introduction

A diabetic foot ulcer is a chronic consequence of diabetes characterized by lesions in
the deep tissues. It causes neurological problems and peripheral vascular diseases in the
lower extremities (1, 2). It poses a significant challenge for societies worldwide (3, 4). Foot
ulceration and infection reduce patients’ quality of life and significantly increase their
risk of amputation, which is a tragic end for most people (4). It is an expensive disease
to treat. Currently, 537 million adults are living with diabetes. This figure is forecast to
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increase to over 783 million adults by 2045 (5). Throughout
their lives, 25% of adults will develop foot ulcers (6). Diabetes-
related foot and lower limb issues are severe and long-lasting.
They affect 40-60 million people with diabetes around the
world. Chronic foot ulcers and amputations among diabetic
patients significantly reduce the quality of life and increase
mortality risk (6). Diabetes foot is one of the most common,
costly, and severe diabetic complications. Amputation is 10-
20 times more common in people with diabetes than in non-
diabetics. It is argued that a lower limb or part of a lower
limb is amputated globally every 30s due to diabetes (6).
Particularly in low-income regions, diabetic foot ulcers can
have a significant economic, social, and public health impact
without an appropriate educational program and adequate
and appropriate footwear (6). The prevalence of foot ulcers
among diabetic patients is 6.3% around the world. The highest
prevalence is in Belgium at 16.6%, and in Asia, it is 5.5%. The
lowest prevalence of foot ulcers in Australia is 1.5% (1).

The prevalence of diabetes and associated complications in
Pakistan is steadily rising (7-9). According to the International
Diabetes Foundation, 33 million (26.7%) people are living
with diabetes (10). Diabetic foot ulcers and infections place a
significant financial and resource strain on healthcare systems by
requiring hospital in-patients and outpatients to be handled by
primary care and community care services. In terms of overall
performance, Pakistan is ranked 154th out of 195 countries
(11). Pakistan, as a developing country, struggles to sustain an
effective healthcare system in the form of quality healthcare,
healthcare education, and accessibility (12). With the limited
number of diabetic foot ulcer management centers, Pakistan is
ill-equipped to address the problem of diabetes and diabetic
foot ulcer complications. According to published studies, the
prevalence of diabetic foot ulcers in Pakistan ranges from 2.1
(13) to 50.9% (14). The rising prevalence of diabetic foot ulcers
in Pakistan prompted this study to identify systematically, select,
characterize, summarize, and estimate the pooled prevalence of
diabetic foot ulcers in Pakistan till August 10, 2022.

Methods
Search strategy

The PRISMA Guidelines (15) were followed in this study.
Similarly, to our previous studies (16-18), two of us (S.A.
and F.H.) identified articles on the prevalence of diabetic foot
ulcers in Pakistan published from inception to August 10,
2022. We thoroughly searched electronic databases such as
Medline (PubMed), Web of Science, Google Scholar, and local
databases. The following keywords were combined to explore
the potential articles: “diabetic feet” OR “DFUs” OR “diabetic
foot” OR “diabetic foot ulceration” OR “diabetic foot problem”
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OR “diabetic foot ulcer” AND “epidemiology” OR “prevalence”
AND “Pakistan” OR “Pakistani” as well as variations thereof. We
also looked through the reference lists of the selected studies
for other potentially relevant studies. The PRISMA Guidelines
ChecKklist is attached in the Supplementary File S1.

Inclusion and exclusion criteria

For this study, articles were included if they met the
following criteria: (1) based on a population-based survey
or hospital-based study published in English up to August
10, 2022; (2) participants must be Pakistan residents. The
following articles were excluded if they were: (1) letters
to the editor, reviews, case series, case studies, conference
abstracts, qualitative studies, and intervention studies; (2)
based on the Pakistani community living outside Pakistan;
(3) did not report sufficient data; (4) were irrelevant to
a diabetic foot ulcer, and (5) were based on duplicated
information (data). Using a two-step procedure, the selection of
articles was conducted. Two authors (S.A. and F.H.) separately
examined the titles and abstracts of all identified articles.
Second, the full texts of the pre-selected publications were
independently evaluated based on the previously established
inclusion criteria. When necessary, a third reviewer (A.A.)
resolved conflicts.

Data extraction

A prepiloted data collection form was used by two
independent investigators (S.A. and A.A.) to collect data on the
following variables: author first, publication year, survey year,
study design, the geographical location where the study was
performed, the average age of diabetic patients, total sample
size, the proportion of men, the number of participants with
foot ulcers, sampling strategy, and setting (rural vs. urban).
Discrepancies and uncertainties were explored and resolved
through cross-checking of the data.

Study quality assessment

Two investigators (A.A. and F.H.) independently evaluated
the risk of bias in the selected studies by adapting items
from the JBI Critical Appraisal Checklist for Studies Reporting
Prevalence Data (19). Disparities regarding methodological
quality assessment scores were resolved by discussion and
adjudication by a third author (SA). The studies were graded on
a scale of 0 to 9. Using the score, we put each study into one of
three categories: high risk (1-3), moderate risk (4-6), or low risk
of bias (7-9).
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Statistical analysis

The statistical software R (version 4.2.1) was used to conduct
all analyses, and a P value of 0.05 was considered statistically
significant. For the statistical pooling of the prevalence of foot
ulcers among diabetic patients, random effects (Der Simonian-
Laird) models were used (20, 21). The Cochrane Q-statistic was
utilized to test for statistical heterogeneity, and 1> was used to
quantify it. Pooled results were presented with 95% confidence
intervals (ClIs) and a forest plot. Heterogeneity was defined
as I >50% (22, 23). Publication bias was initially analyzed
visually using a funnel plot and later statistically with the Egger
regression and Beggs tests (24, 25). Subgroup analysis was

10.3389/fpubh.2022.1017201

conducted to find potential sources of heterogeneity in the case
of large heterogeneity.

Subgroup meta-analyses were performed according
to different extracted variables (participant age, gender,
geographical region, and time period). To further explore
heterogeneity, meta-regression analyses were performed to
determine the association between the prevalence of foot
ulcers and study characteristics. The covariates in the meta-
regression considered were: year of publication, setting (urban
vs rural), sample size, year of investigation, mean age of diabetic
patients, methodological quality, and gender (male vs. female).
To examine the impact of individual studies on the pooled
prevalence estimates, sensitivity analyses were carried out by
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FIGURE 1
PRISMA flowchart of the prevalence of foot ulcer in diabetic patients in Pakistan (15).
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moderate

NA

Both 2017-2018 39.3 55

Punjab

Urban

Cross-sectional

356 17.3

2,052

Khan et al. (34)

moderate

Both 2017 66.6 48.26 Convenient

Punjab

Urban
Both
Both

Cross-sectional

509 50.9

1000

Ejaz et al. (14)

3353 51.58 Cluster Random Low

2018-2019

Both
Both

Punjab

253 16.83 Cross-sectional

1,503
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Low

NA

NA

62.6

Punjab NA

Cross-sectional

38

456

1,200
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excluding each study. The agreement between the investigators
was evaluated by the Kappa statistic (26).

Result

Figure 1 displays the PRISMA selection and exclusion
flowchart. A total of 657 studies were identified, including 645
via database searches and 12 from additional sources. After
deduplication (n = 432), 197 studies were found ineligible
after their titles and abstracts were thoroughly screened. The
remaining 28 studies were subjected to a full-text evaluation to
determine their eligibility; they were eliminated because they
did not match the inclusion criteria. In the end, 12 papers were
included in the analysis. The authors’ inter-rater agreement for
study inclusion was very good (Kappa = 0.83, p = 0.001).

Table 1 summarizes the key characteristics of the 12 studies
included in this analysis. These articles included only Pakistani
nationals, with sample sizes ranging from 230 (32) to 2199 (29),
with a median of 1503 diabetic patients. Seven studies were
conducted in Punjab province (13, 14, 30, 33-36), three studies
were performed in Sindh (27-29), one was conducted in Azad
Kashmir (31), and one study was conducted nationwide (32).
Regarding the study design, a cross-sectional research design
was utilized in 10 of the 12 studies; one study employed case-
control, and the other used a prospective research design. Two
studies were performed using convenient sampling procedures;
one used simple random sampling techniques, one used cluster
random cluster sampling; and the remaining four did not
explicitly mention their sampling procedure. The reported foot
ulcer prevalence rates in diabetic patients varied widely across
provinces (Table 1). Ten studies were conducted on urban
populations while two studies were conducted in both settings
(urban and rural). The average participant age in the 11 studies
providing this information was 52.29 years. The gender of
the diabetic patients was provided in all papers. Regarding
methodological quality bias, seven studies (27, 29-32, 35, 36) had
a low risk of bias, five studies (13, 14, 28, 33, 34) had a moderate
level, and none had a high risk of bias. The authors’ agreement
on the retrieved data was strong (Kappa score = 0.82, p = 0.001).

Quantitative synthesis

Pooled prevalence of diabetic foot ulcers

The pooled prevalence and subgroup meta-analysis for
diabetic foot ulcers are summarized in Table 2. The prevalence of
foot ulcers among diabetic patients was reported in 12 research
articles (13, 14, 27-36) with a total of 14201 diabetic patients.
The diabetic foot ulcer prevalence estimates in the included
studies ranged from 2.11% (95% CI: 1.23-3.36%) to 50.90%
(95% CI: 47.75-54.04%). The pooled prevalence of foot ulcers
among diabetic patients was 12.16% (95% CI: 5.91-20.23%).
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TABLE 2 Summary estimates from meta-analyses of diabetic foot ulcers in Pakistan.

Variable No. of No. of No. of Prevalence,
articles participants cases (95% CI)

Foot Ulcer in 12 1,4201 2,123 12.16

Diabetic patients (5.91-20.23)

By Sex

Male 6 3,755 459 12.04
(6.56-18.88)

Female 5 4,680 484 7.29
(1.92-15.69)

Time period

1999-2010 5 5,958 359 4.55
(2.35-7.42)

2011-2022 7 7,043 1,308 19.54
(9.54-32.03)

Ulcer duration

<10 years 3 4,440 291 6.16
(4.11-8.58)

>10 years 2 1,202 307 26.60
(6.36-54.30)

By location

Punjab 7 10,282 1,338 16.13
(5.57-30.79)

Sindh 3 3,371 275 5.86
(2.51-10.48)

Azad Kashmir 1 318 22 6.92
(4.36-9.99)

The 95% prediction intervals were 0.0-52.07% (Figure 2). The
12 value (99.4%, P < 0.0001) indicated high between-study
heterogeneity across the findings of different studies. The funnel
plot (Figure 3), Begg’s rank test (z = 0.41; p = 0.6808) and Egger’s
test (t = - 0.11; p = 0.9110) suggested no publication bias in the
meta-analysis. The sensitivity analysis showed that the pooled
prevalence of diabetic foot ulcers varied from 9.67% (95% CI:
5.23-15.28%) to 13.44% (95% CI: 6.68-22.06%) by excluding
each study individually. The analysis found that no single study
substantially affected the pooled prevalence of foot ulcers in
diabetic patients.

To
heterogeneity,

the
subgroup meta-analyses

of
were

analyze substantial ~ sources statistical
conducted
using age group, gender, geographical location, and time period.
The subgroup meta-analysis based on geographical location
showed that the prevalence of foot ulcers in diabetic patients was
highest in studies conducted in Punjab province [16.13% (95%
CI: 5.57-30.79%); n = 7], followed by Azad Kashmir and 6.92%

(95% CI: 4.36-9.99; n = 1), and was lowest in Sindh (5.86% (95%
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1%, % 95%, P-Value
Prediction
interval
Qtest Eggertest Beggtest Subgroup
difference
99.4 0.00-53.07 <0.001 0.911 0.6808
0.664 0.1857 0.3274
96.2 0.00-41.71 <0.001
98.7 0.00-51.67 <0.001
0.854 0.9379 0.0023
96.6 0.00-18.97 <0.001
99.3 0.00-69.76 <0.001
0.0491
87.6 0.00-54.37 <0.001
99 <0.001
0.205 0.7884 0.2335
93.6 0.00-76.19 <0.001
96 0.00-93.90 <0.001
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CI: 2.51-10.48%; n = 3). When stratified by publication year, the
pooled prevalence for diabetic foot ulcers estimates were 4.55%
(95% CI: 2.37-7.42%; n = 5) from 1999 to 2010 and 19.54%
(95% CI: 79.54-32.03%; n = 7) during 2011-2022. The highest
prevalence of diabetic foot ulcers has been detected in recent
years. When stratified by gender, the pooled prevalence of foot
ulcers in male diabetic patients (12.04%; 95% CI: 3.48-18.88%;
n = 6) was higher than in female diabetic patients (7.29%; 95%
CI: 1.92-15.69%; n = 5).

The meta-regression analysis (Table 3) revealed that the
prevalence of foot ulcers among diabetic patients significantly
increased with the publication year (8 = 0.0179; 95% CIL
0.0075-0.0282; p = 0.0007; R? = 49.07%), as well as the
year of investigation (8 = 0.0144; 95% CI: 0.0021-0.0267;
p = 0.0222; R* = 29.93). The findings also showed that
neither the percentage of men in the sample, the sample
size, nor the methodological quality of the studies was
significantly associated with the prevalence of foot ulcers in
diabetic patients.
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Events per 100
Study Events Total observations Events 95%-Cl Weight
Hashim, et al. 1999 17 805 211 [1.23; 336] 8.3%
Khuwaja, et al. 2004 26 672 387 [254;562] 83%
Shera et al. 2004 20 500 = 400 [246; 611 83%
Basit etal. 2004 229 2199 _ 1041 [917,11.77] 84%
Hussain et al 2010 67 1782 376 [293; 475] 84%
Masood et al. 2013 22 318 =i 6.92 [439;,1029] 8.2%
Khan et al. 2017 32 230 . 1391 [972;1907] 82%
Younis etal. 2018 136 1940 : 701 [591;, 824 84%
Khan et al. 2018 356 2052 17.35 [15.73;19.06] 84%
Ejaz etal. 2020 509 1000 == 5090 [47.75;5404] 84%
Akhtar et al. 2022 253 1503 (== 16.83 [1497;1882] 84%
Naseer 2022 424 1200 puay 3533 [3263;3811] 84%
Random effects model 14201 .{:::} 12.16 [5.91; 20.23] 100.0%
Prediction interval [0.00; 52.07]
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0 10 20 30 40 50
FIGURE 2
Forest plot of the prevalence of foot ulcers among diabetic patients in Pakistan.
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FIGURE 3
Funnel plot of the prevalence of foot ulcers among diabetic patients in Pakistan.

