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Editorial on the Research Topic
Progression to Diabetes: Molecular and cellular mechanisms

Diabetes represents a group of heterogeneous metabolic diseases, which share the
appearance of hyperglycemia. The main goal of this Research Topic is to describe different
biological processes and molecular mechanisms regulating pancreatic (3 cell homeostasis with
a special emphasis on:

1. Post-translational modifications of different proteins involved in metabolism.

2. Signaling pathways altered during the progression of the disease (mainly in T1DM,
T2DM, and gestational diabetes or GDM).

3. Cellular mechanisms that could explain the progression of the disease.

4. Metabolic and epigenetic changes occurring during the progression of diabetes
(T1DM, T2DM, and GDM).

This special issue contains nine papers in total: five original research papers presenting
novel data about some of the items previously indicated, three mini-reviews, and one
systematic review.

In the first of the original papers published in this special issue (Szymczak et al.), the
authors report that an enzyme involved in RNA editing, the RNA-specific adenosine
deaminase 1 (ADARI) involved in the transformation of adenine into inosine, plays an
important role, favoring a mispairing of adenosine and avoiding an uncontrolled immune
response after IFN-y stimulation. These findings are uncovered using human B cells and
human islets. Importantly, ADARI1 is proposed as a novel regulator of pancreatic § cell
transcriptome under inflammatory conditions, potentially playing a role in
understanding T1DM.

In the second manuscript (Rodrigues et al.), the authors describe a new method for
generating a hepatocyte-like cell (HLC) from stem cells. This method is based on the
modulation of glucose metabolism and the control of mitochondrial function using insulin,
glucose, and dexamethasone. The authors analyze the effect of different concentrations of
these agents on the improvement of the hepatic phenotype of these cells, which could serve as
a platform for understanding and modeling energy metabolism-related alterations.
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In the third paper (Jo et al.), the authors explore the role of
posttranslational modification (PTM), called O-GlcNacylation, in
different nutrient and stress conditions, in pancreatic B cells. This
PTM is controlled by the action of two opposite groups of enzymes,
O-GIlcNAc transferase (OGT) and O-GlcNAcase (OGA). The
findings of this study suggest that a reduction in the action of OGT
and the hyperactivity of OGA are deleterious for pancreatic {3 cells.

In the fourth manuscript of this Research Topic (Oost et al.), the
authors describe that magnesium ion, which is commonly defective in
T2DM patients, has beneficial effects on adipocytes, increasing the
glucose uptake in response to insulin as well as insulin signaling,
favoring insulin sensitivity. These results point to the important
contribution of this ion in the reduction of insulin resistance in
T2DM patients.

In the last original research manuscript (Li et al.), the authors
report the effect of several variants of the mitochondrial DNA
(mtDNA) associated with diabetes and diabetic kidney disease
(DKD) using next-generation sequencing (NGS) from different
cohorts of patients. The authors demonstrate a connection between
some variants of the mtDNA with either diabetes or DKD, suggesting
potential implications on individual therapy for these patients that
derives from alterations in mtDNA.

In the first mini-review (Garcia-Aguilar et al.), the authors review
the role of polyphenols as a potential treatment for improving
pancreatic B cell homeostasis; restoring important cellular
processes, such as autophagy; and reducing ER stress and
mitochondrial dysfunction, among others. These alterations are
commonly observed during the progression of T2DM, suggesting
that this group of compounds has therapeutic potential for
maintaining healthier pancreatic B cells.

In the second mini-review (Li et al.), the authors review the
involvement of circular RNAs (circRNA for short) in the appearance
of diabetic foot ulcers (DFU). It has been shown that circRNAs are
differentially expressed when diabetic and non-diabetic patients are
compared. Therefore, circRNAs could be a potential diagnostic
marker and a therapeutic target for treating DFU more effectively.

In the last mini-review (Baumel-Alterzon S et al.), the authors
review the role of oxidative stress in the control of one of the master
regulators of pancreatic 3 cell differentiation, Pdx1. It describes the
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importance of nuclear factor erythroid 2-related factor (Nrf2), as a
key molecule involved in the generation of the antioxidant response
and the induction of Pdxl, suggesting that pharmacological
intervention aimed at modulating Nrf2 and the antioxidant
response in pancreatic B cells can lead to the restoration of Pdx1
levels and pancreatic B cell differentiation in diabetes.

In the systematic review by Lewis et al., the authors analyze the
changes in the transcriptome and in the miRNAome that could
potentially participate in the pathogenesis of gestational diabetes
(GDM). This information is valuable for improving the diagnosis,
prevention, and treatment of patients with GDM.
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Magnesium increases insulin-
dependent glucose uptake
In adipocytes

Lynette J. Oost?, Steef Kurstjens™?, Chao Ma™?,
Joost G. J. Hoenderop?, Cees J. Tack*
and Jeroen H. F. de Baaij @™

‘Department of Physiology, Radboud Institute for Molecular Life Sciences, Radboud University
Medical Center, Nijmegen, Netherlands, 2Laboratory of Clinical Chemistry and Hematology, Jeroen
Bosch Hospital, ‘s-Hertogenbosch, Netherlands, *Beijing Tongren Hospital Beijing Institute of
Ophthalmology, Beijing Ophthalmology and Visual Science Key Laboratory, Beijing Tongren Eye
Center, Capital Medical University, Beijing, China, “Department of Internal Medicine, Radboud
Institute for Molecular Life Sciences, Radboud University Medical Center, Nijmegen, Netherlands

Background: Type 2 diabetes (T2D) is characterized by a decreased insulin
sensitivity. Magnesium (Mg®*) deficiency is common in people with T2D.
However, the molecular consequences of low Mg2+ levels on insulin
sensitivity and glucose handling have not been determined in adipocytes.
The aim of this study is to determine the role of Mg2+ in the insulin-
dependent glucose uptake.

Methods: First, the association of low plasma Mg?* with markers of insulin
resistance was assessed in a cohort of 395 people with T2D. Secondly, the
molecular role of Mg®" in insulin-dependent glucose uptake was studied by
incubating 3T3-L1 adipocytes with 0 or 1 mmol/L Mg?* for 24 hours followed
by insulin stimulation. Radioactive-glucose labelling, enzymatic assays,
immunocytochemistry and live microscopy imaging were used to analyze
the insulin receptor phosphoinositide 3-kinases/Akt pathway. Energy
metabolism was assessed by the Seahorse Extracellular Flux Analyzer.

Results: In people with T2D, plasma Mg?" concentration was inversely
associated with markers of insulin resistance; i.e., the lower Mg?*, the more
insulin resistant. In Mg®"-deficient adipocytes, insulin-dependent glucose
uptake was decreased by approximately 50% compared to control
Mg?*condition. Insulin receptor phosphorylation Tyr1150/1151 and PIP3 mass
were not decreased in Mg?*-deficient adipocytes. Live imaging microscopy of
adipocytes transduced with an Akt sensor (FoxO1-Clover) demonstrated that
FoxO1 translocation from the nucleus to the cytosol was reduced, indicting less
Akt activation in Mg®*-deficient adipocytes. Immunocytochemistry using a
Lectin membrane marker and at the membrane located Myc epitope-tagged
glucose transporter 4 (GLUT4) demonstrated that GLUT4 translocation was
diminished in insulin-stimulated Mg®*-deficient adipocytes compared to
control conditions. Energy metabolism in Mg?* deficient adipocytes was
characterized by decreased glycolysis, upon insulin stimulation.
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Conclusions: Mg2+ increases insulin-dependent glucose uptake in adipocytes
and suggests that Mg®" deficiency may contribute to insulin resistance in

people with T2D.

KEYWORDS

Magnesium, type 2 diabetes, insulin resistance, glycemic control, glucose

transporter 4

Introduction

T2D is a chronic condition that is characterized by insulin
resistance and relative insulin deficiency (1), leading to
microvascular and macrovascular complications (2-4). Insulin
resistance enhances the hepatic glucose production and
diminishes glucose uptake in insulin-sensitive cells, including
adipose tissue, skeletal muscle and liver tissue (5). Reduced
insulin action can be compensated by increased insulin
secretion, but when insulin production capacity is jeopardized,
chronic hyperglycemia will develop (6).

In healthy people, high glucose levels induce the secretion of
insulin. Upon insulin binding autophosphorylation of the
insulin receptor (IR) occurs and the phosphoinositide 3-
kinases/Akt (PI3K/Akt) pathway is activated resulting in
GLUT4-mediated glucose uptake in adipocytes and skeletal
muscle cells (7-9). The insulin receptor substrates (IRS) active
the PI3K enzyme, which converts phosphatidylinositol-2,4,5-
triphosphate (PIP2) to phosphatidylinositol-3,4,5-triphosphate
(PIP3) (10). Subsequently, PIP3 interacts with Akt to
phosphorylate Akt substrate of 160 kDa (AS160) resulting in
translocation of GLUT4 to the cell membrane (11). Insulin
resistance decreases glucose uptake that may be attributed, at
least partially, to defects in PI3K/Akt signaling and GLUT4
translocation (9, 12, 13).

The prevalence of hypomagnesemia (plasma/serum Mg>*< 0.7
mmol/L) in T2D is between 9.1-47.7%, which is tenfold higher
compared to the healthy population (14-21). Hypomagnesemia
may contribute to insulin resistance, as Mg>" supplementation
enhances insulin sensitivity and glucose profiles both in people
with and without diabetes (22-25). Supplementation of Mg>*
increases IR and GLUT4 levels in rat skeletal muscle (26, 27).
However, the mechanism of Mg>* in the insulin-dependent glucose
uptake has not been studied in adipocytes.

In this study we aimed to unravel the role of Mg** deficiency
in insulin-dependent glucose uptake. We first studied the
association of plasma Mg>" with insulin resistance markers in
people with T2D. Next, we assessed the molecular mechanism of
Mg*" on IR phosphorylation, PIP3 mass generation, Akt

Frontiers in Endocrinology

activation, GLUT4 translocation and energy homeostasis in
mature 3T3-L1 adipocytes.

Materials and methods
Type 2 diabetes cohort statistics

Details about the Diabetes Pearl Cohort have previously
been reported (18). In short, 395 people with T2D were included
and plasma samples were taken after an overnight fasting period
and immediately analyzed for laboratory parameters (glycated
hemoglobin (HbA,;.), plasma glucose, creatinine, total
cholesterol, triglycerides (Ty), high-density lipoprotein (HDL),
low-density lipoprotein (LDL) and magnesium. Body mass
index (BMI) was calculated as kilograms per body mass. Waist
circumference was measured after normal exhalation in
duplicate and repeated if the difference was >1.0 cm. For this
study we used the Triglyceride Glucose-Body Mass Index (TyG-
BMI), Triglyceride Glucose-Waist Circumference (TyG-WC)
and Triglyceride HDL (Ty/HDL) ratio as surrogate markers
for insulin resistance by using the following calculations: TyG-
BMI=Ln [Ty (mg/dL) * plasma glucose (mg/dL)/2] * BMI, TyG-
WC=Ln [Ty (mg/dL) * plasma glucose (mg/dL)/2] x WC (cm)
and Ty/HDL ratio= Ty (mg/dL)/HDL (mg/dL) (28).

Cell culture

The 3T3-L1 fibroblasts (ATCC, CL-173) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Lonza Westburg,
Leusden, the Netherlands) supplemented with 4 mmol/L L-
glutamine (GE healthcare Life Sciences, Logan, UT, USA), MEM
Non-Essential Amino Acids (Lonza Westburg) and 10% (v/v) fetal
bovine serum (FBS) (Greiner Bio One, Alphen aan den Rijn, the
Netherlands), at 37°C in a humidified atmosphere of 5% (v/v) CO,
in air. Cells were induced two days post-confluence by adding 1 pg/
ml bovine insulin (Sigma-Aldrich, St. Louis, MO, USA), 0.5 mmol/
L 3-isobutyl-1-methylxanthine (IBMX) (Sigma-Aldrich), and 1 uM
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dexamethasone (Sigma-Aldrich) for 3 days. Cells were incubated
for 4 days with cultured medium supplemented with 1 pg/ml
bovine insulin only (refreshed after 2 days) to obtain fully
differentiated adipocytes. Adipocytes were maintained another 48
hours in culture medium followed by a 24 hour incubation with
either 1 or 0 mmol/L. Mg** (Sigma-Aldrich) DMEM medium
(containing 25 mmol/L D-glucose, 0.04 mmol/L Phenol Red,
1 mmol/L sodium pyruvate, 1.8 mmol/L CaCl2, 0.00025 mmol/L
Fe(NO3)3, 17.9 mmol/L NaHCO3, 5.3 mmol/L KCl, 110.3 mmol/L
NaCl, 0.9 mmol/L NaH2PO4, 0.4 mmol/L glycine, 0.4 mmol/L L-
Arginine hydrochloride, 0.2 mmol/L L-Cystine 2HCI, 4 mmol/L
L-Glutamine, 0.2 mmol/L L-Histidine hydrochloride, 0.8 mmol/L
L-Isoleucine, 0.8 mmol/L L-Leucine, 0.8 mmol/L L-Lysine
hydrochloride, 0.2 mmol/L L-Methionine, 0.4 mmol/L L-
Phenylalanine, 0.4 mmol/L L-Serine, 0.8 mmol/L L-Threonine,
0.08 mmol/L L-Tryptophan, 0.4 mmol/L L-Tyrosine disodium
salt dihydrate, 0.8 mmol/L L-Valine, MEM Vitamin Solution
(Thermo Fisher Scientific, Waltham, MA USA) and 10% (v/v)
FBS). Cells were cultured without FBS after 18 hours of incubation,
6 hours prior to the experiment.

To transduce 3T3-L1 adipocytes with FoxOI-Clover and
Myc-GLUT4-mCherry DNA, lentiviruses were generated using
HEK293-FT cells. HEK293-FT cells (kind gift from
Translational Metabolic Laboratory, Radboud University
Medical Center, bought at Thermo Fisher Scientific, R70007)
were grown in DMEM (Lonza Westburg) supplemented with 6
mmol/L L-glutamine (GE healthcare Life Sciences), MEM
Amino Acids (Lonza Westburg), 10% (v/v) FBS (Greiner Bio
One), 1 mmol/L sodium pyruvate and 1% (v/v) penicillin/
streptomycin (10,000 units/10 mg). Cells were maintained at
37°C in a humidified atmosphere of 5% (v/v) CO, in air.

