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Abstract: Well-controlled type 1 diabetes mellitus (T1IDM) is regarded as a model of subclinical
cardiovascular disease (CVD), characterized by inflammation and adverse vascular health. However,
the underlying mechanisms are not fully understood. We investigated insulin-like growth factor-1
(IGF-1) and IGF-binding protein-3 (IGFBP-3) levels, their correlation to miR-106b-3p expression
in a subclinical CVD model, and the cardioprotective effect of metformin. A total of 20 controls
and 29 well-controlled T1DM subjects were studied. Plasma IGF-1, IGFBP-3 levels, and miR-106b-
3p expression in colony-forming unit-Hills were analyzed and compared with vascular markers.
miR-106b-3p was upregulated in TIDM (p < 0.05) and negatively correlated with pro-angiogenic
markers CD34+/100-lymphocytes (p < 0.05) and IGF-1 (p < 0.05). IGF-1 was downregulated in
T1DM (p < 0.01), which was associated with increased inflammatory markers TNF-«, CRP, and
IL-10 and reduced CD34+/100-lymphocytes. IGFBP-3 had no significant results. Metformin had no
effect on IGF-1 but significantly reduced miR-106b-3p (p < 0.0001). An Ingenuity Pathway analysis
predicted miR-106b-3p to inhibit PDGFA, PIK3CG, GDNEF, and ADAMTS13, which activated CVD.
Metformin was predicted to be cardioprotective by inhibiting miR-106b-3p. In conclusion: Subclinical
CVD is characterized by a cardio-adverse profile of low IGF-1 and upregulated miR-106b-3p. We
demonstrated that the cardioprotective effect of metformin may be via downregulation of upregulated
miR-106b-3p and its effect on downstream targets.

Keywords: IGF-1; IGFBP-3; miR-106b-3p; CFU-Hill colonies; subclinical CVD; metformin

1. Introduction

Cardiovascular disease (CVD) is the primary cause of death worldwide, encompassing
approximately a third of total annual deaths [1] with an estimated 18 million people [2].
Various comorbidities have been shown to increase CVD risk, one being diabetes. CVD
complications that arise from having T1DM for a prolonged period have been seen to
significantly shorten a person’s lifespan by more than 10 years [3]. The risk of CVD
mortality is still increased by almost three times in those with TIDM even when it is
well-controlled with stable glycemic levels [4].

Previous case-control work has shown that well-controlled T1DM can be regarded
as subclinical CVD, owing to endothelial dysfunction, increased inflammatory markers
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and circulating endothelial cells (cECs), and decreased levels of circulating endothelial
progenitor cells (cEPCs), colony-forming unit-Hills (CFU-Hills), and pro-angiogenic cells
(PACs) [5-10]. Subclinical CVD is an asymptomatic early indicator of future clinical CVD.
This, therefore, makes well-controlled T1DM a good model to study, as understanding
the development of CVD can aid in developing future therapies to potentially prevent
progression to clinical CVD.

ECs and EPCs are commonly used as biomarkers to evaluate future CVD risk. High
levels of cECs imply that the endothelium has become injured, causing ECs to become
dislodged and enter circulation [11]. cECs are therefore used as biomarkers of endothe-
lial damage, with elevated levels observed in many cardiovascular disorders and being
predictive of poor outcomes [12-14]. EPCs circulate in the blood and find sites of vascular
or endothelial damage to aid their repair by promoting neovascularization through secre-
tion of growth factors such as vascular endothelial growth factor (VEGF) and insulin-like
growth factor 1 (IGF-1) [15] and differentiate into mature EPCs, which attach to injured
endothelium [16,17]. cEPCs are therefore used as biomarkers of endothelial function, with
reduced levels seen in cardiovascular conditions [7,18-20]. Colony-forming unit-Hills (CFU-
Hills) are a form of early EPC [7,21,22] comprised of various cell types such as monocytes,
leukocytes, and EPCs [23]. They have a low proliferative capacity and indirectly influence
angiogenesis via secreting paracrine factors such as growth factors and chemokines [22].
CFU-Hills are important for angiogenesis and have been shown to be inversely correlated to
the Framingham risk score for cardiovascular health [7,23]. Low levels have been connected
to endothelial dysfunction and CVD risk factors [7,24].