Discussion

Over the last few decades, diabetes and its associated
consequences have become more widespread. Diabetes-related
hospitalizations are disproportionately impacted by foot ulcers,
which account for half of the hospitalizations (37). The
development of a diabetic foot ulcer is a significant predictive
indication of mortality risk. Over half of patients who acquire a
foot ulcer will die within 5 years, primarily from cardiovascular
disease and diabetes complications (38). We did the first
systematic review and meta-analysis to determine the pooled
prevalence estimate of diabetic foot ulcers in Pakistan from
January 1999 to August 2022. This study combined information
from 12 distinct data sets involving 14201 diabetic patients from
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varied geographical regions of Pakistan. This study’s findings
will contribute to developing public health policies to reduce
the prevalence of diabetic foot ulcers in Pakistan. The pooled
rate of diabetic foot ulcers was 12.16% (95% CI: 5.91-20.23%).
Wide variability is observed in the prevalence estimate across
the studies, ranging from 2.1 to 50.9%. Significant heterogeneity
is observed, which may be the reason for differences in sample
size, year of study, and prevalence of diabetic neuropathy and
peripheral artery disease.

Meta-analysis estimates were higher than those from Iran
(39) and Saudi Arabia (3), where the prevalence rate of foot
ulcers was 6.4 and 3.3%, respectively. This disparity could be
attributed to a variation in research methodology. On the other
hand, the prevalence of diabetic foot ulcers is lower than in the
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TABLE 3 Univariable meta-regression analyses.

Variable Beta (8)  p-value 95% CI R29%
Publication Year 0.0179 0.0007 0.0075-0.0282 49.07
Year of investigation 0.0144 0.0222 0.0021-0.0267 29.93
Methodology 0.0155 0.8986 —0.2226-0.2536  0.00
Male ratio 0.0052 0.1884 —0.0026-0.0130  6.17
Sample size 0.00 0.9152 —0.0003-0.0001 0.00

research conducted in Ethiopia at 13% (40), Sudan at 18.1% (41),
and Spain at 17% (37). This disparity could be attributed to a
variation in research methodology.

According to our data, male diabetic patients (12.04%)
had more significant diabetic foot ulcers than female diabetic
patients (7.29%). Males’ harder physical labor could be one
explanation for this gender discrepancy (42). The findings
are congruent with those of a similar global survey (1). Our
findings revealed that Punjab had the highest prevalence of
diabetic foot ulceration (16.13%), while Sindh had the lowest
(5.86%). All studies conducted in Sindh were published before
2004, which might be the reason for the lower prevalence in
Sindh than Punjab. The results also revealed that the duration
of a patient’s diabetic disease is one of the risk factors for
the development of foot ulcers. The probability of developing
a foot ulcer increases as a patient’s duration with diabetes
increases. This is due to the medical condition’s proclivity to
worsen over time if not appropriately managed. This finding is
similar to previous research, which indicated that diabetic foot
ulcers worsened when individuals lived with diabetes for longer
periods of time (39, 40).

The study has several benefits and drawbacks. We deployed
exhaustive search procedures, rigorous selection criteria, and a
dual review procedure. We could generate reliable prevalence
estimates since the included studies provided sufficient data. Our
analysis identified no evidence of publication bias, indicating
that we did not overlook any papers that could have altered the
results of our meta-analysis. Furthermore, due to their superior
methodological quality, all included studies exhibited a low or
moderate risk of bias. According to the meta-regression analysis,
the methodological quality of the studies did not affect the
assessment of the overall prevalence.

There are some limitations to this study. The meta-analysis
revealed significant variation in the estimated pooled prevalence,
as expected. To address the issue of substantial heterogeneity,
subgroup analysis and meta-regression with components added
to the univariate model were used. The outcomes of this study
should be regarded with caution due to the significant degree
of heterogeneity. Second, we could not discover any research
article published on Khyber Pakhtunkhwa or Baluchistan. As
a result, the findings should be regarded with caution. Thirdly,
the aim of the study was to estimate the foot ulcers prevalence
in diabetic patients which is the reason it excluded the studies
which did not provide prevalence estimates. Fourthly, in the
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subgroup meta-analyses and meta-regression models, the choice
of important covariates (HbAlc, peripheral artery diseases,
smoking, and diabetic neuropathy) was limited, on the basis of
the restricted availability of primary data in the eligible studies.
Finally, because the number of papers included in this review
is limited, a univariate meta-regression analysis rather than a
multivariable meta-regression model is employed to assess the
importance of each covariate.

Conclusions

This study concludes with pooled estimates of foot ulcers
among diabetic patients in Pakistan, indicating that diabetic foot
is a substantial public health issue in Pakistan. The frequency
of foot ulcers in the general population has increased over the
past three decades, and this trend may continue in the future.
Foot ulcer among diabetic patients is on the rise in Pakistan.
Therefore, diabetic foot clinical centers are required for foot
ulcer screening, identification, and management in urban as well

as rural areas.
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Background: Considering the potential role of miRNAs as biomarkers and their
interaction with both nuclear and mitochondrial genes, we investigated the miRNA
expression profile in type 1 diabetes (TIDM) patients, including the pathways in
which they are involved considering both nuclear and mitochondrial functions.

Methods: We analyzed samples of TIDM patients and control individuals (normal
glucose tolerance) by high throughput miRNA sequencing (miRNome). Next, five
MiRNAs — hsa-miR-26b-5p, hsa-let-7i-5p, hsa-miR-143-3p, hsa-miR-501-3p
and hsa-miR-100-5p — were validated by RT-gPCR. The identification of target
genes was extracted from miRTarBase and mitoXplorer database. We also
performed receiver operating characteristic (ROC) curves and miRNAs that had
an AUC > 0.85 were considered potential biomarkers.

Results: Overall, 41 miRNAs were differentially expressed in TIDM patients compared
to control. Hsa-miR-21-5p had the highest number of predicted target genes and was
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associated with several pathways, including insulin signaling and apoptosis. 34.1% (14/
41) of the differentially expressed miRNAs also targeted mitochondrial genes, and
80.5% (33/41) of them targeted nuclear genes involved in the mitochondrial
metabolism. All five validated miRNAs were upregulated in TIDM. Among them,
hsa-miR-26b-5p showed AUC>0.85, being suggested as potential biomarker to TIDM.

Conclusion: Our results demonstrated 41 DE miRNAs that had a great accuracy
in discriminating T1IDM and control group. Furthermore, we demonstrate the
influence of these MiRNAs on numerous metabolic pathways, including
mitochondrial metabolism. Hsa-miR-26b-5p and hsa-miR-21-5p were
highlighted in our results, possibly acting on nuclear and mitochondrial

dysfunction and, subsequently, TIDM dysregulation.

KEYWORDS

type 1 diabetes, miRNAs, miRnome, nuclear target, mitochondrial target

1 Introduction

Type 1 diabetes mellitus (T1DM) is an autoimmune
disease associated with failure in insulin production that
occurs as a consequence of the pancreatic islet PB-cells
dysregulation mediated by T-cells (1). This type of
Diabetes Mellitus (DM) can affect any age group, but the
onset is more frequent in children and adolescents (2).
Globally, 1.1 million individuals under the age of 20 years
are affected by T1DM, with an annual increase of about
3% (3).

T1DM is an immune-based disease driven by the
interaction between environmental, genetic, and epigenetic
factors (4, 5). The presence of autoantibodies is the first sign
of autoimmunity against B-cells (6). Currently, the standard
method to identify individuals at risk for T1IDM is to analyze
the presence of autoantibodies against islet antigens, among
them, against islet cells (ICA), glutamate decarboxylase
(GADA), insulin (IAA), tyrosine phosphatases (IA-2 and IA-
2P), and zinc transporter 8 (ZnT8) (7). Antibodies are the most

Abbreviations: T1DM, Type 1 diabetes mellitus; DM, Diabetes Mellitus; ICA,
against islet cells; GADA, glutamate decarboxylase; IAA, insulin; IA-2,
tyrosine phosphatase; IA-2f, tyrosine phosphatase; ZnT8, zinc transporter
8; miRNAs, microRNAs; OXPHOS, oxidative phosphorylation; ADA,
American Diabetes Association; NGS, Next-Generation Sequencing; DE,
Differential Expression; Hgl9, Human Genome Reference; RPKM, Reads
per Kilobase per Million; RT-qPCR, Real-Time Quantitative Reverse
Transcription-PCR; ROC, Receiver Operating Characteristics; AUC, Area
Under the Curve; PBMCs, Peripheral Blood Mononuclear Cells; DDR2,
Discoiding Domain Receptor 2; ETC, electron transport chain; ROS,

reactive oxygen species; GH, growth hormone.
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common biomarkers of T1IDM, but only a portion of the
autoantibody-positive individuals develop the disease. Thus,
new biomarkers are required to help the identification of
T1DM patients (8).

Several microRNAs (miRNAs) - short non-coding RNAs
(~22 nucleotides) that play important roles in the gene
expression regulation (9) - have been reported in association
with T1DM, affecting B-cell metabolism (10, 11), insulin secretion
(12, 13), T-cell function (14, 15), biosynthesis and performance of
autoantigens (16). Furthermore, it has been demonstrated that the
miRNAs act on TIDM not only via nuclear, but also via
mitochondrial pathways. The miRNA-181a, for example, is
overexpressed in TIDM patients compared to control and it is
able to inhibit hydrogen peroxide-induced cellular apoptosis, lead
to disruption of mitochondrial structure, increase ROS (reactive
oxygen species) production, and downregulate the expression of
mitochondrial anti-apoptotic proteins (10, 17).

In this context, we explored miRNA expression profiles in
T1DM patients through miRNome sequencing and investigated
the pathways these miRNAs are involved considering both
nuclear and mitochondrial functions.

2 Material and methods
2.1 Ethics statement

This study was approved by the Institutional Review Board
from Jodo de Barros Barreto University Hospital (HUJBB, Belem,
Para, Brazil) (Protocol Number 005/12). All procedures performed
involving human participants were conducted according to the
ethical guidelines of the Declaration of Helsinki. Written informed
consent was obtained from all study participants.
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2.2 Sample collection

Sixty patients with TIDM - diagnosed according to the
American Diabetes Association (ADA) criteria (18) - and
twenty-eight subjects with normal glucose tolerance (control
individuals) were enrolled in the current study by the
Endocrinology and Metabology/Diabetes Unit at HUJBB.
T1DM group had mean age 26.93 +
individuals equally distributed between females and males. The

9.62 years, with

mean age of the control group was 28.83 + 6.85 years old, with
predominance of females (75%). Peripheral blood samples were
collected into a Tempus Blood RNA tube (Thermo Fisher
Scientific, Waltham, MA, USA) and stored at -20°C until RNA
extraction. A summary of our experimental workflow is
presented in Figure 1.

2.3 Total RNA isolation and
quantification

Total RNA was extracted using MagMAXTM RNA
Isolation Kit (Thermo Fisher Scientific, Waltham, MA,
USA) according to manufacturer’s specification and
quantified with NanoDrop-1000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). The RNA
integrity was determined using Agilent RNA ScreenTape
assay and 2200 TapeStation Instrument (Agilent
Technologies, Santa Clara, CA, USA).

10.3389/fendo.2022.1033809

2.4 Library preparation and next-
generation sequencing

A high throughput small RNA-sequencing experiment was
conducted in 12 patients with TIDM and 4 control individuals.
For library preparation, 1 pg of total RNA per sample was used
with TruSeq Small RNA Library Preparation (Illumina, San
Diego, CA, USA). The library was validated and quantified by
DNA ScreenTape assay in a 2200 TapeStation Instrument
(Agilent Technologies, USA) and by real-time PCR with a
KAPA Library Quantification Kit (Roche, Basel, Switzerland).
A total library pool of 4 nM was sequenced using a MiSeq
Reagent Kit v3 (150 cycles) at the MiSeq System (Illumina).

2.5 Sequencing data processing and
differential expression analysis

A pipeline of quality control to remove adapters and filter
low quality reads was applied using Trimmomatic software (19).
Resulting sequences were aligned with the human genome
reference (Hgl9) using STAR software (20). Mature miRNAs
sequencing was quantified using miRbase human annotation
and expression count was performed with HTSeq software (21).

The DE analysis was performed using the Bioconductor-
DESeq2 package (22) in R software. Comparisons between
patients with TIDM and control individuals were conducted.
Adjusted values of p < 0.05 and a |log2 fold change| > 1.5 were

/ [ Total RNA extraction ] \

miRNome
T1D (n=12) and controls (n=4)
'

gRT-PCR
T1D (n=48) and controls (n=24)

[ Library construction J Predlct;(:;;f target [ Selection of 5 miRNAs ]
' '
Next Generatlon Annotation of biological
[ Sequencmg (NGS) ] [ pathways ] i ]
I '
Ahgnment with hgl19 Regulatory network
[ (STAR) ] [ construction ROCand AUC

mJRNA count
(HTSeq)

Differennal Expression
Analysis (DESeq2)

FIGURE 1
Experimental workflow of the analyses in the study.

Frontiers in Endocrinology

frontiersin.org
69


https://doi.org/10.3389/fendo.2022.1033809
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Ferraz et al.

considered statistically significant. Graphical analysis of miRNAs
was normalized to RPKM (Reads per Kilobase per Million).
Heatmap was used for hierarchical clustering of DE miRNAs.

2.6 Validation by quantitative real-time
reverse transcription-PCR

Based on the NGS data, five miRNAs - hsa-miR-26b-5p, hsa-
let-7i-5p, hsa-miR-143-3p, hsa-miR-501-3p and hsa-miR-100-5p
— were selected for validation by Real-Time Quantitative Reverse
Transcription-PCR (RT-qPCR). The experiment was conducted
in 48 patients with TIDM and 24 control individuals. Total RNA
was used in a reverse transcription reaction using miRNA Ist
Strand cDNA Synthesis Kit (Agilent Technologies). The reverse
transcription product was subject to amplification using
PowerUp SYBR Green Master Mix in ABI 7500 Real Time
PCR System (Thermo Fisher Scientific). The specific primers for
mature miRNAs are listed in Supplement Table S1. All reactions
were performed in triplicate, and the comparative Ct method
was used to analyze the differences in the expression of each
group. The expression levels of miRNAs were normalized by
using the endogenous control small nucleolar RNA U6.