Radioactive sH-2-deoxyglucose uptake

The 3T3-L1 fibroblasts were seeded on coated Poly-L-lysine
(PLL) (Sigma-Aldrich) dishes and differentiated. Mature 3T3-L1
adipocytes were washed twice with warm Krebs-Ringer-
phosphate-HEPES (KRPH) buffer (20 mmol/L HEPES, 5
mmol/L. KH,PO,4, 1 mmol/L CaCl,, 136 mmol/L NaCl, and
4.7 mmol/L KCl set at pH 7.4 with NaOH) containing either 1 or
0 mmol/L Mg**. Cells were incubated without or with 10 nmol/L
human insulin (Sigma-Aldrich) and 0 or 1 mmol/L MgZJr for 0,
10, 20 or 30 minutes at 37°C in radioactive buffer containing 5
mmol/L 2-deoxyglucose (2DG) (Sigma-Aldrich) and 1 uCi *H-
2DG (PerkinElmer, Hoogvliet Rotterdam, the Netherlands). The
incubation was stopped by washing with cold KRPH buffer and
cells were lysed with 0.05% (w/v) SDS (MP Biomedicals) in
dH,O. Cell lysates were added to Opti-Fluor O scintillation
liquid (PerkinElmer) and counted using the Hidex 600 SL.
Radioactive counts were corrected for the background count in
each of the incubation buffers. The assay was repeated without
the addition of *H-2DG to correct for protein concentrations
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using the bicinchoninic acid (BCA) assay (Thermo Fisher
Scientific) according to the manufacturer’s protocol.

ELISA assays

3T3-L1 fibroblasts were seeded and differentiated in PLL
coated 10 cm dishes or T-175 flasks. Mature adipocytes were
stimulated with or without 10 nmol/L human insulin (Sigma-
Aldrich) 30 minutes at 37°C. One confluent 10 cm dish per
experimental condition was used for the Phospho-Insulin
Receptor b (Tyr1150/1151) Sandwich ELISA (Cell Signaling
Technology, Leiden, the Netherlands) and one confluent T-
175 flask per experimental condition was used for the PIP3
Mass Elisa (Echelon Biosciences, Salt Lake City, UT, USA) were
used according to the manufacturer’s protocol.

Production of recombinant lentivirus

The pLenti-FoxO1-Clover (Addgene, Cambridge, MA, USA)
and pLenti-Myc-GLUT4-mCherry (Addgene, Cambridge, MA,
USA) plasmids were used as template. The packaging plasmids
pLP1, pLP2 and pLP/VSVG were a kind gift from the Translational
Metabolic Laboratory, Radboud University Medical Center.
HEK293-FT cells were seeded at 70% confluence in Petri dishes
coated with 20 ug/ml collagen (Thermo Fisher Scientific) per cm?.
After cell attachment medium was switched to advanced DMEM
(Thermo Fisher Scientific) supplemented with 6 mmol/L L-
glutamine (GE healthcare Life Sciences), 2% (v/v) FBS (Greiner
Bio One) and 10 pmol/L water-soluble cholesterol (Sigma-Aldrich).
After 24 hours of incubation with cholesterol containing medium,
HEK293-FT cells were transduced by incubating overnight in Opti-
MEM I (Thermo Fisher Scientific) containing 3 ug lentiviral vector
and packaging plasmids combined with a 1:3 DNA-reagent ratio
Lipofectamine 2000 (Thermo Fisher Scientific) per 100 mm plate.
The following morning medium was switched to cholesterol
containing medium and incubated 48 hours at 37°C in a
humidified atmosphere of 5% (v/v) CO, in air. Lentivirus was
harvested by collecting the medium supernatant, followed by
centrifugation 5 minutes, 2000 xg at 4°C. The supernatant was
filtered using sterile low protein binding 0.45 um filters (Sigma-
Aldrich) and concentrated using Lenti-X Concentrator (Takara Bio,
Saint-Germain-en-Laye, France), according to the manufacturer’s
protocol. Viral titer was determined using Lenti-X GoStix Plus
(Takara Bio), according to the manufacturer’s protocol.

Lentivirus transduction
Viral supernatants containing FoxO1-Clover or Myc-

GLUT4-mCherry were added to fresh medium supplemented
with 8 pg/ml Polybrene (Sigma-Aldrich). Mature 3T3-L1
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adipocytes were incubated with approximately 40 ng p24
particles per 96 well or 120 ng p24 particles per 24 well and
incubated overnight. The next day, the medium was replaced
with fresh medium. Microscopy experiments were performed 4
to 6 days post transduction.

Akt sensor

3T3-L1 fibroblasts were differentiated on fibronectin (Roche
Applied Science, Almere, the Netherlands) coated 96 well plates
and differentiated. Mature adipocytes were transduced with
Lentivirus particles containing FoxO1l-Clover. FoxOl is a
direct and specific target of Akt; FoxOl rapidly translocate
from the nucleus to the cytoplasm in response to Akt
activation (29). The transduction was followed by a 24 hour
incubation with 0 or 1 mmol/L Mg®" of which the last 6 hours
adipocytes where incubated without FBS. Medium was replaced
30 minutes prior to starting live imaging; containing 0 or 1
mmol/L Mg>*, FBS free, phenol-free, supplemented with 1 g/
ml Hoechst 33342 (Sigma-Aldrich). Live imaging was performed
using a ZEISS Axio Observer light microscope. Adipocytes were
imaged for 30 minutes with a photo interval per 30 seconds. The
cells were stimulated using a final concentration of 10 nM
human insulin (Sigma-Aldrich) which was added between 30-
60 seconds after the start of visualization. The relative intensity
of fluorescent units in the cytosol/nucleus was analyzed by the
following formula:

((cytosol flourescence — background flourescence )*area cyTosol)

— ((nuclues flourescence — background flourescence )*area nucleus)

((nucleus flourescence — background flourescence)*area nucleus)

All values are normalized by dividing by the first
measurement (t=0). Data was fitted using the four-parameter
sigmoid dose-response curve. The maximum top value of this
function was used as the fluorescent unit’s cytosol/nucleus ratio.

Immunocytochemistry of endogenously
expressed GLUT4

3T3-L1 fibroblasts were seeded on fibronectin (Sigma-
Aldrich) coated glass coverslips in 6 well plates. After 24 hours
of 0 or 1 mmol/L Mg>* incubation, adipocytes were stimulated
with or without 10 nM human insulin (Sigma-Aldrich) 30
minutes at 37°C and subsequently cooled on ice. Subsequently,
adipocytes were rinsed in PBS and incubated 10 minutes with 5
ug/ml Lectin Alexa 680 (Thermo Fisher Scientific) in DMEM
supplemented with 30 mmol/L HEPES (Sigma-Aldrich), rinsed
with PBS and fixated with 4% (w/v) PFA methanol-free
formaldehyde solution (Thermo Fisher Scientific). The fixation
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solution was removed by rinsing with PBS. Adipocytes were
permeabilized in 0.3% (v/v) Triton X-100 (Sigma-Aldrich) with
0.1% (w/v) BSA (Sigma-Aldrich) in PBS for 10 minutes.
Quenching was done by 50 mmol/L NH,CI in PBS for 10
minutes and followed by washing with PBS. Adipocytes were
incubated in 16% (v/v) goat serum (Vector Laboratories,
Amsterdam, the Netherlands) with 0.3% (v/v) Triton X-100
(Sigma-Aldrich) for 30 minutes and, subsequently, incubated
with primary 1:200 GLUT4 (Santa Cruz Biotechnology,
Heidelberg Germany) overnight at 4°C. The following day, cells
were rinsed with PBS and incubated with 1:300 secondary Goat
anti-Mouse IgG Alexa 488 (Thermo Fisher Scientific) in 16% (v/v)
goat serum with 0.3% (v/v) Triton X-100 for 1 hour at room
temperature, followed by PBS washing. Nuclei were stained using
0.1 ug/ml DAPI (Thermo Fisher Scientific) for 10 minutes at
room temperature, followed by PBS washing and mounting using
Fluoromount-G (SouthernBiotech, Birmingham, AL, USA).
Fluorescence confocal microscopy was performed with a Zeiss
LSM880 and images were taken with the Zeiss Zen software. Co-
localization of GLUT4 and Lectin was quantified using Image]
(JACop) software with the Mander's coefficient.

Immunocytochemistry of overexpressed
GLUT4

Differentiated 3T3-L1 were seeded on fibronectin (Roche
Applied Science) coated glass coverslips in 24 well plates.
Adipocytes were transduced with Lentivirus particles
containing Myc-GLUT4-mCherry. After 24 hours of 0 or 1
mmol/L Mg”" incubation, adipocytes were stimulated with or
without 10 nmol/L human insulin (Sigma-Aldrich) 30 minutes
at 37°C and subsequently cooled on ice. The adipocytes were
fixated with 4% (w/v) PFA methanol-free formaldehyde solution
(Thermo Fisher Scientific). Quenching was done by 50 mmol/L
NH,CI in PBS for 10 minutes, followed by washing with PBS.
Adipocytes were incubated in 16% (v/v) goat serum (Vector
Laboratories) with 0.3% (v/v) Triton X-100 (Sigma-Aldrich) for
30 minutes and, subsequently incubated with 1:200 c-Myc
Antibody (Santa Cruz Biotechnology). The following day
adipocytes were incubated with 1:500 secondary antibody Goat
anti-Mouse IgG Alexa 488 (Thermo Fisher Scientific) in 16%
(v/v) goat serum with 0.3% (v/v) Triton X-100 for 1 hour at
room temperature. Nuclei were stained using 0.1 ug/ml DAPI
(Thermo Fisher Scientific) for 10 minutes at room temperature,
followed by PBS washing and mounting using Flouromount-G
(SouthernBiotech). Fluorescence confocal microscopy was
performed with a Zeiss LSM880 and images were taken with
the Zeiss Zen software. Co-localization of Myc and GLUT4-
mCherry was quantified using Image] (JACop) software with the
Mander's coefficient.
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Seahorse XF Glycolytic Stress Test

3T3-L1 fibroblasts were differentiated in fibronectin coated
XF96 Cell Culture Seahorse plates (Agilent Technologies,
Amstelveen, the Netherlands). The sensor cartridge was hydrated
24 hours in XF Calibrant at 37°C in a non-CO, incubator overnight.
The culture medium was replaced 1 hour before the Seahorse run
with 0 or 1 mmol/L, Mg”* DMEM (recipe described in section Cell
Culture), containing no glucose or pyruvate sources and 5 mmol/L
HEPES. The XF96 cell plate was incubated at 37°C in a non-CO,
environment for 1 hour before starting the glycolytic stress test.
During the run, cells were sequentially treated with or without 10
nmol/L human insulin (Sigma-Aldrich), 10 mmol/L D-glucose, 1
UM oligomycin (Sigma-Aldrich) and 50 mmol/L 2DG (Sigma-
Aldrich). Protein concentration was measured using the U/CSF
protein kit (Thermo Fischer Scientific). Adhered cells were stored at
-80°C until measurement in 0.33% (v/v) Triton X-100 dissolved in
10 mmol/L Tris-HCI (pH 7.6). On the day of measurement, U/CSF
protein quantification solution was added to the well. After 10
minutes of incubation at 37°C, absorbance was measured at 600
nm. Protein concentrations in wells containing samples were
obtained using the concentration calculated from the sCal
(Thermo Fischer Scientific) calibration curve included in each
plate. All data was normalized for the amount of protein in each
well. The non-glycolytic acidification rate was calculated by: the
average of the last rate measurement prior to insulin injection.
Glycolysis was calculated by: (maximum rate measurement before
oligomycin injection) — (last rate measurement before glucose
injection). The glycolytic capacity was calculated by: (maximum
rate measurement after oligomycin injection) - (last rate

measurement before glucose injection).

Statistical analyses

All in vitro data are presented as mean + SEM. Statistical
significance was evaluated using Two-Way Analysis of Variance
(ANOVA) or by a Student’s T-Test when comparing only two
groups. Pearson correlations were performed using SPSS for
Windows (V25.0.0.1 IBM) to determine the association between
plasma Mg>" concentration and fasting glucose and the insulin
resistance markers: TyG-BMI, TyG-WC and Ty/HDL. Normal
distribution of data was verified by calculating the quotient of
the skewness divided by its standard error. Variables that were
not normally distributed were log transformed. Statistical
significance set at *P<0.05; **P<0.01; and ***P<0.001.

Results

The plasma magnesium concentration
is inversely associated with insulin
resistance

Previously, we demonstrated that plasma triglycerides and
fasting glucose levels are major determinants of the plasma Mg>"

Frontiers in Endocrinology

10.3389/fendo.2022.986616

concentration (18). The negative association of plasma Mg**
concentration with fasting glucose levels is visualized in
Figure 1A. Figures 1B-D shows the negative association of
plasma Mg”" and markers of insulin resistance, confirming the
association between low Mg>" levels and insulin resistance in
people with T2D.

Magnesium increases insulin-dependent
glucose uptake

To determine the potential causative relationship between
Mg** and insulin resistance, the effects of Mg** on insulin
sensitivity and glucose handling were further examined in
vitro. Radioactive *H-2DG uptake was measured in mature
3T3-L1 adipocytes that were Mg**-deficient (0 mmol/L Mg>")
or incubated with its physiological concentration (1 mmol/L
Mg*"). In Mg**-deficient adipocytes, insulin-stimulated glucose
uptake was decreased by 50% at 20 and 30 minutes compared
to adipocytes with a physiological Mg*" concentration
(P< 0.001) (Figure 2).

Magnesium increases translocation of
endogenous and overexpressed GLUT4
upon insulin-stimulation

Insulin-dependent glucose uptake is mainly mediated by
GLUT4 in adipocytes (9, 30). GLUT4 expression at the plasma
membrane was increased in insulin-stimulated adipocytes with
physiological Mg*" compared to insulin-stimulated Mg**-
deficient adipocytes (Figures 3A, B). The GLUT4 co-
localization with membrane marker Lectin was increased
twofold in insulin-stimulated adipocytes incubated with
physiological Mg®* compared to Mg**-deficient adipocytes
(P< 0.05). The effect of insulin on the translocation of
endogenous GLUT4 was almost completely abolished in
Mg*"-deficient adipocytes (Figure 3C). In adipocytes that
overexpressed Myc-GLUT4-mCherry and were stimulated
with insulin, there was less GLUT4 translocation to the plasma
membrane in Mg”*-deficient adipocytes compared to controls
(P< 0.001), but was not completely abolished (Figure 3D). The
GLUT4 translocation to the plasma membrane was increased by
threefold in insulin-stimulated Mg**-deficient adipocytes and
increased by fourfold in insulin-stimulated controls, compared
to non-insulin stimulated adipocytes (Figure 3D).