Insulin-like growth factor 1 (IGF-1) is one of the growth factors secreted by EPCs and
has an important role in the cardiovascular system. IGF-1 is a small peptide in the IGF
family of insulin-related peptides produced primarily by the liver. It has pleiotropic effects,
many of which are implicated in maintaining cardiovascular health [25,26]. The availability
of free IGF-1 in circulation is modified by different IGF-binding proteins (IGFBPs) which
form complexes with it and regulate its effects. The biological half-life of IGF-1 in circulation
is lengthened by forming complexes with IGFBPs, which generate a pool of easily accessible
IGF-1 to then be distributed to different tissues. The most plentiful IGFBP in adult serum
is IGFBP3, which is the major circulating carrier of IGF-1 [27]. Low levels of IGF-1 and
IGFBPs have been linked to diabetes and CVD risk [28]. This is due to the role of IGF-1 in
the regulation of insulin metabolism as well as proliferation, differentiation, and apoptosis
in a variety of cell types [27,29]. However, the role of IGF-1 in relation to EPCs in subclinical
CVD has not yet been fully studied. Therefore, there is a need for more research into IGF-1
and IGF-1-associated pathways in CVD development in subclinical CVD models such
as TIDM.

Emerging studies suggest the use of miRNAs as their dysregulation is thought to
play an important part in the pathogenesis of diseases such as TIDM and CVD [30,31].
Research has associated miR-106b with skeletal muscle insulin resistance [32], which is
often seen in TIDM. However, there is a discrepancy in the role of miR-106b-3p in CVD. In
rat models, miR-106b-3p was found to be downregulated in congestive heart failure [33].
Whereas another study discovered that upregulated miR-106b-3p was associated with
atrial fibrillation in patients [34]. High miR-106b levels were also detected in microparticles
released from atherosclerotic plaques [35]. In retinal mouse models, reducing miR-106b
levels initiates pro-angiogenic protein production, prompting vascular growth and neovas-
cularization [36].

Twenty-six years ago, metformin was identified to have cardioprotective properties
in T2DM [37]. In further studies, in patients with T2DM, metformin monotherapies have
shown the reduction of all-cause mortalities and CVD events [38]. In addition, metformin
has been shown to have various actions that reduce CVD or CVD risk beyond modification
of glycemic control: 1. By lowering vascular inflammation [39], 2. By improving hyper-
tension, having antioxidant effects [40], and 3. By improving endothelial function [41,42].
Animal models have demonstrated metformin’s cardio-protection by preserving cardiac
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function post-MI or reperfusion injury, or by promoting angiogenesis and neurogenesis in
mice following middle cerebral artery occlusion [43—45]. In the REMOVAL trial in patients
with T1DM, metformin has been shown to significantly reduce maximal carotid artery
intima-media thickness (cIMT) [46]. In a parallel study, but with unchanged glycemic
control (MERIT study), metformin’s benefits in TIDM patients included improvement of
cEC and cEPC levels [5]. Some other possible cardioprotective mechanisms of metformin
may be through altering the IGF axis [27], or through its role in regulating pathways associ-
ated with cardio-adverse miRNAs [42,47]. However, this is not conclusive, and so further
studies are required.

We hypothesized that: (1) IGF-1 and IGFBP-3 levels are decreased in T1IDM and
elevated by metformin, and (2) miR-106b-3p expression in CFU-Hills is upregulated in
T1DM while downregulated by metformin. We aimed in this study to explore the role of
miR-106b-3p as a subclinical CVD biomarker and the effect of metformin on miR-106b-3p
expression in T1DM patients.

2. Materials and Methods
2.1. Participants

A total of 29 T1DM patients and 20 age- and gender-matched healthy controls (HCs)
were recruited into the MERIT study. T1DM patients” inclusion criteria included HbAlc
<8.5% (69mmol/mmol) and no presence of diabetic complications such as evident CVD.
T1DM participants were administered metformin for 8 weeks to the highest tolerated dose
or with a dose titrated up to a maximum of 1 g twice a day [5]. The sample size for the
MERIT study was calculated and has been previously published [5]. The minimum number
of subjects required in each group was 20.