2.7 ROC and AUC analyses

To estimate the biomarker sensitivity for distinguishing
groups, Receiver Operating Characteristics (ROC) and Area
Under the Curve (AUC) analyses were used. These measures
are effective in discriminating the true state of individuals, being
a standard analysis for searching for biomarkers. In this study,
the miRNAs that demonstrated AUC>0.85 were considered
potentially useful for the diagnosis of TIDM.

2.8 ldentification of target genes and
functional enrichment analysis

Target genes of DE miRNAs were extracted from
miRTarBase database (access in July 2021) (23) considering
only those that were validated by strong evidence (report
assay, western blot, and qPCR). Enrichment analysis of the
target genes were conducted in both KEGG and Reactome
pathways using the ReactomePA (24) and ClusterProfiler
package (25) in R. Enriched terms with an FDR adjusted p-
value < 0.05 were considered statistically significant. Interaction
network of miRNA-target gene and target gene-biological
pathways were constructed using Cytoscape (26). For the
mitochondrial approach, we based our analyses on the human
mitochondrial interactome (mitochondrial functions and their
associated genes) present in the mitoXplorer platform (27).
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2.9 Statistical analyses

Statistical analyses and graphing were performed using R
software (28). Shapiro-Wilk test was used to evaluate the data
distribution. To evaluate the statistical significance between the
analyzed groups, we used Mann-Whitney U test. P value < 0.05
was considered statistically significant.

3 Results

3.1 Identification of differentially
expressed miRNAs in type 1 diabetes

We identified 41 differentially expressed (DE) miRNAs in
patients with T1DM in comparison to control individuals,
including 36 downregulated and 5 upregulated miRNAs
(Figure 2). Hierarchical clustering of normalized expression of
these miRNAs provided a heatmap graph that clearly separated
T1DM and control group (Figure 3).

3.2 Target genes identification

We identified 1,237 interactions with 777 target genes
(Supplement Table S2). Only hsa-miR-501-3p had no predicted
target genes with strong evidence. The hsa-miR-21-5p was by far
the miRNA with the highest number of targets (Figure 4A). On
the other hand, PTEN and VEGFA were the genes with the greater
number of interactions with different miRNAs, followed closely by
BCL2, HMGA2, IGFIR and MYC (Figure 4B).

3.3 Validation of miRNAs expression
by RT-qPCR

The five most DE miRNAs, considering the lowest p-value
and highest log, fold change, were selected to be validated by
RT-qPCR: hsa-miR-100-5p, hsa-miR-501-3p, hsa-miR-143-3p,
hsa-let-7i-5p and hsa-miR-26b-5p. All of them were
upregulated in T1DM in comparison to control (Figure 5).
Only hsa-miR-26b-5p showed AUC>0.85, being highlighted as
a potential biomarker to TIDM (Figure 6).

Interestingly, hsa-miR-100-5p, hsa-miR-143-3p, hsa-let-7i-5p,
and hsa-miR-26b-5p regulate the genes IGF1, TLR4, CTGF, JAGI,
PTGS2, NR2C2, IGF1R, MMP13 and AKT1. Only the IGF1R gene
(Insulin Like Growth Factor 1 Receptor) was regulated by three of
these miRNAs (hsa-miR-100-5p, hsa-miR-143-3p and hsa-miR-
26b-5p), making it a central gene in TIDM regulatory network.
Curiously, hsa-miR-26b-5p regulate both IGFIR and IGF1, which
are genes related to insulin signaling and apoptotic events
(Figure 7). The hsa-miR-501-3p did not have target genes of
strong evidence, so it was removed from the analyses.
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FIGURE 2

DE miRNAs in the T1DM patients in comparison to controls. Blue dots are considered DE miRNAs under the conditions of adjusted values of
p < 0.05 and |log2 fold change| > 1.5. Red dots are non-DE miRNAs. Note that miRNAs on right of figure are up-regulated, and on the left are

down-regulated.

3.4 Functional enrichment analysis

To investigate the biological pathways that these 41 DE miRNAs
play in the development of TIDM, we separated analyzes in miRNAs
targeting nuclear genes and miRNAs targeting mitochondrial genes.
These results are showed in the next sections.

3.4.1 Nuclear

To improve the interpretation of the results, we divided the
functional enrichment of miRNAs for nuclear genes into genes
regulated by downregulated miRNAs and those regulated by
upregulated miRNAs.

The functional analysis of the upregulated miRNAs revealed
that its target genes participate in 61 KEGG pathways
(Supplement Table S3). Among these, we highlight 22 that are
important for the development of TIDM (Supplement Figure S1),
including apoptosis pathway and protein complex signaling
(TGF-B, EGFR, Pi3K-Akt, HIF-1, TNF, mTOR, hippo, Notch etc.)

The investigation of the downregulated miRNAs presented
interaction with 751 nuclear genes that are involved in 150 KEGG
pathways (Supplement Table S4), of which at least 40 pathways are
related to TIDM (Supplement Figure S2). In addition to pathways
already associated with upregulated miRNAs, we found pathways
associated with the immunological response and insulin signaling.

3.4.2 Mitochondrial
To better explore mitochondrial association with T1DM, we
divided the miRNAs in two groups: miRNA targeting
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mitochondrially-encoded genes and miRNAs targeting nuclear
genes involved in mitochondrial metabolism (NucGenMito).

In total, 14 miRNAs targeting mitochondrial genes were
recognized. Curiously, eight of them were found interacting with
MT-COX2 (also known as MT-CO2 and MT-COII;
mitochondrially-encoded cytochrome ¢ oxidase II) considering
both strong and weak evidence interactions. Among these
miRNAs are the three that were validated by RT-qPCR,
although only the interactions with hsa-miR-21-5p and hsa-
miR-26b-5p are of strong evidence in the global literature (in
red) (Figure 8A). All mitochondrial genes targeted by miRNAs
are expressed in the pancreas and whole blood from GTEx data
(Figure 8B), reinforcing the potential role of these genes in
T1DM. KEGG pathways and Reactome pathways are shown in
Figures 8C,D, respectively, highlighting important
mitochondrial mechanisms and some conditions that have
been related to both nucleus and mitochondria.

Considering mitoXplorer database, 33 DE miRNAs targeting
NucGenMito were reported, including those validated by RT-
qPCR (Supplement Figure S3A). Most of these miRNAs are
involved in Transcription (nuclear), Apoptosis and
Mitochondrial Signaling (Supplement Figure S3B). Hsa-miR-
21-5p, hsa-miR-221-3p and hsa-miR-181a-5p had the greater
number of targets, over 10 target genes (Supplement Figure
S3C). As 80.5% (33/41) of miRNAs targeting NucGenMito also
targeted mitochondria-independent nuclear genes, functional
analysis enriched for the same previously mentioned biological
pathways (Supplement Figures S4, S1-S2).
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FIGURE 3

Heatmap with hierarchical clustering analysis of DE miRNAs in TIDM. Blue color in top bar represents control individuals and red colors
represents T1DM patients. In the heatmap, dark-red color corresponds to high miRNA expression, and dark blue corresponds to low expression.

4 Discussion

Circulating miRNAs are strong candidates to be biomarkers
for complex diseases, including diabetes mellitus. In a way,
because they are stable, resistant to ribonuclease, can be easily
collected, and their level can be measured using assays that are
rapid, specific, and sensitive (7). Therefore, we investigated the
profile of miRNAs expressed in the blood from a cohort of TIDM
patients, looking for potential new biomarkers for this disease.

Here, 41 miRNAs were found to be dysregulated in TIDM
patients in comparison to controls, suggesting a potential role in
T1DM development. Among these, 10 miRNAs (hsa-miR-99b-5p,
hsa-miR-501-3p, hsa-let-7f-5p, hsa-miR-143-3p, hsa-miR-144-3p,
hsa-miR-181a-5p, hsa-miR-126-5p, hsa-miR-144-5p, hsa-miR-16-
5p, and hsa-miR-25-3p) are the same found in the previously
whole-blood miRNA sequencing in diabetes performed by
Massaro et al. (2019) (29), reinforcing the involvement of these
miRNAs with the diabetes process. In the last-mentioned study,
these miRNAs were also related to diabetes complications (i.e.,
neuropathy, retinopathy, and nephropathy) and were able to
differentiate TIDM patients from controls. Nonetheless, there is
still limited literature on these miRNAs and TIDM currently.

In our study, it should be noted that hsa-miR-21-5p had the
highest number of predicted target genes. This miRNA - together
with others such as hsa-miR-181a-5p - has been reported in
plasma/serum and Peripheral Blood Mononuclear Cells (PBMCs)
acting as potential circulating biomarker in TIDM (6). In a recent
study with breast cancer, hsa-miR-21-5p was reported to be
sublocated in mitochondria and able to interact with
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mitochondria-related differentially expressed genes in multiple
mechanisms (30), including the collagen metabolism by
Discoiding Domain Receptor 2 (DDR2), which, in turn, has
been related to diabetic osteopenia (31). Here, hsa-miR-21-5p
was associated, among so many other pathways, with insulin
resistance, apoptosis, and diabetic cardiomyopathy (Supplement
Tables S2, S4). Curiously, these three pathways not only have been
notably present in our findings but have also been associated to
mitochondrial functions in TIDM in previous studies (32-34).
Moreover, we highlight the association of multiple miRNAs to
MT-COX2 in our study, particularly hsa-miR-21-5p and hsa-miR-
26b-5p that were predicted with strong evidence. The MT-COX2
gene encodes a subunit of the Complex IV (also known as
cytochrome c oxidase), one of the five protein complexes in the
electron transport chain (ETC) repeatedly located in the
mitochondrial cristae and responsible for the energy generation
during OXPHOS (35). Importantly, mitochondrial dysfunction
leading to imbalanced OXPHOS activity has been reported in
T1DM, including the decreased activity of ETC complexes
in T1DM heart (36), although the specific mechanisms affected
in these processes have not yet been clarified. In addition, it should
be noted that oxidative stress by the accumulation of
mitochondrial ROS - mainly due to hyperglycemia-induced
mitochondrial dysfunction and altered dynamics and biogenesis
— has been described as a key factor to T2DM and some of the
diabetic complications, including insulin resistance (37, 38).
Curiously, insulin resistance has been related to serum
levels of the growth factor IGF1 and its receptor IGFIR -
components of the growth hormone (GH) and energy
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Quantitative of target genes of DE miRNAs in TIDM. (A) Number of target genes per DE miRNA. (B) Number of interacting miRNAs for the ten

most frequently found genes

metabolisms (39, 40). In fact, the dysregulation of IGF1 and
IGFIR levels has been described in association to
hyperglycemia in diabetes, including T1DM, and several
diabetic complications (40-42). In our study, hsa-miR-26b-
5p, hsa-let-7i-5p, hsa-miR-100-5p and hsa-miR-143-3p were
found to be interacting with IGFIR and/or IGFI gene,
suggesting that these miRNAs might play a role in this
insulin resistance metabolism, in addition to diabetic
complications. Surprisingly, all three miRNAs (hsa-miR-26b-
5p, hsa-miR-100-5p and hsa-miR-143-3p) were shown here to
interact with MT-COX2 gene, which is particularly relevant
considering that IGFRI1 and the GH/IGF1 axis have been
related to mitochondrial function and dynamics (43, 44).

In addition, hsa-miR-26b-5p was recently described to form
a signaling pathway with MfnI (mitofusin 1), an essential gene
for mitochondrial fusion; this hsa-miR-26b-5p/Mfnl axis seems
to affect mitochondrial dynamics and apoptosis in the context of
myocardial infarction and cardiac microvascular dysfunction
(45). Therefore, hsa-miR-26b-5p could be especially important to
diabetic cardiomyopathy and, possibly, other diabetic
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complications. To the best of our knowledge, this is the first
study to highlight a potential key role of hsa-miR-26b-5p in
T1DM development and progression.

Here, we describe the main regulatory dysfunctions in the
miRNA pathways associated with TIDM, including their role at the
nuclear and mitochondrial levels. To strengthen our results, we
recommend future investigations on these miRNAs in cellular and
animal models to validate the regulatory network in which they are
involved. Of note, a major limitation of this study was the sample
size, so we also recommend the validation of miRNAs in a larger
cohort to guarantee the veracity of the results, in addition to patients
with different diabetic complications. Despite these limitations, our
findings contribute to the knowledge of complex regulation of
T1DM and identification of miRNAs as potential biomarkers.

Conclusion

In summary, we found differentially expressed miRNAs
between T1DM patients and control individuals that clearly
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Background: A novel, rare OTUD3 c.863G>A (rs78466831) in humans has
been reported associated with diabetes, but the prevalence and clinical
characteristics of T2DM patients with rs78466831 have not been
reported before.

Objective: To investigate the prevalence and clinical characteristics of
T2DM patients with rs78466831 and provide a basis for clinical diagnosis
and treatment.

Methods: OTUD3 gene rs78466831 SNP was detected by Sanger sequencing
in all the collected specimens of laboratory-confirmed T2DM patients and
healthy people. Clinical characteristics indexes inconsisting of fasting blood
glucose (FBG), glycosylated hemoglobin (HbAlc), high density lipoprotein
cholesterol (HDL-C), low density lipoprotein cholesterol (LDL-C), total
cholesterol (TC), triglyceride (TG) and a body mass index (BMI), T2DM-
associated chronic complications (myocardial infarction, cerebrovascular
disease, retinopathy, arterial plaque, peripheral neuropathy and nephropathy)
were obtained from the clinical laboratory information systems and electronic
medical record system. Clinical characteristic indicators were compared
between the wild-type and variant (rs78466831) patients with T2DM.

