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ABSTRACT 

The increasing prevalence of type 2 diabetes mellitus, a chronic disease associated with 

risk of disabling complications and premature mortality, requires continuous management and 

therefore has long become a serious public health concern causing major health expenditures 

globally. Since long-term complications are directly related to poor glycemic control, they may 

be prevented or at least delayed to some extent by early intervention. Metformin, a biguanide 

agent, is the first-line treatment for type 2 diabetes mellitus with an inter-individually variable 

glucose-lowering effect. Currently, there are no reliable biomarkers for either prediction of 

metformin response or early risk stratification for diabetic complications in a clinical setting.  

The main objective of this thesis was to investigate the underlying mechanisms and 

molecular signatures representing the variability in the therapeutic response of metformin and 

complications associated with type 2 diabetes mellitus. We chose the longitudinal RNA-Seq-

based comparative transcriptomics approach in peripheral blood cells to evaluate the systemic 

effect of metformin in healthy individuals and drug-naïve type 2 diabetes patients in vivo. 

Genome-wide genotyping was applied to identify genetic determinants for type 2 diabetes 

complications in the population of Latvia.  

We discovered immediate metformin-induced transcriptional alterations in blood cell 

gene expression profiles of healthy individuals with notable subject-specific differences,  and a 

strong association between metformin and immune pathways emphasizing the secretory 

immunoglobulin A-related intestinal immune responses. Our study highlighted potential 

predictive biomarkers of metformin response and pinpointed the expression of genes coding for 

NADH: ubiquinone oxidoreductase core subunits as key contributors in metformin 

effectiveness. Finally,  ten novel genetic associations with type 2 diabetes complications were 

discovered in the population of Latvia. Furthermore, for five of the allelic variants, the nearby 

genes (GYPA, PDE4DIP, NAT8, F5, RPS6KA2) have been functionally linked to the 

pathogenesis of the diseases before. The obtained data provide detailed insight into potential 

molecular mechanisms underlying the well-known beneficial effects of metformin and potential 

key determinants of type 2 diabetes complications, highlighting the considerable advantage of 

the application of omics-based molecular targeting in clinical decision-making. 
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KOPSAVILKUMS 

Pieaugošā 2. tipa cukura diabēta izplatība, kas ir saistīta ar palielinātu hronisku 

komplikāciju attīstības un priekšlaicīgas mirstības risku, prasa nepārtrauktu uzraudzību, tāpēc 

ir kļuvusi par nopietnu sabiedrības veselības problēmu, radot ievērojamu finansiālu slogu 

veselības aprūpes sistēmām visā pasaulē.  Ilgtermiņa komplikāciju attīstības risks ir tieši saistīts 

ar nepietiekamu glikēmijas kontroli, tāpēc agrīna iejaukšanās var to novērst vai aizkavēt. 

Metformīns, biguanīdu grupas līdzeklis, ir pirmās izvēles medikaments 2. tipa cukura diabēta 

ārstēšanā, kam ir novērots variabls glikozes līmeni pazeminošs efekts starp 2. tipa cukura 

diabēta pacientiem. Klīniskajā praksē joprojām trūkst biomarķieru metformīna atbildes 

reakcijas prognozēšanai un agrīnai diabēta pacientu stratifikācijai pēc komplikāciju attīstības 

riska.  

Šī pētījuma galvenais mērķis bija izpētīt molekulāros mehānismus, kas atspoguļo 

metformīna terapeitiskā efekta variabilitāti un  2. tipa cukura diabēta komplikāciju attīstības 

risku. Lai novērtētu metformīna sistēmisko efektu veselos indivīdos un 2. tipa cukura diabēta 

pacientos, kas iepriekš nav saņēmuši antidiabētisko terapiju, tika izmantota uz RNS 

sekvencēšanu balstīta in vivo transkriptomikas pieeja perifērajās asins šūnās. Ar genoma 

mēroga genotipēšanu tika identificēti tie ģenētiskie faktori, kas nosaka 2. tipa cukura diabēta 

komplikāciju risku Latvijas populācijā. 

Pētījumā iegūtie dati norādīja uz tūlītējām, metformīna ierosinātām izmaiņām veselu 

indivīdu asins šūnu gēnu ekspresijas profilos ar ievērojamām indivīd-specifiskām atšķirībām,  

un ciešu saistību ar imūnsistēmas signālceļiem, tajā skaitā ar sekretoro imunoglobulīnu A 

saistītām zarnu imūnās atbildes reakcijām. Pētījuma īstenošanas laikā tika identificēti 

potenciāli, uz gēnu ekspresijas izmaiņām balstīti biomarķieri metformīna efektivitātes 

prognozēšanai, turklāt iegūtie dati norādīja uz būtisku NADH: ubikvinona oksidoreduktāzes 

kodola subvienību kodējošo gēnu ekspresijas lomu metformīna efektivitātes modulēšanā. 

Visbeidzot, Latvijas populācijā tika atklāti desmit jauni, ar diabēta komplikāciju attīstības risku 

saistīti lokusi, turklāt pieci no alēliskajiem variantiem tuvumā esošajiem gēniem (GYPA, 

PDE4DIP, NAT8, F5, RPS6KA2) ir funkcionāli saistīti ar slimību patoģenēzi. Iegūtie rezultāti 

sniedz papildu zināšanas par molekulārajiem mehānismiem, kas pamato metformīna labvēlīgos 

efektus, un diabēta komplikāciju attīstības risku noteicošajiem faktoriem, vienlaikus izceļot 

priekšrocības, ko sniedz uz omikas datiem balstītas lielapjoma molekulārās analīzes klīnisko 

lēmumu pieņemšanā. 
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INTRODUCTION 

The emergence of type 2 diabetes mellitus (T2DM) as a pandemic is raising the risk of 

long-term complications and premature death. T2DM control and management of 

complications have long become a serious public health concern generating substantial costs, 

and emphasizing the need for reliable biomarkers for early identification of patients at 

high risk for diabetic complications and prediction of therapy response. Metformin, an 

antihyperglycemic agent of the biguanide class, is still used as the first-line treatment of T2DM, 

despite the variable efficacy and tolerance exhibited among diabetic patients, highlighting its 

applicability for predictive biomarker studies. The collection of different types of omics data in 

well-designed clinical studies has already revealed a number of complex interacting pathways 

that are underlying the pathophysiology of T2DM, and these comprehensive approaches may 

be further applied in the personalization of diabetes care. 

Importance of this work: Deep investigation of the driving and contributory mechanisms 

underlying the pathophysiology of diabetic complications and its treatment is important in the 

development of personalized diabetes care. Integration of omics-based biomarkers in T2DM 

management is needed to promote the early prediction of inter-patient variation in treatment 

response and develop reliable risk stratification strategies for diabetes complications, thus 

preventing the progression of the disease and increasing the life expectancy of the patients.  

Aim of the study: To investigate the underlying mechanisms and molecular signatures 

representing the variability in the therapeutic response of metformin and diabetic 

complications. 

Tasks to reach the aim: 

1. To evaluate metformin-induced alterations in peripheral blood cell gene expression profiles 

and signaling pathways following metformin intervention of various duration in healthy 

individuals and T2DM patients. 

2. To identify transcriptional divergence in different metformin response groups before and 

after administration of metformin, and determine possible biomarkers for early prediction of 

metformin effectiveness. 

3. To explore the underlying mechanisms and genetic predisposition to diabetic complications 

in the population of Latvia.  
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1. LITERATURE REVIEW 

1.1 Etiology and genetics of diabetes mellitus 

Diabetes mellitus is a group of metabolic diseases and long-term conditions. It is 

characterized by hyperglycemia due to defective insulin secretion or inefficient use of it 

(Borgnakke 2019; Craig et al. 2009). According to the ninth edition of the International 

Diabetes Federation Atlas, there were around 463 million people with diabetes worldwide 

compiling around 9.3% of the global prevalence in 2019. Moreover, it is projected that by 2030 

the global prevalence of diabetes will continue to rise to 10.2% (578.4 million cases), while in 

2045 it may reach 10.9% (700.2 million cases) (Borgnakke 2019). Despite the efforts engaged 

in diabetes prevention, the disease is still among the top 10 leading causes of death worldwide, 

accounting for 4.2 million deaths in 2019 (Borgnakke 2019; Li et al. 2019), meanwhile causing 

substantial financial burden on both the patients and healthcare systems resulting from the 

complex requirements of diabetes management (Moucheraud et al. 2019). According to 

International Diabetes Federation Atlas, the total diabetes-related health expenditure in 2019 in 

Europe was approximately 161.4 billion USD, which is accounting for 21.2% of the amount 

devoted to diabetes care globally (Borgnakke 2019). Statistics of diabetes patients in Latvia 

indicate 91 571 (prevalence 7.4%) diabetes cases and 574 diabetes-related deaths confirmed in 

Latvia in 2019 (Latvia 2020), which is similar to the diabetes prevalence reported in Europe 

(8.9%) (Borgnakke 2019). 

There are several pathogenic processes involved in the development of diabetes 

considered when assigning one of the precise types of the disease, nevertheless, all of the 

underlying mechanisms of diabetes mellitus are provoking raised plasma glucose 

concentrations and disturbances of glucose metabolism (Palicka 2002). The etiologic 

classification of diabetes mellitus involves the following types of the disease (Craig et al. 2009; 

WHO 2019):  

1. Type 1 diabetes (T1DM), characterized by beta-cell destruction, usually leading to 

absolute insulin deficiency (immune-mediated and idiopathic); 

2. Type 2 diabetes (T2DM) (range from predominantly insulin resistance with relative 

insulin deficiency to a predominantly secretory defect with insulin resistance); 

3. Hybrid forms of diabetes including slowly evolving, immune-mediated diabetes of 

adults (GAD autoantibodies present) and ketosis-prone T2DM (presents with ketosis 

and insulin deficiency); 

4. Other specific types: 
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4.1.Monogenic forms of diabetes caused either by mutations affecting beta-cell function 

or insulin action (e.g. MODY or maturity-onset diabetes of the young, mitochondrial 

DNA); 

4.2.A disease of the exocrine pancreas (e.g. trauma, inflammation, and tumor); 

4.3.Endocrine disorders (e.g. pancreatitis, trauma/pancreatectomy, neoplasia, cystic 

fibrosis, hemochromatosis, fibrocalculous pancreatopathy); 

4.4.Drug or chemical induced (e.g. Vacor, pentamidine, nicotinic acid, glucocorticoids, 

thyroid hormone); 

4.5.Infection-related diabetes (e.g. Congenital rubella, Cytomegalovirus); 

4.6.Uncommon specific forms of immune-mediated diabetes (e.g. “Stiff-man” 

syndrome, anti-insulin receptor antibodies); 

4.7.Other genetic syndromes sometimes associated with diabetes (e.g. Down syndrome, 

Klinefelter syndrome, Turner syndrome, Wolfram syndrome); 

5. Unclassified diabetes (used temporarily in case of unclear diagnostic category); 

6. Hyperglycaemia first detected during pregnancy : 

6.1.Diabetes mellitus in pregnancy (T1DM and T2DM first diagnosed during 

pregnancy); 

6.2.Gestational diabetes (hyperglycemia below diagnostic thresholds for diabetes in 

pregnancy. 

The diagnosis of diabetes mellitus is set according to the elevated plasma glucose and 

HbA1c levels (Table 1). 

Table 1. Diagnostic criteria for diabetes mellitus (WHO 2019). 

Type of the 

disease 

Fasting plasma 

glucose 

2-hour post-

load plasma 

glucose 

1-hour post-

load plasma 

glucose 

HbA1c 

Gestational 

diabetes 

5.1–6.9 mmol/L 8.5–11.0 

mmol/L 

≥ 10.0 mmol/L - 

Other forms of 

diabetes 

≥ 7.0 mmol/L  ≥ 11.1 mmol/L - ≥ 48 mmol/mol 

 

Due to the potential application of genetic data in precision medicine by promoting the 

prediction of the clinical outcome or adjustment of the most effective therapeutic strategy, 

multiple studies aiming to explore the genetic predisposition of diabetes mellitus and reclassify 

the different types of the disease based on molecular data have been performed involving 

candidate gene approach, genetic linkage studies, and genome-wide association studies 
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(GWAS) (Guan et al. 2008; Tabara et al. 2009; Xue et al. 2018). Although the two most 

common forms of diabetes mellitus are caused by a combination of genetic and environmental 

risk factors, there are also rare forms of the disease that are directly inherited, which at least 

partially explains the highly divergent etiology of the disease (Sayed and Nabi 2021).    

1.1.1 Type 1 diabetes mellitus  

Insulin-dependent diabetes or juvenile-onset diabetes, which is also known as type 1 diabetes 

mellitus (T1DM) is caused by cellular-mediated autoimmune destruction of the beta-cells of 

the pancreas resulting in insufficient production of insulin or even absolute insulin deficiency 

(Palicka 2002). Insulin is an anabolic hormone and a key component in cell growth and the 

metabolism of glucose, proteins, and minerals. It promotes the glucose uptake in muscles and 

adipose tissue, glycogen storage and fatty acid synthesis in the liver, stimulates the uptake of 

amino acids and potassium in cells,  and inhibits the breakdown of fat in adipose tissue, which 

underlies the relevance of this hormone in multiple vital processes conducted in the human 

body (Wong and Sul 2010). T1DM is more prevalent in children, in 2019 there were 128 900 

new cases detected worldwide among children and adults aged 0-19 years (Borgnakke 2019). 

Although the exact etiology of T1DM and most of the other forms of diabetes mellitus is still 

unknown, it is generally believed that both genetics and environmental factors are implicated 

(Lucier and Weinstock 2021). There is strong evidence of genetic predisposition and notable 

heritability for T1DM, justified by the higher concordance among monozygotic (23% 

probandwise and 13% pairwise) than dizygotic twins (5% probandwise and 3% pairwise) 

(Kaprio et al. 1992). So far there are more than 40 risk loci identified for T1DM (e.g. INS, 

CTLA4, PTPN22, IFIH1, ERBB3 (Steck and Rewers 2011)), many of them are found in GWAS 

studies (Pociot 2017),  nevertheless, the human leukocyte antigen (HLA) region in chromosome 

6p21 is still considered as the main player in providing genetic predisposition to T1DM. There 

are two specific HLA class 2 haplotypes (HLA-DR3 and HLA-DR4-DQ8), that are associated 

with approximately 50% of disease heritability (Noble 2015). Meanwhile, enteroviral infection, 

higher maternal age, and dysbiosis are considered as environmental risk factors for T1DM 

(Rewers and Ludvigsson 2016). The main syptoms of T1DM in children are weight loss, 

polyuria, polydipsia, and even ketoacidosis, while the symptoms in adults vary more, therefore 

5-15% of T1DM patients are misdiagnosed with T2DM (DiMeglio et al. 2018; Tuomi 2005). 

The main treatment of T1DM is insulin in various forms together with additional medications 

to lower the blood pressure or cholesterol levels (e.g. angiotensin-converting enzyme inhibitors, 

angiotensin II receptor blockers) (de Boer et al. 2008; Pathak et al. 2019). 
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1.1.2 Type 2 diabetes mellitus 

The most common form of diabetes mellitus accounting for approximately 90% of all 

cases is T2DM with 462 million patients worldwide, the prevalence of 8 529 per 100 000 cases 

in Europe in 2019, and a tendency to get more prevalent globally (Khan et al. 2020). The 

incidence of the disease varies between geographical regions due to different environmental 

and lifestyle factors (Zimmet et al. 2001). There were 82 140 T2DM patients (4 171.8 per 

100 000 individuals)  detected back in 2015 in Latvia, out of them 6 091 were new cases. 

Despite the contribution of national-level initiatives for diabetes prevention, the incidence of 

T2DM in Latvia has not changed significantly and even got worse with 6 449 new cases in 2019 

(LCDC 2020). Although multiple clinical strategies have been developed to improve T2DM 

management and disease control, T2DM patients still have almost two times increased mortality 

rates compared to healthy individuals (HR=1.93; 95% CI=1.89-1.97) (Mulnier et al. 2006).  

Insulin resistance, in which insulin is ineffective and in later stages of the disease may 

also be lacking, is the main characteristic feature of T2DM leading to hyperglycemia (Goyal 

and Jialal 2021). Due to insulin resistance, the target tissues of insulin are lacking it, meanwhile, 

the secretion of insulin reduces along with the gradual destruction of beta-cells (Druet et al. 