Approval for this study was given by the NHS Health Research Authority, NRES
Committee Northeast-Sunderland, UK (Research Ethics Committee Reference Number
12/NE/0044) and completed in keeping with the Helsinki Declaration. Written informed
consent was obtained from all participants in this study before its commencement.

2.2. Meso Scale Discovery (MSD) Assay

Cytokine levels investigated in this study were measured in the MERIT study from
subject plasma samples and assayed using human Meso Scale Discovery panels (Meso
Scale Discovery, Rockville, MD, USA), as previously detailed [8].

2.3. Flow Cytometric Evaluation of cECs and cEPCs

Analysis of cECs and cEPCs was performed using flow cytometry on a BD FACS Can-
toTM 1I system (BD Bioscience, San Jose, CA, USA) as previously detailed [5]. cEPCs were
identified as CD45dimCD34+VEGEFR-2+ cells and cECs as CD45dimCD133—-CD34+CD144+.
Proangiogenic cell (PAC) in vitro assay and fibronectin adhesion assay (FAA) were previ-
ously described by us [5].

2.4. Culture of CFU-Hill Colonies
CFU-Hill colonies were cultured according to the method described previously [8].

2.5. Real-Time Quantitative PCR and miRNA Expression

Total RNA was isolated using the miRNeasy Micro Kit (QIAGEN, Hilden, Germany),
as explained in Phowira et al., 2022 [8].

Reverse transcription was performed using the miRCURY LNA RT Kit (QIAGEN,
Hilden, Germany) on about 10 uL of RNA. Following the methodology for miRCURY
LNA miRNA PCR, cDNA was diluted 100x and assessed in 10 pL. PCR reactions. The
miRNA was assayed once by qPCR using the miRCURY LNA SYBR Green master mix on
the miRNA Ready-to-Use PCR, Human panel I + II (Catalog number: 339322, QIAGEN).
The amplification was carried out using a LightCyclerR 480 Real-Time PCR System (Roche,
Basel, Switzerland) and data were analyzed using Roche LC software 4 (Basel, Switzerland).
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The ACq values were obtained by using the global mean normalization approach to correct
all Cq data. Fold-change analysis was performed using 2 x |AACql calculation, with
AACq obtained from (ACq x T1IDM) — (ACq x HCs).

2.6. IGF-1 and IGFBP-3 Enzyme-Linked Immunosorbent Assay (ELISA)

IGF-1 and IGFBP-3 levels were measured from T1DM and HC serum samples that
were obtained from the MERIT study using the Human IGF-1/IGF-1 Quantikine® ELISA
Kit (R & D Systems, Minneapolis, MN, USA) and Human IGFBP-3 Quantikine® ELISA Kit
(R & D Systems), respectively, according to the protocol set by the manufacturer. Serum
samples underwent a 100-fold dilution in Calibrator Diluent RD5-18. SpectraMax® 190
absorbance plate reader (Molecular Devices, San Jose, CA, USA) and SoftMax® Pro Software
5.4 (Molecular Devices) were used to analyze the data from both the IGF-1 and the IGFBP-3
assays. A standard curve was created by generating a log/log curve fit. Both the IGF-1 and
the IGFBP-3 assays were read at 450 nm with correction at 570 nm.

2.7. Ingenuity Pathway Analysis (IPA) of miR-106b-3p and Its mRNA Targets

Analyses of miR-106b-3p’s predicted downstream pathways, targets, and cellular
functions and their associations with CVD were performed in this study using Ingenuity
Pathway Analysis (IPA) software 9.0 (Ingenuity, Redwood City, CA, USA). Expression data
of miR-106b-3p were input into the software. Ingenuity Knowledge Base (IKB) is used by
IPA and, in this study, helped create a network between miR-106b-3p and other molecules
and diseases based on weak or strong evidence. The interaction sites of miR-106b-3p
were predicted via the microRNA target filter tool, which used TargetScanHuman release
8.0 (https://www.targetscan.org/vert_80/ accessed on 14 December 2023) and Diana-
TarBase v8 (https://dianalab.e-ce.uth.gr/html/diana/web/index.php?r=tarbasev8 ac-
cessed on 14 December 2023) databases.