Magnesium is not involved in the
autophosphorylation of the insulin
receptor

Phosphorylation of IR tyrosine residues is the first essential
requirement for insulin signaling, with phosphorylation of
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FIGURE 1

Mg®* is negatively correlated with fasting glucose levels and insulin resistance markers TyG-WC, TyG-BMI and Ty/HDL ratio in people with T2D.
Plasma Mg®* concentration scatter plotted versus (A) Log fasting glucose (n=382); (B) TyG-BMI (n=379); (C) TyG-WC (n=376); and (D) Log Ty/
HDL ratio (n=384) in people with T2D. Statistically analyzed using Pearson correlation. Mg®*, magnesium; T2D, type 2 diabetes; TyG-BMI,
Triglyceride Glucose-Body Mass Index; TyG-WC, Triglyceride Glucose-Waist Circumference; Ty/HDL, Triglyceride High Density Lipoprotein.
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FIGURE 2

Effect of Mg?* on insulin-dependent glucose uptake in 3T3-L1 adipocytes. *H-2DG uptake for 10, 20 or 30 minutes in 3T3-L1 adipocytes that were
incubated with 0 or 1 mmol/L Mgz+ for 24 hours (n=4). Legend: circle is without insulin, square is with insulin, grey color is 0 mmol/L Mgz+ and white
color is 1 mmol/L Mg?*. Data are shown as mean + S.E.M. Statistically analyzed with Two-Way ANOVA. Significance **p<0.01; ***p< 0.001. 2DG = 2-
deoxyglucose, Mg®*, magnesium; min, minutes.
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Effect of Mg®* on insulin-dependent localization of the GLUT4 transporter to the cell membrane in 3T3-L1 adipocytes. (A)
Immunocytochemistry staining of DAPI, GLUT4 and the cell membrane marker Lectin in insulin-stimulated 3T3-L1 adipocytes that are incubated
with 0 or 1 mmol/L Mg®* (n=4). GLUT4 signal was assessed at the plasma membrane, since GLUT4 antibody did result in non-specific nuclear
staining. (B) Immunocytochemistry staining of DAPI, anti-myc and GLUT4-mCherry in insulin-stimulated 3T3-L1 adipocytes that were
transduced with pLenti-Myc-GLUT4-mCherry, incubated 0 or 1 mmol/L Mg?* (n=3). (C) Quantification of the immunocytochemistry staining by
co-localization GLUT4 and Lectin at the plasma membrane compared to total cytosol expression (n=4). (D) Quantification of the ratio of cell
surface Myc signal to total mCherry signal in 3T3-L1 adipocytes transduced with pLenti-myc-GLUT4-mCherry (n=3). Legend: circle is without
insulin, square is with insulin, grey color is 0 mmol/L ng and white color is 1 mmol/L Mg; Data are shown as mean + S.E.M. Statistically

analyzed with Two-Way ANOVA. Significance *p<0.05; ***p< 0.001. GLUT4, glucose transporter 4; Mg,

Tyr1150/Tyr1151 predominant for activation in vivo (31, 32).
Insulin increased Tyr1150/1151 autophosphorylation in
adipocytes (P< 0.001), though this increase was similar in
adipocytes with a physiological Mg** concentration compared
to Mg”*-deficient adipocytes (Figure 4A). Mg** per se had no
effect on Tyr1150/1151 autophosphorylation, with and without
insulin stimulation. The positive control, DMAQ-BI, a selective
stimulator of IR tyrosine kinase phosphorylation, resulted in
specific response by increasing Tyr1150/1151 phosphorylation
almost threefold compared to the physiological condition
(1 mmol/L MgZJr without insulin stimulation) (P< 0.01) (33).

PIP3 generation is not increased by
magnesium

Cell lipid extractions for enzymatic assays were

performed to measure PIP3 mass of 3T3-L1 adipocytes
incubated with a physiological Mg*" concentration versus

Frontiers in Endocrinology

magnesium.

Mg**-deficient. Mg>" did not increase PIP3 mass generation.
PIP3 mass was not increased in insulin-stimulated adipocyte
conditions, with and without Mg“. The positive control, the
PI3K enzyme inhibitor wortmannin, decreased PIP3 mass by
approximately 80% compared to the physiological condition
(1 mmol/L Mg>" without insulin stimulation) (P<
0.05) (Figure 4B).

Magnesium is essential for insulin-
stimulated Akt activation

Adipocytes were overexpressed with the Akt sensor
(FoxO1-Clover) and stimulated with insulin. The
translocation of FoxO1 from the nucleus to the cytosol was
diminished in the Mg**-deficient adipocytes compared to
adipocytes incubated with a physiological Mg*"
concentration (P< 0.01) (Figure 5).

frontiersin.org


https://doi.org/10.3389/fendo.2022.986616
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Oost et al.

0 mM Mg2*

0 mM Mg?* + insulin

1 mM Mg2*

1mM Mg?* +insulin

1 mM Mg2* + DMAQ-B1

> 00 @ o

(relative to 1 mM Mg2")

Insulin Physphorylation Tyr1150/Tyr1151 3>

FIGURE 4

10.3389/fendo.2022.986616

0 mM Mg2*
0 mM Mg?* + insulin
1 mM Mg?*

1 mM Mg?* + insulin

> 00 @ o

1 mM Mg?* + wortmannin

PIP3 mass (pmol)

Effect of Mg** on the auto phosphorylation of the IR at residue Tyr1150/1151 and PI3K kinase regulatory subunits that phosphorylate PIP2 to PIP3.
(A) The phosphorylation of Tyr 1150/115 in 3T3-L1 adipocytes incubated with O or 1 mmol/L Mg?*. DMAQ-B1 is used as positive control to mimic
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Student t-test, compared to 1 mmol/L Mg?* condition. **p<0.01; ***p< 0.001. Mg>*, magnesium; PIP3, phosphatidylinositol-3,4,5-trisphosphate;

DMAQ-B1, demethylasterriquinone B1.

Magnesium increases the insulin-
stimulated glycolytic respiration rate

The effect of Mg®" on the intracellular energy metabolism was
assessed using the Seahorse XF Glycolytic Stress Test. The
glycolytic stress test curve demonstrated that the glycolysis is
increased in insulin-stimulated adipocytes with a physiological
level of Mg*" compared to Mg**-deficient adipocytes (Figure 6A).
Oxygen consumption rate (OCR) was measured simultaneously
and Mg2+ nor insulin-stimulation did not alter OCR rate (data not
shown). The basal non-glycolytic acidification was higher in Mg’
*-deficient adipocytes compared to adipocytes incubated with
physiological Mg2+ concentration (P< 0.05) (Figure 6B), which
suggests that increased glycolysis may have compensated for basal
energy homeostasis. The glycolysis was enhanced in insulin-
stimulated adipocytes compared to insulin-stimulated Mg”
"-deficient adipocytes (P< 0.05) (Figure 6C). The glycolytic
capacity (Figure 6D) remained the same in adipocytes incubated
with and without Mg2+, with and without insulin stimulation.

Discussion

The study demonstrated that Mg plays an important role
in insulin-dependent glucose uptake by increasing Akt
activation and GLUT4 translocation to the plasma membrane.
This may provide a mechanism by which a low Mg*" may result
in insulin resistance and explain the inverse association between,
plasma Mg** concentration and insulin resistance in people
with T2D.

Our results demonstrate that Mg*" acts downstream of the
IR and PI3K by activating Akt and/or GLUT4. Previous studies
that investigated the effect of HIVI-protease inhibitors on
insulin resistance are in agreement with our findings and
demonstrated only signaling effects that are downstream of
PI3K, in 3T3-L1 adipocytes and skeletal muscle (34-36). In
non-insulin-stimulated macrophages and osteoblasts,
Mg*" activated Akt for anti-inflammatory properties and
growth signaling (37, 38). All together, these findings suggest
that insulin-dependent glucose uptake can be improved without
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FIGURE 5

Effect of Mg®* on insulin-dependent Akt activation. Live imaging of insulin-stimulated 3T3-L1 adipocytes transduced with pLenti-FoxO1-Clover
and incubated with 0 or 1 mmol/L Mg?*. (A) Live images showing Brightfield, Hoechst 33342 and Clover signal in 3T3T-L1 adipocytes stimulated
with insulin. (B) Quantified maximal mean intensity ratio of the cytosol in 3T3-L1 adipocytes stimulated with insulin (n=5, 3-10 cells analyzed

per biological replicate). Statistically analyzed with Student's T-Test. grey color is 0 mmol/L Mg

magnesium; min, minutes. **p<0.01.
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Effect of Mgz‘ on insulin-stimulated glycolytic respiration rate in 3T3-L1 adipocytes. Glycolytic Stress Test in insulin-stimulated 3T3-L1
adipocytes incubated with 0 or 1 mmol/L Mg?*. (A) Representative raw Glycolytic Stress Test curve in 3T3-L1 adipocytes. Quantification of the
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Statistically analyzed with Two-Way ANOVA. *p<0.05. 2DG, 2-deoxyglucose; ECAR, extracellular acidification rate; Mg®*, magnesium; min,

minutes.

affecting IR phosphorylation but can be driven by Akt activation
and GLUT4 translocation. The functionality of Akt and GLUT4
have shown to be essential for preventing insulin resistance
(39-41).

Animal studies that assessed the role of Mg** on PI3K/Akt
signaling are limited and show inconsistent results. For instance,
rats that are fed with a low Mg®" diet showed diminished IR
phosphorylation in skeletal muscle after only 4 days (42). While
Reis et al. showed no differences on IR phosphorylation in
skeletal muscle after a longer period of 11 weeks (43).
Supplementation of Mg>* in T2D rats did increase IR and
GLUT4 expression levels in skeletal muscle (26, 27). However,
these studies did not examine the intermediate PI3K/Akt signal
transduction thoroughly in the skeletal muscle, thereby failed to
show on which key proteins Mg** exerts in the skeletal muscle.
We suggest that Mg>* has a selective regulation of Akt-
dependent processes that is cell-specific and differ in
adipocytes compared to skeletal muscle (5).

The exact metabolic exertion of Mg*" remains to be
elucidated, but it is suggested that Mg** and ATP act together
in the IR-PI3K-Akt pathway as a kinase substrate (44). Mg-ATP
serves as substrate in the phosphoryl transfer reaction in the
phosphorylation of proteins (45, 46). Additionally, Mg®" may
induce an electrostatic interaction, which enhances the binding
affinity and stability of ATP to protein kinases (47). It has been
established that Rab GTPases also have Mg**-binding motifs
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(48), which may stimulate AS160 phosphorylation and
GLUT4 translation.

The impaired glucose uptake caused by low intracellular Mg*
* affects the metabolism of the adipocyte. It has been well
established that Mg-ATP acts as a co-factor for many key
enzymes involved in glycolysis (49-51). In our study,
glycolysis was decreased in Mg>"-deficient adipocytes
compared to adipocytes incubated with a physiological Mg*"
concentration. In adipocytes, insulin stimulates the insulin-
dependent glucose uptake and hexokinase and 6-
phosphofructokinase activity, which both enhance glycolysis
(52). The enhanced glycolysis could be related to increased
activity of glycolytic enzymes (49), or can be a consequence of
the increased insulin-dependent glucose uptake. We therefore
suggest that the increased glycolysis, which may be a
consequence of insulin-dependent glucose uptake, requires
Mg** as a co-factor.

To date, Mg*" studies have focused primarily on studying the
insulin-dependent glucose uptake in skeletal muscles (26, 27, 42,
43). In contrast, we used mature 3T3-L1 adipocytes. The severity
of insulin resistance in adipose tissue may even proceed skeletal
muscle (53, 54), emphasizing the importance of identifying insulin
sensitive mechanisms in adipose tissue. To our knowledge, there is
one previous study demonstrating that Mg>* deficiency reduced
insulin-dependent glucose metabolism in isolated rat adipocytes,
but this study did not assess the IR-PI3K-Akt pathway (55).
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Our results suggest that Mg”" deficiency in adipocytes
exaggerates insulin resistance in people with T2D. Screening
for hypomagnesemia and providing Mg>" supplementation may
improve insulin sensitivity, which prevents the development of
T2D (23, 56).

A strength of our study is that we examined a large part of
the IR-PI3K-Akt pathway. On the other hand, a limitation of
our approach is that only two concentrations of Mg>" was
used in our study, namely a cell physiological concentration
(1 mmol/L Mg*") and Mg>"-deficient (0 mmol/L Mg>").
Additionally, the intracellular Mg** concentration and
other electrolytes were not measured, limiting conclusions
on the direct metabolic effect of Mg>*. It should be noted that
a short-term (24 hours) incubation with 0 mmol/L Mg2+ was
selected to cause a significant reduction of the intracellular
Mg®" concentration. Experiments in HEK293 cells have
demonstrated that intracellular Mg** levels are generally
decreased within a few hours (57). Furthermore, a
reduction of intracellular Mg>" is observed when incubating
myocytes (58), Madin-Darby Canine Kidney (MDKC) (59),
mouse distal convoluted tubule (60), or breast cancer MDA-
MB-231 cells (57) for 16-24 hours with 0 mmol/L MgZJr (61).
As such, our approach could be representative for the chronic
low cytosolic free intracellular Mg>* levels in people with T2D
and hypomagnesemia.

In summary, Mg®" acts on Akt and GLUT4 to improve
insulin signaling and glucose uptake in adipocytes; thereby
controlling extracellular glucose levels. The increased
availability of glucose is translated into an increased glycolysis
in adipocytes. The defects in Akt and GLUT4 signaling by Mg**
deficiency could be the fundamental reason for the negative
association of hypomagnesemia and insulin resistance in people
with T2D.