2006). The main destructive effect of insulin resistance is the decrease in glucose uptake in the 

target tissues and elevated glucose production via glycogenolysis, and gluconeogenesis (Basu 

et al. 2005). The increased glucose output is further supplemented by increased lipolysis and a 

high level of lipid metabolites as well as enhanced free fatty acid release (Roden et al. 2000; 

Saltiel and Kahn 2001). In addition, there are increased levels of plasma glucagon detected, 

which is released by pancreatic alpha-cells and stimulates excessive hepatic glucose production 

(Cherrington et al. 1987). Since insulin is suppressing the food intake and glucose regulation 

in the central nervous system, hypothalamic insulin resistance is underlying the impairment of 

both of these processes in T2DM (Cersosimo et al. 2000; Ono 2019). 

The classic symptoms of T2DM are polyuria, polydipsia, and sudden weight loss, though 

the T2DM diagnosis is often also linked to obesity, hypertension, nephropathy, dyslipidemia, 

non-alcoholic fatty liver disease, and systemic inflammation (Rosenbloom et al. 2009).  In long 

term, T2DM patients are dealing with chronic complications affecting multiple organ systems 

(Papatheodorou et al. 2018). 
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Figure 1. Risk factors of T2DM and characteristic pathological changes. ROS: reactive 

oxygen species; ER: endoplasmic reticulum; AGEs: advanced glycation end products; PKC: 

protein kinase C; LPS: lipopolysaccharide; miRNA: microRNA. Adapted from Galicia-Garcia 

et al.(Galicia-Garcia et al. 2020). 

Since T2DM is a multifactorial disease, it is caused by a complex interaction between 

environmental and genetic factors (Ali 2013). Multiple risk factors of T2DM are identified so 

far, including obesity and sedentary lifestyle, smoking, poor diet, gut dysbiosis, and even certain 

medications affecting the sugar metabolism (e.g. statins, beta-blockers) (Figure 1) (Galicia-

Garcia et al. 2020; IQWiG 2006). During the last decade, massive research has been performed 

to demonstrate the role of genetic factors in the development of T2DM using the linkage studies, 

candidate gene approach, but mostly the advantage of GWAS (Figure 2) (Ali 2013). The 

heritability of T2DM varies between 20%-80% depending on the population, age, and the 

particular study design (Almgren et al. 2011; Poulsen et al. 1999). A GWAS involving 

participants of European ancestry discovered 143 risk loci (e.g. TCF7L2, PTGFRN, ANKH, 

CAMK1D, TP53INP1, and ATP5G1) for T2DM, out of them 33 genes appeared to be 

differentially expressed providing functional evidence, and 3 genes were associated with 

regulatory function according to DNA methylation data (Xue et al. 2018). While the gene 

coding for transcription factor 7 like 2  (TCF7L2, rs7903146, OR=1.37; 95% CI=1.28-1.47) is 
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showing the strongest association with T2DM (Zeggini et al. 2008), there are many other risk 

loci identified so far, including hematopoietically expressed homeobox gene (HHEX, 

rs8050136, OR=1.13; 95% CI=1.08-1.17) (Diabetes Genetics Initiative of Broad Institute of et 

al. 2007), a gene coding for insulin-like growth factor 2 mRNA binding protein 2 (IGF2BP2, 

rs4402960, OR=1.17; 95% CI=1.10–1.25) (Zeggini et al. 2008),  potassium inwardly rectifying 

channel subfamily j member 11 gene (KCNJ11, rs5219, OR=1.15; 95% CI=1.09-1.21) and 

others (Diabetes Genetics Initiative of Broad Institute of et al. 2007). Finally, combining data 

from 32 GWAS and around ~900,000 Europeans provided 243 risk loci for T2DM, including 

the low-frequency alleles with large effect sizes, such as DENND2C (rs184660829, 

MAF = 0.020%, OR = 8.1, p-value = 2.5 × 10−8) (Mahajan et al. 2018). Although the previous 

studies have provided valuable knowledge of the genetic background and molecular 

mechanisms underlying the disease, they explain only a small proportion of heritability, 

suggesting the possible contribution of rare variants, gene-environment interactions, and 

epigenetics (Ali 2013).  

 
Figure 2. The history of T2DM GWAS. Plotted are circles representing T2DM GWAS as 

well as additional candidate gene or sequencing studies of note. The x-axis shows the year of 

publication, whereas the y-axis shows the discovery sample size. Darker circles are scaled in 

proportion to the discovery sample size, whereas the outer (lighter) circles are scaled in 

proportion to the total (discovery together with replication) sample size. Circles are colored 

according to the ethnic composition of the sample set: African American (dark blue), East Asian 

(light blue), European (purple), Hispanic or Native American (yellow), or South Asian (green). 

PubMed identifiers (or first author name) for each study are shown at the base of the figure and 

linked to the corresponding circle with a dotted line. Identifiers are colored according to the 

technology used in the study: linkage or candidate gene studies (red), GWAS or Metabochip 

(beige), exome array (orange), or sequencing (dark grey). The figure is adapted from Flannick 

and Florez, 2016 (Flannick and Florez 2016). 
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1.2 Genomics and transcriptomics of metformin treatment 

1.2.1 Management of type 2 diabetes mellitus 

Since T2DM is a complex disease characterized by high phenotypic variability and 

systemic manifestations, an integrated approach is applied for the treatment of this widespread 

condition. In T2DM therapy any strategy towards the improvement of blood glucose control 

involve patient engagement in self-management and lifestyle change, therefore education about 

the diet and physical activity in the context of blood glucose control as well as prophylactic 

screening for complications is ensured by a doctor regularly, nevertheless, most of the patients 

still need to combine the lifestyle changes with pharmacological therapy. The medications 

applied in T2DM treatment are targeting glucose levels and reducing HbA1c, and the global 

strategy is based on lifestyle changes, followed by administration of metformin, or using 

metformin with second antihyperglycemic agents such as inhibitors of dipeptidyl peptidase, 

gliflozins, glucagon-like peptide-1 receptor agonists, pioglitazone and sulphonylurea (Reusch 

and Manson 2017).  

Sulfonylureas, including glyburide, glimepiride, and glipizide are among the top 

prescribed oral agents for T2DM, ensuring a reduction of HbA1c by around 1%. The 

mechanism underlying the glucose-lowering effect of sulfonylureas is based on increased 

insulin release from the pancreatic beta-cells, which also raises the risk of hypoglycemia. 

Moreover, due to characteristic beta-cell failure in T2DM, the effectiveness of these 

medications may diminish over time (Wright and Tylee 2016). Multiple studies suggest a 

significant association of sulfonylureas and cardiovascular disease and even cardiovascular 

death (RR=1.27; 95% CI=1.18–1.34), which is considered in therapeutic strategy decision 

making (Azoulay and Suissa 2017; Phung et al. 2013). 

Another group of oral antidiabetic agents is dipeptidyl-peptidase 4 inhibitors, including 

sitagliptin, saxagliptin, linagliptin, and alogliptin. Agents corresponding to this specific group 

are targeting the incretin pathway, and therefore augmenting levels of intestinal hormones that 

are released during the meal. Dipeptidyl-peptidase 4 inhibitors limit the inactivation of the 

incretin hormone glucagon-like peptide 1 resulting in improved blood sugar control by 

promoting the release of insulin in response to food intake, nevertheless, the glucose-lowering 

effect of these agents is slightly lower than with other commonly prescribed diabetes 

medications (0.5% HbA1c reduction), therefore it is typically used as the second-line 

medication (Wright and Tylee 2016; Y. Zhang et al. 2014a). 
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Thiazolidinediones are targeting nuclear transcription factor peroxisome-proliferator-

activated receptor gamma. Although this type of antidiabetic medication has no risk of 

hypoglycemia, the particular therapy has been associated with myocardial infarction (Wallach 

et al. 2020), edema (Mudaliar et al. 2003), bladder cancer (R. M. Turner et al. 2014) before, 

therefore it is considered as the third-line therapy for diabetes and is prescribed together with 

other anti-diabetic agents (Wright and Tylee 2016). 

Sodium-glucose cotransporter 2 inhibitors are reducing the glucose reabsorption from 

urine which is mediated by sodium-glucose cotransporter 2. This inhibition results in reduced 

levels of fasting and postprandial blood glucose as well as weight loss and lower systolic blood 

pressure. The risk of hypoglycemia is usually increased only when used in combination with 

other anti-diabetic agents (Saisho 2020). As with the thiazolidinediones, the use of sodium-

glucose cotransporter 2 inhibitors is linked to adverse effects, such as genital infections 

(Unnikrishnan et al. 2018), risk of diabetic ketoacidosis (Palmer et al. 2016), bone fracture 

(Azharuddin et al. 2018), and bladder cancer (Garcia et al. 2021), though the data proving 

particular associations ar conflicting. Nevertheless, in contrast to thiazolidinediones sodium‐

glucose cotransporter 2 inhibitors exert a protective effect against cardiovascular disease and 

death in T2DM patients (Arnott et al. 2020). 

There are several types of injectable agents for the treatment of T2DM, such as glucagon-

like peptide 1 receptor agonists, amylin, and different forms of insulin. The management of 

T2DM is complex and around 25% of the patient require insulin within 6 years of starting oral 

antidiabetic therapy (Ringborg et al. 2010). For patients with symptomatic hyperglycemia or 

difficulties lowering the HbA1c levels below 9.5% while using oral agents, insulin therapy is 

recommended including basal, prandial, or concentrated insulin depending on the efficacy of 

glycemic control and fluctuations. An additional class of injectable medications is glucagon-

like peptide 1 receptor agonists (Wright and Tylee 2016). These agents promote 

supraphysiologic levels of glucagon-like peptide 1 activity, resulting in elevated insulin 

secretion and weight loss (Baggio and Drucker 2007). 

1.2.2 Metformin 

Metformin is a biguanide, which is globally used as the first-line oral treatment for T2DM 

due to its ability to effectively reduce both basal and postprandial blood glucose levels by 

decreasing intestinal absorption, promoting insulin sensitivity, and inhibiting the production of 

glucose in the liver, although data on the latter are still controversial (Corcoran and Jacobs 

2021; Gormsen et al. 2019). The improved insulin sensitivity results in decreased luteinizing 

hormone and androgen levels, and stabilized menstrual cycle, therefore it has been widely used 
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in the treatment of polycystic ovary syndrome (Y. W. Wang et al. 2017). Long-term 

administration of metformin significantly reduces the risk of neurodegenerative diseases 

(adjusted HR=0.19; 95% CI= 0.12 - 0.31) (Shi et al. 2019), nevertheless, the reports discussing 

the neural therapeutic effects of the drug show conflicting data (Ping et al. 2020; Pusceddu et 

al. 2020). In addition, strong evidence supports the anticancer effect of metformin, which is 

demonstrated as inhibited cancer cell growth in vitro, delayed development of cancer in mice 

models, and even significantly reduced cancer risk in T2DM patients (HR=0.513; 95% 

CI=0.318–0.826) (H. J. Kim et al. 2018; Ko et al. 2016; Z. J. Zhang et al. 2014b). One of the 

main striking findings regarding the metformin pleiotropic effect is its ability to increase 

lifespan and attenuate the deleterious impact of aging in male mice, even more, metformin 

mimics calorie restriction phenotype (Martin-Montalvo et al. 2013). Finally, metformin inhibits 

the formation of atherosclerosis, normalizes blood pressure, lipid levels, and reduces body 

weight (Kyler et al. 2018; Thomopoulos et al. 2017). 

Although it significantly reduces the body mass index (BMI) (weighted mass difference 

=  −1.31; 95%CI = −2.07 to −0.54) the therapeutic efficacy of metformin against hyperglycemia 

is highly variable among different patients (Pu et al. 2020). A recent study revealed that only 

59.5% of newly diagnosed T2DM patients developed their glycemic goal after the three months 

long therapy, while the rest of the patients were considered as non-responders (Rashid et al. 

2019). In addition, around 25% of patients experience gastrointestinal side effects, such as 

diarrhea (62.1%) and retching (21.1%), and because of that around 5% of the patients 

discontinue the therapy (Florez et al. 2010; McCreight et al. 2016; Rashid et al. 2019).  These 

data show an urgent need for the development of a precision medicine approach in T2DM 

care to maximize therapeutic benefit while limiting risks, therefore identification of biomarkers 

for early prediction of therapeutic response and significant adverse events is one of the main 

strategies in studies of T2DM (Fitipaldi et al. 2018). Genomics, transcriptomics, and other types 

of omics data are widely used in biomedical studies for both obtaining deeper knowledge about 

the pathogenesis mechanisms of diseases and biomarker discoveries (Z. Z. Hu et al. 2011).  

1.2.2.1 Mechanism of action 

The liver is the main site of action of metformin, where metformin inhibits gluconeogenic 

enzymes and stimulates glycolysis by altering the activity of multiple enzymes, resulting in 

around 75% reduction in hepatic glucose output (Pernicova and Korbonits 2014; Stumvoll et 

al. 1995). Metformin suppresses gluconeogenesis by upregulating the insulin receptor and 

insulin receptor substrate 2 (IRS-2) and suppressing the action of peptide hormone glucagon 

(Gunton et al. 2003). Metformin enhances insulin sensitivity and glucose uptake in the skeletal 

muscle, by improving the tyrosine kinase activity of insulin receptors and translocation of 
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glucose transporters on the plasma membrane (Matthaei et al. 1993). Moreover, metformin 

interacts with the incretin axis, by stimulating the expression and enhancing the action of 

glucagon-like peptide 1, which is further responsible for the secretion of insulin and reduction 

of glucagon levels in response to glucose (Vardarli et al. 2014). 

Metformin acts mainly by reducing hepatic gluconeogenesis and increasing glucose 

uptake in skeletal muscle, though high interindividual variability is observed in metformin 

response and pharmacokinetics (Rashid et al. 2019). The cellular uptake of metformin is 

maintained by multiple membrane transporters (Table 2) (Pernicova and Korbonits 2014). 

Table 2. Cell membrane transporters involved in metformin pharmacokinetics (Pernicova and 

Korbonits 2014). 

Transporter Gene Function 

SLC22A1 or OCT1 SLC22A1 

Main transporter for metformin uptake. Expressed in liver 

and kidney, considered as the main metformin transporter. 

Allelic variants within the gene are associated with 

impaired metformin uptake, increased elimination, and the 

following reduction of therapeutic response. 

SLC22A2 or OCT2 SLC22A2 
Mediates metformin secretion in the kidney, mediates 

around 80% of the total metformin clearance. 

SLC22A3 or OCT3 SLC22A3 

Expressed in liver, kidney, heart, skeletal muscle, brain, 

placenta and may be involved in the metformin uptake in 

muscle. 

SLC22A4 or 

OCTN1 
SLC22A4 Involved in the gastrointestinal absorption of metformin. 

MATE1 SLC47A1 

Mediates metformin secretion in the kidney and excretion 

into bile in the liver. Allelic variants in the gene alter the 

glucose-lowering effect of metformin in diabetic patients. 

MATE2 SLC47A2 Mediates metformin secretion in the kidney. 

PMAT SLC29A4 Mediates renal and intestinal metformin uptake. 

 

The cellular target of metformin is the mitochondrion, where the agent inhibits the 

mitochondrial respiratory chain complex 1, resulting in resulting in lower ATP production, 

increased cellular AMP:ATP and ADP:ATP ratios,  the activation of 5' adenosine 

monophosphate-activated protein kinase (AMPK) and the following improvement in insulin 

sensitivity, together with reduced cyclic adenosine monophosphate (cAMP) levels and 

downregulation of gluconeogenetic enzymes via phosphorylation of the transcription factor 

cAMP response element binding protein (CREB). Activation of AMPK switches on the 

catabolic pathways that generate ATP and switches off anabolic pathways to restore the energy 

balance, leading to AMPK-driven phosphorylation of metabolic enzymes and transcription 

factors by altered gene expression, and finally inhibition of glucose, lipid, and protein synthesis 

and activation of fatty acid oxidation and glucose uptake in peripheral tissue (Vial et al. 2019; 

Y. Wang et al. 2019). The rise in AMP and ATP ratio inhibits fructose-1,6-bisphosphatase  or 
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FBPase, inducing the acute inhibition of gluconeogenesis in an AMPK independent manner 

(Rena et al. 2017).  Despite the large number of comprehensive studies aimed to reveal the 

complex mechanisms underlying the beneficial effects of the drug, controversy remains since 

there is strong evidence for other indirect mechanisms, such as the significant contribution of 

the gut microbiome underlying the glucose-lowering effect of the drug (Elbere et al. 2020). 