2.8. Statistical Analysis

Data were displayed as mean =+ standard deviation (SD). GraphPad Prism 9.0 (Graph-
Pad Software, San Diego, CA, USA) was used to carry out statistical analyses, with sta-
tistically significant results being indicated by a p-value of less than 0.05. Shapiro-Wilk
tests were performed to assess the normality of the data. Comparisons between groups
used one-way ANOVA with Tukey test, unpaired Student ¢-tests, or Mann-Whitney tests,
and within-group comparisons used paired Student ¢-tests or Wilcoxon signed rank tests,
depending on the distribution. A linear regression analysis was used to examine any
correlations between miR-106b-3p, IGF-1, IGFBP-3, and other factors.

3. Results
3.1. Characteristics of Studied Subjects

The participant data analyzed in this study were obtained from the 29 T1DM patients
and 20 age- and gender-matched healthy controls (HCs) recruited into the MERIT study.
T1DM patients’ inclusion criteria included HbAlc < 8.5% (69 mmol/mmol) and no presence
of diabetic complications such as evident CVD. Participant characteristics were previously
summarized [48]. TIDM participants were administered metformin for 8 weeks to the
highest tolerated dose or with a dose titrated up to a maximum of 1 g twice a day.

3.2. Comparison of Vascular Health and Inflammatory Markers between HCs and T1DM

We have previously published data from the MERIT study comparing baseline markers
of vascular health and inflammation between HC participants and T1IDM participants,
using unpaired t-tests or Mann-Whitney U tests. There were significantly higher levels of
IL-7 (p = 0.008), IL-8 (p = 0.003), IL-10 (p = 0.008), VEGF-C (p = 0.013), VEGEF-D (p = 0.002),
CRP (p < 0.001), TNF-« (p = 0.041), and thrombomodulin (p = 0.046) in TIDM compared to
HCs. The study showed significantly lower levels of CFU-Hills (p = 0.04), FAA (p = 0.017),
cEPC/CD45dimCD34 + VEGFR-2+ + cells (p < 0.001), CD34+/100 lymphocytes (p < 0.001),
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PACs (p < 0.001) (7, 8, 10, 39), and sSICAM-1 (p = 0.002). We have recently reported that
T1DM is a chronic inflammatory state [49].

3.3. Comparison of IGF-1 and IGFBP-3 Levels in HCs and T1DM and the Effects of Metformin

Analysis of ELISA data showed that IGF-1 levels were significantly lower at baseline
in TIDM compared to HCs (p = 0.0015, Figure 1a). However, IGF-1 levels were not
significantly different in TIDM participants before and after metformin administration
(p = 0.2304, Figure 1a). There was no significant difference in baseline levels of IGFBP-3
between HCs and T1DM (p = 0.339, Figure 1b). There was also no significant difference
in IGFBP-3 levels in TIDM participants before and after metformin therapy (p = 0.712,
Figure 1b).

* %k ns 5= ns ns

T

IGFBP-3 pg/mL

T 0 T

T T
HC TIDM TIDM+M HC TIDM TIDM+M

Figure 1. The comparison between HC, TIDM (before metformin), and T1IDM + M (after metformin)
levels of (a) IGF-1 (ng/mL), and (b) IGFBP-3 (ug/mL). Data are presented as means =+ SD and the
difference between groups is analyzed by one-way ANOVA with a Tukey test; ** p < 0.01; HC: healthy
controls; IGF: insulin-like growth factor; IGFBP: insulin-like growth factor binding protein; TIDM:
type 1 diabetic mellitus.

3.4. IGF-1 Correlations with Inflammatory and Vascular Health Markers

Linear regression analysis determined that IGF-1 levels were significantly nega-
tively correlated with HbA1lc (p < 0.0001, Figure 2a), TNF-« (p = 0.0012, Figure 2b), CRP
(p = 0.0312, Figure 2c), and IL-10 (p = 0.0175, Figure 2d), which are markers of inflammation.
However, no significant correlation was detected with the other inflammatory markers
including IL-7, IL-8, VEGF-C, VEGF-D, and thrombomodulin. IGF-1 levels were also
found to be positively correlated with the vascular health marker CD34+ /100 lymphocytes
(p = 0.0319, Figure 2e).