Results: The prevalence of rs78466831 in the T2DM patients group was
significantly higher than the healthy control in our academic center. The
general characteristic indicators were not significantly different between the
wild-type and rs78466831 patients with T2DM, except the family history of
diabetes. Clinical laboratory indicators including HbAlc, FBG, OGTT, TC, HDL-
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C, LDL-C and CP had no significant difference between the two groups. The
therapeutic drug and target achievement rates were not significantly different
between the two groups. The incidence of diabetic retinopathy in the variant
group was significantly higher than the wild-type group.

Conclusions: The OTUD3 gene rs78466831 was associated with T2DM and
may be a biological risk factor of diabetes retinopathy.

KEYWORDS

OTUD3, type 2 diabetes, clinical characteristics, gene, diabetes retinopathy

Introduction

The prevalence of type 2 diabetes mellitus (T2DM) has
increased worldwide over the past several decades. T2DM is
the most common form of diabetes, accounting for more than
90% of diabetes cases in China (1-3). The International Diabetes
Federation (IDF) reported that in 2015, more than 400 million
adults worldwide suffered from diabetes (4). The IDF estimates
that this number will exceed 600 million by 2040. China
currently has the largest number of T2DM cases worldwide.
T2DM can lead to many different chronic complications that can
reduce the quality of life and even induce premature death.
T2DM has a multifactorial etiology, and genes play a key role in
its pathogenesis (5). For example, Lee et al. found that the Gas6
gene rs8191974 SNP is associated with T2DM cases in Taiwan
(6). The Gas6 polymorphism is associated with stroke (7). The
Gas6/TAM system is involved in the pathogenic mechanism of
diabetes-associated renal and cardiovascular complications (8).
Moreover, low levels of AIM2 promoter total methylation might
increase the risk of T2DM and AIM2 promoter total methylation
or some loss of CpG methylation increase the risk of vascular
complications in T2DM (9). Therefore, we can speculate that
patients with T2DM may have different clinical characteristics
due to various susceptibility genes. Genetic tests can not only
reveal clinical subgroups but can also result in improved
treatment outcomes for these patients. For example, combined
multigene screening before therapy and LDL-C and sdLDL-C
detection before and after therapy could well assist T2DM
treatment (10). Brown et al. suggested that increased SLC4A4/
NBCel in f3 cells in T2DM contributes to the promotion of 3 cell
failure and should be considered as a potential therapeutic
target (11).

In 2022, Zhou et al. reported that in humans, the novel, rare
OTUD3 ¢.863G>A (rs78466831) mutation is associated with
diabetes (12). They found that the wild-type genotypes in
healthy controls were GG and all the variants were
heterozygous GA. OTUD3 ¢.863 G>A reduced protein stability
and DUB activity, which is important for the function of
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OTUD3 in humans. The data of that study suggested that the
CREB-binding-protein-dependent OTUD3 (CBP-OTUD3)
signaling pathway plays a key role in glucose and fatty acid
metabolism. Glucose and fatty acids can stimulate CBP-OTUD3
acetylation, thus promoting nuclear translocation, wherein
OTUD3 regulates various genes involved in glucose and lipid
metabolism and oxidative phosphorylation by stabilizing
peroxisome-proliferator-activated receptor delta (PPARd) (12).

However, the prevalence and clinical characteristics of
T2DM patients with rs78466831 in different regions are still
unknown. Clinical characteristics can provide useful
information for the effective treatment and management of
patients who suffer from diabetes. The comparison of clinical
laboratory indicators, general characteristics, target achievement
rates, selected hypoglycemic drugs, and associated complications
needs further investigation. Therefore, in this study, we intend to
explore the data from our academic center to provide a basis for
clinical diagnosis and treatment.

Materials and methods
Patients

Cases of T2DM were diagnosed on basis of the 1999 WHO
guidelines (13, 14). Patients with T2DM were diagnosed by two
endocrinologists in the in-patient departments of the First
Affiliated Hospital of Nanchang University. All patients were
admitted voluntarily. The inclusion criterion for the patients
with T2DM was either fasting plasma glucose level > 7.0 mmol/L
or 2 h oral glucose tolerance test glucose level > 11.1 mmol/L.
The exclusion criteria included type 1 diabetes, gestational
diabetes mellitus, and other special types. The specimens for
laboratory detection were collected from patients with type 2
diabetes who were hospitalized in the First Affiliated Hospital of
Nanchang University. Blood samples for diagram construction
were donated by one of the variant’s family members with
informed consent. The samples of healthy adults were
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collected in the health examination center of our hospital. The
inclusion criteria for healthy adults were as follows: 1. Clinical
biochemical tests (liver function test, kidney function test, blood
glucose test, and blood lipid test) within the normal reference
range. 2. Routine blood test indexes within the normal reference
range. 3. Routine urine tests within the normal reference range.
The exclusion criteria were as follows: 1. History of diabetes. 2.
Family history of T2DM. 3. Systemic diseases. 4. Renal and
hepatic failure. 5. Cardiovascular disease. 6. Malignant tumors,
infections, or other endocrine diseases. 7. Other types
of diabetes.

DNA extraction and quality control

A DNeasy Blood & Tissue Kit (69506, Qiagen, Germany)
was used to extract blood genomic DNA. NanoDrop ND-1000
(Thermo Fisher Scientific, USA) was applied to detect DNA
concentration and quality. A A260/A280 ratio between 1.7-2.0
indicated high DNA purity. DNA was diluted to the working
solution concentration of 20 ng/uL for further study.

Amplification

The primers for the detection of the G>A single-nucleotide
mutation of the OTUD3 gene (rs78466831 SNP) were designed by
the online software Primer-BLAST provided by the National
Center for Biotechnology Information. The forward primer
sequence of the OTUD3 rs78466831 SNP was
GACTGAAGTAGGGACCCAGG, and the reverse primer
sequence was ACTGTCACGGCATACACCAA. The length of
the amplified fragment was 480 bp. The polymerase chain
reaction (PCR) system had the total volume of 40 pL and
contained 2 pL of 10 pmol/L Primer F, 2 pL of 10 umol/L
Primer R, 1 pL of 20 ng/uL template gDNA, 20 pL of 2x T8
High-Fidelity Master Mix, and 15 pL of ddH,O. The reaction
procedure was as follows: 98 °C for 2 min, 35 cycles of 98 °C for 10
s, 58 °C for 10's, and 72 °C for 15 s then at 72 °C for 5 min. A PCR
amplification instrument (A300, LONGGENE, China) was used.

Sanger sequencing (G—normal allele;
A-variant allele)

The amplified PCR products were subjected to agarose gel
electrophoresis (2 pL of sample + 6 pL of bromophenol blue) at
the voltage of 300 V for 12 min. The gel map showed that the
target band size was single. Then, the qualified PCR products
were Sanger sequenced by a sequencer (ABI 3730XL, Thermo
Fisher Scientific). The rs78466831 SNP was analyzed by using
Sequencing Analysis 5.2 software.
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Detection of clinical laboratory indicators

Fasting blood glucose (FBG), total cholesterol (TC),
triglyceride (TG), low-density lipoprotein cholesterol (LDL-C),
high-density lipoprotein cholesterol (HDL-C), and C-peptide
were detected by using serum samples. The clinical biochemical
indexes of the patients were determined by using a Hitachi 7600
automatic biochemical analyzer. The detection methods were as
follows: fasting blood glucose (FBG): hexokinase method; TC:
oxidase method; TG: enzymatic method; LDL-C: direct
clearance method; and HDL-C: direct clearance method. All
the above biochemical testing reagents were provided by Ningbo
Meikang Biotechnology Co., LTD. C-peptide was detected
through chemiluminescent immunoassay by using in vitro
diagnostic kits and MAGLUMI chemiluminescence detector
were produced by Shenzhen New Industry Biomedical
Engineering Co., LTD. Glycosylated hemoglobin (HbA1C) was
detected through high-performance liquid chromatography
(TOSOH HLC-723G8).

Collection of general characteristic data

General characteristic information, such as sex, age, diagnose age
of onset, body mass index (BMI = weight (kg)/(height [m] %) blood
pressure, smoking, drinking, associated chronic complications,
family history of diabetes and hypoglycemic drug use of T2DM
patients were collected through the Clinical electronic medical
record system. And some incomplete medical records were
supplemented by telephone questionnaires. The T2DM-associated
chronic complications of the patients were judged by the diagnosis
medical records and the abnormal results of diagnostic
examinations. The patients were assumed to have CHD (coronary
heart disease) if they had been diagnosed by the diagnostic
examinations included coronary angiography or coronary artery
computed tomography. Retinopathy was diagnosed according to the
ophthalmologic test, arterial plaque was diagnosed by carotid
ultrasonography and diabetic nephropathy was diagnosed as GFR
(glomerular filtration rate) <60 mL/min/1.73 m” or urinary albumin
to creatinine ratio>30 mg/g. Peripheral Neuropathy was diagnosed
by Neuroelectrophysiological examination.

Therapeutic drug and target value
achievement rate of patients with T”2DM
on admission

The standard treatment of the patients was based on the
2017 China guidelines for T2DM (14). The target values of
treatment were set as follows: FBG 4.4-7.0 mmol/L, HbAlc <
7.0%, TC < 4.5 mmol/L, TG < 1.7 mmol/L, HDL-C > 1.0 mmol/L
(men) or >1.3 mmol/L (women), LDL-C < 2.6 mmol/L (not
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accompanied by CHD) or <1.8 mmol/L (accompanied by CHD),
and BMI < 24 kg/m”.

Statistical analysis

Data were analyzed by using SPSS 20.0 (SPSS Inc., Chicago,
USA). P-values < 0.05 were statistically significant. Continuous
variables were descriptively analyzed by using the mean and
standard deviation, whereas categorical variables were
summarized as counts and percentages in each category. The
general characteristics and laboratory indicators were analyzed
through t-tests (for normally distributed variables) and
Mann-Whitney U test (for non-normally distributed
variables). Chi-square test was applied to analyze T2DM-
associated complications.

Results

Results of the prevalence of rs78466831
in our academic center

We found six variants (rs78466831) in 300 patients with
T2DM and zero in the healthy controls (Table 1). All the
genotypes of the variants were GA. The frequencies of allele A
in patients with T2DM and healthy controls were 1% and 0%,
respectively. In our academic center, the prevalence of
rs78466831 in the patients with T2DM was significantly higher
than that in the healthy controls.

Diagram of a variant family

All of the variants, except for one child (child-III-1), had
type 2 diabetes (Figure 1A). One of the three patients in the
family had an onset age earlier than 35 years old, and two had an
onset age of greater than 35 years old. The genotypes of the
patients were heterozygous mutations GA (Figure 1B), the other
healthy adults were wild-type GG (Figure 1C). The arrow
indicates the position of the mutant base (rs78466831 position).

10.3389/fendo.2022.1059641

General characteristics of the wild-type
and rs78466831 patients with T2DM

Among 300 cases, 148 wild-type cases with complete data were
selected as the control group and compared with the variant
(rs78466831) group. The general characteristics (Table 2),
including age, sex (M/F), diagnosed age of onset, diabetes,
duration (years), hypertension, smoking (%), and alcohol (%) did
not significantly differ between the two groups. However, the family
history of diabetes significantly differed between the two groups.
The variants all had a family history of diabetes at rates significantly
higher than those in the control group.

Clinical laboratory characteristics of the
two groups

Clinical laboratory indicators, including HBAlc, FBG,
OGTT, CP, TC, HDL-C, TG, and LDL-C, did not significantly
differ between the two groups (Table 3).

The selection of treatment drugs and the
target achievement rate of the two
groups at admission

In accordance with the 2017 China guidelines for T2DM, the
therapeutic drug selections and target value achievement rate
(Table 4) of the wild-type and rs78466831 patients with T2DM
at admission did not significantly differ between the two groups.
See the table below for details.

Comparison of T2DM-associated chronic
complications between the two groups

T2DM-associated chronic complications, including
nephropathy, cerebrovascular disease, cardiovascular disease,
arterial plaque, and peripheral neuropathy did not significantly
differ between the two groups (Table 5). However, the incidence
rate of diabetic retinopathy (DR) was 100% in the variant group

TABLE 1 Different prevalence rates of rs78466831 between healthy controls and patients with T2DM in our academic center.

subjects Genotypes
GG GA

Healthy 300 0

T2DM 294 6

OR

P

95% CI

CI, Confidence Interval.
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Allele
AA G A
0 600 0
0 594 6

1.01
0.041
1.002-1.018
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FIGURE 1

Diagram of a family with rs78466831. (A) Proband is indicated with an arrow. () females; [J males; @ female with T2DM; Bl male with T2DM;
@ with rs78466831. (B) Single-base substitution mutation (rs78466831) is indicated with a red arrow. (C) Normal base (red arrow).

TABLE 2 General characteristics of the wild-type and rs78466831 patients with T2DM.

Variables Wide-type rs78466831 P-Value
Age 59.07+ 11.684 58.83+14.497 0.962
Sex(M/F) 94/54 5/1 0.422
Family history 30/148 6/6 <0.01
Diagnose age of onset 49.49+11.2 49.50+18.15 0.999
Diabetes duration (years) 9.57+7.13 9.33+7.9 0.936
Hypertension 101/148 2/6 0.879
Smoking (%) 35/148 3/6 0.16
Alcohol(%) 27/148 1/6 0.921
TABLE 3 Clinical laboratory characteristics of the wild-type and rs78466831 patients with T2DM.

Variables Wide-type rs78466831 P-Value
HBAILc(%) 9.103£2.798 8.333+1.405 0.504
FBG (mmol/L) 9.706+5.313 9.21+6.024 0.825
OGTT 1h (mmol/L) 13.353+5.423 10.966+2.116 0.315
OGTT 2h (mmol/L) 14.037+6.274 11.255+2.339 0.263
CP(ng/mL, Oh) 1.1097+1.03559 0.8700+0.922 0.578
CP (ng/mL,1h) 2.107+1.693 1.283+0.851 0.238
CP (ng/mL, 2h) 2.328+1.958 1.36+0.736 0.350
TC(mmol/L) 4.56+1.309 5.505%1.352 0.086
HDL-C (mmol/L) 1.206+0.40524 1.417+0.433 0.214
TG(mmol/L) 1.746+1.637 1.44+0.387 0.649
LDL-C(mmol/L) 2.848+1.175 3.618+1.22 0.118

HbA1lc, Glycosylated hemoglobin; FBG, Fasting blood glucose; OGTT, Oral glucose tolerance test; TC, Total serum cholesterol; HDL-C, High-density lipoprotein cholesterol; HDL-C, Low-

density lipoprotein cholesterol; CP, C peptide.
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TABLE 4 Therapeutic drug and target value achievement rates of the wild-type and rs78466831 patients with T2DM.