1.2.2.2 Omics data in metformin studies 

Genomics 

So far multiple types of omics-based approaches have been applied in studies of 

metformin action and therapeutic efficacy (Udhane et al. 2017).  One of the main approaches 

for studying metformin pharmacogenetics is GWAS.  A comprehensive meta-analysis of 10 

557 participants conducted by the MetGen consortium revealed a significant association of 

glucose transporter GLUT2 (SLC2A2) variant rs8192675 with metformin response (p-

value=6.6×10−14 ) which promoted the metformin-induced reduction in HbA1c levels by 0.17% 

(K. Zhou et al. 2016). Another genetic variant  rs11212617 located in a locus of ataxia 

telangiectasia mutated  gene (ATM)  also reached the genome level significance in association 

with metformin response (OR=1.35; 95%CI=1.22-1.49, p-value=2.9×10−9) and was identified 

as a result of collaboration between Genetics of Diabetes Audit and Research (GoDARTS) and 

the United Kingdom Prospective Diabetes Study (GoDarts et al. 2011). There are multiple other 

genetic factors such as organic cation transporter genes OCT1 and OCT2 associated with altered 

therapeutic efficacy of metformin (Shikata et al. 2007) and the overall heritability of the 

glycemic response of metformin expressed as the absolute reduction in HbA1c is 34% (95% 

CI=1–68; p-value=0.022) indicating on other non-genetic factors involved (K. Zhou et al. 

2014a). 

Metabolomics 

A comprehensive metabolomics study on mouse embryonic fibroblast cells revealed both 

AMPK-dependent (upregulation of phospho-acetyl-CoA carboxylase) and independent 

(inhibition of phospho-mammalian target of rapamycin, phospho-S6 ribosomal protein, 

autophagy marker Lc3, adipose triglyceride lipase, and phospho- extracellular signal-related 

kinase) mechanisms of metformin action, resulting in metabolic reprogramming and reduction 

of energy state (Yan et al. 2019). Another study involving longitudinal metabolomics profiling 

of human plasma samples during the administration of metformin in a prospective trial revealed 

a reduction in levels of valine, tyrosine, and carnitine, that are involved in insulin resistance and 

mitochondrial dysfunction. Although the particular study did not reveal predictive biomarkers 

of metformin response, the hypothesis of an association between high levels of 
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leucine/isoleucine and/or carnitine C10:1 before anti-diabetic therapy and improved glycemic 

response to metformin was established (Safai et al. 2018). 

Microbiome 

The role of the gut microbiome in achieving the therapeutic effects of metformin has been 

demonstrated in various reports, therefore metagenomics is among the major data types studied 

in the context of metformin action. Metformin treatment has been previously associated with 

increased levels of Escherichia, Akkermansia spp., and decreased levels of Intestinibacter (Shin 

et al. 2014; Wu et al. 2017). A randomized, double-blind study of treatment-naïve T2DM 

patients followed by the humanization of germ-free mice by fecal microbiota provided evidence 

of metformin-altered microbiota to significantly improve glucose tolerance (Wu et al. 2017). 

Moreover, the shotgun metagenomic sequencing data of longitudinal stool samples of 

treatment-naïve T2DM patients have revealed the potential of the baseline composition of gut 

microbiota to influence the therapeutic efficacy of metformin meanwhile serving as a predictive 

biomarker for both efficacy and tolerance of the drug (Elbere et al. 2020). 

Transcriptomics 

Large-scale transcriptome profiling is proved to serve as a valuable source for molecular 

target discoveries. Among the various methods for determining the gene expression levels, 

RNA sequencing (RNA-Seq) is the state-of-the-art approach that is used to provide insight into 

the cellular transcriptome, it is applied in drug response profiling as well as efficacy biomarker 

discoveries (Geeleher et al. 2014). The RNA-Seq-based comparative transcriptomic approach 

has been already applied in metformin research by using animal models and cell cultures, 

nevertheless, the longitudinal in vivo studies reflecting the systemic effect of the drug in humans 

is lacking.  

So far the gene expression-based studies have discovered multiple beneficial effects and 

molecular targets of metformin. Treating the primary human fibroblasts with metformin 

revealed significantly altered gene expression profiles in a concentration-dependent manner 

which is mediated by the transcription factor forkhead box protein O3 (FOXO3a), moreover, 

the treatment induced enrichment in the activator protein 1 (AP-1) transcription factor pathway, 

and cytokine-cytokine interaction pathway (Gillespie et al. 2019). In addition, the microarray-

based gene expression analysis of metformin-treated human adrenal H295R cells (an 

angiotensin-II-responsive steroid-producing adrenocortical cell line) revealed the ability of 

metformin to modulate energy homeostasis via upregulation of genes coding for enolase 2 

(ENO2), enolase 3 (ENO3), and aldolase, fructose-bisphosphate c (ALDOC), that are essential 

in glycolysis. This study showed that metformin also targets some of the regulators of sex 

steroid production, such as hydroxysteroid 17-beta dehydrogenase 14 (HSD17B14), aldo-keto 
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reductase family 1 member c3 (AKR1C3), and sulfotransferase family 2a member 1 (SULT2A1), 

at least partially explaining the altered androgen production which is observed in such 

hyperandrogenic conditions as polycystic ovary syndrome after metformin therapy (Udhane et 

al. 2017). Together with various AMPK-dependent and independent molecular targets of 

metformin, the combination of RNA-Seq, chromatin immunoprecipitation-based sequencing 

(Chip-Seq), and functional validations by small interfering RNA (siRNA) knockdown 

demonstrated the potential role of activating transcription factor 3 (ATF3) in gluconeogenesis 

repression in primary human hepatocytes (Luizon et al. 2016). Meanwhile, metformin-treated 

breast cancer cells showed the implication of gene coding for cell division cycle 42 (CDC42) 

in metformin-induced suppression of cell proliferation and migration via AMPK-independent 

molecular mechanism (Athreya et al. 2017). Upregulation of krüppel-like factor 4 (KLF4) and 

cholesterol-25-hydroxylase (CH25H) coding genes as the opposite effect of high glucose levels 

were linked to metformin-induced suppression of endothelial-to-mesenchymal transition in 

human umbilical vein endothelial cells, which may serve as a beneficial effect in endothelial 

disfunction (Yu et al. 2020). Finally, the study on DMPK or dystrophia myotonica protein 

kinase gene-mutated mesodermal precursor cells suggested metformin as a modulator of 

alternative splicing of a subset of genes (e.g. INSR and TNNT2) (Laustriat et al. 2015).  

In vivo animal models have provided more systemic insight into the molecular action of 

metformin. The study involving the rat model of obesity and insulin resistance highlighted a 

list of genes ensuring the cardiovascular benefits of metformin and clarified the heterogeneous 

effects of the drug across the arterial tree (Padilla et al. 2017). Moreover, a comprehensive 

study of mice models with different interventions including the administration of glipizide, 

rosiglitazone, and metformin, proved that metformin treatment for eight weeks mimics 75% of 

the gene expression effects of long-term calorie restriction and 92% of the 8 weeks long calorie 

restriction (Dhahbi et al. 2005). A recent study performed by Meng and colleagues obtained 

metformin-induced transcriptome profiles induced in 10 different tissue types (aorta, brown 

adipose, brain, eye, heart, liver, kidney, skeletal muscle, stomach, and testis) of healthy mice, 

revealing a clear tissue-specific effect of the drug on the gene expression profiles. The authors 

proved a significant correlation between the transcriptomic signature of metformin-treated 

normal mice tissue and calory restricted anti-aging intervention (Spearman's correlation 

coefficient (SCC)=0.258, false discovery rate (FDR)=2.72E‐231), and a negative correlation 

with the model of dilated cardiomyopathy  (prostaglandin E receptor 4, Ptger4‐/‐) 

(SCC=−0.054, FDR=4.19E‐08). Moreover, the study provided evidence of hypertension as a 

potential side-effect of long-term metformin treatment in healthy subjects (Y. Meng et al. 

2020). Controversially, a study reported by Zhu and colleagues proved that metformin fails to 
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increase the lifespan of aged female mice and the previously reported beneficial effect on 

cardiac metabolism is also lacking. The particular study involving RNA-Seq on heart tissue 

revealed the metformin-induced upregulation of extracellular matrix-related genes and 

downregulation of oxidative phosphorylation-related gene expression (Zhu et al. 2020). The 

microarray analysis of liver tissue obtained from obese diabetic db/db mice following a single 

metformin dose provided evidence of reduced expression of glucose-6-phosphatase coding 

gene and the following decreased activity of the enzyme, suggesting a potential mechanism at 

the mRNA level underlying the glucose-lowering effect of the drug (Heishi et al. 2006). 

1.3 Genetic risk factors of diabetic complications 

The main priority in T2DM management is to reduce the disease-related death rates 

(Borgnakke 2019).  The relatively high mortality of T2DM patients is referred to the multiple 

chronic and acute complications of the disease, which also impairs the quality of life and  

imposes a significant financial burden on the healthcare systems globally (Z. Liu et al. 2010). 

The complication risk is associated with the diabetes duration and glycemic control, which is 

usually evaluated as HbA1c level representing glucose levels during the last 3 to 4 months (Lind 

et al. 2009).  Hyperglycemia-induced ketoacidosis and diabetic coma are the main acute 

complications of diabetes (Fayfman et al. 2017), nevertheless, more than 20% of T2DM 

patients are also experiencing the chronic state of vascular issues classified as microvascular 

complications with small vessel damage and macrovascular complications caused by impaired 

function of arteries (Fowler 2008; Yadav et al. 2021). Microvascular complications include 

retinopathy, nephropathy, and neuropathy, while cardiovascular disease resulting in myocardial 

infarction and cerebrovascular dysfunction manifesting as stroke are considered macrovascular 

complications (Figure 3) (Forbes and Cooper 2013). The global crude prevalence of 

microvascular and macrovascular complications is 18.8% and 12.7%, respectively, according 

to the data collected during a 3-year, prospective, observational study program (Kosiborod et 

al. 2018). 
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Figure 3. Mechanisms by which hyperglycemia induces diabetic vascular complications. 

ET‐1: endothelin‐1; NADPH: nicotinamide adenine dinucleotide phosphate; PDGF: platelet‐

derived growth factor: TGF‐β, transforming growth factor‐β; VEGF: vascular endothelial 

growth factor. Figure adapted from Khalil, 2016(Khalil 2017). 

1.3.1 Diabetic nephropathy 

Diabetic nephropathy is characterized as proteinuria, a decline in glomerular filtration 

rate, and eventually, it may cause end-stage renal failure (Mogensen et al. 1983). Although 

hyperglycemia is the main contributor to the development of nephropathy, only approximately 

30-40% of T2DM patients experience this type of complication, suggesting the potential 

implication of other factors, including genetic predisposition since diabetic nephropathies tend 

to cluster in families (Brennan et al. 2013). Diabetic nephropathy usually begins as renal 

cellular hypertrophy and hyperfiltration, followed by progressive albuminuria and decreased 

glomerular filtration rate due to persistent hyperglycemia. Microalbuminuria which is defined 

as urinary albumin excretion rate 30-300 mg per day develops only 10-15 years after the onset 

of diabetes which is followed by macroalbuminuria (albumin excretion rate higher than 300 mg 

per day) (Chida et al. 2016). The progression of the disease is promoted by inflammation and 

hypertension. At the molecular level, several key modulators contributing to the development 

of renal fibrosis and diabetic nephropathy are identified so far including glucose itself, 

angiotensin II, reactive oxygen species, transforming growth factor beta 1 (TGF-β1), vascular 
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endothelial growth factor (VEGF ), and connective tissue growth factor (CTGF) (Brennan et 

al. 2013). Although many genetic association studies have been conducted for diabetic 

nephropathy in both T1DM and T2DM patients, there are only several promising associations 

emerged so far, including rs2206136 (PLCB4, phospholipase c beta 4) and chronic kidney 

disease (OR=1.20; 95%CI=1.08-1.34), rs9942471 (GABRR1, gamma-aminobutyric acid type a 

receptor subunit rho1) and microalbuminuria (OR=1.24; 95%CI=1.15-1.34), rs11864909 

(UMOD; uromodulin; β=2.42; 95%CI=1.28-3.56), rs1974990 (SSB; small RNA binding 

exonuclease protection factor la; β=4.07; 95%CI=2.61-5.52), rs10224002 (PRKAG2; protein 

kinase AMP-activated non-catalytic subunit gamma 2; β=1.75; 95%CI-0.85-2.66) and the 

estimated glomerular filtration rate (van Zuydam et al. 2018), rs10888287 (OR2L13; olfactory 

receptor family 2 subfamily l member 13) and nephropathy in T2DM (OR=0.04; 95%CI=0.80-

0.99) (McDonough et al. 2011) and several others (Maeda et al. 2007; Taira et al. 2018).  A 

GWAS by Pezzolesi et al. has revealed 13 different risk loci for diabetic nephropathy in T1DM 

patients some of them corresponding to the gene coding for FERM domain containing 3 

(FRMD3; OR=1.45; 95%CI=1.25–1.67) and cysteinyl-tRNA synthetase (CARS; OR=1.36; 

95%CI=1.19–1.56) that are expressed in the human kidney (Pezzolesi et al. 2009). 

1.3.2 Diabetic neuropathy 

Diabetic neuropathy is characterized by peripheral nerve dysfunction in diabetes patients 

when other clinical etiologies are excluded. Although there is a complex classification of 

diabetic neuropathy established including the categorization in a symmetric and asymmetric 

type of the disease, the typical and most common form of diabetic neuropathy is considered as 

chronic, symmetrical, distal sensorimotor polyneuropathy (Tesfaye et al. 2010). The distal 

symmetric polyneuropathy accounts for approximately 75% of all cases of diabetic neuropathy, 

and the sensory symptoms are present from toes to knees and later affect the palms, while 

asymmetrical neuropathies may involve cranial nerves, thoracic or limb nerves and are of acute 

onset (Bansal et al. 2006). Although the exact cause of diabetic neuropathy is still unknown, 

hyperglycemia is considered the key component in the pathogenesis of the disease. Due to 

hyperglycemia-induced rheological alterations, endothelial vascular resistance is increased and 

nerve blood flow is decreased, hyperglycemia induces oxidative stress, and affects the function 

of aldose reductase leading to the accumulation of metabolites (fructose and sorbitol) in the 

nerve and inducing non-enzymatic glycosylation of structural proteins. Altogether these 

changes induce hypoxia and impair the axonal transport causing the symptoms (Bansal et al. 

2006). The duration and severity of hyperglycemia together with dyslipidemia, hypertension, 

and obesity are among the main risk factors for diabetic neuropathy, nevertheless few studies 

have proved the implication of genetic factors in the disease etiology (Tang et al. 2019; Van 
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Acker et al. 2009). Although not reaching the genome-wide significance threshold, an 

association between the locus next to the GRAF2 (GTPase regulator associated with the focal 

adhesion kinase) gene (rs17428041; OR=0.67; 95%CI =0.57–0.78) and diabetic neuropathic 

pain has been identified (W. Meng et al. 2015). Similarly, a specific region in chromosome 

2q24 is showing a strong protective effect (rs13417783; OR= 0.64; 95%CI 0.55–0.74) on 

peripheral diabetic neuropathy, moreover, the allele is also linked to increased expression of 

SCN2A gene coding for the sodium voltage-gated channel alpha subunit 2 in the tibial nerve, 

providing functional evidence (Tang et al. 2019).  

1.3.3 Ophthalmic complications 

Several ocular complications of diabetes have been identified so far such as diabetic 

retinopathy, diabetic papillopathy, glaucoma, cataract, and ocular surface diseases (Sayin et al. 