3.5. Comparisons of miR-106b-3p Expression in HCs and T1DM and the Effects of Metformin

miR-106b-3p expression was found to be significantly upregulated in CFU-Hills in
T1DM compared to HCs (p = 0.0162, Figure 3), while the expression of miR-106b-3p expres-
sion in CFU-Hills was significantly downregulated after metformin therapy (p < 0.0001,
Figure 3).

3.6. IGF-1 and IGFBP-3 Correlations with miR-106b-3p

Linear regression analysis found that IGF-1 levels were significantly negatively corre-
lated with miR-106b-3p expression levels in CFU-Hill colonies (p = 0.0396, Figure 4a). Levels
of IGFBP-3 were not found to be significantly correlated with miR-106b-3p expression levels
in CFU-Hill colonies (p = 0.2851, Figure 4b).
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Figure 2. Correlations between IGF-1 levels and levels of (a) HbAlc, (b) TNF-«, (c) CRP (pg/mL),
(d) IL-10, and (e) CD34+ /100 lymphocytes. Linear regression analyses were performed to assess the
correlations. CD: cluster of differentiation; CRP: c-reactive protein; HbAlc: glycated hemoglobin;
IGF: insulin-like growth factor; IL: interleukin; TNF-o: tumor necrosis factor-alpha.
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Figure 3. Comparisons of the expression of miR-106b-3p in CFU-Hill colonies in HC, TIDM (before
metformin), and TIDM + M (after metformin). Data are presented as means + SD and the difference
between groups is analyzed by one-way ANOVA followed by a Tukey test; * p < 0.05; **** p < 0.0001.
FC: fold change; HC: healthy control; TIDM: type 1 diabetes mellitus.
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Figure 4. Correlation between miR-106b-3p expression in CFU-Hill colonies and levels of (a) IGF-1
(ng/mL), and (b) IGFBP-3 (ug/mL). Correlations were assessed using linear regression analyses. Ct:
cycle threshold; IGF: insulin-like growth factor; IGFBP: insulin-like growth factor binding protein.

3.7. miR-106b-3p Correlations with Vascular Health Markers

Linear regression analysis showed that miR-106b-3p expression levels in CFU-Hills
were significantly negatively correlated with vascular health marker CD34+/100 lympho-
cytes (p = 0.0239, Figure 5). No significant correlation between miR-106b-3p was detected
between the other studied inflammatory or vascular makers; CFU-Hills, cEPC, PAC, FAA,

and sICAM-1.
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S
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Figure 5. Comparison of miR-106b-3p expression in CFU-Hill colonies with the levels of CD34+ /100
lymphocytes Correlations were assessed using linear regression analyses. CD: cluster of differentia-

tion; Ct: cycle threshold.

3.8. Ingenuity Pathway Analysis (IPA) of miR-106b-3p

The knowledge-based database IPA software 9 was used to predict the downstream
targets of miR-106b-3p in connection with CVD development. Upregulated miR-106b-3p
was input into the IPA software. This resulted in miR-106b-3p being predicted as anti-
angiogenic, anti-prolific, pro-inflammatory, and associated with increased risk of diabetes
mellitus and CVD.

IPA predicted miR-106b-3p to inhibit the expression of PDGFA, PIK3CG, GDNF, and
ADAMTS13. These in turn were predicted to inhibit MAPK, ERK, Akt, the PI3K family,
STAT3, VEGFA, IGF-1, CDH2, and CD34, and activate vWF, PECAM1 (CD31), and CDH5
(CD144). These all led to the predicted inhibition of angiogenesis and EPC proliferation,
and activation of inflammatory disease, diabetes mellitus, and CVD (Figure 6).
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Figure 6. IPA prediction network of miR-106b-3p and its molecular targets and pathways relating
to CVD. ADAMTS13: a disintegrin and metalloprotease with thrombospondin type 1 repeats 13;
Akt: Ak strain transforming; CD: cluster of differentiation; CDH: cadherin; ERK: extracellular

signal-regulated kinases; GDNF: glial-cell-line-derived neurotrophic factor; IGF: insulin-like growth

factor; MAPK: mitogen-activated protein kinase; PDGFA: platelet-derived growth factor subunit A;
PECAMLI.: platelet endothelial cell adhesion molecule 1; PI3K: phosphoinositide 3-kinase; PIK3CG:
phosphatidylinositol-3-kinase catalytic subunit gamma; STAT3: signal transducer and activator of

transcription 3; vVWF: von Willebrand factor; VEGF: vascular endothelial growth factor.