Variables(%)

Oral agents (hypoglycemic drug )

Insulin (hypoglycemic drug )

FBG(4.4-7.0 mmol)

HbAIlc (<7.0%)

TC(<4.5 mmol/L)

HDL-C (>1.0 mmol/L men or >1.3 mmol/L women)

TG(<1.7 mmol/L)

LDL-C(<2.6 mmol/L ,not accompanied by CHD or <1.8 mmol/L, accompanied by CHD))

BMI ( <24 kg/m®)

and was significantly higher than that in the control group. In
most variant cases, punctate hemorrhage and exudation can be
seen in the retinas of both eyes.

Discussions

OTU-domain ubiquitin aldehyde-binding proteins (OTUs)
are members of DUBs, which can reverse protein ubiquitination
(15-17). DUBs are crucial for cellular functions and can be
divided into six families, including ubiquitin C-terminal
hydrolases, ubiquitin-specific processing proteases, Jabl/Pabl/
MPN domain-containing metalloenzymes, OTU Ataxin-3/
Josephin, and monocyte chemotactic protein-induced
proteases (18). DUBs have been found to regulate many
important cellular functions, such as DNA repair, gene
expression, cell cycle progression, apoptosis, kinase activation,
proteasome or lysosome-dependent protein degradation, and
protein degradation prevention (19).

OTUD3 is a hot topic in studies on OTUs. Although
OTUD3 has been well described as a key factor in
tumorigenesis (20-24), its physiological functions still need
further understanding. The variant SNP (rs78466831) found in
a MODY-like family is a high-risk factor of diabetes. A novel
regulatory mechanism wherein OTUD3 can regulate energy
metabolism by blocking ubiquitin-dependent PPARd
degradation was found. MODY is easily misdiagnosed as type
2 diabetes because its clinical features always largely overlap with

wide-type rs78466831 P-value
128/148 6/6 0.192
112/148 6/6 0337
46/148 3/6 0.383
42/148 1/6 0.463
75/148 2/6 0.681
101/148 5/6 0.666
89/148 2/6 0227
66/148 1/6 0.234
90/148 5/6 0255

those of type 2 diabetes (25-27). The data of the ALFA project
(Release Version: 20201027095038), which provides aggregate
allele frequency, showed that the allele frequency of this
mutation varies by race and region. The variant allele A
frequency of the mutation is significantly higher in East Asian
populations (approximately 0.69%) than in other populations
(almost zero). Therefore, in our study, we intended to explore
the prevalence and clinical characteristics of T2DM patients with
rs78466831, including laboratory indicators, age of onset,
treatment, complications, and family history of diabetes, from
a single academic center.

Our study further confirmed that the rs78466831 mutation
was associated with type 2 diabetes in a province located in east
China. The general characteristics, including age, sex (M/F), age of
onset, duration (years), hypertension, smoking (%), and alcohol
(%), but not family history of diabetes, did not significantly differ
between the two groups. The variants all had a family history of
diabetes at rates significantly higher than those in the control
group. The family diagrams showed that all of the variants, except
for one child (III-1), had type 2 diabetes. Type 2 diabetes is well
known to be an age-related disease that is prevalent only in the
adult population. One of the three patients in the family had an
onset age earlier than 35 years old, and two had an onset age later
than 35 years old. Age of onset may differ due to the varying diets,
lifestyles, and environmental factors of individual patients (28).
Therefore, we can infer that the rs78466831 gene plays an
important role in the development of T2DM on the basis of the
family history of diabetes and diagram.

TABLE 5 T2DM-associated chronic complications of the wild-type and rs78466831 patients with T2DM.

Variables wide-type
Retinopathy (%) 32/148
Nephropathy (%) 41/148
Cerebrovascular disease (%) 10/148
Cardiovascular disease (%) 16/148
Arterial plaque (%) 76/148
Peripheral Neuropathy (%) 85/148
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rs78466831 p-value
6/6 <0.01
2/6 0.616
1/6 0.364
0/6 0.246
2/6 0.439
3/6 0.720
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Furthermore, we compared the laboratory characteristics of
rs78466831 patients with T2DM with those of the wild-type
patients with T2DM. Most laboratory indicators, including
HBAlc, FBG, OGTT, CP, TC, HDL-C, TG, and LDL-C, did
not significantly differ between the two groups. Therefore,
distinguishing patients with rs78466831 on the basis of
common laboratory indicators was difficult. Furthermore, the
therapeutic drug selected and target value achievement rates did
not significantly differ between the two groups on admission.
However, the incidence of DR in the variant group was
significantly higher than that in the wild-type group. Zhang
et al. reported that OTUD3 restricts innate antiviral immune
signaling. The acetylation-dependent deubiquitinase OTUD3
controls MAVS activation in innate antiviral immunity. IL-6,
Tnf-a, IL-1b, and Nos2, which are critical NF-kB target genes
activated by MAVS aggregation, are consistently and efficiently
induced by SeV in OTUD3-deficient macrophages (29). Most of
the inflammatory cytokines mentioned above have been
reported to be associated with DR (30, 31). The positive effect
of anti-inflammatory therapeutics in patients with DR have
highlighted the central involvement of the innate immune
system (32), and immune dysregulation has become
increasingly identified as a key element of the
pathophysiology of DR by interfering with normal
homeostatic systems (33, 34). Therefore, we inferred that
OTUD3 ¢.863 G>A leads to reductions in protein stability
and DUB activity, which may result in the impaired function
of the innate immune system and the higher frequency of
retinopathy in the variant patients than in the wild-type
patients. DR is recognized as the leading cause of visual
impairment and acquired blindness among adults worldwide
(35, 36). The incidence of DR in the wild-type group was
consistent with that reported by other scholars. To illustrate,
in a meta-analysis of approximately 23 000 people with diabetes
worldwide, the prevalence of DR was approximately 36% (37).
DR is reported to have genetic and acquired (environmental)
factors (38, 39). For example, a study in Japan reported
associations between long noncoding RNA RP1-90L14 and
susceptibility to DR (40). Therefore, the high prevalence of
DR in the variants suggested that rs78466831 may be a risk
factor of DR. Additionally, given that DR may be asymptomatic
for years even at an advanced stage (41-43), screening is crucial
to identify, monitor, and guide the treatment of retinopathy.
Currently, the diagnosis of DR status should be based on
ophthalmoscopy or mydriatic or nonmydriatic retinal
photography (44-46). Therefore, we suggest that T2DM
patients with rs78466831 should be regularly screened for DR.
This approach may help patients obtain accurate treatment and
reduce the harm of DR.

Our research has some limitations. First, we only
investigated the prevalence and clinical characteristics of
T2DM patients with the OTUD3 gene rs78466831 SNP from a
single academic center in China and not from multiple clinical
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research centers. Therefore, a large study is needed. Such a study
may be costly, but important. Furthermore, the exact
pathological mechanisms of the OTUD3 gene rs78466831 SNP
in DR progression remain unknown. Finally, even if the
susceptible gene of DR is identified, alterations in gene
expression may occur because of environmental factors. Thus,
epigenetics studies are very necessary.

To summarize, T2DM is a heterogeneous and broad-
spectrum disease with many variations (47). The clinical
characteristics of T2DM subtypes may vary depending on the
genetic and environmental background (48-50). Our study
confirmed that the mutation rs78466831 is associated with
type 2 diabetes in a province located in east China. Most
laboratory indicators did not significantly differ between the
two groups. However, the incidence of DR in the variant group
was significantly higher than that in the wild-type group.
Therefore, rs78466831 can be a biomarker of DR. This finding
will be helpful for the early treatment and management of DR in
such patients.
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Background: Type 2 diabetes mellitus (T2DM) and hypertension commonly
coexist, and we presumed that T2DM might mediate the relationship between
some shared risk factors and systolic blood pressure (SBP).

Methods: The causal association between T2DM and SBP was first confirmed
using Mendelian randomization (MR) analyses, and a two-step MR design was
then used to test the causal mediating effect of T2DM on the relationship
between 107 traits and SBP using summary statistics from genome-wide
association studies.

Results: T2DM was causally associated with SBP. The univariable MR of the
two-step causal mediation analyses suggested that 44 and 45 of the 107 traits
had causal associations with T2DM and SBP, respectively. Five of the 27 traits
that were significantly associated with both T2DM and SBP could not be
reversely altered by T2DM and were included in the second step of the
causal mediation analyses. The results indicated that most of the investigated
traits causally altered SBP independent of T2DM, but the partial causal
mediating effect of T2DM on the association between fasting insulin and SBP
was successfully identified with a mediation proportion of 33.6%.

Conclusions: Our study provides novel insights into the role of risk factors in
the comorbidity of T2DM and high blood pressure, which is important for long-
term disease prevention and management.
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Introduction

Type 2 diabetes mellitus (T2DM) and hypertension,
commonly found to coexist (1-3), share many risk factors,
including physical inactivity, alcohol consumption, and being
overweight (4, 5). Additionally, an elevated risk of arterial
stiffness, which contributes to the development of
hypertension, is correlated with hyperglycemia and T2DM (6-
8). Thus, we presumed that T2DM might mediate the
relationship between shared risk factors and blood pressure.
Determining these effects is important for understanding the
underlying mechanisms of the comorbidities of T2DM and
hypertension, as well as for long-term disease prevention
and management.

Mendelian randomization (MR), a method implementing
genetic instruments as a proxy for exposures, is a potent
technique used for inferring the causality of exposures and
outcomes free from bias due to residual confounding and
reverse causality based on three core assumptions (9). Two-
step MR is a novel strategy based on the well-established MR
framework to improve causal inference for mediation analysis.
The causal effect of exposure on outcome independent of (direct
effect) or via (indirect effect) a mediator can be estimated in
causal mediation analyses based on two-step MR (10, 11). No
individual-level data are required by two-step MR analyses
because they use genome-wide association studies (GWAS)
summary statistics of traits and phenotypes, which are
normally generated using populations with large sample sizes
(12). Additionally, the accessibility to GWAS datasets facilitates
the investigation of the mediating effect of T2DM on the
association between many traits and blood pressure.

MR studies have been conducted to investigate the causal
effect of risk factors on T2DM (13-15) and blood pressure
alteration (16, 17). In addition, a two-step MR design has been
successfully used to distinguish the direct effects of risk factors
on atherosclerotic cardiovascular disease from those mediated
by T2DM (18). However, to our knowledge, the potential causal
mediating effect of T2DM on the relationship between risk
factors and blood pressure is yet to be explored. Therefore, in
the present study, we examined the causal association of T2DM
with systolic blood pressure (SBP) and then performed causal
mediation analyses based on two-step MR to systematically
assess the potential mediating effect of T2DM on the causal
association of risk factors with SBP.

Abbreviations: MR, Mendelian randomization; GWAS, genome-wide
association studies; UKBB, UK Biobank; IVs, instrumental variables; LD,
linkage disequilibrium; FDR, False discovery rate; SNPs, single nucleotide
polymorphisms; OR, odds ratio; CIs, confidence intervals; IGF-1, insulin-like
growth factor-1; HDL, high-density lipoprotein; LDL, low-density
lipoprotein; SHBG, sex hormone binding globulin; SBP, systolic blood
pressure; DBP, diastolic blood pressure; T2DM, type 2 diabetes mellitus.
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Methods
Study design

A two-step MR design was used to test the causal mediation
effect of T2DM (mediator) on the relationship between the traits
(exposure) and SBP (outcome). First, the causal associations of
107 traits (Supplementary Figure 1) with T2DM and SBP (total
effect) were studied using univariable MR as the first step of the
two-step MR analyses. In addition, reverse univariable MR was
conducted to examine whether these traits could be caused by
T2DM because a reciprocal association between exposure and
mediator was not allowed in the mediation analyses. Thus, only
the traits that had a causal association with T2DM and SBP, but
were not causally changed by T2DM, were included in the
second step of the two-step MR analyses. Next, the direct
effect of traits on SBP was calculated using multivariable MR,
in which T2DM was set as the covariable. The indirect effects of
traits on SBP were estimated by multiplying the beta coefficient
from the causal association of traits with T2DM by those from
the causal effect of T2DM on SBP with the adjustment of the trait
as a covariable. In sum, the total, direct, and indirect effects in
the causal mediation analyses were estimated using a two-
step MR.

Data sources

The trait selection procedure (Supplementary Figure 1) was
similar to that used in a recent publication (18), in which GWAS
summary statistics datasets from European/mixed ancestry, both
sexes, and the largest population in the IEU OpenGWAS
database were used. Most GWAS summary statistics of
exposure traits were from the United Kingdom Biobank
(UKBB). For the mediator and outcome data, GWAS datasets
of T2DM and SBP were obtained from the Diabetes Meta-
analysis of Trans-ethnic Association Studies (DIAMANTE)
Consortium (19) and International Consortium of Blood
Pressure (20), respectively. Detailed information is provided in
Supplementary Table 1.

Statistical methods

Instrumental variables (IVs) for exposure traits were selected
according to several criteria in the univariable MR analyses.
First, IVs should be strongly associated with exposure traits (P <
5><1078). Second, IVs should be independent of each other, as
quantified by linkage disequilibrium (LD) of R* < 0.001, which
was achieved by clumping with a 10 Mb window. Third, the IVs
for each trait should have at least 10 variants, and the single
nucleotide polymorphisms (SNPs) should be biallelic. The
inverse-variance weighted (IVW) method, weighted median
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method, and MR-Egger were used in the univariable MR
analyses, in which the IVW method was considered the main
method because of its high statistical power when the selected
IVs were valid (21). The MR-Egger intercept test was used to
examine potential horizontal pleiotropy, and instrument
strength was estimated using conditional F-statistics. Multiple
comparisons were corrected using a 5% false-discovery rate
(FDR). The code for two-step MR analyses was adapted from
a published work (18), in which univariable and multivariable
MR analyses were performed using the TwoSampleMR package
and MVMR package in R, respectively.