2015). The most common type of microvascular complication of diabetes is diabetic 

retinopathy,  affecting more than 90% of T1DM patients and around 60% of T2DM patients 

(Seema Garg 2009; Threatt et al. 2013). The main risk factor for diabetic retinopathy is chronic 

hyperglycemia, affecting multiple cell signaling pathways, including the activation of the 

polyol pathway, involving reduction of glucose into sorbitol and further osmotic damage 

followed by cell death (Gabbay 1975). Other molecular targets involve activation of protein 

kinase C pathway and renin-angiotensin system,  upregulation of vascular, endothelial growth 

factor, inducing oxidative stress, and vascular endothelial dysfunction (Kowluru 2005; Sayin et 

al. 2015; Stitt 2003; Tarr et al. 2013). Some of these are serving as underlying mechanisms for 

glaucoma and cataract (Pollreisz and Schmidt-Erfurth 2010; Senthil et al. 2021). In addition to 

hyperglycemia, also hypertension and hyperlipidemia characterized by poor metabolic control 

are considered as the risk factors of diabetic retinopathy (Anonymous 1998). So far multiple 

GWAS reports have proven the significant role of genetic factors in the development of diabetic 

retinopathy, for instance, a study performed in the Taiwanese population revealed novel 

significant associations in five loci: histone H2A deubiquitinase: MYSM1 (rs2811893, 

rs12092121, OR =1.50; 95%CI=1.03-2.20),  plexin domain containing 2: PLXDC2 (rs1571942, 

OR=1.67; 95%CI =1.06-2.65); Rho GTPase activating protein 22: ARHGAP22 (rs4838605, 

rs11101355, rs11101357, OR =1.65; 95%CI=1.05-2.60), heparan sulfate 6-O-sulfotransferase 

3: HS6ST3  (rs2038823, OR=2.33; 95%CI=1.13-4.77), and gene with yet unknown function in 

the 5q were also associated with the disease (rs13163610, OR=3.63; 95%CI=1.38-9.58) (Huang 

et al. 2011). In the Japanese population the strongest signal was observed in RP1-

90L14.1 (rs9362054, OR=1.64; p-value = 1.4×10−7) a long intergenic non-coding RNA (Awata 

et al. 2015), while in Australians the association with diabetic retinopathy was identified for 
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the variant rs9896052 near the growth factor receptor bound protein 2 coding gene (GRB2) in 

the T2DM cohort (OR=1.45; 95% CI=1.03-2.18) (Burdon et al. 2015). 

1.3.4 Macrovascular complications 

Macrovascular complications are considered as damage to large vessels, such as arteries 

and veins. These are atherosclerosis‐related diseases, including coronary artery disease, 

peripheral vascular disease, and stroke (Kitada et al. 2010). Due to endothelial injury and 

inflammation, oxidized lipids accumulate in the endothelial wall of arteries, this oxidation is 

promoted by angiotensin II. Infiltration of monocytes stimulates activation of macrophages and 

T-lymphocytes, further, the proliferation of smooth muscles in the arterial walls together with 

collagen accumulation is induced, which leads to the formation of typical atherosclerotic lesions 

and in some cases even acute vascular infarction (Rader 2007). In comparison to microvascular 

complications, the major risk factor for macrovascular complications is insulin resistance, not 

the hyperglycemia leading to increased fatty acid flux in arterial endothelial cells from 

adipocytes, overproduction of reactive oxygen species, activation of protein kinase C pathway, 

and overall similar molecular etiology as in microvascular complications. 

Cardiovascular disease is the leading cause of death in T2DM patients, accounting for 

approximately 70% of deaths in the particular patient group, moreover, T2DM patients have a 

four times higher risk of developing cardiovascular disease than individuals with no diabetes 

(Cade 2008). The main risk factors for cardiovascular disease are sex, age, smoking, the ratio 

of high-density lipoproteins, total cholesterol, hypertension, and HOMA-IR (homeostatic 

model assessment for insulin resistance) (Bonora et al. 2002). From all of the cardiovascular 

events, stroke is the third leading cause of death among T2DM patients. Although diabetes 

affects cerebrovascular circulation by increasing the risk of intracranial and extracranial 

atherosclerosis, diabetes mellitus and hyperglycemia are both proven to serve as independent 

risk factors for stroke (Davis et al. 1999). Finally, peripheral artery disease is also considered a 

macrovascular complication of diabetes, which is significantly associated with the severity and 

duration of diabetes, hyperglycemia, hypertension, obesity, and other factors (Wattanakit et al. 

2005). 

GWAS have provided evidence for multiple genetic loci modulating the risk for different 

phenotypes linked to the damage of large vessels. For instance, a GWAS performed in a 

population of African Americans with T2DM revealed 15 genetic variants showing significant 

association with coronary artery calcified atherosclerotic plaque which is a predictive factor for 

cardiovascular disease. The particular study suggested five novel risk loci: low-density 

lipoprotein receptor-related protein 1B, LRP1B (rs113533135; p-value=3.3 × 10−7); ataxin 1, 
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ATXN1 (rs16879003; p-value=1.1 × 10−7), MAGI2 (rs113805659; p-value=1.4 × 10−7 ); 

desmocollin 1, DSC1 (rs4459623; p-value=5.3 × 10−7) to be considered for further functional 

investigation (Divers et al. 2017). Similarly, a study conducted by Montesonti and colleagues 

revealed a protective allele in T2DM patients for ischemic cardiovascular disease and stroke 

located in adiponectin, C1Q, and collagen domain containing (ADIPOQ) gene (rs266729; 

OR=0.61, 95%CI=0.39-0.95) (Montesanto et al. 2018), and a variant on chromosome 1q25 and 

proved its association with coronary heart disease in T2DM patients (rs10911021; OR = 1.36; 

95% CI =1.22-1.51) with additional evidence of its functional implication via differential gene 

expression (Qi et al. 2013). Since cardiovascular diseases are still the leading cause of death, 

there are multiple GWAS performed for coronary artery disease and myocardial infarction 

irrespective of diabetes (Erdmann et al. 2009; Mc Namara et al. 2019; Reilly et al. 2011). 
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2. MATERIALS AND METHODS 

2.1 Study design described for each publication separately 

The research described in all three publications was conducted in accordance with The 

Code of Ethics of the World Medical Association (Declaration of Helsinki amended in 

Fortaleza, Brazil, October 2013) and The Convention for the protection of Human Rights and 

Dignity of the Human Being with regard to the Application of Biology and Medicine: 

Convention on Human Rights and Biomedicine. Management of patient recruitment, collection 

of samples, and associated clinical data was ensured by Latvian Biomedical Research and Study 

Centre’s core facility Genome Centre and the Genome Database of the Latvian Population 

(LGDB) following their standard procedures (Rovite et al. 2018). 

2.1.1 Metformin strongly affects transcriptome of peripheral blood cells in healthy 

individuals 

Twenty-five European descent volunteers with no history of chronic disease were 

involved in the study according to the exclusion/inclusion criteria set within the framework of 

the clinical trial ‘Pharmacodynamics of antidiabetic drug metformin’ protocol number 

MIKROMET16001, registration number of EU Clinical Trials Register: 2016-001092-74 

(www.clinicaltrialsregister.eu) (Table S1). Fasting blood tests (measures of alanine 

aminotransferase, plasma glucose, creatinine levels) were performed in a certified clinical 

laboratory 1–3 days before metformin administration to evaluate general hematological and 

biochemical parameters and eligibility of volunteers. The study participants received a twice-

daily oral 850 mg dose of metformin hydrochloride (Metforal 850mg, Berlin-Chemie AG) for 

7 days.  

RNA for transcriptome analysis was isolated from the peripheral blood samples collected 

at three time-points: (1) before administration of metformin (M0, morning, fasting state), 10 

hours after the first metformin intake, though before the second dose (M10h, evening) and after 

7 days long metformin course (M7d, morning, fasting state). The third blood sample was not 

collected from one out of 25 study subjects, due to the discontinuation of metformin treatment, 

nevertheless, the rest of the blood samples collected from the particular subject were included 

in the data analysis. The longitudinal study design of the open-label trial was chosen as the most 

suitable method for global gene expression analysis with high inter-individual variability 

expected. The study protocol was approved by the Central Medical Ethics committee of Latvia 

(1/16-05-12) and the State Agency of Medicines of the Republic of Latvia (17–1723). Written 

informed consent was obtained from every participant after a full explanation of the purpose 

and nature of all procedures used before their inclusion in the study. 

http://www.clinicaltrialsregister.eu/


29 

2.1.2 Whole-blood transcriptome profiling reveals signatures of metformin and its 

therapeutic response 

In total 17 T2DM patients of European descent fulfilling the inclusion/exclusion criteria 

(Table S2) were enrolled. The study was conducted within the framework of the ongoing 

observational, prospective and longitudinal study OPTIMED, which has been implemented 

since 2010 in collaboration with endocrinologists and general practitioners from the leading 

health care centers in Latvia, ensuring recruitment of newly diagnosed drug-naïve patients with 

ICD-10 (International classification of diseases diagnosis 10th revision) code E11 and follow-

up data collection.  

Metformin monotherapy (medication with metformin hydrochloride as the only active 

ingredient) was prescribed for each study participant by an endocrinologist for at least three 

months regardless of the research objectives. The drug manufacturer and dosage of metformin 

(varied from 850 mg to 2000 mg per day) were chosen by endocrinologists based on clinical 

experience, patient’s health status, and manifestations of the disease. Measures of alanine 

aminotransferase, creatinine levels, HbA1c, triglycerides were performed in a certified clinical 

laboratory before the administration of metformin and after metformin therapy for three months 

to evaluate general hematological and biochemical parameters and eligibility of the subjects. 

Blood samples for RNA-Seq were collected at the same time points, hereinafter referred to as 

M0 (before administration of metformin) and M3m (after three months long metformin course). 

The study protocol was approved by the Central Medical Ethics Committee of Latvia (No. 01–

29.1/22) and the Committee of Ethics in Pauls Stradins Clinical University Hospital 

(No.3000610 - 18L). Written informed consent was obtained from every participant after a full 

explanation of the purpose and nature of all procedures used before their inclusion in the study. 

2.1.3 Novel susceptibility loci identified in a genome-wide association study of type 2 

diabetes complications in population of Latvia 

The study cohort consisted of 601 T2DM patients of European ancestry with and without 

a medical history of diabetes complications, selected from the participants of LGDB (recruited 

from June 2007 to November 2016) according to previously set inclusion criteria (Table S3). 

Associated clinical data, including the diagnosis date of T2DM, date and type of diabetes 

complications, HbA1c measures, and medications used, were obtained from the records of 

Diabetes registry, Latvian hospital inpatient discharges, outpatient progress notes, and 

pharmacy recipe records provided by The Centre for Disease Prevention and Control of Latvia 

and National Health Service of Latvia (Approval No. 3, Decision No. 7.1–3/3). The data about 

diabetic complications present for T2DM patients involved in LGDB were applied for accurate 
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stratification of 601 T2DM patients in four phenotype-based groups according to the type of 

complications experienced: diabetic neuropathy, diabetic nephropathy, ophthalmic 

complications, and macrovascular complications. The definition of phenotypes and patient 

stratification in different complication groups was done as follows: 

1. Diabetic neuropathies: clinical diagnosis codes (ICD-10) E11.4 and E11.5, records of 

amputation of the leg/toe, gangrene, shunting and angioplasty, and presence of 

intermittent claudication or fresh ulcers since the diagnosis of T2DM. 

2. Diabetic nephropathies: clinical diagnosis code E11.2 or records of kidney failure, 

kidney transplantation, renal replacement therapy, microalbuminuria, hemodialysis, 

peritoneal dialysis performed after the diagnosis of T2DM. 

3. Ophthalmic complications: clinical diagnosis code E11.3 or records of 

photocoagulation, maculopathy, retinopathy, operative therapy, blindness made since 

the diagnosis of T2DM. 

4. Macrovascular complications: clinical diagnosis codes I95, I20, I21, I24, I25, I50, I60, 

I61, I63, I64, and records of coronary shunting and angioplasty after the diagnosis of 

T2DM. 

ICD-10-based phenotype definitions corresponding to the Latvian guidelines of diabetes 

management are generally used in clinical practice in Latvia. Subjects with the above-

mentioned diagnosis codes or medical events recorded were considered as cases in their 

corresponding complication groups, while T2DM patients with no evidence of complications 

of interest during their follow-up period were recognized as controls in the particular group. 

Subjects experiencing specific diabetes complications before the set of T2DM diagnoses were 

excluded from the analysis of a particular complication group, explaining the variable total 

number of individuals among all complication groups tested. The follow-up period which 

coincides with diabetes duration was considered as time from the set of T2DM diagnosis until 

the date of diabetes complication recorded for cases or the date of the last entry in the National 

registry for control subjects. Administration of medications was considered in a group-specific 

manner, accounting for angiotensin II receptor blockers and angiotensin-converting enzyme 

inhibitors in the analysis of all complication groups analyzed and additional lipid-modifying 

agents in the analysis of macrovascular complications.  

The study protocol was approved by the Central Medical Ethics Committee of Latvia 

(No. 01-29.1/2223). Written broad consent was obtained from every subject during the 

recruitment in LGDB. 
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2.2 Laboratory methods 

2.2.1 RNA extraction, complementary DNA library preparation, and next-generation 

sequencing 

For RNA isolation, 3 ml of whole blood were collected in Tempus™ Blood RNA Tubes 

(Thermo Fisher Scientific, USA) and further processed using either PerfectPure RNA Blood 

Kit (5Prime GmbH, Germany) for 74 samples of the cohort of healthy individuals or Tempus™ 

Spin RNA Isolation Kit (Thermo Fisher Scientific, USA) for 34 samples in T2DM patient 

cohort according to manufacturer’s instructions.  The quantity and quality of extracted RNA 

and prepared libraries were determined by Qubit Fluorometer (Thermo Fisher Scientific, USA) 

and Agilent 2100 Bioanalyzer systems (Agilent, USA), respectively. The integrity of RNA was 

evaluated by RNA integrity number (RIN) within the Agilent 2100 Bioanalyzer system 

(Agilent, USA). For depletion of ribosomal RNA 500 ng of total RNA from each sample were 

processed using Low Input RiboMinus™ Eukaryote System v2 (Thermo Fisher Scientific, 

USA). Complementary DNA library preparation was performed with Ion Total RNA-Seq Kit 

v2 (Thermo Fisher Scientific, USA). Ion Proton™ System (Post-Light™ Ion Semiconductor 

Sequencing, Thermo Fisher Scientific, USA) and Ion PI™ Chip (Thermo Fisher Scientific, 

USA) were used for 200-base-read single-end sequencing, following the manufacturer’s 

instructions. Since the shot-gun RNA-Seq is considered to be the most accurate and desirable 

method for the quantification of the individual transcript and gene expression, additional 

methods for technical validation were not applied in this study (M. Zhang et al. 2019). 

2.2.2 Detection of secretory IgA by ELISA in stool samples  

Within the framework of the clinical trial two aliquots of stool samples were collected 

from each healthy individual at three time points: before administration of metformin (M0), 24 

hours after the first dose (M24h), and 7 days after the first intake of metformin (M7d), except 

for two participants for whom the third stool sample was not available (n = 73 in total). From 

the T2DM patients, the stool samples were also collected: before administration of metformin 

(M0), 7 days after the first intake of metformin (M7d), and after metformin therapy for three 

months (M3m) (data not published).  The samples were transferred at −80˚C within 24 hours 

since the collection. The concentration of secretory immunoglobulin A (sIgA) in 100 mg of 

each stool sample was determined by Immu- Chrom ELISA Kit (ImmuChrom GmbH, 

Germany), according to the manufacturer’s instructions, the absorbance was read at 450nm and 

620nm as the reference wavelength (U- Quant MQX200 Microplate reader, Bio-Tek, USA). 
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2.2.3 DNA isolation and genotyping 

DNA was isolated from peripheral blood leukocytes using a phenol-chloroform extraction 

method according to LGDB standard procedures (Rovite et al. 2018). For genotyping, 601 DNA 

samples were collected according to study inclusion/exclusion criteria and the DNA quantity, 

which was determined by Qubit Fluorometer (Thermo Fisher Scientific, USA). DNA samples 

were genotyped with the Infinium Global Screening Array (Illumina, USA) on the iScan System 

microarray scanner (Illumina, USA) at the University of Tartu.  

2.3 Bioinformatics and statistical analysis 

2.3.1 Transcriptome data analysis 

The trimming of sequencing reads was done using Trimmomatic 0.36 by applying 

window size 5 and a quality threshold of 10. After trimming reads had to have a minimum 

length of 30 bp and an average quality of 10 to be included in subsequent analyses. Sequencing 

reads were mapped against human reference genome GRCh38 release 90 and per-gene read 

counts were calculated with STAR (v.2.5.3a.). The reads were quantified if they match only 

one gene. The obtained read counts were normalized using trimmed mean normalization 

implemented in Bioconductor package edgeR in R (v.3.5.3). FilterByExpr function was applied 

for gene filtering in edgeR, taking into account the sample library sizes (Law et al. 2016). 