Data availability statement
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Regulation of Pdx1 by
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The beta-cell identity gene, pancreatic duodenal homeobox 1 (Pdx1), plays
critical roles in many aspects of the life of beta-cells including differentiation,
maturation, function, survival and proliferation. High levels of reactive oxygen
species (ROS) are extremely toxic to cells and especially to beta-cells due to
their relatively low expression of antioxidant enzymes. One of the major
mechanisms for beta-cell dysfunction in type-2 diabetes results from
oxidative stress-dependent inhibition of PDX1 levels and function. ROS
inhibits Pdx1 by reducing PdxI mRNA and protein levels, inhibiting PDX1
nuclear localization, and suppressing PDX1 coactivator complexes. The
nuclear factor erythroid 2-related factor (Nrf2) antioxidant pathway controls
the redox balance and allows the maintenance of high Pdx1 levels. Therefore,
pharmacological activation of the Nrf2 pathway may alleviate diabetes by
preserving Pdxl levels.
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Introduction

Since its first introduction into the scientific community in 1945, reactive oxygen
species (ROS) have been the focus of numerous studies (1). ROS are defined as oxygen-
derived atoms or molecules that possess one or more unpaired electrons, making them
highly reactive (2). While the cytoplasm, cell membrane, endoplasmic reticulum (ER)
and peroxisome are capable of producing ROS, up to 90% of cellular ROS (composed
mostly of H,0, andO;) are generated in the mitochondria due to incomplete reduction of
oxygen to water in the electron transport chain (ETC) (3). High levels of ROS are
extremely toxic to the cell, leading to DNA breaks, lipid peroxidation, protein
aggregation, protein denaturation and protein fragmentation (4). Therefore, most cells
are equipped with a battery of antioxidant genes that have the power to neutralize this
threat, maintaining a fine equilibrium between ROS production and an antioxidant
defense. In cases where ROS levels exceed the cell’s ability to detoxify it and the
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equilibrium is breached, the cell enters into a pathophysiological
condition called “oxidative stress” (5). Oxidative stress takes part
in the etiology of many diseases, contributing to the initiation
and progression of cancer, vascular-related diseases, respiratory
diseases, neurodegenerative disorders, digestive diseases, kidney
diseases, chronic inflammatory disorders, aging and diabetes (5-
7). Diabetes is linked to various cellular stresses that generate
ROS, such as hyperglycemia, hyperlipidemia, hypoxia,
inflammation, and ER stress (8, 9) (Figure 1). Indeed,
pancreatic islets of type-2 diabetic patients often present
increased levels of oxidative stress markers (such as oxidative
DNA damage marker, 8-hydroxy-2'-deoxyguanosine) and this,
at least in part, is due to the fact that beta-cells express low levels
of several antioxidant genes, making them highly vulnerable to
increased ROS levels (7, 10). In line with that, high ROS levels
reduce functional beta-cell mass by increasing beta-cell
apoptosis, reducing beta-cell proliferation, and damaging beta-
cell function (7). Therefore, and perhaps as a compensatory
mechanism, beta-cells protect themselves against oxidative stress
by activating the nuclear factor erythroid 2-related factor (N7f2)
antioxidant signaling pathway. This activation is performed by
ROS which oxidize critical cysteine in the NRF2 inhibitor,
KEAPI, thus inhibiting NRF2 degradation (7, 11). Remarkably,
apart from providing protection against oxidative stress, NRF2
regulates beta-cell mitochondrial biogenesis and activity, provides
anti-inflammatory effects, promotes beta-cell function and
stimulates beta-cell proliferation (7, 11).

Beta-cells express a unique set of key marker genes that
define their identity and function by contributing to the
expression and secretion of insulin (12). One of these genes is
the duodenal homeobox 1 (PdxI), a protein that plays many
distinct roles in the life of a beta-cell, including involvement in
beta-cell differentiation, beta-cell function, beta-cell survival and
beta-cell proliferation (13-18). To do so, PDX1 controls the
expression of other genes that play important roles in the beta-
cell fate. These genes include insulin (Insl, Ins2), neurogenin 3
(Ngn3), SRY-box transcription factor 9 (Sox9), hepatocyte
nuclear factor 6 and 1b (Hnf6, Hnflb), forkhead box protein
a2 (Foxa2), V-Maf musculoaponeurotic fibrosarcoma oncogene
homolog A (MafA), NK2 homeobox 2 (Nkx2.2), neurogenic
differentiation (NeuroD), solute carrier family 2 member 2
(Glut2, Slc2a2), glucokinase (Gck), islet amyloid polypeptide
(Iapp), NK6 homeobox 1 (Nkx6.1), cyclin D1 (Ccndl), cyclin
D2 (Ccnd2), and the transient receptor potential cation channel
family 3 and 6 (Trpc3,6) (13, 16, 17, 19). In agreement with these
findings, homozygous PdxI knockout (Pdx1”") mice exhibit
pancreatic agenesis while heterozygous PdxI knockout
(Pdx1*") mice present with beta-cell ER stress, beta-cell
apoptosis, impaired insulin secretion, decreased beta-cell
proliferation and reduced beta-cell mass (20-25). Additionally,
tamoxifen-inducible beta-cell specific Pdxl deletion in adult
mice results in hyperglycemia and transdifferentiation of beta-
cells into alpha-like cells (26). In humans, 5% of diagnosed type-
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2 diabetes patients present with genetic defects in PDX1 and
mutations in PDX1I define a subset of maturity-onset diabetes of
the young 4 (MODY 4) (27, 28).

Defective expression of PdxI has been documented in
diabetes and this is attributed to oxidative stress (9, 29-31).
Beta-cell specific deletion of N7f2 in mice under diabetogenic
situation results in increased oxidative stress and reduced Pdx1
expression. Conversely, activation of NRF2 using genetic or
pharmacological approaches increases Pdxl expression (11).
These findings suggest that the NRF2 pathway is essential for
preserving PDX1 levels, thus contributing to the maintenance of
functional beta-cell mass. In this review, we aim to bring
together all the current knowledge about the effect of
physiological changes in redox balance on beta-cell fate via
regulation on PDXI levels.

Regulation of PDX1 levels by
ROS during embryonic
beta-cell development

During embryogenesis, Pdx1 is expressed in two waves. The
first wave begins at early stages of pancreatic development (E8.5
in mouse, gestational week 4 in human), with the appearance of
dorsal and ventral foregut endoderm buds that later transform
into a fully developed pancreas. At that stage, PDXI1 is detected
in the pancreas epithelium (13, 32-34). Mutations and deletions
of Pdx1 during the first wave results in pancreas agenesis in both
mice and humans. Accordingly, Pdx1 deletion does not affect the
development of the endoderm buds. Rather, deletion of PdxI
inhibits the morphogenesis of the buds creating defects in the
development of pancreatic epithelium (13, 20, 35, 36).
Interestingly, the appearance of early premature insulin and
glucagon positive cells in cells that lack PDX1 suggests that
unlike in the second wave of PdxI expression, the first wave of
Pdx1 expression is not involved in the development of endocrine
cells (34, 36).

At the second wave of PdxI expression, which occurs at late
gestation (beginning at E13.5 in mouse, gestational week 12 in
human), PDX1 stimulates the expression of another
developmental factor, Ngn3. NGN3 levels, which significantly
increase in mouse at E13.5 and reach maximal levels at E15.5, are
responsible for the specification of endocrine progenitors into
endocrine cells that will later form the pancreatic islets (13, 37,
38). Inducible Pdx1 deletion at these ages blocks the formation of
acinar cells and islets in mouse embryos (35). Additionally, beta-
cell specific Pdx1 deletion increases glucagon and somatostatin
positive cells at the expense of insulin positive cells resulting in
diabetes (34). Following the second wave of Pdxl expression,
PDX1 levels remain constant towards and during adulthood (in
healthy non-diabetic settings). In adults, PDX1 is restricted to
beta-cells where it works to maintain beta-cell maturity and
function (13, 33).
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Oxidative stress-dependent pathways affect Pdx1 levels during diabetes. Type-2 diabetes is associated with various pathological conditions that
generate ROS, such as hyperglycemia, hyperlipidemia, hypoxia, inflammation, and ER stress. This results in oxidative stress. Oxidative stress
reduces the expression level of PLUTO IncRNA, stimulates JNK-dependent FOXO1 activation, inhibits mTOCR signaling, increases SHP
expression and reduces FAM3A levels, all of which results in decreased PDX1 levels. On the other hand, in order to maintain ROS at appropriate
levels, oxidative stress also serves as a signal for Nrf2 activation by inhibition of Keapl and by activation of the ERK signaling. This results in
increased expression of the Nrf2 target genes, Sod1 and Gpx, which restore PDX1 levels. This figure was generated using BioRender.com.

Some levels of ROS are necessary for normal cellular
function. For example, moderate levels of ROS (up to ~100
nM H,0,) are needed for stem cells to maintain their ability to
go through cell differentiation and to keep their “stemness”. The
underlying mechanism involves the oxidation of tyrosine and
cysteine residues which activates protein kinases, protein
phosphatases, and signaling factors that take part in cell
differentiation (39). This might explain the formation of
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moderated ROS levels (starting at E12.5 and peaking at E15.5)
by NADPH oxidase 4 (Nox4) activity during the development of
embryonic mouse pancreas (40). Nevertheless, accumulation of
higher ROS levels (above ~100 uM H,0,) may lead to cell
senescence or death (39). Furthermore, prompt increase of
oxidative stress may pose a risk on normal pancreatic
development since PDX1 levels are negatively regulated by
ROS (for further details on the mechanisms see Figure 1 and
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Table 1 below) (41-45). This highlights the need to maintain
ROS at appropriate levels to support pancreatic development
and differentiation without damaging the cells. Surprisingly two
NRF2 antioxidant target genes, catalase (Cat) and superoxide
dismutase 1 (Sodl), are upregulated during pancreatic
development (40). This suggests that NRF2 helps maintaining
the required redox balance in the embryonic pancreas, a theory
that has not been tested yet. In support of that, SOD1 stimulates
Pdx1 expression by increasing the expression of Forkhead Box
Protein A2 (Foxa2), one of the main PdxI transcriptional
regulators (46). SOD1 can also support PdxI transcription by
increasing H3 acetylation and H3K4 methylation on the PdxI
promoter, thus providing an open active chromatin (46).
Intriguingly, during pancreatic development, ROS activates the
ERK signaling pathway which can further activate the NRF2
pathway and increase PdxI expression, resulting in
differentiation of endocrine progenitors into beta-cells (47-49).
Overall, these findings suggest that by maintaining normal redox
balance, the NRF2 pathway supports appropriate PDX1 levels
that promote normal pancreatic development.

Regulation of PDX1 levels by ROS
during postnatal ages and adulthood

After birth, both mouse and human neonates exhibit a sharp
burst of beta-cell proliferation. This peak of proliferation, which
is temporary, substantially declines with age (50). Weaning is
believed to be the main trigger for the loss of beta-cell
proliferative capabilities, and it coincides with the gradual
maturation of beta-cells (51, 52). Mechanistically, the
transition from fat-rich maternal milk to carbohydrate-rich
diet inhibits the proliferative factor, mammalian target of
rapamycin complex] (mTORCI) and activates 5’-adenosine
monophosphate-activated protein kinase (AMPK), which
promotes beta-cell maturity. On the other hand, continuous
supplementation of milk-fat rich diet to mice during weaning
into adulthood maintains high mTORCI levels and beta-cell
proliferation (53). Consistent with these findings, beta-cell
specific deletion of mtorcl in mice leads to impaired beta-cell
proliferation, reduced beta-cell survival and decreased beta-cell
mass (54), while activation of mTORCI stimulates mouse beta-
cell proliferation by increasing cyclin D2 expression (55).
Interestingly, branched chain amino acids can activate the
mTORCI-RablA axis to maintain PDX1 protein stability and
increase its nuclear localization (56, 57). Moreover, beta-cell-
specific overexpression of kinase-dead mTOR mutants results in
decreased PdxI mRNA and protein levels (58). These findings
link mTOR-stimulated beta-cell proliferation during postnatal
ages with PDXI activity. Oxidative stress and conditions that
generate ROS such as ER stress and hypoxia, can inhibit mTOR
signaling (59). In postnatal Akita mice, ER stress inhibits
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mTORCI leading to reduced beta-cell proliferation, as well to
decreased PDX1 protein levels and downregulation of PDX1
target genes. However, restoration of mTORCI activity in these
mice did not affect PDX1 protein levels, suggesting that ER stress
affects PDX1 levels by mTORCI1-independent mechanisms (60).
Although the exact mechanism by which mTORCI1 regulates
Pdx1 is unknown, mTORCI can control NRF2 levels by p62-
dependent degradation of its inhibitor, KEAP1 (7, 61),
suggesting that NRF2 might be involved.

PDX1 binding sites are found in several genes that are
associated with cell replication, such as Nasp, Bardl, Mnxl,
and Mcm?7 (17). This suggest that PDX1 on its own can stimulate
beta-cell proliferation. Accordingly, overexpression of Pdx1 in
primary rat islets increases beta-cell proliferation by
upregulation of cyclin DI and D2 expression (16), which are
essential for beta-cell proliferation during postnatal ages (62, 63),
over-nutrition (64, 65), and pregnancy (66). Interestingly,
oxidative stress reduces cyclins DI and D2 expression while
activation of the NRF2 antioxidant pathway increases cyclin D1
(9, 11). On the other hand, mice expressing mutated PDX1
develop diabetes at weaning concomitantly with reduced beta-
cell proliferation and beta-cell area (17). Thus, regulation of
redox-balance is important for PDXI1-stimulated beta-
cell proliferation.

During adulthood, PDX1 switches roles and takes part in
beta-cell identity and maturation. For example, PDX1 controls
insulin gene transcription by forming a transcriptional
activation complex with neuronal differentiation 1 (Neurodl)
and by upregulation of MafA and Ngn3 expression, which are
needed for insulin transcription (13). MAFA can further
enhance glucose-stimulated insulin secretion (GSIS) to
maintain glucose homeostasis (67). PDX1 can also upregulate
the expression of other factors that are necessary for GSIS, such
as Glut2 and glucokinase (28). Indeed, two missense mutations
in the PdxI transactivation domain inhibit GSIS (68). Lastly, as
previously mentioned, PDX1 positively regulates the expression
of various beta-cell identity genes (13, 16, 17, 19). This might
explain why beta-cell specific Pdx1 deletion results in an altered
transcriptional profile that resembles alpha-like cells. This
includes downregulation of Insl and Glut2 genes while
upregulation of Gcg (glucagon) and MafB (26). These findings
suggest that physiological situations that increase oxidative stress
may inhibit PDX1 from maintaining beta-cell identity and
function, and eventually lead to diabetes (as described in part 4).

Regulation of PDX1 levels by ROS in
beta-cells during diabetes

One of the major mechanisms for beta-cell dysfunction in
type-2 diabetes involves the inhibition of PdxI by oxidative
stress (41-44). For example, chronic exposure of syrian hamster
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islet cell line HIT-T15 to high glucose concentrations reduces
Pdx] mRNA and protein levels (44, 69). Additionaly, type-2
diabetic rodent models, such as db/db mice as well as mice and
rats fed on high fat diet (HFD), display reduced Pdx] mRNA
and/or protein expression as well as decreased PDX1 nuclear
localization (53, 70-72). Similarly, beta-cell specific deletion of
Nrf2 in mice fed on HED results in increased oxidative stress,
reduced Pdxl mRNA levels and inhibition of PDXI1
translocation into the nucleus (11). Conversely, treatment of
obese diabetic C57BL/KsJ-db/db mice or Zucker diabetic rats
with antioxidant agents restores PDX1 nuclear localization and
PDX1 transcriptional activity (73, 74). Likewise, overexpression
of glutathione peroxidase 1 (GpxI), a Nrf2 antioxidant target
gene, increases Pdx] mRNA and protein levels in mouse beta-
cells (75).