3.9. Ingenuity Pathway Analysis (IPA) of miR-106b-3p after Metformin Therapy

Metformin was predicted to indirectly inhibit miR-106b-3p, which resulted in pre-
dicted pro-angiogenic, prolific, and anti-inflammatory effects with reduced risk of diabetes
mellitus and CVD. Metformin was also predicted to indirectly activate IGF-1 and inhibit
inflammatory diseases, diabetes mellitus, and CVD through other pathways unrelated to

miR-106b-3p.

The inhibition of miR-106b-3p by metformin was predicted to occur via indirect
activation of let-7 and NROB2, and inhibition of D-glucose, AGO2, AGT, and mir-17.
This downregulation of miR-106b-3p was predicted to activate the expression of PDGFA,
PIK3CG, GDNF, AND ADAMTS13. These in turn were predicted to activate MAPK, ERK,
Akt, the PI3K family, STAT3, VEGFA, IGF-1, CDH2, and CD34, and inhibit VWE, PECAM1
(CD31), and CDHS (CD144). These all led to the predicted activation of angiogenesis and
proliferation of EPCs, and inhibition of inflammatory disease, diabetes mellitus, and CVD

(Figure 7).
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Figure 7. IPA prediction network of miR-106b-3p and its molecular targets and pathways relating to
CVD after metformin therapy. ADAMTS13: a disintegrin and metalloprotease with thrombospondin
type 1 repeats 13; AGO2: argonaute 2; AGT: angiotensinogen; Akt: Ak strain transforming; CD:
cluster of differentiation; CDH: cadherin; D-glucose: dextrorotatory glucose; ERK: extracellular
signal-regulated kinases; GDNE: glial-cell-line-derived neurotrophic factor; let-7: lethal-7; NROB2:
nuclear receptor subfamily 0 group B member 2; PDGFA: platelet-derived growth factor subunit A;
PECAMLI.: platelet endothelial cell adhesion molecule 1; PI3K: phosphoinositide 3-kinase; PIK3CG:
phosphatidylinositol-3-kinase catalytic subunit gamma; STAT3: signal transducer and activator of
transcription 3; VWEF: von Willebrand factor; VEGFA: vascular endothelial growth factor A.

4. Discussion

This study is the first to investigate the expression of miR-106b-3p in CFU-Hill colonies,
its correlations with vascular health markers, and the effects of metformin in T1DM as
a model of subclinical CVD. It also investigated IGF-1 levels and their correlations with
vascular health markers, as well as the effects of metformin in this model. It shows signifi-
cantly upregulated levels of sSICAM-1, an inflammatory-stimulated adhesion molecule, and
decreased levels of pro-angiogenic IGF-1 in TIDM versus HCs. Research has associated
sICAM-1 with increased CVD risk [50] and indicated that high concentrations may be
an early biomarker of atherosclerosis [51]. This supports the use of TIDM as a model of
subclinical CVD.

4.1. Reduced IGF-1 and IGFBP-3 Levels in T1IDM and the Effects of Metformin

The results of this study showed that IGF-1 levels were significantly lower in TIDM
compared to HCs. This is in accordance with other studies showing reduced serum IGF-1
levels in those with diabetes [52,53] and those with CVD [27,54-56]. IGF-1 is known to
promote cell proliferation and have anti-inflammatory and anti-apoptotic effects through
the PI3K/Akt/mTOR and Ras/Raf/MEK/ERK pathways. This has a role in regulating
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cardiovascular function. A cohort study found that reduced IGF-1 levels were associated
with acute coronary syndrome (ACS) development, and increased levels were associated
with a lower risk of developing MI [54]. Similarly, low IGF-1 levels have been correlated
with atherosclerosis as well as a higher CVD mortality risk [56]. Low IGF-1 levels have
also been associated with increased levels of pro-inflammatory cytokines such as TNF-«,
which are observed in the chronic inflammatory states seen in CVD [52]. This highlights
the apparent involvement of IGF-1 signaling in CVD pathogenesis and demonstrates that
low IGF-1 levels could be used as a potential indicator of CVD development in TIDM.