2.3.2 Longitudinal comparison of transcriptome profiles in cohorts of healthy 

individuals and T2DM patients 

To evaluate longitudinal metformin-induced alterations in the transcriptome profile 

differentially expressed genes (DEGs) were estimated using the Likelihood ratio test with added 

observation weights to reduce the influence of outliers, and sva (Surrogate Variable Analysis) 

package in R was used for removing batch effects (X. Zhou et al. 2014b). Each patient was set 

as a factor to account for the interrelationship between the samples.  

In order to account for subject-specific expression in the cohort of healthy subjects, the 

quasi-likelihood F-test without any prior gene filtering was performed. Multiple testing 

correction was implemented using the Benjamini-Hochberg procedure, significant DEGs were 

determined using FDR < 0.05 cutoff regardless of the log2 fold change of expression for each 

gene in both of the tests applied (Benjamini 1995). 
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2.3.3 Comparison of transcriptome profiles in metformin responders against non-

responders in T2DM cohort 

Likelihood ratio test with added observation weights together with batch effect removal 

with sva was also used to compare transcriptome profiles between metformin responders and 

non-responders in each of the time points (M0 and M3m) separately (X. Zhou et al. 2014b). In 

the particular analysis sequencing run and baseline (M0) HbA1c levels were considered as 

covariates. Multiple testing correction was implemented using the Benjamini-Hochberg 

procedure (Benjamini 1995) and differential expression of the genes was determined using a 

FDR < 0.05 cutoff, regardless of the log2 fold change of expression for each gene. To identify 

key genes determining the metformin response, Partial least squares discriminant analysis 

(PLS-DA) was performed implemented in the mixOmics package of R (v.3.5.3). Counts per 

million (CPM) values (obtained in edgeR and adjusted for the impact of sequencing run and 

baseline HbA1c levels) were used in PLS-DA. Key genes contributing to a separation of 

patients in both metformin response groups were identified by using a cutoff of variable 

importance of projection (VIP) score >1 obtained from PLS-DA (Boulesteix and Strimmer 

2007; Rohart et al. 2017).  

Association between HbA1c levels and the log CPM expression values of each 

mitochondrial gene was performed with multiple linear regression using lm function in R. Sex 

and BMI were included in the model to account for their potential confounding. 

2.3.4 Functional analysis of differentially expressed genes 

Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) 

pathways were adopted as the functional terms. GO enrichment analysis was performed with R 

package Goseq, and KEGG pathway enrichment analysis was done using either the Goseq 

package or the online software Database for Annotation, Visualization and Integrated 

Discovery (DAVID) 6.8 (Huang da et al. 2009; Young et al. 2010). 

Heat maps were constructed with Matplotlib and SciPy. Hierarchical clustering with the 

average linkage method implemented in SciPy was used for the clustering of genes according 

to their differences in CPM values (Hunter 2007; P 2007).  

2.3.5 Analysis of the genotyping  data 

Illumina Genome Studio v2.0 was used to convert raw data into PLINK format, while for 

the quality control the workflow described in Marees et al. was used (Marees et al. 2018). 

SHAPEIT v2.r900 (Delaneau et al. 2013) and IMPUTE2 (Howie et al. 2012) were used for 

genotype phasing and genotype imputing. Imputed data were filtered using the following 
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parameters: marker correlation (INFO) > 0.8, hard call threshold 0.1, minor allele frequency > 

1%, missingness < 2%.  

Association analyses corresponding to four different complication groups (macrovascular 

complications, diabetic neuropathy, diabetic nephropathy, ophthalmic complications) were 

performed using PLINK v1.9 logistic regression with covariates: median HbA1c, sex, age at 

the diagnosis, diabetes duration, BMI, medications used. A genome-wide significance threshold 

of P < 5 × 10−8 was defined.  

For the targeted analysis, candidate variants were selected from GWAS Central (Beck et 

al. 2020) (http://www.gwascentra l.org/) and GWAS Catalog (Buniello et al. 2019) 

(https://www.ebi.ac.uk/gwas/home), based on previously reported association with T2DM 

complications: diabetic neuropathy (4 allelic variants selected), macrovascular complications 

(43 allelic variants selected), ophthalmic complications (98 allelic variants selected) and 

diabetic nephropathy (49 allelic variants selected). A complete list of selected SNPs, their 

positions, and associated traits is provided in Table S4. FDR according to the Benjamini–

Hochberg procedure was calculated to account for multiple testing and the threshold was set < 

0.05. 

For identification of the functional role of allelic variants expression, quantitative trait 

locus (eQTL) analysis was conducted by using the open-access Genotype Tissue Expression 

(GTEx) database (Consortium 2018). The tissue types for eQTL analysis were carefully 

selected considering the etiology of the diseases (artery, nerve, heart, skin, blood) (Forbes and 

Cooper 2013). The p-value threshold of 0.05 was used to discriminate significant associations. 

Variant Effect Predictor and Linkage Disequilibrium (LD) data from 1000 Genome project 

(Utah Residents (CEPH) with Northern and Western European Ancestry) were employed to 

explore the functional consequences of each variant and other variants in LD (Yates et al. 2020). 

To evaluate the potential single nucleotide polymorphism effects on quantitative phenotypes, 

analyses of variant association with HbA1C and BMI were performed using PLINK v1.9—

assoc function for quantitative phenotypes, where the genome-wide significance threshold of P 

< 5 × 10−8 was used to identify the significant hits. 

Manhattan plots and Q-Q plots were generated in R using the qqman package, while the 

Venn diagram was developed in the online visualization tool Venny 2.1.0. 

2.3.6 Comparison of anthropometric measures and sIgA concentrations 

Statistical analysis of anthropometric measures and biochemical data was performed in R 

by applying the Wilcoxon rank-sum test and Pearson's chi-squared test with a p-value threshold 

< 0.05. The four-parameter algorithm in GraphPad Prism 8 was used for the calculation of sIgA 
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concentrations in fecal samples and Wilcoxon signed-rank test in R was applied for the 

evaluation of fluctuations in fecal sIgA levels among different time points. For the correlation 

analysis between sIgA levels and CPM values reflecting the gene expression, Spearman’s rank 

correlation test was performed in R, where the significance level was set at 0.05. 
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3. RESULTS 

3.1 Metformin strongly affects transcriptome of peripheral blood cells in healthy 

individuals 

Highlights 

1. Significant transcriptomic changes in peripheral blood cells were observed already in 10 

hours since the first metformin dose with a higher proportion of downregulated genes (364 of 

479 DEGs in total). 

2. Out of 561 genes showing significantly altered expression levels among all of the analyzed 

contrasts, 44 genes including UBE2O, PHOSPHO1, and MKRN1 exhibited consistent 

metformin-evoked alterations in expression levels for 7 days. 

2. Universal metformin-induced alterations of global gene expression profiles are associated 

with immune responses as evidenced by the enrichment of such signaling pathways as the 

Intestinal immune network for IgA production and Cytokine-cytokine receptor interaction. 

3. An inter-individual variation of gene expression profiles was observed indicating subject-

specific effects of the drug, which tends to be more permanent and related to the regulation of 

glucose and cholesterol levels due to differential expression of MODY-related genes (INS, 

PDX1, PAX4, HNF4A, HNF1A, HNF1B, NEUROD1, GCK), and hypercholesterolemia-related 

genes (LDLR, PCSK9, APOB). 

4. The observed correlation between fecal sIgA concentration and immunity-related gene 

(CXCR4, HLA-DQA1, MAP3K14, TNFRSF21, CCL4, ACVR1B, PF4, EPOR, CXCL8) 

expression levels points at transcriptional shift as a potential constitutive component of the 

intestinal immunity-related effects of metformin. 
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3.2 Whole-blood transcriptome profiling reveals signatures of metformin and its 

therapeutic response 

Highlights 

1. In T2DM patients only 28 genes showed significantly altered expression levels after 

administration of metformin for three months, and enrichment of cell signaling pathways 

related to energy metabolism, immune responses, and lipid metabolism was observed. 

2. Clear, transcriptome-based discrimination of study subjects into metformin responders and 

non-responders was noticed before the use of antidiabetic therapy, which was defined by the 

expression levels of 56 genes, including CEACAM1, IRS1, ABCC2, and IGHA1, explaining 

13.9% of the variance. 

3. The comparison of blood cell transcriptome profiles from responders with transcripts from 

non-responders after the metformin therapy for three months revealed significant 

downregulation of genes coding for NADH: ubiquinone oxidoreductase core subunits, 

suggesting the altered mitochondrial complex I activity as one of the mechanisms linked to the 

variability of metformin response. 
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3.3 Novel susceptibility loci identified in a genome‑wide association study of type 2 

diabetes complications in population of Latvia 

Highlights 

1. GWAS of 601 T2DM patients revealed ten novel susceptibility loci for T2DM complications 

reaching genome-wide significance level. Out of them rs1132787 (GYPA) and rs522521 

(LOC105371557) showed an association with diabetic neuropathy, rs2477088 (PDE4DIP), 

rs522521 (LOC105371557), rs4852954 (NAT8), rs6032 (F5), rs6935464 (RPS6KA2), 

rs7236163 (ZNF519), rs3095447 (CCDC146) were significantly associated with macrovascular 

complications, and only variant rs3095447 (CCDC146) was related to a greater risk of 

ophthalmic complications. 

2. Three risk loci (rs4852954, rs7236163, rs3095447) for macrovascular complications proved 

to be significantly associated with the expression levels of multiple nearby genes (e.g. FGL2, 

ALMS1) with previously described functional importance in cardiovascular disease-related 

traits. 

3. The targeted approach confirmed a strong genetic association for diabetic neuropathy 

(MAPK14: rs3761980, rs80028505), and diabetic nephropathy (APOL1: rs136161), proving 

the contribution of these risk loci in the pathogenesis of diabetic complications in the population 

of Latvia. 
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4. DISCUSSION 

The increasing prevalence of T2DM, a chronic disease associated with risk of long-term 

complications and premature mortality, requires continuous management and therefore has long 

become a serious public health concern causing major health expenditures globally (van Dieren 

et al. 2010). Since the long-term complications, especially microvascular disease, have been 

directly related to poor glycemic control, diabetic complications may be prevented or at least 

delayed to some extent by early intervention (Stolar 2010). Despite the notable variety of 

available glucose-lowering agents, around 37% of patients still do not maintain a glycaemic 

control, which may be improved by implying individualized therapeutic strategies (de Pablos-

Velasco et al. 2014), therefore many efforts have been made to discover reliable clinical and 

molecular signatures for the early prediction of anti-diabetic therapeutic efficacy and side-

effects (Sattar 2012). The collection of different types of omics data in well-designed clinical 

studies has already highlighted the complex interacting pathways that are underlying the 

pathophysiology of the disease, and are still providing the necessary information to understand 

the factors determining the therapeutic response meanwhile promoting the personalization of 

diabetes care (Pearson 2016). Due to the promising evidence of beneficial properties of 

metformin in other non-metabolic disorders (Saraei et al. 2019) and high variability in the 

therapeutic response (Rashid et al. 2019; Sportelli et al. 2020), intensive research has been done 

to gain a clear understanding of its effects resulting in 10 753 research papers published in the 

PubMed database (National Library of Medicine, https://pubmed.ncbi.nlm.nih.gov/) during the 

last 5 years. 

4.1 Immune-modulatory effects of metformin 

Although multiple ongoing phase I clinical trials aim to estimate the bioavailability, 

bioequivalence of different formulations of metformin hydrochloride and the pharmacokinetics 

of various combination therapies (https://www.clinicaltrialsregister.eu/), longitudinal omics-

based studies on healthy individuals with no background of hyperglycemia describing systemic 

effects of the drug are still lacking. We were the first ones revealing signatures of metformin in 

whole-blood transcriptomics and gut metagenomics data from 25 healthy subjects within the 

clinical trial MIKROMET16001. Exploratory RNA-Seq analysis in healthy subjects showed 

significant enrichment of immunity-related pathways, including the Cytokine-cytokine receptor 

interaction pathway already 10 hours after the first metformin dose, supporting the previously 

described ability of metformin to suppress inflammatory cytokines at the mRNA level 

(Cameron et al. 2016). Significant metformin-induced enrichment of the same pathway was 

recently also found in P. gingivalis lipopolysaccharide-treated cells, serving as a simulation of 

https://druginfo.nlm.nih.gov/drugportal/name/Metformin+hydrochloride
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periodontitis (Tan et al. 2020). The ability of metformin to modify immune responses at mRNA 

level was also recently confirmed in the in vivo study of 11 healthy individuals by Lachmandas 

et al., reporting the anti-inflammatory properties of metformin by downregulation of  IFN-α, 

IFN-γ, and TNF-α particularly following the stimulation of human peripheral blood 

mononuclear cells (PBMCs) with M. tuberculosis. Together with in vitro data authors proved 

that metformin inhibits the M. tuberculosis–induced type 1 IFN response and inflammation in 

PBMCs (Lachmandas et al. 2019). These recent findings of immune-modulatory properties of 

metformin in different disease models and also healthy subjects with no infections reported at 

the time of sample collection pinpoint the possible non-specificity of these transcriptional 

responses, meanwhile complementing the knowledge of pleiotropic effects of metformin 

irrespective of diabetes status. 

The longitudinal blood transcriptome profiling of the T2DM patient cohort showed 

transcriptional regulation as a mechanism exerting the well-known properties of metformin, 

including glucose homeostasis, impact on immune responses, and tumor prevention. Our data 

shows metformin-induced downregulation of another immunity-related gene coding for C-C 

Motif Chemokine Receptor 2 (CCR2) among the top hits. Targeting CCR2 expression may 

explain the pleiotropic effect of metformin since CCR2 serves as a receptor of monocyte 

chemoattractant proteins and a key driver of monocyte/macrophage trafficking with a 

significant role in tumor pathogenesis (Hao et al. 2020) and inflammation of adipose tissue (J. 

Kim et al. 2016). Interestingly, the study of Kim et al. showed no effect of Ccr2 deficiency on 

several metabolic traits including insulin sensitivity, while the mouse model of diet-induced 

obesity Ccr2+/+ showed higher insulin resistance with significant improvement after treatment 

with CCR2 antagonist (Weisberg et al. 2006). The evidence of the ability of CCR2 deficiency 

to attenuate the obesity-induced changes in adipose tissue gene expression (e.g. Tnfa) suggests 

that the beneficial effect of energy metabolism observed in metformin therapy may be at least 

partly achieved by downregulation of CCR2.   

4.2 The implication of secretory immunoglobulin A - mediated immunity 

Multiple studies show the contrasting impact of metformin on the complex network on 

the immune system from protective anti-inflammatory effect in autoimmune (S. Y. Lee et al. 

2017) and infectious diseases including COVID-19 (X. Chen et al. 2020) to immune activation 

in malignancies (Saito et al. 2020). So far we are the first ones reporting metformin involvement 

in immune responses via the ability to enhance sIgA function in humans evidenced by the 

enrichment of intestinal immune network for IgA production pathway in gene expression data 

and significantly increased fecal sIgA levels in healthy subjects. The relationship between 
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metformin administration and sIgA production was later also observed in the cohort of T2DM 

patients (data not published) measured before administration of metformin 

(median=18270.03g/ml, IQR=47353.55g/ml), after metformin therapy for 7 days 

(median=20661.78g/ml, IQR=31431.56g/ml) and after metformin therapy for 3 months 

(median=34676.19g/ml, IQR=41876.33g/ml), although it did not reach the statistical 

significance, which may be explained by insufficient sample size for such a long observation 

period and increased probability of the presence of uncontrolled time-varying confounders. A 

strong association between metabolic diseases and IgA functions has been recognized already 

before. Oikawa et al. showed that diabetes mellitus reduces sIgA secretion rates in saliva which 

may explain the susceptibility to infections in diabetes patients (Oikawa et al. 2015). Moreover, 

Brown and colleagues discovered altered relative abundance in the sIgA coated fraction of gut 

and oral microbiome between normoglycemic, prediabetic, and diabetic samples distinct from 

the overall microbiome samples and an association of 

Escherichia_Shigella and Pseudomonas (Proteobacteria) with IgA+ and IgA- fractions 

respectively was demonstrated, suggesting a significant and disease-specific role of sIgA in 

shaping the composition of the microbiome (Brown et al. 2020). IgA plays a critical role in 

modulating the composition of gut microbiota, and IgA dysfunction is linked to an 

overrepresentation of Proteobacteria and metabolic syndrome including obesity (Guo et al. 