The mechanisms behind ROS-dependent reduction of PDX1
levels vary (Figure 1 and Table 1). For example, oxidative stress
can lead to activation of forkhead box protein O1 (FOXO1) by c-
Jun N-terminal kinase (JNK) or by acetylation of FOXO1. As a
result, FOXO1 goes through phosphorylation, nuclear
translocation and subsequent activation (76, 88). FOXO1 then
mediates inhibition of FOXA2-transcriptional activation of PdxI

10.3389/fendo.2022.1011187

and inhibits PDX1 nuclear translocation (76, 89-91). Moreover,
islets from mice fed on HFD exhibit nuclear exclusion and
reduced activity of FOXA2 (92) and db/db mouse islets show
reduced levels of family with sequence similarity 3 member A
(FAM3A), a factor that upregulates PDX1 levels via activation of
CaM-FOXA2 pathway (85). Oxidative stress can reduce PDX1
levels by additional mechanisms. For example, during
conditions that generate ROS, such as high glucose
concentrations, ER stress and treatment with streptozotocin
(STZ) (7), orphan nuclear receptor small heterodimer partner
(SHP) downregulates Pdx1 at the mRNA levels (78, 82, 84). In
addition, mutations in KIfI1 transcription factor which are
associated with maturity-onset diabetes of the young 7
(MODY?7), lead to promoter repression of the antioxidant
gene catalase 1 (Catl), and to a reduction in PdxI
transcription in beta-cells (93, 94). Saturated fatty-acids, such
as palmitic-acid, can stimulate the production of H,0, in beta-
cells, leading to beta-cell death (95). Interestingly, recent
findings show that incubation of beta-cells with palmitic acid
leads to sequestration of PDXI into stress-granules. This
sequestration prevents PDX1 from translocating to the nucleus
and transcribing its target genes. Moreover, inhibition of the

TABLE 1 Ros-dependent mechanisms that reduce Pdx1 levels and activity during diabetes.

Diabetic situations Mechanisms Reduced
associated with oxida- Pdx1 RNA
tive stress levels
Hydrogen peroxide (H0,)  « Phosphorylation of PDX1 Serine X

61/66 by GSK3.

« Reduced H3 and H4 histone
acetylation in Pdx] promoter.

« Activation of FOXOL1 inhibits

FOXA2.
Chronic exposure to high « Hypermethylation at CpG sites on X
glucose concentration Pdx1 promoter.

« Phosphorylation of PDX1 Serine

268 by Gsk3.

« Reduced PDX1-P300 interaction.
« Reduced PdxI and p300 expression

by SHP.
Palmitic acid « Sequestration of PDXI1 into stress-
granules in a PI3K/EIF20. dependent
manner.
Streptozotocin (STZ) « Reduced Pdx1 expression by SHP. X
High fat diet (HFD) « Reduced PDX1-CHD4 interaction. X
ER stress « Reduced Pdx1 expression by SHP.
db/db diabetic mice « Phosphorylation of PDX1 Serine X
269 by GSK3.

» Reduced Fam3a expression
inactivates CaM-FOXA2 pathway.

Type 2 diabetic human islets « Hypermethylation at CpG sites on X
PDX1 promoter.
« Reduced PLUTO IncRNA.
« Reduced PDX1-CHD4 interaction.
« Reduced expression of p300.
» Reduced PDX1-SWI/SNF
interaction.
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Reduced Reduced PDX1 Reduced PDX1 Citations

PDX1 nuclear locali-  transcriptional
protein levels zation activity
X X (75-77)
X X (44, 53, 69,
78-80)
X (81)
(82)
X X (70, 71, 83)
X (60, 84)
X X (53,72, 73,
85)
X (79, 80, 83,
86, 87)
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stress-granules formation in HFD fed mice results in increased
PDXI nuclear localization and improved glucose tolerance as
well as GSIS (81).

At the post-transcriptional level, oxidative stress increases
activity of glycogen synthase kinase 3 (GSK3), a known NRF2
inhibitor, which then phosphorylates PDX1 serine 61 and/or serine
66 resulting in PDX1 protein degradation (7, 77). Additionally,
INSle rat beta-cell-like insulinoma cells and human islets
chronically exposed to high glucose display GSK3-mediated
phosphorylation of PDX1 serine 268, resulting in PDXI1
degradation and reduced expression of PDX1 target genes (53).
Oxidative stress also reduces H3 and H4 histone acetylation in the
Pdx1 promoter, leading to transcriptional silencing due to tightly
packed chromatin (75). Islets from type-2 diabetic donors show
higher methylation status at ten CpG sites on the PDX1 promoter.
This is associated with reduced PDX1 mRNA levels. The same
phenomenon is observed in rat insulinoma beta-like cells (INS 832/
13) incubated chronically at high glucose concentrations (19, 79).
Additionally, treatment of human stem cells with the DNA
methylation inhibitor, 5-aza-2'-deoxycytidine, increases PDX1
nuclear levels (19, 96). Human and mouse pancreatic islets
express hundreds of long non-coding RNAs (IncRNAs), some of
which are playing important roles in beta-cell differentiation and
function. One of the most characterized ones is a beta-cell specific
IncRNA called PLUTO, which positively regulates PDXI
transcription. PLUTO, exhibits a marked reduction of expression
in islets from type-2 diabetic donors, positioning it as another
mechanism for reducing PDX1 levels under ROS-associated
pathological conditions (86).

Apart from affecting PDX1 abundance, conditions
associated with increased ROS can affect PDX1 transcriptional
activity by targeting coactivator complexes associated with
PDX1 (97). For example, decreased interaction between PDX1
and the chromodomain helicase DNA-binding 4 (CHD4)
ATPase subunit of the NuRD complex is observed in both
islets of type-2 donors and in mice fed on HFD (83). Similarly,
in human type-2 diabetic beta-cells, there is a significant
reduction in PDXI1 binding to the ATP-dependent SWI/SNF
chromatin remodeling complex, a complex that is needed for
pancreas development and beta-cell identity (87, 98). PDX1 also
interacts with histone acetyltransferases p300 and CBP (p300/
CBP) to stimulate expression of PDXI1 target genes, including
insulin (99). INS-1E cells incubated in high glucose
concentrations and islets from type-2 donors display reduced
levels of p300 due to protein degradation (80), a situation that
may hamper PDXI1 transcriptional activity.

Based on their ability to reduce hyperglycemia and body
weight, the U.S. food and drug administration (FDA)
approved the use of Glucagon-like peptide-1 receptor (GLP-
1R) agonists as a treatment for type-2 patients (100).
Interestingly, treatments of islets from a rat model of
intrauterine growth retardation (IUGR) or from a “catch up
growth” Wistar rat model with the GLP-1R agonists, Exendin 4
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and Liraglutide, increase Pdxl1 transcription by increasing H3
histone acetylation, increasing H3K4me3 levels and by reducing
H3K9me2 levels in Pdxl promoter (101, 102). Additionally,
GLP-1 itself stimulates PDX1 nuclear translocation via cAMP-
dependent PKA pathway and activates NRF2 through the PKA-
dependent ERK activation pathway, suggesting that NRF2 might
be involved in this regulation (7, 103).

Concluding remarks

To conclude, published data indicate that alteration in redox-
balance leads to dysregulated PDX1 levels and activity, which can
resultin diabetes. Expression of several NRF2 target genes, as well as
treatment with CDDO-Me, an NRF2 pharmacological activator,
maintain PDX1 abundance by reducing oxidative stress (11, 40, 75,
104). These findings suggest that activation of the NRF2 pathway
may alleviate diabetes by preserving PDX1 levels. Additional
studies are needed to further explore the role of NRF2 in
maintaining PDX1 levels during embryonic, postnatal and adult
life. Interestingly, CDDO derivatives were also shown to contribute
to the maintenance of functional beta-cell mass by promoting beta-
cell proliferation, reducing beta-cell oxidative damages, increasing
islet cell viability, improving insulin content, stimulating insulin
secretion and reducing secretion of proinflammatory cytokines (7,
11). Furthermore, treatment of db/db and streptozotocin-induced
diabetic mouse models with CDDO derivatives improves diabetes
outcome (105-107) and these compounds have been tested under
several clinical trials to improve chronic kidney disease in diabetic
patients (7).This places NRF2 as a potential therapeutic target for
type-2 diabetes.

Author contributions

SB-A designed content, wrote text, and produced the figure.
DKS reviewed and edited the manuscript. All authors
contributed to the article and approved the submitted version.

Funding

This work was supported by the National Institutes ofHeath/
The National INstitute of Diabetes Digestive and Kidney
Diseases R01DK114338 andR01DK130300 (to DKS) and
K01128387 (to SB-A).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fendo.2022.1011187
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Baumel-Alterzon and Scott

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Alfadda AA, Sallam RM. Reactive oxygen species in health and disease. ]
BioMed Biotechnol (2012) 2012:936486. doi: 10.1155/2012/936486

2. Zhang C, Wang X, Du J, Gu Z, Zhao Y. Reactive oxygen species-regulating
strategies based on nanomaterials for disease treatment. Adv Sci (Weinh) (2021) 8
(3):2002797. doi: 10.1002/advs.202002797

3. Tirichen H, Yaigoub H, Xu W, Wu C, Li R, Li Y. Mitochondrial reactive
oxygen species and their contribution in chronic kidney disease progression
through oxidative stress. Front Physiol (2021) 12:627837. doi: 10.3389/
fphys.2021.627837

4. Len JS, Koh WSD, Tan SX. The roles of reactive oxygen species and
antioxidants in cryopreservation. Biosci Rep (2019) 39(8):BSR20191601.
doi: 10.1042/BSR20191601

5. Pizzino G, Irrera N, Cucinotta M, Pallio G, Mannino F, Arcoraci V, et al.
Oxidative stress: Harms and benefits for human health. Oxid Med Cell Longev
(2017) 2017:8416763. doi: 10.1155/2017/8416763

6. Liu Z, Ren Z, Zhang J, Chuang CC, Kandaswamy E, Zhou T, et al. Role of ros
and nutritional antioxidants in human diseases. Front Physiol (2018) 9:477.
doi: 10.3389/fphys.2018.00477

7. Baumel-Alterzon S, Katz LS, Brill G, Garcia-Ocana A, Scott DK. Nrf2: The
master and captain of beta cell fate. Trends Endocrinol Metab (2020) 32(1):7-19.
doi: 10.1016/j.tem.2020.11.002

8. Galicia-Garcia U, Benito-Vicente A, Jebari S, Larrea-Sebal A, Siddiqi H, Uribe
KB, et al. Pathophysiology of type 2 diabetes mellitus. Int ] Mol Sci (2020) 21
(17):6275. doi: 10.3390/ijms21176275

9. Wang J, Wang H. Oxidative stress in pancreatic beta cell regeneration. Oxid
Med Cell Longev (2017) 2017:1930261. doi: 10.1155/2017/1930261

10. Del Guerra S, Lupi R, Marselli L, Masini M, Bugliani M, Sbrana §, et al.
Functional and molecular defects of pancreatic islets in human type 2 diabetes.
Diabetes (2005) 54(3):727-35. doi: 10.2337/diabetes.54.3.727

11. Baumel-Alterzon S, Katz LS, Brill G, Jean-Pierre C, Li Y, Tse I, et al. Nrf2
regulates beta-cell mass by suppressing beta-cell death and promoting beta-cell
proliferation. Diabetes (2022) 71(5):989-1011. doi: 10.2337/db21-0581

12. Mostafa D, Yanagiya A, Georgiadou E, Wu Y, Stylianides T, Rutter GA, et al.
Loss of beta-cell identity and diabetic phenotype in mice caused by disruption of
Cnot3-dependent mrna deadenylation. Commun Biol (2020) 3(1):476.
doi: 10.1038/s42003-020-01201-y

13. Zhu Y, Liu Q, Zhou Z, lkeda Y. Pdx1, neurogenin-3, and mafa: Critical
transcription regulators for beta cell development and regeneration. Stem Cell Res
Ther (2017) 8(1):240. doi: 10.1186/s13287-017-0694-z

14. Yao X, Li K, Liang C, Zhou Z, Wang ], Wang S, et al. Tectorigenin enhances
Pdx1 expression and protects pancreatic beta-cells by activating erk and reducing
er stress. ] Biol Chem (2020) 295(37):12975-92. doi: 10.1074/jbc. RA120.012849

15. Fujimoto K, Polonsky KS. Pdx1 and other factors that regulate pancreatic
beta-cell survival. Diabetes Obes Metab (2009) 11 Suppl 4:30-7. doi: 10.1111/
j.1463-1326.2009.01121.x

16. Hayes HL, Moss LG, Schisler JC, Haldeman JM, Zhang Z, Rosenberg PB,
et al. Pdx-1 activates islet alpha- and beta-cell proliferation Via a mechanism
regulated by transient receptor potential cation channels 3 and 6 and extracellular
signal-regulated kinases 1 and 2. Mol Cell Biol (2013) 33(20):4017-29. doi: 10.1128/
MCB.00469-13

17. Spaeth JM, Gupte M, Perelis M, Yang YP, Cyphert H, Guo S, et al. Defining a
novel role for the Pdx1 transcription factor in islet beta-cell maturation and
proliferation during weaning. Diabetes (2017) 66(11):2830-9. doi: 10.2337/db16-1516

18. Zhu X, Oguh A, Gingerich MA, Soleimanpour SA, Stoffers DA, Gannon M.
Cell cycle regulation of the Pdx1 transcription factor in developing pancreas and
insulin-producing beta-cells. Diabetes (2021) 70(4):903-16. doi: 10.2337/db20-
0599

19. Liu J, Lang G, Shi J. Epigenetic regulation of pdx-1 in type 2 diabetes
mellitus. Diabetes Metab Syndr Obes (2021) 14:431-42. doi: 10.2147/
DMS0.5291932

Frontiers in Endocrinology

24

10.3389/fendo.2022.1011187

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

20. Vinogradova TV, Sverdlov ED. Pdx1: A unique pancreatic master regulator
constantly changes its functions during embryonic development and progression of
pancreatic cancer. Biochem (Mosc) (2017) 82(8):887-93. doi: 10.1134/
$000629791708003X

21. Sachdeva MM, Claiborn KC, Khoo C, Yang ], Groff DN, Mirmira RG, et al.
Pdx1 (Mody4) regulates pancreatic beta cell susceptibility to er stress. Proc Natl
Acad Sci U.S.A. (2009) 106(45):19090-5. doi: 10.1073/pnas.0904849106

22. Brissova M, Blaha M, Spear C, Nicholson W, Radhika A, Shiota M, et al.
Reduced pdx-1 expression impairs islet response to insulin resistance and worsens
glucose homeostasis. Am ] Physiol Endocrinol Metab (2005) 288(4):E707-14.
doi: 10.1152/ajpendo.00252.2004

23. Brissova M, Shiota M, Nicholson WE, Gannon M, Knobel SM, Piston DW,
et al. Reduction in pancreatic transcription factor pdx-1 impairs glucose-stimulated
insulin secretion. J Biol Chem (2002) 277(13):11225-32. doi: 10.1074/
jbe.M111272200