IGFBP-3 levels were not significantly different between the HCs and T1DM partici-
pants. Other researchers showed reduced IGFBP-3 in TIDM and CVD, but these studies
were not in well-controlled T1DM cohorts [57]. As IGFBP-3 carries the majority of circu-
lating IGF-1 [27], it was expected that low IGF-1 levels would coincide with low IGFBP-3
levels. However, the lower IGF-1 levels in T1IDM, despite the lack of difference in IGFBP-3,
could be due to changes in levels of other IGFBPs.

Metformin therapy had no significant impact on IGF-1 or IGFBP-3 levels in TIDM
patients. However, although the levels were unchanged, it does not indicate the lack of
metformin’s effect on the bioactivity of IGF-1 and IGFBP-3. A placebo-controlled study
found that a reduction in IGF-1 bioavailability did not affect total IGF-1 and IGFBP-3
levels [58]. A systemic analysis and meta-analysis of randomized controlled trials showed
that the effect of metformin on serum IGF-1 levels is discordant depending on the age of
individuals, dose-response, and duration of treatment [27].

4.2. Associations between IGF-1 and Inflammatory and Vascular Health Markers

IGF-1 was significantly negatively correlated with inflammatory markers TNF-«,
CRP, and IL-10 and with HbAlc. It was also positively correlated with vascular health
marker CD34+ /100 lymphocytes. As IGF-1 was shown to be lower in T1DM, this is in
accordance with previous publications showing high TNF-«, CRP, and IL-10 and low
CD34+ in T1IDM [8-10].

4.3. Upregulation of miR-106b-3p Expression in TIDM

Expression of miR-106b-3p in CFU-Hill colonies was significantly upregulated in
T1DM compared to HCs. There is not currently unanimous agreement on the role of
miR-106b-3p in cardiovascular pathology, but various studies show its involvement in
mechanisms related to CVD. Studies have also associated its precursor miR-106b with
suppression of cell proliferation [59] and angiogenesis [36].

WNT/f catenin signaling has been shown to be influenced by miR-106b-3p [60],
with multiple studies linking cardiovascular pathology with dysregulation of WNT sig-
naling [61]. Upregulated miR-106b-3p was also shown to downregulate deleted in liver
cancer 1 (DLC1) expression [62]. DLC1 is highly expressed in the heart, influences cardio-
vascular development in zebrafish [63], and may be associated with coronary heart disease
(CHD) [64].

Additionally, miR-106b lowers ATP-binding cassette transporter A1 (ABCA1) [65].
ABCAL1 is significant in CVD prevention [66], as it is an important mediator in cholesterol
homeostasis and has antiatherogenic effects associated with its upregulation [67].

In ECs, miR-106b was shown to have anti-angiogenic effects through inhibiting
STAT3 [68]. VEGFA expression is likewise affected by miR-106b [69], with upregula-
tion of VEGFA in choroid specimens being stimulated by reduced miR-106b [36]. IPA
predictions support these findings by demonstrating that upregulated miR-106b-3p leads to
the predicted indirect inhibition of STAT3 and VEGFA leads to indirect activation of CVD.

4.4. Associations between miR-106b-3p and Vascular Health Markers

Expression levels of miR-106b-3p were significantly negatively correlated with IGF-1
and vascular health marker CD34+/100 lymphocytes. Low levels of IGF-1 have been
shown to have cardio-adverse associations, such as inflammation, as discussed above.
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These findings are supported by IPA predictions of upregulated miR-106b-3p leading to
indirect inhibition of IGF-1 and activation of CVD.

In this study, miR-106b-3p was negatively correlated with CD34+/100 lymphocytes.
As miR-106b-3p was shown to be significantly upregulated in T1DM, this is congruent
with studies showing that diabetes is related to reduced levels and performance of CD34+
cells [70,71]. IPA predictions support these findings with upregulated miR-106b-3p being
predicted to lead to indirect inhibition of CD34. The negative correlation between miR-
106b-3p and CD34 may indicate the anti-angiogenic role of miR-106b-3p in TIDM.