2021). Moreover, the comprehensive animal study published by Luck et al. showed that IgA-

coated immune cells modulate the glucose regulation in a mouse model of diet-induced obesity, 

and IgA deficiency not only induces dysbiosis but also worsens insulin resistance via 

inflammation of visceral adipose tissue and contribution of gut microbiota. The particular study 

also proved the ability of metformin to prevent the high fat diet-induced reduction of IgA 

producing cells and increase the levels of fecal sIgA (Luck et al. 2019).  

To investigate the true metformin effects and underlying mechanisms under controlled 

conditions, we implemented a well-designed animal experiment involving the development of 

a high-fat diet-induced type 2 diabetes mouse model followed by ten weeks-long metformin 

treatment in specific pathogen-free conditions, which was focused on metformin-induced 

alterations in mice gut microbiome composition (Silamikele et al. 2021) and transcriptome 

profiles in the target tissue (data not published). Similar to Luck and colleagues we observed 

significantly reduced baseline levels of fecal sIgA in the high-fat diet-fed animals compared to 

control diet-fed animals (p-value=0.036), followed by a notable though not statistically 

significant increment of fecal sIgA levels after metformin intervention in both control diet-fed 

animals (increase from median=60.45g/ml, IQR=29.04g/ml to median=64.03g/ml, 

IQR=32.75g/ml) and high-fat diet-fed animals (from median=38.11g/ml, IQR=69.21g/ml 
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to median=48.92g/ml, IQR=6.20g/ml). Nevertheless, we also observed a sIgA gain in 

control animals not receiving any antidiabetic treatment or diet shift pointing to other 

overlooked sIgA-modulating factors such as aging itself (Diebel et al. 2011; Senda et al. 1988). 

Although Luck and colleagues did not observe any difference in IgA+ cell counts in the small 

bowel of high-fat diet-fed mice after metformin treatment in drinking water, our RNA-Seq data 

analysis of the distal part of the small intestine exhibited significant differential expression of 

46 genes, including the gene coding for immunoglobulin heavy variable V1-7  (Ighv1-7, logFC 

= 5.76, FDR=0.04) when comparing samples obtained from high-fat diet-fed animals receiving 

metformin with the ones from high-fat diet-fed animals not receiving any antidiabetic therapy. 

Moreover, we noticed the Intestinal immune network for IgA production among the top 

enriched pathways in the same comparison, though it did not reach statistical significance (p-

value = 0.084). 

4.3 Subject specificity in MODY and cholesterol homeostasis-related transcriptional 

effects of metformin 

The transcriptome profiles of blood cells obtained from the healthy cohort indicated the 

subject-specific effect of metformin, with metformin-induced overexpression of MODY-

related genes in two individuals among the most surprising findings. Although multiple genetic 

studies have identified common risk alleles for the development of MODY, T2DM, and other 

glycemic traits (Holmkvist et al. 2008; Winckler et al. 2007), only a few studies have addressed 

the modifying effect of MODY-gene variants in anti-diabetic therapy. For instance, a 

randomized clinical trial revealed two variants in MODY genes  (rs3212185, HNF4A, and 

rs6719578, NEUROD1) significantly influencing metformin response in individuals with high 

T2DM risk (Billings et al. 2017). Metformin-induced differential expression of MODY genes 

has been previously described in hypertensive rats (Malinska et al. 2016), nevertheless, we are 

the first ones reporting a selectively altered expression of these genes following metformin 

intervention in humans.  

Among the subject-specific effects of metformin observed in the cohort of healthy 

individuals, we also noticed a strong downregulation of three genes (APOB, LDLR, PCSK9) 

involved in cholesterol homeostasis after 10h and 7 days of metformin intervention in one 

individual only. The implication of PCSK9 was recently explored by Hu and colleagues, who 

proved that metformin exerts its cholesterol-lowering effect by transcriptional downregulation 

of PCSK9 in a dose and time-dependent as well as AMPK-independent manner. Moreover, 

these data showed that PCSK9 downregulation, which was also noticed in hepatic mRNA 

levels, is related to the metformin-induced reduction of intracellular glucose levels and 
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specifically targeting the ChREBP glucose sensor. In the study of Hu et al., the reduction of 

circulating PCSK9 due to metformin therapy was proved in non-diabetic dyslipidemia patients 

(D. Hu et al. 2021). Although in our study there was no history of dyslipidemia and use of lipid-

lowering medications reported before, and the low-density lipoprotein cholesterol levels were 

near-optimal (2.36 mmol/l) at the time of application in the clinical trial for the subject showing 

metformin-induced downregulation of cholesterol modulatory genes, the obtained RNA-Seq 

data support the hypothesis of metformin-induced PCSK9 downregulation at least in a case-

specific manner. One may speculate that metformin exerts insulin secretagogue and cholesterol-

lowering properties only in a subgroup of metabolically compromised individuals, though 

substantiation of such a hypothesis should be done by additional studies.  

The whole-blood RNA-Seq analysis in our T2DM patient cohort did not highlight the 

subject-specific effects of metformin, though there was a clear universal impact on the mRNA 

levels of other cholesterol-related genes, such as LRP1 and SLC46A1. Reduced surface LRP1 

protein levels have been reported in N2a neuroblastoma cells treated with metformin and 

downregulation of LRP1 gene has also been shown in liver tissue of mouse model for human-

like lipoprotein metabolism (Y. Chen et al. 2009; Geerling et al. 2014). Nevertheless, Lu and 

colleagues reported a negligible influence of metformin on LRP1 expression in brain tissue of 

transgenic mouse model of Alzheimer's disease, suggesting a distinct effect of the drug that 

may be tissue-specific (Y. Meng et al. 2020), depending on the duration of the therapy or even 

backgrounding disease (X. Y. Lu et al. 2020). 

4.4 Large-scale gene expression profiling reveals biological markers for early 

stratification in different metformin response groups 

Although the first attempts to predict the metformin response dates back to the 90ties 

(Hermann et al. 1994), there are still no promising biomarkers currently used in a clinical 

setting. Multiple studies have applied metabolomics (Park et al. 2018), genomics (K. Zhou et 

al. 2016), and metagenomics (Elbere et al. 2020) data to predict metformin response. In our 

study, two different approaches, the likelihood ratio test and PLS-DA were used for the 

identification of transcriptional differences in metformin responders and non-responders and 

finding potential predictive biomarkers. Whole-blood transcriptional profiling of T2DM 

patients discriminated in two metformin response-based groups showed differential expression 

of genes in both time points analyzed by the likelihood ratio test (27 DEGs before metformin 

administration, 15 DEGs after therapy for 3 months), facilitating the idea of early whole-blood 

transcriptome-based stratification of T2DM patients in different metformin efficacy groups and 

revealing transcriptomic factors affecting the achievement of glycaemic goals. The well-known 
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insulin receptor IRS-2 showed significant upregulation between responders vs non-responders 

before any antidiabetic therapy. Although the main site of metformin action, involving the PI3K 

(phosphoinositide 3-kinase) pathway, promoting the reduction of insulin resistance, is the liver 

(Yuan et al. 2003), our data suggest the prior activity of insulin signaling transduction genes in 

blood cells that may be associated to metformin response.  

Twelve genes representing a subgroup of small non-coding RNAs named small nucleolar 

RNAs prevailed in the list of differentially expressed genes acquired in the comparison of 

responders against non-responders before antidiabetic therapy. These molecules guide chemical 

modifications of structural RNAs, and although the functional significance of small nucleolar 

RNAs in the pathogenesis of human diseases is only beginning to emerge, several similar 

markers have already been paid more attention in metabolic diseases, for instance, SNORD115 

(small nucleolar RNA, C/D box 115-1) and SNORD116 (small nucleolar RNA, C/D box 116 

cluster) in respect to obesity and metabolic syndrome-related Prader-Willi syndrome (Galiveti 

et al. 2014). Similarly, a study conducted by Rimer et al. shows that inflammation promotes 

the vesicle-mediated release of specific Rpl13a (ribosomal protein L13a)  snoRNAs (U32a, 

U33, U34, and U35a) that are ensuring protein expression and cellular growth by targeting 

nascent ribosomal RNAs for 2′-O-methylation.  The authors managed to prove that these 

molecules can travel through the circulation, may be uptaken by other cells, and function in 

distant tissues (J. Lee et al. 2016), making small nucleolar RNAs both promising predictive 

biomarkers and future therapeutic agents. 

One of the main discoveries was the differential expression of mitochondrial genes (MT-

ATP6, MT-ND2, MT-ND4, MT-ND4L, MT-ND6) comparing metformin responders against non-

responders after metformin therapy for 3 months, which was also reflected as enrichment of 

oxidative phosphorylation pathway. In addition, we managed to prove a clear positive 

association between MT-ND4 and MT-ND4L expression and HbA1c levels. Although the 

inhibition of mitochondrial respiratory chain complex 1 is a well-known target of the drug, only 

a few studies are addressing this mechanism at the mRNA level. Recently Lord and colleagues 

described the ability of metformin to target the oxidative phosphorylation pathway in the whole-

transcriptome RNA-Seq data of breast cancer tissue (Lord et al. 2020). In addition,  Yang and 

colleagues described the ability of metformin to change the transcriptomic profile of 

mitochondrial genes targeting the mitochondrial calcium processes, mitochondrial protein 

quality control, and downregulating mitochondrial DNA replication and translation in the 

intestinal cultures (Yang et al. 2021). To the best of our knowledge, we are the first ones 

suggesting the downregulation of mitochondrial genes including the ones coding for the 

subunits of NADH: ubiquinone oxidoreductase core, which results in the enrichment of 
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oxidative phosphorylation pathway, as not only one of the key mechanisms of metformin 

action, but also the driving force determining better glycemic response to metformin. 

The whole-blood RNA-Seq data obtained from a relatively small group of well-

characterized T2DM patients incorporated in the PLS-DA in our study showed clear 

transcriptome-based discrimination of metformin responders and nonresponders prior 

administration of any antidiabetic therapy, mediated by the differential expression of 56 genes. 

Although the model needs additional validation in a larger cohort, we managed to explain 

13.9% of the variability in metformin response. Recently in collaboration with colleagues from 

Lund University, we implemented a blood-based epigenetic marker analysis revealing 11 

differentially methylated sites predicting metformin efficacy and 4 sites ensuring discrimination 

for the future tolerance of the drug (Park et al. 2018). Together, after careful validation, these 

markers explained even 19% to 73% of the variation in glycemic response depending on the 

cohort. Although in the report of Park et al. we managed to confirm the differential methylation 

of several blood-based markers also in adipocytes and transcriptional functionality of several 

CpG sites on the metformin transporter genes in cultured hepatocytes, the differentially 

expressed genes originating from the RNA-Seq data comparison of responders and non-

responders described in the particular thesis were not overlapping with the top CpG site-

associated genes described previously by Park et al., probably due to tissue specificity.  In 

addition to the recently verified integration of epigenetic modifications, strong evidence 

implicates also the gut microbiota as a site of action of metformin. Thus, we have recently 

applied the shot-gun metagenomic sequencing-based microbial abundance patterns to predict 

the glycemic response to metformin in T2DM patients. With an analogous approach for 

highlighting discriminative features as described in the RNA-Seq dataset, we managed to 

explain 5.4% of the variance by 43 taxonomic groups (Elbere et al. 2020). Although both, the 

RNA-Seq and metagenomic sequencing data-based prediction models must be validated in a 

larger cohort involving the omics data integration techniques, so far both of the applications 

provide a notable contribution towards the development of personalized antidiabetic therapy. 

4.5 Genetic loci shaping the risk of T2DM complications 

The T2DM care and dealing with long-term complications has attracted even more 

attention during the COVID-19 pandemic since T2DM patients show poorer clinical outcomes 

and higher mortality rates after infection of SARS-CoV-2 (You et al. 2020), therefore early 

action is needed to address the clinical consequences of the long-term manifestation of T2DM 

especially when the risk of infection is elevated globally. GWAS studies have provided novel 

insights on the etiology of diabetic complications, nevertheless a universal set of biomarkers 
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allowing early patient stratification is still not developed. We managed to highlight 10 genetic 

loci showing a genome-wide significance for the association with one of four T2DM 

complication types studied (neuropathy, nephropathy, ophthalmopathy, macrovascular 

complications). Although among the reported genetic susceptibility studies of diabetic 

complications, GWAS of diabetic retinopathy has appeared to be the most productive in terms 

of significant hits (Buniello et al. 2019), the majority of the loci identified in our cohort were 

predicting the risk of macrovascular complications. So far, the traditional risk factors for 

macrovascular complications are elevated low-density lipoprotein cholesterol levels or blood 

pressure, bearing a significant genetic determination themselves (Reilly et al. 2011; R. C. 

Turner et al. 1998). We were the first ones reporting the association of allelic variants of the 

gene coding for Phosphodiesterase 4D Interacting Protein (PDE4DIP) also known as 

cardiomyopathy-associated protein 2 with macrovascular complications. Interestingly, 

deletions in this locus have been previously linked to atrial fibrillation phenotype and more 

severe and complex manifestations of Alström syndrome which is strongly related to 

cardiovascular complications including stroke (Abou Ziki et al. 2021; Lombardo et al. 2020). 

Similarly, we were the first ones proposing the role of coagulation factor V coding gene F5 in 

the risk of macrovascular complications, while the rest of the loci identified in the particular 

analysis reside in gene regions that were not previously suspected in the pathogenesis of 

macrovascular events. 

 Diabetic neuropathy is the most common persistent manifestation among T2DM patients. 

Nevertheless, the exact cause of the disease, as well as the risk factors, are poorly understood 

(X. Liu et al. 2019b). Multiple genetic loci in a close association with the disease have been 

reported in the proximity of the genes involved in key molecular pathways such as oxidative 

stress (catalase, CAT; glutathione peroxidase 1, GPX1; nitric oxide synthase 3, NOS3; aldose 

reductase, ALR2) and neurovascular impairments (vascular endothelial growth factor, VEGF; 

angiotensin I converting enzyme, ACE) (Jankovic et al. 2021). While the implication of gene 

coding for glycophorin A (GYPA), an intrinsic membrane protein of erythrocytes, in the context 

of neurodegenerative complications is so far described only at the level of mRNA (Cheng et al. 

2015; Hur et al. 2015; Kobayashi and Zochodne 2018) or via copy number variation (Zhao et 

al. 2012), our findings suggest that allelic variations of the gene may also modulate the risk of 

neuropathies in T2DM patients. Our data showed one genetic association with ophthalmic 

complications (CCDC146: rs3095447), which overlaps with the results of the macrovascular 

complication group possibly due to similar etiologic characteristics between both diseases. 

Although there were no significant hits at the genome-wide significance level in the analysis of 

diabetic nephropathy, we managed to replicate strong associations for diabetic neuropathy 
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(MAPK14: rs3761980, rs80028505), and diabetic nephropathy (APOL1: rs136161), which 

proved the contribution of these risk loci in the pathogenesis of diabetic complications across 

various populations. 

By using The Genotype-Tissue Expression data we found genes that are affected by the 

expression quantitative trait loci, suggesting the possible functional implication of the variants 

in the pathogenesis of the disease also at the mRNA level. We found a negative association 

between rs3095447 and FGL2 expression in the heart and artery, while rs4852954 was linked 

to lower ALMS1 levels in whole blood and skin tissue. Both of these genes have been 

functionally related to cardiovascular phenotypes before (Ding et al. 2010; Hearn 2019). 

4.6 Limitations of the study 

The main limitation of our study is the relatively small sample size of the cohorts studied, 

which is mainly caused by limited attainability of individuals corresponding the strictly defined 

inclusion criteria involving metformin monotherapy for at least 3 months in the T2DM cohort 

or giving consent for a week-long metformin intervention in the cohort of healthy individuals. 

The limitation of sample size is especially pronounced in transcriptomic datasets, where it is 

overcome by applying the longitudinal study design. The introduction of repeated measures of 

samples obtained from the same individual provides higher statistical power, minimizes the 

potential interference of individual-level confounding variables such as age and sex, meanwhile 

assuring the possibility to detect subject-specific effects (N. Lu et al. 2013).  