Results

We used univariable MR to test the causal association
between T2DM and SBP, and the results from MR analysis
using the IVW method revealed a significant association of
genetically predicted T2DM with SBP (beta, 95% confidence
intervals [CIs] and P were 0.71, 0.49-0.93 and 1.80x1071°,
respectively) (Figure 1, Supplementary Table 2). MR sensitivity
analyses with weighted median and MR-Egger methods
indicated the same direction of association as the IVW
method (Figure 1, Supplementary Table 2). Leave-one-out
sensitivity analysis showed that the causal effect of T2DM on
SBP was not driven by a specific SNP (Supplementary Figure 2).
The evaluation of horizontal pleiotropy using the intercept term
of the MR-Egger method suggested that horizontal pleiotropy
was not significant (P = 0.30) in the analyses. MR-PRESSO also
revealed a consistent causal association between T2DM and SBP
after excluding potential outlier Vs (P = 1.38x107").

After performing the trait exclusion procedure according to
the criteria listed in the flowchart (Supplementary Figure 1), a
final set of 107 traits from the IEU open GWAS database was
included in the current study. Additional information on these
traits, as well as their respective GWAS summary datasets, is
included in Supplementary Table 1. The univariable MR of the
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two-step causal mediation analyses suggested that 44 and 45 of
the 107 traits had causal associations with T2DM and SBP,
respectively (Supplementary Tables 3-5). In addition, the Venn
diagram indicates that 27 traits were significantly associated with
both T2DM and SBP (Figure 2). Bidirectional univariable MR
revealed that 22 of these traits could be reversely caused by
T2DM and thus were excluded in the second step of the causal
mediation analyses, which is presented in Supplementary
Tables 5. For the included five traits (i.e., fasting insulin, trunk
fat percentage, hip circumference, standing height, aspartate
aminotransferase), multivariable MR analyses showed similar
direct and total effects, indicating that adjustment of T2DM as a
covariable did not alter the significance of the association
between these traits and SBP (Supplementary Tables 6, 7).
Furthermore, the direction of the indirect effects of three traits
favored a potential mediating effect of T2DM on the causal
association between traits and SBP (Supplementary Table 7,
Figure 3), and the proportion of the medicating effect by T2DM

»

for the traits “fasting insulin,” “aspartate aminotransferase,” and
“standing height” was 33.6%, 10.2%, and 6.9%, respectively
(Supplementary Table 7). The conditional F-statistics of the
investigated traits in the multivariable MR ranged from 9.2 to
43.0, representing good instrument strength. Thus, the causal
medication analyses using a two-step MR design showed that
most investigated traits causally altered SBP independent of
T2DM, but the partial causal mediating effect of T2DM on the
association between fasting insulin and SBP was

successfully identified.

Discussion

In this study, univariable MR analyses indicated a causal
relationship between T2DM and SBP, as well as the causal effects
of numerous traits on T2DM and SBP. Many common risk
factors for the two outcomes of interest were identified,
including glycemic traits (e.g., fasting insulin and glycated
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Scatter plot (left) and funnel plot (right) of Mendelian randomization (MR) analyses showing that T2DM is causally associated with increased
systolic blood pressure (SBP). MR, Mendelian Randomization; SNP, single nucleotide polymorphism; IV, instrumental variable; T2DM, type 2

diabetes mellitus; SBP, systolic blood pressure.
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Risk factors causally associated Risk factors causally associated
with type 2 diabetes with systolic blood pressure
Apoliprotein A Albumin
Apoliprotein B Alcoholic drinks per week
Body fat percentage Birth weight of first child
Cholesterol Calcium
Fasting glucose Heart rate
Glucose Nap during day
Heel bone mineral density T-score Past tobacco smoking
IGF-1 Platelet count
Immature reticulocyte fraction Platelet crit
LDL direct A Platelet distribution width
Lymphocyte count Pulse rate
Mean sphered cell volume Sitting height
Overall health rating telomere length
Peak expiratory flow Total protein
Total cholesterol Trunk fat-free mass
Usual walking pace Trunk predicted mass
Waist circumference Urate
White blood cell count
Alanine aminotransferase Glycated haemoglobin Starjdmg I?elght
A ; Triglycerides
spartate aminotransferase HDL cholesterol
- - - Trunk fat mass
Basal metabolic rate High light scatter reticulocyte count
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FIGURE 2

Venn diagram depicting the traits that are causally associated with type 2 diabetes mellitus (T2DM) and/or SBP. IGF-1, insulin-like growth factor-
1; HDL, high-density lipoprotein; LDL, low-density lipoprotein; SHBG, sex hormone binding globulin; T2DM, type 2 diabetes mellitus; SBP,

systolic blood pressure.

Total, Beta: 0.98, 95% CI: 0.17 to 1.79
Indirect, Beta: 0.10, 95% CI: -0.15 to 0.36
Direct, Beta: 1.80, 95% CI: 0.96 to 2.65

Total, Beta: 7.66, 95% ClI: 3.46 to 11.87
Indirect, Beta: 2.57, 95% CI: 1.68 to 3.46
Direct, Beta: 6.15, 95% Cl: 4.08 to 8.22

Total, Beta: -0.96, 95% ClI: -1.37 to -0.54
Indirect, Beta: -0.07, 95% Cl: -0.25 to 0.12
Direct, Beta: -0.96, 95% CI: -1.52 to -0.41

FIGURE 3
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hemoglobin), blood lipid indices (e.g., high-density lipoprotein
[HDL] and triglycerides), anthropometric markers (e.g., body
mass index, standing height, waist-to-hip ratio, and whole body
fat mass), and pulmonary function indicators (e.g., forced vital
capacity and forced expiratory volume in 1-second). However,
most of these common risk factors (22 of 27 risk factors) of
T2DM and SBP were not included in the second step of the two-
step MR analyses because causal mediation analysis required no
reciprocal causal association of the mediator (T2DM) with
exposure (common risk factors). Two-step MR for mediation
analyses suggested that three of the included five traits had
indirect effects with a direction favoring a potential mediating
effect of T2DM, and the causal association between fasting
insulin and SBP could be partially mediated by T2DM with an
estimated mediation proportion of 33.57%.

Diabetes and hypertension frequently occur together (22—
24). For instance, patients with diabetes are twice as likely to
have hypertension than that of non-diabetic individuals (25).
Furthermore, a recent MR analysis revealed a causal relationship
between T2DM and hypertension, in which a higher SBP, but
not diastolic blood pressure (DBP), can be induced by T2DM
(26). SBP refers to the peak blood pressure recorded during heart
contraction, while DBP refers to the blood pressure recorded
when the heart rests between beats. Since the Framingham study
in 1980 showed that systolic hypertension is a more powerful
indicator of cardiovascular events than diastolic hypertension
(27), SBP has been of great importance (28-30). Moreover, the
hypertension management guidelines by the American College
of Cardiology (ACC) and American Heart Association (AHA)
removed DBP from the assessment of cardiovascular risk in 2017
(31). Thus, we selected SBP as the outcome in the current study,
and our findings provide consistent evidence supporting the
causal effect of T2DM on SBP. Mechanistically, the natural
course of diabetes promotes the development of high blood
pressure. For example, hyperglycemia and hyperinsulinemia
lead to peripheral artery resistance by vascular remodeling and
narrowing and increase circulatory blood volume by sodium
reabsorption and hyperosmolarity, which eventually elevates
heart contractility and blood pressure (32, 33).

Diabetes and hypertension share a considerable number of
common pathophysiological pathways as end results of the
metabolic syndrome (22, 24, 34). These pathways involve
multiple key players, such as the renin-angiotensin-aldosterone
system (RAAS) (35), obesity (36, 37), inflammation (38, 39),
oxidative stress (40) and insulin resistance (41), which interact
with each other and form a vicious cycle. For instance, RAAS
activity is inappropriately upregulated in obese individuals (42),
which may induce insulin resistance through the regulation of
Ang II type 1 receptor, resulting in increased oxidative stress in
adipocytes, skeletal muscle, and cardiovascular tissue,
aggravating the development of diabetes and hypertension (34,
35). Thus, diabetes and hypertension are expected to be
associated with several common risk factors. Epidemiological
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data indicate that the waist-hip ratio and hip circumference are
both closely associated with the risk of T2DM and blood
pressure (43-46). MR studies further verified the clinical
observation of the potent contributions of the waist-hip ratio
and body mass index on diabetes or cardiovascular risk (e.g.,
high blood pressure) from a genetic perspective (47, 48). In
addition, a review pointed out that unhealthy fat distribution in
the body increases cardiometabolic risk, whereas a high amount
of fat in the lower part of the body may play a protective role
against T2DM and cardiovascular diseases (49). One plausible
explanation is that visceral abdominal obesity, measured by
waist-hip circumference, is detrimental to metabolic activity
and the cardiovascular system (50). Another explanation is
that subcutaneous adipose tissue in the lower part of the body
has a less negative impact on metabolism than that in the viscera
in the upper part of the body (51-53). In accordance with
previous studies, we found evidence for several
anthropometric markers as common risk factors that could
lead to both T2DM and SBP, such as body mass index, hip
circumference, waist-to-hip ratio, and whole-body fat mass. As
for other traits, the association between lung function and
diabetes (54) and blood pressure (55, 56), as well as the
association of glycemic traits and lipids with blood pressure
(57, 58), have been epidemiologically and clinically well-
accepted. In the present study, we illustrated the causal
relationship of 27 common risk factors with both T2DM and
SBP, including anthropometric markers, pulmonary function
indicators, glycemic traits, and blood lipid indices.

Insulin is a hormone that can significantly affect blood
glucose levels, and the abnormal regulation of insulin
contributes to the pathogenesis of diabetes. Fasting insulin is
considered part of the clinical definition of T2DM and is an
effective clinical tool for predicting prediabetes (59). In addition,
insulin plays an important role in regulating SBP independently
of diabetes, with evidence that insulin is correlated with SBP in
non-diabetic individuals (60, 61). Moreover, an animal study
demonstrated that excessive insulin increased heart function and
significantly pushed up SBP (62). Biologically, insulin increases
the activity of Na'/K'-ATPase to promote the transport of
sodium jons into the blood vessels through renal tubule cells
(63). Thus, insulin resistance with compensatory
hyperinsulinemia facilitates sodium retention to elevate blood
pressure, independent of diabetes (64). Along with the
progression of diabetes induced by insulin deficiency, vascular
fibrosis and stiffness and activated RAAS drive up blood pressure
(33, 65, 66), which reflects the indirect effect of insulin on SBP
via diabetes. Our results align with these mechanisms, indicating
that the modulating effect of fasting insulin on SBP could be
independent of (direct effects) or via (indirect effects) diabetes.
In addition, considering a broad range of risk factors for blood
pressure control in individuals with diabetes is necessary, given
our results that most traits influence SBP independent
of diabetes.
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Two-step MR can infer causality when analyzing the
mediating effect of T2DM on the association between various
traits and SBP, which is a major strength of the current study
because the biases caused by residual confounding and reverse
causality are diminished by the MR design. In addition, the use
of summary statistics from large GWAS for exposures,
mediators, and outcomes increases the power of the statistical
analyses. Moreover, multiple MR methods, including the
weighted median method, MR-Egger, and multivariable MR,
were used for sensitivity analyses, by which horizontal pleiotropy
and instrument strength were estimated. However, the present
study has several limitations. First, the relatively large number of
traits included in this study increased the burden of multiple
comparison correction, thereby altering the number of traits that
could be passed on to the second step of the two-step MR
analysis. Second, the potential mediating effect might have been
underestimated because of the higher statistical power required
for multivariable MR analyses. Third, horizontal pleiotropy is
ubiquitous in MR analyses, which may have introduced bias in
the current study.

Conclusion

T2DM causally increases SBP and partially mediates the
causal association between fasting insulin and SBP. Other
eligible traits included in the causal medication analyses
altered SBP independent of T2DM. Our study provides novel
insights into the role of risk factors in the comorbidity of T2DM
and high blood pressure.
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Background: Hyperglycemia is one of the poor prognostic factors in critical ill
sepsis patients with diabetes. We aimed to assess the interaction between
admission glucose level and clinical endpoints in sepsis patients with diabetes
admitted in the intensive care unit (ICU).

Methods: Data from the Medical Information Mart Intensive Care Ill database
were used in this study. The study primary endpoint was 28-day mortality after
ICU admission. Multivariate Cox regression models were used to explore the
association between admission glucose level and the primary endpoint.

Results: We included 3,500 sepsis patients with diabetes. Of participants with
no hyperglycemia, mild hyperglycemia, and severe hyperglycemia, no
differences were evident in hospital mortality, ICU mortality, or 28-day
mortality (all P >0.05). The multivariable Cox regression analysis
demonstrated that severe hyperglycemia did not increase the risk of 28-day
mortality (hazard ratio [HR]=1.06, 95% confidence interval [Cl]: 0.86-1.31,
P=0.5880). Threshold effects analysis identified the inflection points for 28-
day mortality as 110 mg/dl and 240 mg/dl. The HRs for 28-day mortality were
0.980 in the <110 mg/dl and 1.008 in the >240 mg/dl. A short-term survival
advantage was observed in the 110-240 mg/dl group compared with that in
the <110 mg/dl group; meanwhile, no adverse hazard was detected in the >240
mg/dl group. In the stratified analyses, the association effect between the three
glucose groups (<110 mg/dl, 110-240 mg/d|, and >240 mg/dl) and 28-day
mortality was consistent in terms of different sequential organ failure
assessment (SOFA) scores and infection sites. The 28-day mortality of the
110-240 mg/dl group with a SOFA score of >10 was lower than that of the <110
mg/dl group (HR=0.61, 95% ClI: 0.38-0.98).
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Conclusion: Admission hyperglycemia was not a risk factor for short-term
prognosis in critical ill sepsis patients with diabetes; a lower admission blood
glucose level was associated with increased risk of poor prognosis. The
potential benefit of higher admission glucose level on 28-day mortality in
patients with a more severe condition remains a concern.