4.5. Downregulation of miR-106b-3p Expression Following Metformin Therapy

This study is the first to show that 8-week metformin therapy can significantly down-
regulate miR-106b-3p in well-controlled T1DM patients to a level comparable to HCs. This
is congruent with studies showing that metformin can affect the expression of different
miRNAs [8].

Inhibition of miR-106b-3p by metformin was predicted by IPA to occur via nuclear re-
ceptor subfamily 0 group B member 2 (NROB2), angiotensinogen (AGT), lethal-7 (let-7), Arg-
onaute 2 (AGO?2), and mir-17 leading to cardioprotective effects. NROB2 is a unique member
of the nuclear receptor superfamily that is crucial in cholesterol metabolism and glucose
and inflammation regulation [72]. Studies have shown the anti-atherosclerotic properties
of NROB2 via modification of cholesterol homeostasis and macrophage metabolism [73,74].
Metformin has previously been shown to induce NROB2 expression [75], which can
work as a mechanism to improve glycaemic control [76], but also to influence miRNA
expression [77].

Predicted metformin-induced indirect activation of NROB2 led to inhibition of AGT.
AGT is a precursor to angiotensin peptides and a component of the renin—angiotensin
system (RAS), which regulates blood pressure and fluid homeostasis [78]. There are many
studies linking RAS to CVD development [79], and it has been demonstrated that the
reduction of AGT can reduce atherosclerosis [80]. Metformin’s indirect inhibition of d-
glucose also led to the inhibition of AGT [81].

Metformin and the inhibition of AGT induced the activation of let-7, a family of
miRNAs, which led to the inhibition of miR-17 and AGO2. The miR-17 precursor family
contains miR-106b [82], thus its reduction would lead to the downregulation of miR-106b-
3p. AGO2 cleavage is required for the production and processing of functional miRNA [83],
and the binding of AGO2 to miRNAs increases their stability and extends their half-life [84].
Thus, the metformin-induced inhibition of AGO2 may have decreased the generation and
stability of miR-106b-3p, resulting in its downregulation.

These findings support previous studies showing the cardioprotective effects of met-
formin via mechanisms independent of glycemic change [40,44,85]. It also identifies key
targets, which lead to the reduction of cardio-adverse miR-106b-3p, which could be utilized
for CVD prevention.

4.6. Contribution and Causation

The potential contribution or causality created from miR-106b-3p target gene binding
sites was distinguished using the correlation analysis from this study (Table S1). Likely
target genes of interest for miR-106b-3p were searched using the TargetScanHuman 8.0 and
Diana-TarBase v8 databases, and IPA was employed to find the aptest canonical pathways
related to the target genes. Four pertinent target genes (ADAMTS13, GDNE, PDGFA, and
PIK3CG) were found to have multiple binding sites with miR-106b-3p. This demonstrates
that miR-106b-3p has a potential causal role in increasing inflammation and reducing EPC
proliferation and angiogenesis leading to CVD development via these target genes.
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4.7. Limitations

The potential limitation of our experimental approach is the difficulty in obtaining
a sufficient quantity of RNA from CFU-Hill colonies for parallel analysis of mRNA and
miRNA in individual subjects. This relatively small sample study requires further validation.

5. Conclusions

This study established that IGF-1 was downregulated in TIDM as a subclinical CVD
model, was negatively correlated with inflammatory markers, and was positively correlated
with vascular health markers. No significant difference in IGFBP-3 between T1DM and HCs
was observed, and metformin did not have a significant impact on IGF-1 or IGFBP-3 levels.
It was detected that miR-106b-3p was significantly upregulated in CFU-Hills in TIDM
and correlated with adverse vascular health markers. IPA also predicted that miR-106b-3p
upregulation would lead to CVD development. Metformin was shown to significantly
downregulate miR-106b-3p, demonstrating its cardioprotective function.

These findings indicate the possible roles of low IGF-1 and upregulated miR-106b-3p
in CVD development. Therefore, they could be used as potential future biomarkers of
CVD development or targets for CVD prevention. The miR-106b-3p target genes PDGFA,
PIK3CG, GDNF, and ADAMTS13 identified could also be potential future targets for
miRNA-based CVD research. Ongoing research is needed to fully understand the roles of
IGF-1, miR-106b-3p, and metformin in CVD risk and to validate the findings of this study.
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