Another aspect one may consider as a limitation is the lack of conventional controls. In 

the metformin study, incorporation of the blood RNA-Seq data of healthy controls and T2DM 

patients with no metformin intervention would reflect the innate transcriptomic fluctuations, 

which could be further used to reduce the risk of type I errors and therefore prove the causality 

of the observed effects. We believe that the longitudinal approach allows at least partially to 

control for the intra-individual variation in transcriptomic data. Moreover, to focus on true 

metformin effects, the lists of significant DEGs were carefully inspected for the possible 

presence of genes driving the manifestations of circadian rhythms. In the GWAS study, the 

incorporation of healthy subjects was not considered. Since the main objective of this study was 

to identify genetic risk loci for T2DM complications, the control subjects were carefully 

selected as T2DM patients with no evidence of the complication of interest during the follow-

up period. In this case, the control group does not reflect the general healthy population, since 

the implementation of such controls would rather reveal genetic associations with the diagnosis 

of T2DM itself, not the T2DM complications. A similar approach has been widely used in 

GWAS before (C. Liu et al. 2019a; W. Meng et al. 2018). 
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It is well-known that metformin exerts different effects for various diseases, which may 

be the reason for the difference in metformin-induced blood cell transcriptome profiles between 

healthy subjects and T2DM patients. Nevertheless, the difference in the duration of the therapy 

and the variable dose of metformin between both cohorts studied may, to a certain degree, also 

explain the inconsistency in the observed metformin effects between both cohorts studied. We 

believe that rigorous synchronization of the study designs in terms of the duration of metformin 

intervention and the regimen of metformin therapy would reveal more overlapping transcripts 

showing metformin-induced differential expression. However, since the clinically unreasonable 

use of any drug poses a risk to human health, we decided to focus on short-term effects of 

metformin in the cohort of healthy subjects, and investigate long-term response in the T2DM 

patient cohort, meanwhile leaving the decision on the antidiabetic treatment strategy to the 

endocrinologists regardless of the research objectives.   

4.7 Future perspectives 

There are a number of gaps in our knowledge about the underlying mechanisms of both, 

diabetes complications and metformin therapy, that would benefit from further research. 

Comprehensive data obtained during this study together with the data obtained from other 

ongoing T2DM-related scientific projects raises a number of opportunities for future research. 

Validation of the gene expression-based classification and prediction model in a larger cohort 

of T2DM patients may be the first rational step towards the identification of relevant biomarkers 

for the therapeutic efficacy of metformin. In addition, integration of the available multi-omics 

data (e.g. gut microbiome, genomics, epigenomics data) may be beneficial, allowing more 

holistic investigation of the underlying mechanisms. In-depth in vivo analysis of metformin-

induced transcriptional alterations of the target tissue of metformin such as muscles and liver 

may reveal the general information about the extent to which the whole-blood transcriptomics 

data are reflecting the gene expression profiles of the main target tissue. Here, the single-cell 

RNA sequencing and even spatial transcriptomics approach may be applied to simultaneously 

measure the expression level of either the entire genome or specific marker genes, ensuring the 

careful characterization of transcriptome variability in subpopulations of cells. Moreover, to 

examine the functionality of specific genes in modifying the metformin response additional 

animal experiments may be implemented involving the RNA interference technique. 

Meanwhile, for the GWAS of T2DM complications validation of the candidate variants 

in a larger, independent cohort is essential. Since the development of a phenotypically similar 

cohort involving T2DM patients with different types of complications is challenging, it may be 

reasonable to use some of the existing major massive databases such as the UK Biobank 
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resource. Moreover, the ongoing '1+ Million Genomes' Initiative has promoted the 

establishment of a national genomic reference cohort by using whole-genome sequencing data, 

which will address the issue of population specificity by improving imputation quality and 

therefore mitigating the bias of linkage disequilibrium differences between different 

populations. After careful validation of the significant loci, the genotyping data may be used to 

calculate polygenic risk scores and estimate the lifetime risk of T2DM complications at an 

individual level. 
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5. CONCLUSIONS 

1. In healthy individuals, metformin-induced alterations of global blood cell gene expression 

profiles are associated with immune responses, while subject-specific effects are involved in 

metabolic pathways.  

2. There is a strong association between metformin and the intestinal immune system, which 

may be guided by induction of immune network for IgA production pathway resulting in 

elevated secretory IgA levels in stool samples. 

3. Metformin-specific signatures in blood cell transcriptome profiles of T2DM patients point 

out some of its well-known properties: the ability to improve energy metabolism, influence 

immune responses, and inhibit cancer progression. 

4. Early blood cell gene expression-based T2DM patient stratification into different metformin 

response groups may facilitate future biomarker discoveries and clinical applications. 

5. Altered expression of genes coding for NADH: ubiquinone oxidoreductase core subunits and 

enrichment of oxidative phosphorylation may be associated with metformin efficacy in T2DM 

patients. 

6. We have identified ten novel allelic variants associated with T2DM complications in the 

population of Latvia, including five variants located nearby genes (GYPA, PDE4DIP, NAT8, 

F5, RPS6KA2) that have been functionally linked to the pathogenesis of the diseases before. 

7. Causal genetic effect of allelic variants in MAPK14 (rs3761980, rs80028505) in diabetic 

neuropathy and APOL1 (rs136161) in diabetic nephropathy is consistent across different 

populations. 
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6. THESIS 

1. Metformin has a strong and immediate effect on the transcriptome of peripheral blood cells 

showing interindividual gene expression variability. 

2. Metformin universally induces alterations in the expression of genes regulating immune 

responses resulting in elevated fecal sIgA levels.  

3. Estimation of the transcriptome-based biomarkers at the time of T2DM diagnosis enables an 

early stratification of T2DM patients in different metformin response groups. 

4. Ten novel allelic variants are associated with the development of T2DM complications in the 

population of Latvia, suggesting new candidate genes for further functional studies. 
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APPENDIX I 

List of inclusion and exclusion criteria of the study cohorts in metformin studies 

 

Metformin strongly affects transcriptome of peripheral blood cells in healthy individuals 

Monta Ustinova, Ivars Silamikelis, Ineta Kalnina, Laura Ansone, Vita Rovite, Ilze Elbere, Ilze 

Radovica-Spalvina, Davids Fridmanis, Jekaterina Aladyeva, Ilze Konrade, Valdis Pirags, Janis 

Klovins 

S1 Table. Inclusion and exclusion criteria for the cohort of healthy individuals 

Principal inclusion criteria 

1. Healthy person with no known illnesses at the time of application that could possibly alter the results of the study; 

2. Body characteristic parameters (e.g. weight) are within the conventional range; 

3. Mental condition allows a person to understand the research process and give a legal consent for the participation 

in it; 

4. Age: 18 – 64 years; 

5. European descent; 

6. Both women and men with reproductive potential correspond to the contraceptive requirements stated in the study 

protocol; 

7. Prior to the study-related procedures, the consent of a person's participation in the clinical trial is received by 

submitting a signed and dated informed consent document. 

Principal exclusion criteria 

1. Allergies to any of Metforal 850mg components; 

2. Usage of any other medication which is not compatible with Metforal 850mg; 

3. Pregnancy or lactation; 

4. Type 1 or type 2 diabetes, pancreatogenic diabetes, impaired glucose tolerance; 

5. Polycystic ovarian syndrome; 

6. Chronic diseases of intestinal tract, oncological or autoimmune diseases; 

7. Renal failure or renal impairment; 

8. Hepatic impairment or alcoholism; 

9. Acute conditions with the potential effects on kidney; 

10. Acute or chronic disease which may cause tissue hypoxia; 

11. Diarrhea during the past week; 

12. Long term previous administration of metformin; 

13. Use of the following products during the previous two months: 

a. antibiotics, 

b. probiotics, 

c. proton pump inhibitors, 

d. immunosuppressive agents, 

e. corticosteroids; 
 

 

14. Intravascular administration of iodinated contrast agents 

intended during the active period of the clinical trial. 
 

ALAT - alanine aminotransferase; HbA1c - hemoglobin A1c 
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Whole-blood transcriptome profiling reveals signatures of metformin and its therapeutic 

response 

Monta Ustinova, Laura Ansone, Ivars Silamikelis, Vita Rovite, Ilze Elbere, Laila Silamikele, 

Ineta Kalnina, Davids Fridmanis, Jelizaveta Sokolovska, Ilze Konrade, Valdis Pirags, Janis 

Klovins 

S2 Table. Inclusion and exclusion criteria for the cohort of type 2 diabetes patients 

Principal inclusion criteria 

1. (a) Newly diagnosed type 2 diabetes mellitus (ICD-10 code E11) requiring oral antidiabetic therapy, or (b) 

previously diagnosed type 2 diabetes mellitus but no oral antidiabetic therapy or insulin has been used for the last 

three years, or (c) newly diagnosed type 2 diabetes mellitus and intensive insulin therapy initiated in a hospital for 

acute glycemic normalization; 

2. The patient is not currently involved and is not planning to enroll in clinical trials during the OPTIMED study; 

3. The patient has attained 18 years of age; 

4. The patient is not pregnant at the time of application; 

5. The patient meets the criteria for the diagnosis of type 2 diabetes mellitus: (a) fasting blood glucose level ≥ 7 

mmol/l, (b) a blood glucose level ≥ 11.1 mmol/l for a two-hour glucose tolerance test with 75 g intake; 

6. Prior to the study-related procedures, the consent of a person's participation in the study is received by 

submitting a signed and dated informed consent document. 

Principal exclusion criteria 

1. The patient is receiving oral antidiabetic therapy on a regular basis or has received the therapy during the last 

three years; 

2. The patient is receiving insulin therapy at the time of application; 

3. The patient is pregnant. 

Novel Susceptibility Loci Identified In A Genome-Wide Association Study Of Type 2 

Diabetes Complications In Population of Latvia 

Monta Ustinova, Raitis Peculis, Raimonds Rescenko, Vita Rovite, Linda Zaharenko, Ilze 

Elbere, Laila Silamikele, Ilze Konrade, Jelizaveta Sokolovska, Valdis Pirags, Janis Klovins 

S3 Table. Inclusion and exclusion criteria of the Genome-wide association study 

Principal inclusion criteria 

1. Clinically confirmed diagnosis of type 2 diabetes mellitus (E11 diagnosis code, ICD-10); 

2. Information on age at diagnosis, sex, weight, and height available; 

3. Records of national diabetes registry and Latvian hospital inpatient discharges available; 
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APPENDIX II 

List of candidate variants selected for the targeted association analysis 

Novel Susceptibility Loci Identified In A Genome-Wide Association Study Of Type 2 

Diabetes Complications In Population of Latvia 

Monta Ustinova, Raitis Peculis, Vita Rovite, Linda Zaharenko, Ilze Elbere, Laila Silamikele, 

Ilze Konrade, Jelizaveta Sokolovska, Valdis Pirags, Janis Klovins 

 

S4. Table. List of candidate variants selected for the targeted association analysis 
Candidate variants associated with ophthalmic complications 

SNP Chromosome Position 

(Grch 38) 

Closest gene Reported trait Reference 

rs12602486 17 44164561 C17orf53, ASB16 diabetic retinopathy Chen P et al. 2013 
rs61741249 7 157516897 AC006372.2 diabetic retinopathy Pollack S et al. 

2018 

rs74705672 8 132042380 AC100868.1, OC90 proliferative diabetic 
retinopathy 

Pollack S et al. 
2018 

rs2064196 6 144266047 UTRN, AL024474.1 proliferative diabetic 

retinopathy 

Pollack S et al. 

2018 
rs61811867 1 154802768 KCNN3 proliferative diabetic 

retinopathy 

Pollack S et al. 

2018 

rs11488711 1 229105486 LINC02814 proliferative diabetic 
retinopathy 

Pollack S et al. 
2018 

rs1414474 1 34197810 C1orf94 proliferative diabetic 

retinopathy 

Pollack S et al. 

2018 
rs11018670 11 89623460 FOLH1B, AP003400.1 diabetic 

retinopathy, type II 

diabetes mellitus 

Meng W et al. 

2018 

rs10927101 1 244010570 LINC02774 diabetic retinopathy Grassi MA et al. 

2011 

rs10403021 19 29588697 VSTM2B, POP4 diabetic retinopathy Grassi MA et al. 
2011 

rs7139352 12 60951968 AC090017.1, AC090022.2 diabetic retinopathy Pollack S et al. 

2018 
rs9882204 3 167848495 LRRC77P, SERPINI1 diabetic retinopathy Pollack S et al. 

2018 
rs10878791 12 68215266 IFNG-AS1, IL26 diabetic retinopathy Pollack S et al. 

2018 

rs11575234 12 56350492 STAT2 proliferative diabetic 
retinopathy 

Pollack S et al. 
2018 

rs1566115 6 99184447 FAXC, BDH2P1 proliferative diabetic 

retinopathy 

Pollack S et al. 

2018 
rs2037601 2 195417334 AC010983.1, AC104823.1 proliferative diabetic 

retinopathy 

Pollack S et al. 

2018 

rs1046896 17 82727657 FN3KRP diabetic retinopathy Chen P et al. 2013 
rs4838605 10 48491914 ARHGAP22 diabetic retinopathy Huang YC et al. 

2011 

rs17376456 5 94221997 KIAA0825 diabetic retinopathy Huang YC et al. 
2011 

rs2696835 16 86331965 LINC00917 diabetic retinopathy Grassi MA et al. 

2011 
rs7772697 6 149113975 AL603766.1, AL031056.1 diabetic retinopathy Grassi MA et al. 

2011 

rs10199521 2 2515741 MYT1L, AC018685.2 diabetic retinopathy Grassi MA et al. 
2011 

rs1571942 10 20253705 PLXDC2 diabetic retinopathy Huang YC et al. 

2011 
rs74152685 1 247647989 AL390860.1 diabetic retinopathy Pollack S et al. 

2018 

rs7533141 1 217543535 GPATCH2 proliferative diabetic 
retinopathy 

Pollack S et al. 
2018 

rs1342038 1 173332377 AL645568.3, TNFSF4 diabetic retinopathy Grassi MA et al. 

2011 
rs6702784 1 36439119 OSCP1 diabetic retinopathy Grassi MA et al. 

2011 

rs6763376 3 167886331 LRRC77P, AC026353.1 diabetic retinopathy Pollack S et al. 
2018 

rs1990145 2 75650524 MRPL19 diabetic macular 

edema, type II diabetes 
mellitus 

Graham PS et al. 

2018 

rs1144964 12 68944857 CPM proliferative diabetic 

retinopathy 

Pollack S et al. 

2018 
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rs2038823 13 :96299179 HS6ST3 diabetic retinopathy Huang YC et al. 

2011 

rs3007729 1 18468761 AL591896.1, KLHDC7A diabetic retinopathy Grassi MA et al. 

2011 

rs2300993 5 109702928 MAN2A1 diabetic retinopathy Pollack S et al. 
2018 

rs73050171 3 174801688 NAALADL2 proliferative diabetic 

retinopathy 

Pollack S et al. 

2018 
rs1326934 10 95524324 SORBS1 age-related macular 

degeneration, type II 

diabetes 

Chen W et al. 

2010, Scott et al. 

2007 
rs1799884 7 44189469 GCK diabetic retinopathy Chen P et al. 2013 

rs11765845 7 28351523 CREB5 diabetic retinopathy Grassi MA et al. 

2011 
rs9543976 13 75562512 AL137782.1, UCHL3 diabetic retinopathy Sheu WH et al. 

2013 

rs13064954 3 157136953 CCNL1, LINC00881 diabetic retinopathy Grassi MA et al. 
2011 

rs1000708 12 59689707 SLC16A7 proliferative diabetic 

retinopathy 

Pollack S et al. 

2018 
rs71354195 19 36385416 ZFP82 proliferative diabetic 

retinopathy 

Pollack S et al. 

2018 

rs11201335 10 85018443 AL358787.2, RPS3AP5 proliferative diabetic 
retinopathy 

Pollack S et al. 
2018 

rs1073203 5 125983763 AC116362.1 diabetic retinopathy Grassi MA et al. 

2011 
rs12219125 10 20304158 AMD1P1, PLXDC2 diabetic retinopathy Huang YC et al. 