KEYWORDS

critical care, diabetes, sepsis, glucose, prognosis

Background

Diabetes is a common comorbidity among critically ill sepsis
patients and generally causes immune dysfunction and
metabolic disorders, including hyperglycemia (1-3). In recent
years, diabetes is developing swiftly as a global health epidemic
and is one of the top ten causes of adult death (4).
Hyperglycemia was closely related to endothelial cell injury,
mitochondrial damage, and inflammation activation (5, 6). In
terms of clinical research, Vught et al. revealed that severe
hypoglycemia contributed to higher 90-day mortality in sepsis
patients with diabetes (7). In another study, Vught et al.
indicated that severe hyperglycemia was correlated with 30-
day mortality in patients with sepsis, regardless of the presence
or absence of diabetes (8). Subsequently, multiple studies that
examined the glucose levels of this patient group reported
different views, and some indicated the adverse effects of
glycemic control (9-12). A previous large randomized trial
found that a glucose level of 81-108 mg/dl was associated with
adverse clinical outcomes of glycemic control compared with a
glucose level of <180 mg/dl (2).

To our knowledge, evidence on how hyperglycemia
affects the clinical outcomes in critical sepsis patients with
diabetes remains limited and debatable. Considering that
diabetes is consistently correlated with other diseases, the
impact of admission glucose level in the outcome of sepsis
patients should be explored, potentially determining better
individualized glycemic control strategies. Consequently, we
aimed to assess the interaction between admission glucose
levels and clinical endpoints in sepsis patients with diabetes
admitted in the intensive care unit (ICU).

Methods
Patient data

Data from the Medical Information Mart Intensive Care III
(MIMIC-III) database were used in this study (13). The
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institutional review boards of Beth Israel Deaconess Medical
Center and Massachusetts Institute of Technology Affiliates
approved the access to the database (record identification
numbers: 33460949 and 49780033). The requirement for
obtaining informed consent was waived due to the use of
anonymized data.

Adult (aged 218 years) patients diagnosed with sepsis based
on the following criteria were included in the study: suspected
infection and a sequential organ failure assessment (SOFA) score
of >2 (14). We excluded patients with 1) multiple ICU
admissions, 2) less than one day of follow-up, 3) hospital
length of stay less than the ICU length of stay, 4) no diabetes,
and 5) admission blood glucose level of <70 mg/dl. The first
plasma glucose measurement obtained in patients admitted in
the ICU was used in the study and grouped into the following
categories: no hyperglycemia (<139 mg/dl), mild hyperglycemia
(140-199 mg/dl), and severe hyperglycemia (=200 mg/dl) (7, 8).
Along with the patient’s baseline information (e.g., age and sex),
therapeutic measures, and clinical endpoints for routine
variables, we also extracted the data of patients’ SOFA score,
Elixhauser Comorbidity Index (SID30) (15), and specific
comorbidities. The code for assisting in the investigation of
MIMIC-III is openly available on the website (16).

Outcomes

The primary outcome was 28-day mortality after ICU
admission, and the secondary outcome was ICU mortality.

Statistical analysis

The data were expressed as mean + standard deviation or
median (interquartile range) for continuous variables and as
numbers and percentages for categorical variables. We
compared the characteristics of participants between glucose
groups using one-way analysis of variance for continuous
variables and chi-square test for categorical variables. Initially,
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we applied Cox regression models to explore the associations of
admission glucose level with the 28-day mortality and logistic
regression models to explore the association of admission glucose
level with ICU mortality. We presented different adjusted models
to assess the effect of admission glucose level on clinical endpoints
in sepsis patients with diabetes. In model I, we adjusted for
demographic characteristics (age and sex), disease severity
(SOFA scores), comorbidity scores (SID30), infection site, and
initial treatment (mechanical ventilation and renal replacement
therapy on the first); in model II, we substituted the SID30 with
the specific diseases (congestive heart failure, cardiac arrhythmias,
etc.). Covariate screening was used to include covariates as
potential confounders if they changed the estimates of
admission glucose level on 28-day mortality by more than 10%
or were associated significantly with 28-day mortality.
Subsequently, to explore whether a nonlinear relationship
exists between glucose level and 28-day mortality, we performed
the smoothed spline method using a Cox model to fit the 28-day
mortality (generalized additive model for fitting ICU mortality).
If it existed, segmental regression models constructed during the
threshold effects analysis were used to detect the inflection
points, and the differences were compared by log-likelihood
ratio tests (17). Next, the admission glucose level was re-grouped

10.3389/fendo.2022.1046736

by inflection points, and the different adjustment models
described above were used to evaluate the clinical outcome.
Finally, stratified analysis and interaction tests were conducted
to explore the consistency of the relationship between the
inflection point grouping of glucose and 28-day mortality in
the patient subgroups based on SOFA scores (<5, 5-10, and >10)
and infection site. All data were analyzed using EmpowerStats
(www.empowerstats.com) and R (http://www.R-project.org). A
P-value of <0.05 was considered significant.

Results
Participants’ characteristics

A total of 3,500 sepsis patients with diabetes with a mean age
of 66.79 years were enrolled in this study (Figure 1). Majority of
the sepsis patients with diabetes were men (51.8% vs. 48.2%). No
significant differences were observed between the three groups in
terms of SID30, SOFA score, infection site, and need for
mechanical ventilation or renal replacement therapy on the
first day of ICU admission. Additional detailed results are
presented in Table 1.

46,476 patients with 61,532 ICU
admissions in MIMIC-III database

A\ 4

Excluding patients with multiple ICU

admissions (N=14,786)

Excluding patients younger than 18
years of age (N=7,968)

Excluding patients with less than 1 day

of follow-up (N=693)

Excluding patients with LOS hospital <

LOS ICU (N=4,135)

v

Excluding patients not eligible for
sepsis 3.0 (N=6,573)

A 4

A 4

Excluding patients without co-morbid
diabetes and glucose less than 70 mg/dl

on ICU admission (N=8,821)

diabetes (N=3,500)

Sepsis patients with comorbid

FIGURE 1

Flowchart of study participants. ICU, intensive care unit; LOS, length of stay.
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TABLE 1 Characteristics of participants.

10.3389/fendo.2022.1046736

Variables All patients No hyperglycemia Mild hyperglycemia Severe hyperglycemia P-
(N=3500) (N=1271) (N=1426) (N=803) value
Age (years) 66.8 = 17.1 67.2 £ 16.6 66.1 +17.2 673 +17.3 0.176
Sex 0.387
Male 1814 (51.8%) 645 (50.7%) 759 (53.2%) 410 (51.1%)
Female 1686 (48.2%) 626 (49.3%) 667 (46.8%) 393 (48.9%)
Admission glucose (mg/dl) 165.4 £ 53.6 1159 £ 17.2 166.0 + 16.9 2429 + 41.0 <0.001
Infection site 0.629
Bloodstream 1507 (43.1%) 570 (44.8%) 596 (41.8%) 341 (42.5%)
Pulmonary 238 (6.8%) 81 (6.4%) 102 (7.2%) 55 (6.8%)
Abdominal 76 (2.2%) 25 (2.0%) 30 (2.1%) 21 (2.6%)
Urinary tract 727 (20.8%) 258 (20.3%) 290 (20.3%) 179 (22.3%)
Others 952 (27.2%) 337 (26.5%) 408 (28.6%) 207 (25.8%)
x:f};"‘a‘;m ventilation on 1746 (49.9%) 612 (48.2%) 729 (51.1%) 405 (50.4%) 0.287
OR:IHE: Siegzcemem therapy 172 (4.9%) 69 (5.4%) 69 (4.8%) 34 (4.2%) 0.465
SOFA 5.0 (3.0-7.0) 5.0 (3.0-7.0) 5.0 (3.0-7.0) 5.0 (3.0-7.0) 0.280
Elixhauser Comorbidity 17.0 (8.0-26.0) 17.0 (8.0-26.0) 16.0 (8.0-25.0) 17.0 (9.0-26.0) 0.219
index (SID30)
Length of ICU stay (days) 3.3 (1.8-7.8) 3.3 (1.8-7.9) 3.3 (1.8-7.8) 3.3 (1.8-7.8) 0.271
Length of hospital stay (days) 10.7 (6.3-18.5) 10.8 (6.3-19.1) 10.8 (6.2-18.0) 10.4 (6.2-18.4) 0.264
28-day mortality, n(%) 604 (17.3%) 226 (17.8%) 237 (16.6%) 141 (17.6%) 0.704
ICU mortality, n(%) 326 (9.3%) 105 (8.3%) 139 (9.8%) 82 (10.2%) 0.253
Hospital mortality, n(%) 520 (14.9%) 183 (14.4%) 213 (14.9%) 124 (15.4%) 0.804
Comorbidities, n(%)
Congestive heart failure 1529 (43.7%) 585 (46.0%) 629 (44.1%) 315 (39.2%) 0.009
Cardiac arrhythmias 1327 (37.9%) 522 (41.1%) 535 (37.5%) 270 (33.6%) 0.003
Valvular disease 528 (15.1%) 240 (18.9%) 208 (14.6%) 80 (10.0%) <0.001
Peripheral vascular disease 536 (15.3%) 237 (18.6%) 208 (14.6%) 91 (11.3%) <0.001
Hypertension 2413 (68.9%) 896 (70.5%) 982 (68.9%) 535 (66.6%) 0.178
Other neurological diseases 409 (11.7%) 127 (10.0%) 178 (12.5%) 104 (13.0%) 0.059
Chronic pulmonary disease 805 (23.0%) 274 (21.6%) 334 (23.4%) 197 (24.5%) 0.259
Liver disease 357 (10.2%) 134 (10.5%) 134 (9.4%) 89 (11.1%) 0.396
Renal failure 1063 (30.4%) 425 (33.4%) 405 (28.4%) 233 (29.0%) 0.011
AIDS 17 (0.5%) 9 (0.7%) 4(0.3%) 4 (0.5%) 0.280
Lymphoma 63 (1.8%) 21 (1.7%) 24 (1.7%) 18 (2.2%) 0.562
Metastatic cancer 163 (4.7%) 62 (4.9%) 75 (5.3%) 26 (3.2%) 0.084
Solid tumor 176 (5.0%) 56 (4.4%) 82 (5.8%) 38 (4.7%) 0.255
(Continued)
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TABLE 1 Continued

10.3389/fendo.2022.1046736

Variables All patient: No hyperglycemia Mild hyperglycemia Severe hyperglycemia P-
(N=3500) (N=1271) (N=1426) (N=803)
Obesity 398 (11.4%) 145 (11.4%) 157 (11.0%) 96 (12.0%) 0.795
Fluid and electrolyte 1558 (44.5%) 548 (43.1%) 583 (40.9%) 427 (53.2%) <0.001
disorders
Alcohol abuse 162 (4.6%) 66 (5.2%) 58 (4.1%) 38 (4.7%) 0.377
Drug abuse 60 (1.7%) 24 (1.9%) 20 (1.4%) 16 (2.0%) 0.492
Depression 305 (8.7%) 102 (8.0%) 125 (8.8%) 78 (9.7%) 0.412
ICU, intensive care unit; SOFA, sequential organ failure assessment; AIDS, acquired immune deficiency syndrome.

Clinical outcomes of the participants

With regard to the clinical outcomes, the hospital mortality,

ICU mortality, and 28-day mortality in sepsis patients with

diabetes in the no hyperglycemia, mild hyperglycemia, and

severe hyperglycemia groups were not significant (all P >0.05).

No significant difference was found in the length of hospital or
ICU stay among the three groups (all P >0.05).

TABLE 2 Association of admission glucose groups with primary and secondary outcomes.

28-day mortality Groups HR (95% Cl) P-value
Crude No hyperglycemia 1.0 -
Mild hyperglycemia 0.93 (0.78-1.12) 0.4346
Severe hyperglycemia 0.99 (0.80-1.22) 0.9018
Model I No hyperglycemia 1.0 -
Mild hyperglycemia 0.98 (0.81-1.17) 0.7950
Severe hyperglycemia 0.99 (0.81-1.23) 0.9625
Model 1I No hyperglycemia 1.0 -
Mild hyperglycemia 0.99 (0.82-1.19) 0.9097
Severe hyperglycemia 1.06 (0.86-1.31) 0.5880
ICU mortality Groups OR (95% CI) P-value
Crude No hyperglycemia 1.0 -
Mild hyperglycemia 1.20 (0.92-1.56) 0.1797
Severe hyperglycemia 1.17 (0.85-1.61) 0.3346
Model I No hyperglycemia 1.0 -
Mild hyperglycemia 1.22 (0.94-1.60) 0.1412
Severe hyperglycemia 1.16 (0.84-1.59) 0.3630
Model II No hyperglycemia 1.0 -
Mild hyperglycemia 1.24 (0.95-1.63) 0.1138
Severe hyperglycemia 1.19 (0.87-1.65) 0.2805
Model I was adjusted by age, sex, SOFA, SID30, infection site, mechanical ventilation on first day, renal replacement therapy on first day.
Model II was adjusted by age, sex, SOFA, infection site, mechanical ventilation on first day, renal replacement therapy on first day, congestive heart failure, cardiac arrhythmias, valvular
disease, peripheral vascular disease, hypertension, other neurological diseases, chronic pulmonary disease, liver disease, renal failure, AIDS, lymphoma, metastatic cancer, solid tumor,
obesity, fluid and electrolyte disorders, alcohol abuse, drug abuse, and depression.
SOFA, sequential organ failure assessment; SID30, Elixhauser Comorbidity index; AIDS, acquired immune deficiency syndrome; HR, hazard ratio; OR, odds ratio; CI, confidence
interval.
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Associations between admission glucose
level and clinical outcomes

The Cox regression analysis demonstrated that severe
hyperglycemia did not increase the risk of 28-day mortality
(crude hazard ratio [HR]=0.99, 95% confidence interval [CI]
0.80-1.22, P =0.9018). After adjusting for confounding factors,
hyperglycemia remained a non-risk factor (Table 2). In model II,
when compared with the no hyperglycemia group, the 28-day
mortality rate in the severe hyperglycemia group did not
significantly increase (HR=1.06, 95% CI: 0.86-1.31, P=0.5880).
Similar findings were reported in the mild hyperglycemia group
(HR=0.99, 95% CI: 0.82-1.19, P=0.9097). With regard to ICU
mortality, the results similarly indicated no significant increase
in ICU mortality in both the mild hyperglycemia and severe
hyperglycemia groups compared with that of the no
hyperglycemia group (Table 2).