24. Sun J, Mao L, Yang H, Ren D. Critical role for the Tsc1-Mtorcl pathway in
beta-cell mass in Pdx1-deficient mice. ] Endocrinol (2018) 238(2):151-63.
doi: 10.1530/JOE-18-0015

25. Jara MA, Werneck-De-Castro JP, Lubaczeuski C, Johnson JD, Bernal-
Mizrachi E. Pancreatic and duodenal homeobox-1 (Pdx1) contributes to beta-
cell mass expansion and proliferation induced by Akt/Pkb pathway. Islets (2020) 12
(2):32-40. doi: 10.1080/19382014.2020.1762471

26. Gao T, McKenna B, Li C, Reichert M, Nguyen J, Singh T, et al. Pdx1
maintains beta cell identity and function by repressing an alpha cell program. Cell
Metab (2014) 19(2):259-71. doi: 10.1016/j.cmet.2013.12.002

27. Urakami T. Maturity-onset diabetes of the young (Mody): Current
perspectives on diagnosis and treatment. Diabetes Metab Syndr Obes (2019)
12:1047-56. doi: 10.2147/DMS0.5179793

28. Kushner JA, Ye J, Schubert M, Burks DJ, Dow MA, Flint CL, et al. Pdx1
restores beta cell function in Irs2 knockout mice. J Clin Invest (2002) 109(9):1193—
201. doi: 10.1172/JCI114439

29. Moin ASM, Butler AE. Alterations in beta cell identity in type 1 and type 2
diabetes. Curr Diabetes Rep (2019) 19(9):83. doi: 10.1007/s11892-019-1194-6

30. Robertson RP, Harmon J, Tran PO, Tanaka Y, Takahashi H. Glucose
toxicity in beta-cells: Type 2 diabetes, good radicals gone bad, and the
glutathione connection. Diabetes (2003) 52(3):581-7. doi: 10.2337/
diabetes.52.3.581

31. Guo S, Dai C, Guo M, Taylor B, Harmon JS, Sander M, et al. Inactivation of
specific beta cell transcription factors in type 2 diabetes. J Clin Invest (2013) 123
(8):3305-16. doi: 10.1172/JCI65390

32. Astro V, Adamo A. Epigenetic control of endocrine pancreas differentiation
in vitro: Current knowledge and future perspectives. Front Cell Dev Biol (2018)
6:141. doi: 10.3389/fcell.2018.00141

33. Jorgensen MC, Ahnfelt-Ronne J, Hald J, Madsen OD, Serup P, Hecksher-
Sorensen J. An illustrated review of early pancreas development in the mouse.
Endocr Rev (2007) 28(6):685-705. doi: 10.1210/er.2007-0016

34. Gannon M, Ables ET, Crawford L, Lowe D, Offield MF, Magnuson MA,
et al. Pdx-1 function is specifically required in embryonic beta cells to generate
appropriate numbers of endocrine cell types and maintain glucose homeostasis.
Dev Biol (2008) 314(2):406-17. doi: 10.1016/j.ydbio.2007.10.038

35. Holland AM, Hale MA, Kagami H, Hammer RE, MacDonald R]J.
Experimental control of pancreatic development and maintenance. Proc Natl
Acad Sci U.S.A. (2002) 99(19):12236-41. doi: 10.1073/pnas.192255099

36. Ahlgren U, Jonsson ], Edlund H. The morphogenesis of the pancreatic
mesenchyme is uncoupled from that of the pancreatic epithelium in Ipfl/Pdx1-
deficient mice. Development (1996) 122(5):1409-16. doi: 10.1242/dev.122.5.1409

37. Oliver-Krasinski JM, Kasner MT, Yang ], Crutchlow MF, Rustgi AK,
Kaestner KH, et al. The diabetes gene Pdx1 regulates the transcriptional network
of pancreatic endocrine progenitor cells in mice. J Clin Invest (2009) 119(7):1888—
98. doi: 10.1172/JCI37028

frontiersin.org


https://doi.org/10.1155/2012/936486
https://doi.org/10.1002/advs.202002797
https://doi.org/10.3389/fphys.2021.627837
https://doi.org/10.3389/fphys.2021.627837
https://doi.org/10.1042/BSR20191601
https://doi.org/10.1155/2017/8416763
https://doi.org/10.3389/fphys.2018.00477
https://doi.org/10.1016/j.tem.2020.11.002
https://doi.org/10.3390/ijms21176275
https://doi.org/10.1155/2017/1930261
https://doi.org/10.2337/diabetes.54.3.727
https://doi.org/10.2337/db21-0581
https://doi.org/10.1038/s42003-020-01201-y
https://doi.org/10.1186/s13287-017-0694-z
https://doi.org/10.1074/jbc.RA120.012849
https://doi.org/10.1111/j.1463-1326.2009.01121.x
https://doi.org/10.1111/j.1463-1326.2009.01121.x
https://doi.org/10.1128/MCB.00469-13
https://doi.org/10.1128/MCB.00469-13
https://doi.org/10.2337/db16-1516
https://doi.org/10.2337/db20-0599
https://doi.org/10.2337/db20-0599
https://doi.org/10.2147/DMSO.S291932
https://doi.org/10.2147/DMSO.S291932
https://doi.org/10.1134/S000629791708003X
https://doi.org/10.1134/S000629791708003X
https://doi.org/10.1073/pnas.0904849106
https://doi.org/10.1152/ajpendo.00252.2004
https://doi.org/10.1074/jbc.M111272200
https://doi.org/10.1074/jbc.M111272200
https://doi.org/10.1530/JOE-18-0015
https://doi.org/10.1080/19382014.2020.1762471
https://doi.org/10.1016/j.cmet.2013.12.002
https://doi.org/10.2147/DMSO.S179793
https://doi.org/10.1172/JCI14439
https://doi.org/10.1007/s11892-019-1194-6
https://doi.org/10.2337/diabetes.52.3.581
https://doi.org/10.2337/diabetes.52.3.581
https://doi.org/10.1172/JCI65390
https://doi.org/10.3389/fcell.2018.00141
https://doi.org/10.1210/er.2007-0016
https://doi.org/10.1016/j.ydbio.2007.10.038
https://doi.org/10.1073/pnas.192255099
https://doi.org/10.1242/dev.122.5.1409
https://doi.org/10.1172/JCI37028
https://doi.org/10.3389/fendo.2022.1011187
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Baumel-Alterzon and Scott

38. White P, May CL, Lamounier RN, Brestelli JE, Kaestner KH. Defining
pancreatic endocrine precursors and their descendants. Diabetes (2008) 57(3):654—
68. doi: 10.2337/db07-1362

39. Sies H, Jones DP. Reactive oxygen species (Ros) as pleiotropic physiological
signalling agents. Nat Rev Mol Cell Biol (2020) 21(7):363-83. doi: 10.1038/s41580-
020-0230-3

40. Liang J, Wu SY, Zhang D, Wang L, Leung KK, Leung PS. Nadph oxidase-
dependent reactive oxygen species stimulate beta-cell regeneration through
differentiation of endocrine progenitors in murine pancreas. Antioxid Redox
Signal (2016) 24(8):419-33. doi: 10.1089/ars.2014.6135

41. Yaribeygi H, Sathyapalan T, Atkin SL, Sahebkar A. Molecular mechanisms
linking oxidative stress and diabetes mellitus. Oxid Med Cell Longev (2020)
2020:8609213. doi: 10.1155/2020/8609213

42. Kaneto H, Matsuoka TA. Involvement of oxidative stress in suppression of
insulin biosynthesis under diabetic conditions. Int ] Mol Sci (2012) 13(10):13680—
90. doi: 10.3390/ijms131013680

43. Newsholme P, Keane KN, Carlessi R, Cruzat V. Oxidative stress pathways in
pancreatic beta-cells and insulin-sensitive cells and tissues: Importance to cell
metabolism, function, and dysfunction. Am ] Physiol Cell Physiol (2019) 317(3):
C420-C33. doi: 10.1152/ajpcell.00141.2019

44. Robertson R, Zhou H, Zhang T, Harmon JS. Chronic oxidative stress as a
mechanism for glucose toxicity of the beta cell in type 2 diabetes. Cell Biochem
Biophys (2007) 48(2-3):139-46. doi: 10.1007/s12013-007-0026-5

45. Kawamori D, Kajimoto Y, Kaneto H, Umayahara Y, Fujitani Y, Miyatsuka
T, et al. Oxidative stress induces nucleo-cytoplasmic translocation of pancreatic
transcription factor pdx-1 through activation of c-jun Nh(2)-terminal kinase.
Diabetes (2003) 52(12):2896-904. doi: 10.2337/diabetes.52.12.2896

46. Wang X, Vatamaniuk MZ, Roneker CA, Pepper MP, Hu LG, Simmons RA,
et al. Knockouts of Sod1 and Gpx1 exert different impacts on murine islet function
and pancreatic integrity. Antioxid Redox Signal (2011) 14(3):391-401. doi: 10.1089/
ars.2010.3302

47. Hoarau E, Chandra V, Rustin P, Scharfmann R, Duvillie B. Pro-Oxidant/
Antioxidant balance controls pancreatic beta-cell differentiation through the Erk1/
2 pathway. Cell Death Dis (2014) 5:e1487. doi: 10.1038/cddis.2014.441

48. Liang C, Hao F, Yao X, Qiu Y, Liu L, Wang S, et al. Hypericin maintians
Pdx1 expression Via the erk pathway and protects islet beta-cells against
glucotoxicity and lipotoxicity. Int J Biol Sci (2019) 15(7):1472-87. doi: 10.7150/
ijbs.33817

49. Papaiahgari S, Kleeberger SR, Cho HY, Kalvakolanu DV, Reddy SP. Nadph
oxidase and erk signaling regulates hyperoxia-induced Nrf2-are transcriptional
response in pulmonary epithelial cells. J Biol Chem (2004) 279(40):42302-12.
doi: 10.1074/jbc.M408275200

50. Gregg BE, Moore PC, Demozay D, Hall BA, Li M, Husain A, et al.
Formation of a human beta-cell population within pancreatic islets is set early in
life. J Clin Endocrinol Metab (2012) 97(9):3197-206. doi: 10.1210/jc.2012-1206

51. Jacovetti C, Matkovich SJ, Rodriguez-Trejo A, Guay C, Regazzi R. Postnatal
beta-cell maturation is associated with islet-specific microrna changes induced by
nutrient shifts at weaning. Nat Commun (2015) 6:8084. doi: 10.1038/ncomms9084

52. Jaafar R, Tran S, Shah AN, Sun G, Valdearcos M, Marchetti P, et al. Mtorcl
to ampk switching underlies beta-cell metabolic plasticity during maturation and
diabetes. J Clin Invest (2019) 129(10):4124-37. doi: 10.1172/JCI127021

53. Sacco F, Seelig A, Humphrey SJ, Krahmer N, Volta F, Reggio A, et al.
Phosphoproteomics reveals the Gsk3-Pdx1 axis as a key pathogenic signaling node
in diabetic islets. Cell Metab (2019) 29(6):1422-32.e3. doi: 10.1016/
j.cmet.2019.02.012

54. Blandino-Rosano M, Barbaresso R, Jimenez-Palomares M, Bozadjieva N,
Werneck-de-Castro JP, Hatanaka M, et al. Loss of Mtorcl signalling impairs beta-
cell homeostasis and insulin processing. Nat Commun (2017) 8:16014.
doi: 10.1038/ncomms16014

55. Balcazar N, Sathyamurthy A, Elghazi L, Gould A, Weiss A, Shiojima I, et al.
Mtorcl activation regulates beta-cell mass and proliferation by modulation of
cyclin D2 synthesis and stability. J Biol Chem (2009) 284(12):7832-42.
doi: 10.1074/jbc.M807458200

56. Zhang X, Wang X, Yuan Z, Radford SJ, Liu C, Libutti SK, et al. Amino acids-
Rabla-Mtorcl signaling controls whole-body glucose homeostasis. Cell Rep (2021)
34(11):108830. doi: 10.1016/j.celrep.2021.108830

57. Fan], Yuan Z, Burley SK, Libutti SK, Zheng XFS. Amino acids control blood
glucose levels through mtor signaling. Eur J Cell Biol (2022) 101(3):151240.
doi: 10.1016/j.ejcb.2022.151240

58. Alejandro EU, Bozadjieva N, Blandino-Rosano M, Wasan MA, Elghazi L,
Vadrevu S, et al. Overexpression of kinase-dead mtor impairs glucose homeostasis
by regulating insulin secretion and not beta-cell mass. Diabetes (2017) 66(8):2150—
62. doi: 10.2337/db16-1349

Frontiers in Endocrinology

10.3389/fendo.2022.1011187

59. WangJ, Yang X, Zhang J. Bridges between mitochondrial oxidative stress, er
stress and mtor signaling in pancreatic beta cells. Cell Signal (2016) 28(8):1099-
104. doi: 10.1016/j.cellsig.2016.05.007

60. RiahiY, Israeli T, Yeroslaviz R, Chimenez S, Avrahami D, Stolovich-Rain M,
et al. Inhibition of Mtorcl by er stress impairs neonatal beta-cell expansion and
predisposes to diabetes in the akita mouse. Elife (2018) 7:¢38472. doi: 10.7554/
eLife.38472

61. Kageyama S, Saito T, Obata M, Koide RH, Ichimura Y, Komatsu M.
Negative regulation of the Keapl-Nrf2 pathway by a P62/Sqstml splicing
variant. Mol Cell Biol (2018) 38(7):e00642-17. doi: 10.1128/MCB.00642-17

62. Kushner JA, Ciemerych MA, Sicinska E, Wartschow LM, Teta M, Long SY,
et al. Cyclins D2 and D1 are essential for postnatal pancreatic beta-cell growth. Mol
Cell Biol (2005) 25(9):3752-62. doi: 10.1128/MCB.25.9.3752-3762.2005

63. Tschen SI, Zeng C, Field L, Dhawan S, Bhushan A, Georgia S. Cyclin D2 is
sufficient to drive beta cell self-renewal and regeneration. Cell Cycle (2017) 16
(22):2183-91. doi: 10.1080/15384101.2017.1319999

64. Lakshmipathi J, Alvarez-Perez JC, Rosselot C, Casinelli GP, Stamateris RE,
Rausell-Palamos F, et al. Pkczeta is essential for pancreatic beta-cell replication
during insulin resistance by regulating mtor and cyclin-D2. Diabetes (2016) 65
(5):1283-96. doi: 10.2337/db15-1398

65. Stamateris RE, Sharma RB, Hollern DA, Alonso LC. Adaptive beta-cell
proliferation increases early in high-fat feeding in mice, concurrent with metabolic
changes, with induction of islet cyclin D2 expression. Am ] Physiol Endocrinol
Metab (2013) 305(1):E149-59. doi: 10.1152/ajpendo.00040.2013