2011 

rs10509061 10 56782127 ZWINT, MIR3924 diabetic retinopathy Fu YP et al. 2010 
rs2296041 13 43412635 ENOX1 diabetic retinopathy Fu YP et al. 2010 

rs3790568 67 67370377 IL12RB2 diabetic retinopathy Fu YP et al. 2010 

rs1463075 11 41610312 LRRC4C, LOC100507205 diabetic retinopathy Fu YP et al. 2010 
rs7184426 16 82788303 CDH13 diabetic retinopathy Fu YP et al. 2010 

rs10501855 11 96510025 JRKL, NONE diabetic retinopathy Fu YP et al. 2010 

rs899036 11 41661360  LRRC4C, LOC100507205 diabetic retinopathy Fu YP et al. 2010 
rs1197310 3 133409380 BFSP2 diabetic retinopathy Fu YP et al. 2010 

rs10502019 11 103842804 DYNC2H1, MIR4693 diabetic retinopathy Fu YP et al. 2010 

rs2202802 6 54302883 MLIP, TINAG diabetic retinopathy Fu YP et al. 2010 
rs10499143 6 128896035  LAMA2 diabetic retinopathy Fu YP et al. 2010 

rs3098224 8 103434468  DCAF13 diabetic retinopathy Fu YP et al. 2010 

rs7777578 7 145979789  TPK1, CNTNAP2 diabetic retinopathy Fu YP et al. 2010 
rs436563 9 10100851 PTPRD diabetic retinopathy Fu YP et al. 2010 

rs10497168 2 156179203 KCNJ3, NR4A2 diabetic retinopathy Fu YP et al. 2010 

rs7923214 10 2251795 LOC282980, LOC399708 diabetic retinopathy Fu YP et al. 2010 
rs2320761 13 32909156 PDS5B, KL diabetic retinopathy Fu YP et al. 2010 

rs1351253 11 80343490 ODZ4, MIR4300 diabetic retinopathy Fu YP et al. 2010 

rs1920241 3 189576370  TPRG1, TPRG1 diabetic retinopathy Fu YP et al. 2010 
rs2893603 8 127067712 FAM84B, POU5F1B diabetic retinopathy Fu YP et al. 2010 

rs4074672 3 184012507 ABCC5 diabetic retinopathy Fu YP et al. 2010 

rs1347637 3 21267223 SGOL1, VENTXP7 diabetic retinopathy Fu YP et al. 2010 
rs2542930 2 210843606  CPS1, ERBB4 diabetic retinopathy Fu YP et al. 2010 

rs1436302 2 125416354 CNTNAP5, GYPC diabetic retinopathy Fu YP et al. 2010 
rs9290870 3 188138614 BCL6, LOC339929 diabetic retinopathy Fu YP et al. 2010 

rs1370005 8 103432781 DCAF13 diabetic retinopathy Fu YP et al. 2010 

rs10488574 7 76294675 SRRM3,HSPB1 diabetic retinopathy Fu YP et al. 2010 
rs1889031 10 36558325 ANKRD30A,FZD8 diabetic retinopathy Fu YP et al. 2010 

rs2505585 10 36560065 ANKRD30A,FZD8 diabetic retinopathy Fu YP et al. 2010 

rs3761296 20 16729017 SNRPB2 diabetic retinopathy Fu YP et al. 2010 
rs2300782 5 111453087 CAMK4 diabetic retinopathy Fu YP et al. 2010 

rs1537328 10 36560664 ANKRD30A,FZD8 diabetic retinopathy Fu YP et al. 2010 

rs2483021 10 36558204 ANKRD30A,FZD8 diabetic retinopathy Fu YP et al. 2010 
rs10495528 2 5917715 LOC150622, SOX11 diabetic retinopathy Fu YP et al. 2010 

rs1558068 7 30463747 NOD1 diabetic retinopathy Fu YP et al. 2010 

rs1317318 15 52840866 ONECUT1, WDR72 diabetic retinopathy Fu YP et al. 2010 
rs2023139 8 117388472 MED30, SLC30A8 diabetic retinopathy Fu YP et al. 2010 

rs724333 3 55924031 ERC2 diabetic retinopathy Fu YP et al. 2010 

rs1424548 7 137025013 CHRM2, PTN diabetic retinopathy Fu YP et al. 2010 
rs7921283 10 56790127 ZWINT, MIR3924 diabetic retinopathy Fu YP et al. 2010 

rs2226859 18 73376963 LOC100505817, FBXO15 diabetic retinopathy Fu YP et al. 2010 

rs10504455 8 69558367 SULF1 diabetic retinopathy Fu YP et al. 2010 
rs6544021 2 22530353 LOC645949, KLHL29 diabetic retinopathy Fu YP et al. 2010 

rs10504454 8 69558119 SULF1 diabetic retinopathy Fu YP et al. 2010 

rs957940 13 53727505  MIR1297, OLFM4 diabetic retinopathy Fu YP et al. 2010 
rs764637 2 210776279 ERBB4, CPS1 diabetic retinopathy Fu YP et al. 2010 

rs2197713 3 74120197 CNTN3, PDZRN3 diabetic retinopathy Fu YP et al. 2010 

rs10492603 13 58297687 PCDH17, DIAPH3 diabetic retinopathy Fu YP et al. 2010 
rs1428445 5 158568795  EBF1, CLINT1 diabetic retinopathy Fu YP et al. 2010 

rs10520201 4 171183705 LOC100506122, GALNTL6 diabetic retinopathy Fu YP et al. 2010 

rs1445754 5 84279813 EDIL3 diabetic retinopathy Fu YP et al. 2010 
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rs10509060 10 56781676 ZWINT, MIR3924 diabetic retinopathy Fu YP et al. 2010 

rs10485129 6 78661466 IRAK1BP1, HTR1B diabetic retinopathy Fu YP et al. 2010 

rs6427247 1 170411339 GORAB, LOC284688 diabetic retinopathy Fu YP et al. 2010 

 

Candidate variants associated with macrovascular complications 

SNP Chromosome Position 

(Grch 38) 

Closest gene Reported trait Reference 

rs113805659 7 78663475 MAGI2 coronary artery 

calcification, type II 

diabetes mellitus 

 Divers J et al. 

2017 

rs16879003 6 16745008 ATXN1 coronary artery 

calcification, type II 

diabetes mellitus 

 Divers J et al. 

2017 

rs6506897 18 31215320 DSG1, DSC1 coronary artery 

calcification, type II 

diabetes mellitus 

 Divers J et al. 

2017 

rs9973676 2 230954091 GPR55 coronary artery 

calcification, type II 

diabetes mellitus 

 Divers J et al. 

2017 

rs91 7 24409992 AC003044.1 coronary artery 

calcification, type II 

diabetes mellitus 

 Divers J et al. 

2017 

rs59490629 6 107256268 PDSS2 coronary artery 

calcification, type II 

diabetes mellitus 

 Divers J et al. 

2017 

rs7804216 7 149941248 AC092681.1, AC092681.2 coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs74570061 4 56517605 ARL9 coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs139034117 3 39656373 NFU1P1, MYRIP coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs162211 3 7781368 AC077690.1 coronary artery 

calcification, type II 

diabetes mellitus 

 Divers J et al. 

2017 

rs1583674 7 47139764 AC087175.1, AC004870.3 coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs7158214 14 96176310 BDKRB2, C14orf132 coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs7632954 3 8486196 LMCD1-AS1 coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs7806345 7 145029551 RPL7P59, AC073310.1 coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs11794666 9 31665127 RNA5SP281, HMGB3P23 coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs7906829 10 116588374 PNLIPRP1, PNLIPP1 coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs9575182 13 82832889 AL445255.1 coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs17865343 4 117351922 LINC02262 coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs2546338 5 133866276 WSPAR, AC005178.1 coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs7901181 10 3600363 AL357833.1, AL450322.2 coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs10978777 9 107268309 RAD23B, AL445487.1 coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs543554 13 32127501 FRY coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs17214144 7 24846128 OSBPL3 coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs7689240 4 35313869 AC020589.1, SEC63P2 coronary artery 
calcification, type II 

diabetes mellitus 

 Divers J et al. 
2017 
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rs846178 4 2483888 RNF4 coronary artery 

calcification, type II 

diabetes mellitus 

 Divers J et al. 

2017 

rs277939 5 71560551 BDP1 coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs6446601 4 4298683 ZBTB49 coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs140365914 7 155314860 BLACE, INSIG1 coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs73307775 5 159299527 AC008691.1, UBLCP1 coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs6993194 8 71117967 AC015687.1 coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs10793968 9 130754074 ABL1 coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs111915800 4 56521209 ARL9 coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs9715521 4 58958769 LINC02619, AC017091.1 coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs597539 11 68834506 CPT1A coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs75107833 2 174100883 OLA1 coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs17295603 4 174540366 AC096751.2 coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs6445525 3 66007429 MAGI1 coronary artery 

calcification, type II 
diabetes mellitus 

 Divers J et al. 

2017 

rs12526453 6 12927312 PHACTR1 myocardial infarction, 

coronary heart disease 

Kathiresan S et al. 

2009, Schunkert 
H et al. 2011 

rs646776 1 109275908 PSRC1, CELSR2 coronary heart disease, 

myocardial infarction 

Reilly MP et al. 

2011, Kathiresan 
S et al. 2009 

rs2259816 12 120997784 HNF1A coronary heart disease, 

C-reactive protein 
measurement  

Erdmann J et al. 

2009 

rs11206510 1 55030366 PCSK9, BSND myocardial infarction, 

coronary heart disease, 
coronary artery disease 

Kathiresan S et al. 

2009, Schunkert 
H et al. 2011 

rs10911021 1 182112825 LINC01344 cardiovascular 
disease, type II diabetes 

mellitus 

Qi L et al. 2013 

rs266729 3 186841685 ADIPOQ  ischemic heart disease 
and stroke,  type II 

diabetes mellitus 

Montesanto et al. 
2018 

Candidate variants associated with diabetic nephropathy 

SNP Chromosome Position 

(Grch 38) 

Closest gene Reported trait Reference 

rs11107616 12 77971000 NAV3 diabetic nephropathy Iyengar SK et al. 

2015 

rs4667466 2 162832637 KCNH7 diabetic nephropathy Iyengar SK et al. 
2015 

rs73206603 13 59495931 DIAPH3, RNU7-88P chronic kidney 

disease, type II diabetes 
mellitus, diabetic 

nephropathy 

van Zuydam NR 

et al. 2018 

rs7222331 17 40995605 KRTAP3-2, KRTAP3-3 diabetes 
mellitus, diabetic 

nephropathy 

van Zuydam NR 
et al. 2018 

rs955333 6 154626274 AL591419.1, AL591499.1 diabetic nephropathy Iyengar SK et al. 
2015 

rs7769051 6 132825657 RPS12, HMGB1P13 diabetic nephropathy McDonough CW 

et al. 2010 
rs136161 22 36261386 APOL1 diabetic nephropathy Iyengar SK et al. 

2015 
rs590884 6 160957160 AL139393.1 diabetic nephropathy Iyengar SK et al. 

2015 
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rs6943931 7 22375027 RAPGEF5, STEAP1B diabetic nephropathy Iyengar SK et al. 

2015 

rs10778560 12 107407624 BTBD11 diabetic nephropathy Iyengar SK et al. 

2015 

rs11961816 6 139003738 REPS1, ABRACL chronic kidney 
disease, diabetic 

nephropathy 

van Zuydam NR 
et al. 2018 

rs76262407 19 34600451 SCGB2B2 chronic kidney 
disease, diabetic 

nephropathy 

van Zuydam NR 
et al. 2018 

rs10404821 19 50657831 C19orf81 chronic kidney 
disease, diabetic 

nephropathy 

van Zuydam NR 
et al. 2018 

rs16977473 15 57404428 CGNL1 Microalbuminuria, type 
2 diabetes nephropathy 

Taira M et al. 
2018 

rs11582609 1 82754973 AL157944.1 diabetic nephropathy Iyengar SK et al. 

2015 
rs13421350 2 172453843 ITGA6 diabetic nephropathy Iyengar SK et al. 

2015 

rs12497655 3 117045163 LSAMP diabetic nephropathy Iyengar SK et al. 
2015 

rs2780902 1 64863417 JAK1 diabetic nephropathy Iyengar SK et al. 

2015 
rs12764441 10 70931894 AC073176.1, AC073176.2 microalbuminuria Teumer A et al. 

2015 

rs7145202 14 22623202 OR6J1, ABHD4 microalbuminuria Teumer A et al. 
2015 

rs6513791 20 42429482 PTPRT microalbuminuria Teumer A et al. 

2015 
rs1997066 10 105003805 SORCS3 diabetic nephropathy Iyengar SK et al. 

2015 

rs731565 7 147709170 CNTNAP2 diabetic nephropathy Iyengar SK et al. 
2015 

rs768920 11 93008790 MTNR1B, RPL26P31 diabetic 

nephropathy, type II 
diabetes mellitus, 

diabetes mellitus 

van Zuydam NR 

et al. 2018 

rs12472051 2 113974664 LINC01191 chronic kidney 
disease, diabetic 

nephropathy 

van Zuydam NR 
et al. 2018 

rs10144968 14 68684168 RAD51B, AL121820.1 type 2 diabetes 
nephropathy 

Taira M et al. 
2018 

rs1077216 3 46850671 MYL3 microalbuminuria Teumer A et al. 

2015 
rs6432852 2 165898043 TTC21B diabetic nephropathy Iyengar SK et al. 

2015 

rs10766496 11 18717171 AC103974.1, IGSF22 diabetic nephropathy Iyengar SK et al. 
2015 

rs1424609 12 115725627 AC009387.1, RN7SL865P diabetic nephropathy Iyengar SK et al. 

2015 
rs6962291 7 139971318 TBXAS1 diabetic nephropathy Iyengar SK et al. 

2015 
rs10911184 1 182996532 RNU6-41P, LAMC1 diabetic nephropathy Iyengar SK et al. 

2015 

rs73048515 5 4741874 AC106799.2 microalbuminuria, type 
2 diabetes nephropathy 

Taira M et al. 
2018 

rs10019835 4 155712034 GUCY1A1 diabetic nephropathy Iyengar SK et al. 

2015 
rs12719264 5 119848245 AC008574.1, AC008550.1 microalbuminuria Teumer A et al. 

2015 

rs773506 9 91213189 AUH, AL158071.3 diabetic nephropathy McDonough CW 
et al. 2010 

rs4849965 2 4561337 NPM1P48, LINC01249 diabetic nephropathy Iyengar SK et al. 

2015 
rs11105956 12 91053746 KERA diabetic nephropathy Iyengar SK et al. 

2015 

rs7916840 10 25424152 GPR158 diabetic 
nephropathy, type II 

diabetes mellitus 

van Zuydam NR 
et al. 2018 

rs13254600 8 123077286 TBC1D31 diabetic nephropathy Iyengar SK et al. 
2015 

rs73017308 3 12213890 SYN2, GSTM5P1 chronic kidney 

disease, diabetic 
nephropathy 

van Zuydam NR 

et al. 2018 

rs6930576 6 148383818 SASH1 diabetic nephropathy McDonough CW 

et al. 2010 
rs56094641 16 53772541 FTO type 2 diabetes 

nephropathy, 

microalbuminuria 

Taira M et al. 

2018 
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rs10004231 4 42855556 AC096734.1, RN7SKP82 diabetic nephropathy Iyengar SK et al. 

2015 

rs2243480 7 66134209 CRCP, AC068533.4, AC068533.3 diabetic nephropathy Iyengar SK et al. 

2015 

rs6910061 6 11101685 SMIM13 diabetic nephropathy Iyengar SK et al. 
2015 

rs8020941 14 97067025 AL049833.2, AL049833.4 diabetic nephropathy Iyengar SK et al. 

2015 
rs1677894 12 77944156 NAV3 diabetic nephropathy Iyengar SK et al. 

2015 

rs12251637 10 124549008 LHPP chronic kidney disease 
in type 2 diabetes 

van Zuydam NR 
et al. 2018 

Candidate variants associated with diabetic neuropathy 

SNP Chromosome Position 

(Grch 38) 

Closest gene Reported trait Reference 

rs11615866 12 5284163 LOC105369617 neuropathic pain, type 
2 diabetes mellitus 

Meng W et al. 
2014 

rs28485846 8 35265058 UNC5D type I diabetes 

mellitus, diabetic 

foot, type II diabetes 

mellitus, neuropathy 

Meng W et al. 

2017 

rs80028505 6 36030611 MAPK14 type I diabetes 
mellitus, diabetic 

foot, type II diabetes 

mellitus, neuropathy 

Meng W et al. 
2017 

rs3761980 6 36026129 SLC26A8, MAPK14 type I diabetes 

mellitus, diabetic 
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