Smooth splines showed a nonlinear relationship of
admission glucose with 28-day and ICU mortality (Figures 2A,
B). Threshold effect analysis identified the inflection points for
28-day mortality of 110 mg/dl and 240 mg/dl. For 28-day
mortality, the HR was 0.980 for a glucose level of <110 mg/dl
and 1.008 for a glucose level of >240 mg/dl (Table 3).
Subsequently, the admission glucose level was divided into
three categories according to the inflection point: <110 mg/dl,
110-240 mg/dl, 2240 mg/dl (inflection point grouping of
glucose); a Cox regression analysis was performed, and the
results revealed a 26% significant reduction of 28-day
mortality in the 110-240 mg/dl group compared with the
<110 mg/dl group (HR=0.74, 95% CI: 0.59-0.93, P=0.0100); in
the >240 mg/dl group, no substantial increase was observed in
the risk of 28-day mortality rate (P >0.05) (Table 4). A
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considerable short-term survival advantage was observed in
the 110-240 mg/dl group compared with that in the 110 mg/
dl group; meanwhile, no remarkable adverse hazard was
detected in the >240 mg/dl group (Figure 3).

In the stratified analysis, the association effect between the
new glucose category and the risk of 28-day mortality was
generally consistent in the different SOFA scores and infection
site (Table 5). Furthermore, the 28-day mortality of the 110-240
mg/dl group with a SOFA score of >10 was lower than that of the
<110 mg/dl group (HR=0.61, 95% CI: 0.38-0.98). Similarly,
patients with bloodstream infection in the 110-240 mg/dl
group experienced substantially lower 28-day mortality rate
compared with those in the <110 mg/dl group (HR=0.70, 95%
CI: 0.49-1.00).

Discussion

The present study explored the association between admission
glucose level and clinical outcomes among critical sepsis patients
with diabetes and found that the risk of 28-day mortality was not
substantially increased in sepsis patients with diabetes who had an
admission glucose level of 2240 mg/dl compared with those who
had an admission glucose level of <110 mg/dl; notably, the 28-day
mortality rate was markedly reduced in the 110-240 mg/dl group
(HR=0.74, 95% CI: 0.59-0.93). Furthermore, an elevated
admission glucose level was significantly associated with a
reduction in the 28-day mortality rate in the SOFA score 210
subgroup, which may imply that patients with serious conditions
require a higher energy supply.

Currently, a number of studies have evaluated the glycemic
control goals in sepsis patients; the Surviving Sepsis Campaign
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(A) Association of admission glucose level with 28-day mortality. (B) Association of admission glucose level with ICU mortality. adjusted by age,
sex, SOFA, infection site, mechanical ventilation on first day, renal replacement therapy on first day, congestive heart failure, cardiac arrhythmias,
valvular disease, peripheral vascular disease, hypertension, other neurological diseases, chronic pulmonary disease, liver disease, renal failure,
AIDS, lymphoma, metastatic cancer, solid tumor, obesity, fluid and electrolyte disorders, alcohol abuse, drug abuse, and depression. SOFA,
sequential organ failure assessment; AIDS, acquired immune deficiency syndrome; ICU, intensive care unit; HR, hazard ratio.
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TABLE 3 Threshold effect analysis of glucose level and 28-day mortality rate using piece-wise linear regression.

Outcome: 28-day mortality

Inflection point 95% Cl
< 110 mg/dl 0.980 0.968-0.990 0.0009
110-240 mg/dl 1.001 0.998-1.003 0.6563
> 240 mg/dl 1.008 1.002-1.013 0.0093

The log-likelihood ratio test: P <0.001
Adjusted by age, sex, SOFA, infection site, mechanical ventilation on first day, renal replacement therapy on first day, congestive heart failure, cardiac arrhythmias, valvular disease,
peripheral vascular disease, hypertension, other neurological diseases, chronic pulmonary disease, liver disease, renal failure, AIDS, lymphoma, metastatic cancer, solid tumor, obesity,

fluid and electrolyte disorders, alcohol abuse, drug abuse, and depression.

SOFA, sequential organ failure assessment; AIDS, acquired immune deficiency syndrome; HR, hazard ratio; CI, confidence interval.

similarly recommended a glycemic level of 8-10 mmol/L in
glycemic management (18). To our knowledge, only a very few
studies have investigated the effect of glucose on prognosis in
critical sepsis patients with diabetes. A recent study by Zohar
et al. included 1,527 patients with community-onset sepsis and
found that admission hyperglycemia (>200 mg/dl) correlated
with increased in-hospital mortality, 30-day mortality, and 90-
day mortality; moreover, this adverse outcomes were more
prevalent in patients with diabetes (19). In a study of 1,059
sepsis patients, Vught et al. similarly found that severe
hyperglycemia (>200 mg/dl) upon admission did not increase
the 30-day mortality rate in patients with sepsis; rather,
hyperglycemia was strongly associated with increased 30-, 60-,
and 90-day mortality rates in patients with sepsis without
diabetes (20). Moreover, Tayek et al. searched the PubMed
database for publications related to sepsis, diabetes, glycemia,
and prognosis; nine studies were analyzed, which reported that
hyperglycemia was not related to poor outcome in sepsis
patients with diabetes; the opposite was true in hyperglycemic

patients without diabetes, which was an independent hazard
factor for ICU and in-hospital mortality (21). Stegenga et al.
examined 830 patients with severe sepsis and suggested a
measurable increase in 28- and 90-day mortality rates with
hyperglycemia (>200 mg/dl) compared with admission glucose
at or below 200 mg/dl in sepsis patients without diabetes.
Although the authors did not explicitly analyze the admission
glucose level in sepsis patients with diabetes, the curve fitting
plots in the article indicated that admission hyperglycemia had a
relatively slight effect on 28-day mortality in sepsis patients with
diabetes (22). In addition, another relatively earlier research
conducted by Freire et al. demonstrated that admission
hyperglycemia was not appreciably associated with in-hospital
mortality (23). All of the abovementioned studies showed results
similar to those of our study; that is, in sepsis patients with
diabetes, admission hyperglycemia was not an independent
hazard factor for poor short-term prognosis. In our study, we
further revealed a non-linear relationship between admission
glucose level and 28-day mortality using smoothing spline

TABLE 4 Associations between inflection point grouping of glucose and 28-day mortality.

28-day mortality Groups HR (95% Cl) P-value
Crude <110 1.0 -
>110, <240 0.71 (0.56-0.89) 0.0029
>240 0.86 (0.62-1.18) 0.3430
Model I <110 1.0 -
=110, <240 0.71 (0.57-0.89) 0.0033
>240 0.82 (0.60-1.14) 0.2380
Model II <110 1.0 -
>110, <240 0.74 (0.59-0.93) 0.0100
>240 0.93 (0.67-1.28) 0.6492
Model I was adjusted by age, sex, SOFA, SID30, infection site, mechanical ventilation on first day, renal replacement therapy on first day.
Model IT was adjusted by age, sex, SOFA, infection site, mechanical ventilation on first day, renal replacement therapy on first day, congestive heart failure, cardiac arrhythmias, valvular
disease, peripheral vascular disease, hypertension, other neurological diseases, chronic pulmonary disease, liver disease, renal failure, AIDS, lymphoma, metastatic cancer, solid tumor,
obesity, fluid and electrolyte disorders, alcohol abuse, drug abuse, and depression.
SOFA, sequential organ failure assessment; SID30, Elixhauser Comorbidity index; AIDS, acquired immune deficiency syndrome; HR, hazard ratio; CI, confidence interval.
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The 28-day survival curve of the Cox regression model for participants with inflection point grouping of glucose. Adjusted by age, sex, SOFA,
infection site, mechanical ventilation on first day, renal replacement therapy on first day, congestive heart failure, cardiac arrhythmias, valvular
disease, peripheral vascular disease, hypertension, other neurological diseases, chronic pulmonary disease, liver disease, renal failure, AIDS,
lymphoma, metastatic cancer, solid tumor, obesity, fluid and electrolyte disorders, alcohol abuse, drug abuse, and depression. SOFA, sequential
organ failure assessment; AIDS, acquired immune deficiency syndrome.

TABLE 5 Association of inflection point grouping of glucose with 28-day mortality stratified by different scores of SOFA and infection site.

28-day mortality Crude Adjusted model
Admission glucose (mg/dl) HR (95% Cl) P-value HR (95% Cl) P-value P interaction
SOFA: <5 0.5759
<110 1.0 - 1.0 -
>110, <240 0.89 (0.59-1.34) 0.5809 0.91 (0.60-1.38) 0.6460
>240 1.21 (0.70-2.08) 0.4949 1.14 (0.65-1.99) 0.6445
SOFA: =5, <10
<110 1.0 - 1.0 -
>110, <240 0.69 (0.48-0.99) 0.0427 0.75 (0.52-1.09) 0.1284
>240 0.87 (0.54-1.42) 0.5832 1.03 (0.63-1.68) 0.9172
SOFA: =10
<110 1.0 - 1.0 -
>110, <240 0.54 (0.35-0.83) 0.0046 0.61 (0.38-0.98) 0.0399
>240 0.47 (0.22-1.01) 0.0521 0.55 (0.24-1.22) 0.1413
Infection site: Bloodstream 0.7049
(Continued)
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TABLE 5 Continued

10.3389/fendo.2022.1046736

28-day mortality Crude Adjusted model
Admission glucose (mg/dl) HR (95% Cl) HR (95% Cl) P-value P interaction
<110 1.0 1.0 -
>110, <240 0.75 (0.53-1.06) 0.1045 0.70 (0.49-1.00) 0.0474
>240 1.00 (0.62-1.62) 0.9977 1.05 (0.64-1.71) 0.8470
Infection site: Pulmonary
<110 1.0 1.0 -
2110, <240 0.39 (0.18-0.87) 0.0205 0.48 (0.21-1.08) 0.0776
>240 0.45 (0.13-1.48) 0.1873 0.47 (0.14-1.63) 0.2351
Infection site: Abdominal
<110 1.0 1.0 -
>110, <240 0.65 (0.21-1.95) 0.4396 0.54 (0.09-3.37) 0.5131
2240 1.41 (0.32-6.32) 0.6508 3.05 (0.18-52.01) 0.4410
Infection site: Urinary tract
<110 1.0 1.0 -
>110, <240 0.63 (0.38-1.03) 0.0650 0.65 (0.39-1.08) 0.0987
>240 0.62 (0.31-1.26) 0.1866 0.62 (0.30-1.27) 0.1892
Infection site: Others
<110 1.0 1.0 -
>110, <240 0.84 (0.52-1.36) 0.4809 0.93 (0.56-1.52) 0.7646
>240 0.98 (0.50-1.92) 0.9629 0.99 (0.50-1.99) 0.9834

Adjusted by age, sex, SOFA, infection site, mechanical ventilation on first day, renal replacement therapy on first day, congestive heart failure, cardiac arrhythmias, valvular disease,

peripheral vascular disease, hypertension, other neurological diseases, chronic pulmonary disease, liver disease, renal failure, AIDS, lymphoma, metastatic cancer, solid tumor, obesity,
fluid and electrolyte disorders, alcohol abuse, drug abuse, and depression except for the subgroup variable.
SOFA, sequential organ failure assessment; AIDS, acquired immune deficiency syndrome; HR, hazard ratio; CI, confidence interval.

curves, with the lowest 28-day mortality in the admission
glucose range of 110-240 mg/dl, which was different from
those reported in other studies and was one of the highlights
of our study. In the subgroup analysis, we found that higher
admission glucose level was significantly associated with lower
28-day mortality rate in the SOFA 210 subgroup; whether this
means that critically ill patients require higher energy supply
deserves further investigation. These results, contrary to our
common knowledge of the devastating consequences of diabetes
and hyperglycemia, suggest the need for an individualized
glycemic control strategy for sepsis patients with diabetes that
differs from other critically ill patients since they may be able to
benefit from hyperglycemia.

In the light of the available studies, however, it seems that the
clinical benefit of hyperglycemia and sepsis with co-existent
diabetes remains a topic that cannot be thoroughly elucidated.
From the clinical point of view, diabetes can cause immune
dysfunction and metabolic disorders, which inevitably induce
the organism’s ability to defend against infection, in turn with
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catastrophic consequences. Physiologically, part of the potential
mechanism can be attributed to the metabolic requirements and
maintenance of the function of immune cells by glucose, with
an equally critical role played by the synthetic action of
immunomodulators (24, 25). Furthermore, patients with
diabetes have a tolerance to hyperglycemia as a consequence
of persistent high blood glucose concentrations, converting the
detrimental elevated glucose into an energy reservoir (26).
Additionally, the therapies administered to diabetic patients,
including sulfonylureas, metformin, thiazolidinediones, and
insulin, as well as the effects of diabetes on the immune
system, may potentially affect the host’s response to sepsis and
clinical endpoints. Therefore, further investigations are
imperatively needed to comprehensively address which
mechanisms contribute to the overall impact of diabetes on
the outcomes of sepsis.

Even with the relatively large sample size included in our
study, the limitations should not be overlooked. First, we did not
account for the effect of diabetes type and diabetes medications
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like insulin and metformin; thus, we were unable to assess
whether medications and diabetes type have an effect on
outcomes at this point. Next, we cannot exclude the possibility
of new-onset diabetes since data on HbAlc levels are not
available. Moreover, we were not able to obtain information
about the duration and severity of diabetes; thus, it was
impossible to measure the effect of these factors on the
outcome as well. Third, we used the first blood glucose
measurement obtained after admission to the ICU for the
purpose of eliminating the effect of medical therapies in the
ICU, and the results were different from those of studies
investigating glycemic control, although our results may help
identify appropriate glycemic control strategies to some extent.
Finally, we should interpret these results with caution, as the
association analysis should not be mistaken for causality.
Therefore, further in-depth basic and clinical studies are
warranted to enrich the category of findings.

Conclusion

Admission hyperglycemia was not a risk factor for short-
term prognosis in critical ill sepsis patients with diabetes; rather,
a lower blood glucose level was associated with increased risk of
poor prognosis. Notably, an elevated admission glucose level was
significantly associated with a reduction in 28-day mortality rate
in the SOFA score 210 subgroup; whether this implies that
patients with severe illness require a higher energy supply
deserves further research.
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