66. Salazar-Petres ER, Sferruzzi-Perri AN. Pregnancy-induced changes in beta-
cell function: What are the key players? J Physiol (2022) 600(5):1089-117.
doi: 10.1113/JP281082

67. Aguayo-Mazzucato C, Koh A, El Khattabi I, Li WC, Toschi E, Jermendy A,
et al. Mafa expression enhances glucose-responsive insulin secretion in neonatal rat
beta cells. Diabetologia (2011) 54(3):583-93. doi: 10.1007/s00125-010-2026-z

68. Wang X, Sterr M, Ansarullah, Burtscher I, Bottcher A, Beckenbauer J, et al.
Point mutations in the Pdx1 transactivation domain impair human beta-cell
development and function. Mol Metab (2019) 24:80-97. doi: 10.1016/
j.molmet.2019.03.006

69. Olson LK, Redmon JB, Towle HC, Robertson RP. Chronic exposure of hit
cells to high glucose concentrations paradoxically decreases insulin gene
transcription and alters binding of insulin gene regulatory protein. J Clin Invest
(1993) 92(1):514-9. doi: 10.1172/JCI116596

70. Reimer MK, Ahren B. Altered beta-cell distribution of pdx-1 and glut-2 after
a short-term challenge with a high-fat diet in C57bl/6j mice. Diabetes (2002) 51
Suppl 1:5138-43. doi: 10.2337/diabetes.51.2007.s138

71. Glavas MM, Hui Q, Tuduri E, Erener S, Kasteel NL, Johnson JD, et al. Early
overnutrition reduces Pdx1 expression and induces beta cell failure in Swiss
Webster mice. Sci Rep (2019) 9(1):3619. doi: 10.1038/s41598-019-39177-3

72. Bosma KJ, Andrei SR, Katz LS, Smith AA, Dunn JC, Ricciardi VF, et al.
Pharmacological blockade of the Ep3 prostaglandin E2 receptor in the setting of
type 2 diabetes enhances beta-cell proliferation and identity and relieves oxidative
damage. Mol Metab (2021) 54:101347. doi: 10.1016/j.molmet.2021.101347

73. Kaneto H, Kajimoto Y, Miyagawa J, Matsuoka T, Fujitani Y, Umayahara Y,
et al. Beneficial effects of antioxidants in diabetes: Possible protection of pancreatic
beta-cells against glucose toxicity. Diabetes (1999) 48(12):2398-406. doi: 10.2337/
diabetes.48.12.2398

74. Tanaka Y, Gleason CE, Tran PO, Harmon ]S, Robertson RP. Prevention of
glucose toxicity in hit-T15 cells and zucker diabetic fatty rats by antioxidants. Proc
Natl Acad Sci U.S.A. (1999) 96(19):10857-62. doi: 10.1073/pnas.96.19.10857

75. Wang XD, Vatamaniuk MZ, Wang SK, Roneker CA, Simmons RA, Lei XG.
Molecular mechanisms for hyperinsulinaemia induced by overproduction of
selenium-dependent glutathione peroxidase-1 in mice. Diabetologia (2008) 51
(8):1515-24. doi: 10.1007/s00125-008-1055-3

76. Kawamori D, Kaneto H, Nakatani Y, Matsuoka TA, Matsuhisa M, Hori M,
et al. The forkhead transcription factor Foxol bridges the jnk pathway and the
transcription factor pdx-1 through its intracellular translocation. J Biol Chem
(2006) 281(2):1091-8. doi: 10.1074/jbc.M508510200

77. Boucher MJ, Selander L, Carlsson L, Edlund H. Phosphorylation marks
Ipf1/Pdx1 protein for degradation by glycogen synthase kinase 3-dependent
mechanisms. ] Biol Chem (2006) 281(10):6395-403. doi: 10.1074/jbc.M511597200

78. Park KG, Lee KM, Seo HY, Suh JH, Kim HS, Wang L, et al. Glucotoxicity in
the ins-1 rat insulinoma cell line is mediated by the orphan nuclear receptor small
heterodimer partner. Diabetes (2007) 56(2):431-7. doi: 10.2337/db06-0753

79. Yang BT, Dayeh TA, Volkov PA, Kirkpatrick CL, Malmgren S, Jing X, et al.
Increased DNA methylation and decreased expression of pdx-1 in pancreatic islets
from patients with type 2 diabetes. Mol Endocrinol (2012) 26(7):1203-12.
doi: 10.1210/me.2012-1004

frontiersin.org


https://doi.org/10.2337/db07-1362
https://doi.org/10.1038/s41580-020-0230-3
https://doi.org/10.1038/s41580-020-0230-3
https://doi.org/10.1089/ars.2014.6135
https://doi.org/10.1155/2020/8609213
https://doi.org/10.3390/ijms131013680
https://doi.org/10.1152/ajpcell.00141.2019
https://doi.org/10.1007/s12013-007-0026-5
https://doi.org/10.2337/diabetes.52.12.2896
https://doi.org/10.1089/ars.2010.3302
https://doi.org/10.1089/ars.2010.3302
https://doi.org/10.1038/cddis.2014.441
https://doi.org/10.7150/ijbs.33817
https://doi.org/10.7150/ijbs.33817
https://doi.org/10.1074/jbc.M408275200
https://doi.org/10.1210/jc.2012-1206
https://doi.org/10.1038/ncomms9084
https://doi.org/10.1172/JCI127021
https://doi.org/10.1016/j.cmet.2019.02.012
https://doi.org/10.1016/j.cmet.2019.02.012
https://doi.org/10.1038/ncomms16014
https://doi.org/10.1074/jbc.M807458200
https://doi.org/10.1016/j.celrep.2021.108830
https://doi.org/10.1016/j.ejcb.2022.151240
https://doi.org/10.2337/db16-1349
https://doi.org/10.1016/j.cellsig.2016.05.007
https://doi.org/10.7554/eLife.38472
https://doi.org/10.7554/eLife.38472
https://doi.org/10.1128/MCB.00642-17
https://doi.org/10.1128/MCB.25.9.3752-3762.2005
https://doi.org/10.1080/15384101.2017.1319999
https://doi.org/10.2337/db15-1398
https://doi.org/10.1152/ajpendo.00040.2013
https://doi.org/10.1113/JP281082
https://doi.org/10.1007/s00125-010-2026-z
https://doi.org/10.1016/j.molmet.2019.03.006
https://doi.org/10.1016/j.molmet.2019.03.006
https://doi.org/10.1172/JCI116596
https://doi.org/10.2337/diabetes.51.2007.s138
https://doi.org/10.1038/s41598-019-39177-3
https://doi.org/10.1016/j.molmet.2021.101347
https://doi.org/10.2337/diabetes.48.12.2398
https://doi.org/10.2337/diabetes.48.12.2398
https://doi.org/10.1073/pnas.96.19.10857
https://doi.org/10.1007/s00125-008-1055-3
https://doi.org/10.1074/jbc.M508510200
https://doi.org/10.1074/jbc.M511597200
https://doi.org/10.2337/db06-0753
https://doi.org/10.1210/me.2012-1004
https://doi.org/10.3389/fendo.2022.1011187
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Baumel-Alterzon and Scott

80. Ruiz L, Gurlo T, Ravier MA, Wojtusciszyn A, Mathieu J, Brown MR, et al.
Proteasomal degradation of the histone acetyl transferase P300 contributes to beta-
cell injury in a diabetes environment. Cell Death Dis (2018) 9(6):600. doi: 10.1038/
$41419-018-0603-0

81. Zhang M, Yang C, Zhu M, Qian L, Luo Y, Cheng H, et al. Saturated fatty
acids entrap Pdxl in stress granules and impede islet beta cell function.
Diabetologia (2021) 64(5):1144-57. doi: 10.1007/s00125-021-05389-4

82. Noh JR, Hwang JH, Kim YH, Kim KS, Gang GT, Kim SW, et al. The orphan
nuclear receptor small heterodimer partner negatively regulates pancreatic beta cell
survival and hyperglycemia in multiple low-dose streptozotocin-induced type 1
diabetic mice. Int J Biochem Cell Biol (2013) 45(8):1538-45. doi: 10.1016/
j.biocel.2013.05.004

83. Davidson RK, Weaver SA, Casey N, Kanojia S, Hogarth E, Schneider
Aguirre R, et al. The Chd4 subunit of the nurd complex regulates Pdx1-
controlled genes involved in beta-cell function. ] Mol Endocrinol (2022) 69
(2):329-41. doi: 10.1530/JME-22-0011

84. Seo HY, Kim YD, Lee KM, Min AK, Kim MK, Kim HS, et al. Endoplasmic
reticulum stress-induced activation of activating transcription factor 6 decreases
insulin gene expression Via up-regulation of orphan nuclear receptor small
heterodimer partner. Endocrinology (2008) 149(8):3832-41. doi: 10.1210/
en.2008-0015

85. Yang W, Chi Y, Meng Y, Chen Z, Xiang R, Yan H, et al. Fam3a plays crucial
roles in controlling Pdx1 and insulin expressions in pancreatic beta cells. FASEB |
(2020) 34(3):3915-31. doi: 10.1096/£.201902368RR

86. Akerman I, Tu Z, Beucher A, Rolando DMY, Sauty-Colace C, Benazra M,
et al. Human pancreatic beta cell Incrnas control cell-specific regulatory networks.
Cell Metab (2017) 25(2):400-11. doi: 10.1016/j.cmet.2016.11.016

87. McKenna B, Guo M, Reynolds A, Hara M, Stein R. Dynamic recruitment of
functionally distinct Swi/Snf chromatin remodeling complexes modulates Pdx1 activity
in islet beta cells. Cell Rep (2015) 10(12):2032-42. doi: 10.1016/j.celrep.2015.02.054

88. Kitamura YI, Kitamura T, Kruse JP, Raum JC, Stein R, Gu W, et al. Foxol
protects against pancreatic beta cell failure through neurod and mafa induction.
Cell Metab (2005) 2(3):153-63. doi: 10.1016/j.cmet.2005.08.004

89. Kitamura T, Nakae J, Kitamura Y, Kido Y, Biggs WH3rd, Wright CV, et al.
The forkhead transcription factor Foxol links insulin signaling to Pdx1 regulation
of pancreatic beta cell growth. J Clin Invest (2002) 110(12):1839-47. doi: 10.1172/
JCI16857

90. Glauser DA, Schlegel W. The emerging role of foxo transcription factors in
pancreatic beta cells. ] Endocrinol (2007) 193(2):195-207. doi: 10.1677/JOE-06-0191

91. Kikuchi O, Kobayashi M, Amano K, Sasaki T, Kitazumi T, Kim HJ, et al.
Foxol gain of function in the pancreas causes glucose intolerance, polycystic
pancreas, and islet hypervascularization. PloS One (2012) 7(2):e32249.
doi: 10.1371/journal.pone.0032249

92. Ohtsubo K, Chen MZ, Olefsky JM, Marth JD. Pathway to diabetes through
attenuation of pancreatic beta cell glycosylation and glucose transport. Nat Med
(2011) 17(9):1067-75. doi: 10.1038/nm.2414

93. Fernandez-Zapico ME, van Velkinburgh JC, Gutierrez-Aguilar R, Neve B,
Froguel P, Urrutia R, et al. Mody7 gene, KIf11, is a novel P300-dependent regulator
of pdx-1 (Mody4) transcription in pancreatic islet beta cells. J Biol Chem (2009) 284
(52):36482-90. doi: 10.1074/jbc.M109.028852

Frontiers in Endocrinology

26

10.3389/fendo.2022.1011187

94. Neve B, Fernandez-Zapico ME, Ashkenazi-Katalan V, Dina C, Hamid YH,
Joly E, et al. Role of transcription factor KIf11 and its diabetes-associated gene
variants in pancreatic beta cell function. Proc Natl Acad Sci U.S.A. (2005) 102
(13):4807-12. doi: 10.1073/pnas.0409177102

95. Elsner M, Gehrmann W, Lenzen S. Peroxisome-generated hydrogen
peroxide as important mediator of lipotoxicity in insulin-producing cells.
Diabetes (2011) 60(1):200-8. doi: 10.2337/db09-1401

96. Elsharkawi I, Parambath D, Saber-Ayad M, Khan AA, El-Serafi AT.
Exploring the effect of epigenetic modifiers on developing insulin-secreting cells.
Hum Cell (2020) 33(1):1-9. doi: 10.1007/s13577-019-00292-y

97. Davidson RK, Kanojia S, Spaeth JM. The contribution of transcriptional
coregulators in the maintenance of beta-cell function and identity. Endocrinology
(2021) 162(2):bqaa213. doi: 10.1210/endocr/bqaa213

98. Spaeth JM, Liu JH, Peters D, Guo M, Osipovich AB, Mohammadi F, et al.
The Pdx1-bound Swi/Snf chromatin remodeling complex regulates pancreatic
progenitor cell proliferation and mature islet beta-cell function. Diabetes (2019)
68(9):1806-18. doi: 10.2337/db19-0349

99. Mosley AL, Corbett JA, Ozcan S. Glucose regulation of insulin gene
expression requires the recruitment of P300 by the beta-Cell-Specific
transcription factor pdx-1. Mol Endocrinol (2004) 18(9):2279-90. doi: 10.1210/
me.2003-0463

100. Latif W, Lambrinos KJ, Rodriguez R. Compare and contrast the glucagon-
like peptide-1 receptor agonists (Glplras). Treasure Island (FL: Statpearls (2022).

101. Gao M, Deng XL, Liu ZH, Song HJ, Zheng J, Cui ZH, et al. Liraglutide
protects beta-cell function by reversing histone modification of pdx-1 proximal
promoter in catch-up growth Male rats. J Diabetes Complications (2018) 32
(11):985-94. doi: 10.1016/j.jdiacomp.2018.08.002

102. Pinney SE, Jaeckle Santos LJ, Han Y, Stoffers DA, Simmons RA. Exendin-4
increases histone acetylase activity and reverses epigenetic modifications that
silence Pdxl in the intrauterine growth retarded rat. Diabetologia (2011) 54
(10):2606-14. doi: 10.1007/s00125-011-2250-1

103. Wang X, Zhou ], Doyle ME, Egan JM. Glucagon-like peptide-1 causes
pancreatic duodenal homeobox-1 protein translocation from the cytoplasm to the
nucleus of pancreatic beta-cells by a cyclic adenosine Monophosphate/Protein
kinase a-dependent mechanism. Endocrinology (2001) 142(5):1820-7. doi: 10.1210/
endo.142.5.8128

104. Muscogiuri G, Salmon AB, Aguayo-Mazzucato C, Li M, Balas B,
Guardado-Mendoza R, et al. Genetic disruption of Sodl gene causes glucose
intolerance and impairs beta-cell function. Diabetes (2013) 62(12):4201-7.
doi: 10.2337/db13-0314

105. Uruno A, Furusawa Y, Yagishita Y, Fukutomi T, Muramatsu H, Negishi T,
et al. The Keapl-Nrf2 system prevents onset of diabetes mellitus. Mol Cell Biol
(2013) 33(15):2996-3010. doi: 10.1128/MCB.00225-13

106. Masuda Y, Vaziri ND, Li S, Le A, Hajighasemi-Ossareh M, Robles L, et al.
The effect of Nrf2 pathway activation on human pancreatic islet cells. PloS One
(2015) 10(6):¢0131012. doi: 10.1371/journal.pone.0131012

107. Li S, Vaziri ND, Masuda Y, Hajighasemi-Ossareh M, Robles L, Le A, et al.
Pharmacological activation of Nrf2 pathway improves pancreatic islet isolation and

transplantation. Cell Transplant (2015) 24(11):2273-83. doi: 10.3727/
096368915X686210

frontiersin.org


https://doi.org/10.1038/s41419-018-0603-0
https://doi.org/10.1038/s41419-018-0603-0
https://doi.org/10.1007/s00125-021-05389-4
https://doi.org/10.1016/j.biocel.2013.05.004
https://doi.org/10.1016/j.biocel.2013.05.004
https://doi.org/10.1530/JME-22-0011
https://doi.org/10.1210/en.2008-0015
https://doi.org/10.1210/en.2008-0015
https://doi.org/10.1096/fj.201902368RR
https://doi.org/10.1016/j.cmet.2016.11.016
https://doi.org/10.1016/j.celrep.2015.02.054
https://doi.org/10.1016/j.cmet.2005.08.004
https://doi.org/10.1172/JCI16857
https://doi.org/10.1172/JCI16857
https://doi.org/10.1677/JOE-06-0191
https://doi.org/10.1371/journal.pone.0032249
https://doi.org/10.1038/nm.2414
https://doi.org/10.1074/jbc.M109.028852
https://doi.org/10.1073/pnas.0409177102
https://doi.org/10.2337/db09-1401
https://doi.org/10.1007/s13577-019-00292-y
https://doi.org/10.1210/endocr/bqaa213
https://doi.org/10.2337/db19-0349
https://doi.org/10.1210/me.2003-0463
https://doi.org/10.1210/me.2003-0463
https://doi.org/10.1016/j.jdiacomp.2018.08.002
https://doi.org/10.1007/s00125-011-2250-1
https://doi.org/10.1210/endo.142.5.8128
https://doi.org/10.1210/endo.142.5.8128
https://doi.org/10.2337/db13-0314
https://doi.org/10.1128/MCB.00225-13
https://doi.org/10.1371/journal.pone.0131012
https://doi.org/10.3727/096368915X686210
https://doi.org/10.3727/096368915X686210
https://doi.org/10.3389/fendo.2022.1011187
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

3 frontiers ‘ Frontiers in Endocrinology

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Carlos Guillén,
Complutense University, Spain

REVIEWED BY
Andrei |. Tarasov,

Ulster University, United Kingdom
Lili Ding,

Shanghai University of Traditional
Chinese Medicine, China

*CORRESPONDENCE
Linong Ji
jiln@bjmu.edu.cn

These authors have contributed
equally to this work

"These authors have contributed
equally to this work

SPECIALTY SECTION

This article was submitted to
Diabetes: Molecular Mechanisms,
a section of the journal

Frontiers in Endocrinology

RECEIVED 26 May 2022
ACCEPTED 04 August 2022
PUBLISHED 12 October 2022

CITATION

Li M, Gong S, Han X, Zhou L, Zhang S,

Ren Q, Cai X, Luo Y, Liu W, Zhu Y,
Zhou X, Li Y and Ji L (2022)
Contribution of mitochondrial gene
variants in diabetes and diabetic
kidney disease.

Front. Endocrinol. 13:953631.

doi: 10.3389/fendo.2022.953631

COPYRIGHT

© 2022 Li, Gong, Han, Zhou, Zhang,
Ren, Cai, Luo, Liu, Zhu, Zhou, Li and Ji.
This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Endocrinology

TvPE Original Research
PUBLISHED 12 October 2022
p0110.3389/fendo.2022.953631

Contribution of mitochondrial
gene variants in diabetes and
diabetic kidney disease

Meng Li", Sigian Gong", Xueyao Han", Lingli Zhou,
Simin Zhang*, Qian Ren?, Xiaoling Cai*, Yingying Luo?,
Wei Liu', Yu Zhu?, Xianghai Zhou*, Yufeng Li® and Linong Ji***

'Department of Endocrinology and Metabolism, Peking University People’'s Hospital, Peking
University Diabetes Center, Beijing, China, 2Department of Endocrinology, Pinggu Teaching
Hospital, Capital Medical University, Beijing, China

Objectives: Mitochondrial DNA (mtDNA) plays an important role in the
pathogenesis of diabetes. Variants in mtDNA have been reported in diabetes,
but studies on the whole mtDNA variants were limited. Our study aims to
explore the association of whole mtDNA variants with diabetes and diabetic
kidney disease (DKD).

Methods: The whole mitochondrial genome was screened by next-generation
sequencing in cohort 1 consisting of 50 early-onset diabetes (EOD) patients
with a maternally inherited diabetes (MID) family history. A total of 42 variants
possibly associated with mitochondrial diseases were identified according to
the filtering strategy. These variants were sequenced in cohort 2 consisting of
90 EOD patients with MID. The association between the clinical phenotype and
these variants was analyzed. Then, these variants were genotyped in cohort 3
consisting of 1,571 type 2 diabetes mellitus patients and 496 subjects with
normal glucose tolerance (NGT) to analyze the association between variants
with diabetes and DKD.

Results: Patients with variants in the non-coding region had a higher
percentage of obesity and levels of fasting insulin (62.1% vs. 24.6%, P =
0.001; 80.0% vs. 26.5% P < 0.001). The patients with the variants in rRNA had
a higher prevalence of obesity (71.4% vs. 30.3%, P = 0.007), and the patients
with the variants in mitochondrial complex | had a higher percentage of the
upper tertile of FINS (64.3% vs. 34.3%, P = 0.049). Among 20 homogeneous
variants successfully captured, two known variants (m.A3943G, m.A10005G)
associated with other mitochondrial diseases were only in the diabetic group,
but not in the NGT group, which perhaps indicated its possible association with
diabetes. The prevalence of DKD was significantly higher in the group with the
20 variants than those without these variants (18.7% vs. 14.6%, P = 0.049) in the
participants with diabetes of cohort 3.
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Conclusion: MtDNA variants are associated with MID and DKD, and our findings
advance our understanding of mtDNA in diabetes and DKD. It will have important
implications for the individual therapy of mitochondrial diabetes.

KEYWORDS

mitochondrial DNA, mitochondrial diabetes, diabetes, diabetic kidney disease,

insulin resistance

1 Introduction

Mitochondrial diseases are a clinically heterogeneous cluster
of inherited metabolic disease that could affect the function of
the mitochondrial respiratory chain and oxidative
phosphorylation system (1). Diabetes is the most well-
described form of endocrine dysfunction in mitochondrial
diseases. The mitochondrial genome is a maternally inherited
16,569-bp circular double-stranded DNA molecule that contains
two ribosomal RNA genes, 22 transfer RNA (tRNA) genes, and
13 genes for the proteins of the oxidative phosphorylation
system (2). Mitochondria are important for the synthesis of
ATP and synthesis of the hormone. The mitochondrial DNA
(mtDNA) variants possibly lead to the lack of ATP and impair
hormone production when mitochondrial dysfunction occurs.
In the process of insulin synthesis, mitochondria not only
provide the necessary ATP for insulin exocytosis but also have
a core function in glucose sensing and the induction of triggering
and amplifying signals that adjust insulin secretion to glycaemia.
Variants in the mitochondrial genomes are related to a cluster of
metabolic diseases, including mitochondrial diabetes, insulin
resistance (IR), non-alcoholic fatty liver disease (NAFLD), and
metabolic syndrome (MetS) (3-6). Single mtDNA variants are
associated with type 2 diabetes mellitus (T2DM). An mtDNA
genome-wide association analysis indicated a potential role for
mtDNA in diabetic kidney disease (DKD). As we know, the
m.A3243G variant is the most common heteroplasmic mtDNA
variant associated with mitochondrial diabetes. The m.A3243G
variant reduced the synthesis of mtDNA-encoded proteins,
which resulted in an imbalance within the mitochondrion
between nuclear and mitochondrial encoded oxidative
phosphorylation subunits (7, 8). Multisystemic disease
manifestations can precede the onset of diabetes in patients

Abbreviations: mtDNA, mitochondrial DNA; NGS, next-generation
sequencing; EOD, early-onset diabetes; MID, maternally inherited diabetes;
DKD, diabetic kidney disease; tRNA, transfer RNA; IR, insulin resistance;
NAFLD, non-alcoholic fatty liver disease; MetS, metabolic syndrome; FINS,
fasting insulin; FPG, fasting plasma glucose; HOMA, homeostasis model
assessment; HbAlc, hemoglobin Alc; LHON, Leber hereditary
optic neuropathy.
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with mitochondrial diseases (9). For example, sensorineural
deafness and a family history of maternal inheritance should
raise suspicion that the patient might have a mitochondrial
disease. Other mtDNA variants associated with diabetes include
point variants in the tRNA genes MT-TL1, MT-TK, MT-TS2,
and MT-TE, as well as the variants in MT-ND6, which encodes
the NADH-ubiquinone oxidoreductase chain 6 (10-12).
Furthermore, IR also plays a key role in the development of
T2DM and DKD. There is a clear evidence of an association
between skeletal muscle IR and abnormalities in mitochondrial
oxidative metabolism (13). However, most studies just focused
on the association among single mtDNA loci and diabetes and
DKD, and studies on the whole mtDNA gene with diabetes and
DKD were limited. In addition, high-throughput sequencing
could enhance the ability to identify mitochondrial respiratory
chain complex deficiencies (14). Therefore, the study was
designed as follows: to screen the whole mitochondrial gene
variants in early-onset diabetes with the maternal family history
using next-generation sequencing (NGS) and then to explore the
mtDNA variants with diabetes and DKD. The study aims to help
us elucidate novel insights into mitochondrial genetic etiology.

2 Materials and methods
2.1 Study overview

This study was conducted in compliance with the
Declaration of Helsinki. The study protocol was approved by
the Ethics Committee of Peking University People’s Hospital.
Written informed consent was obtained from all the study
participants. A flowchart of the study is shown in Figure 1.
The study was divided into three groups (1): The whole
mitochondrial genome was screened by NGS in cohort 1
consisting of 50 early-onset diabetes (EOD) patients. The
variants possibly associated with mitochondrial diseases were
identified according to the filtering strategy. (2) The above
variants were sequenced in cohort 2 with 90 EOD patients,
and the clinical phenotypic features of patients with potential
pathogenic variants were analyzed. (3) Cohort 3 was a case-
control study that included 1,571 patients with T2DM and 496
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Cohort 1 (n=50)

Whole mitochondrial
genome sequencing

474 variants

’ 42 variants

Sequencing

Cohort 2
(n=90)

Phenotype-Genotype analysis

Filtering Strategy

Genotyping by high-throughput on a MassARRAY
iPLEX system

20 variants successfully identified

Phenotype-Genotype analysis in cohort 3

FIGURE 1
The flowchart of the study.

healthy individuals with normal glucose tolerance (NGT) to
analyze the different features of the patients with variants and
without these variants.

2.2 Screening of the mitochondrial gene
in the patients with early-onset diabetes
(cohort 1 and cohort 2)

Cohort 2 with 50 unrelated Chinese patients with EOD who
had a maternally inherited diabetes (MID) family history were
included from the inpatient and outpatient populations of the
Department of Endocrinology and Metabolism at Peking
University People’s Hospital from January 2013 to December
2017. Then, 40 unrelated EOD patients with MID were recruited
to identify the potential disease-associated variants. Cohort 2
included the above 90 patients. All the patients were of northern
Han Chinese ancestry and residents of Beijing. They have been
diagnosed with diabetes according to the 1999 World Health
Organization criteria (15). The inclusion criteria for the EOD
patients were as follows: (1) diagnosed with T2DM <40 years, (2)
patients with the typical clinical features of type 1 diabetes or
other specific forms of diabetes (e.g., chronic pancreatitis) and
those who were positive for anti-glutamic acid decarboxylase
antibodies, anti-islet cell antibodies were excluded, and (3)
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without the m. A3243G variant. The clinical information of 90
EOD patients was collected, including demographics, initial
presentation, the treatment of diabetes, physical examination
results, and laboratory test results, which are summarized at the
time of enrollment in Table 1. The patients were diagnosed as
being overweight or obese, based on the criteria: overweight was
defined as a body mass index (BMI) >24 kg/m” and <28 kg/m?,
and obesity was defined as a BMI >28 kg/m?. Coronary heart
disease (CHD) was determined as a history of the disease.
Cerebrovascular disease was determined as a history of
transient ischemic attack or ischemic or hemorrhagic stroke.
Hypertension was determined as a systolic blood pressure >140
mmHg and/or diastolic blood pressure 290 mmHg or the
current treatment of hypertension. Dyslipidemia was defined
as total cholesterol >5.18 mmol/L, triglycerides >1.70 mmol/L,
LDL-c >3.37 mmol/L, HDL-c1.3 mmol/L in women or HDL-
¢<1.04 mmol/L in men, or treatment with antihyperlipidemic
agents (16). Diabetic kidney disease (DKD) was defined as
having a urinary albumin-to-creatinine ratio 230 mg/g or an
estimated glomerular filtration rate (eGFR) <60 ml/min/1.73 m?.
Patients diagnosed as having a urinary tract infection, other
glomerular diseases, or gross hematuria were excluded.
Homeostasis model assessment (HOMA) was used to evaluate
[-cell function and insulin sensitivity. IR index (HOMA-IR) =
[fasting insulin (Fins, mIU/L) x fasting plasma glucose (FPG,
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TABLE 1 The clinical characteristics of the patients from cohort 1 and cohort 2.

Characteristics

Sex, male/female
Age, years
Age at diagnosis, years
Duration, years
BMI, kg/m®
WC, cm
Male
Female
SBP, mmHg
DBP, mmHg
Laboratory examination
FPG, mmol/l
FINS, pU/ml
HbAlc, %
LDL, mmol/l
HDL, mmol/l
Male
Female
TC, mmol/l
TG, mmol/l
UA, umol/l
Male
Female
ALT, U/l
AST, U/l
CRE, umol/l
€GFR, ml/min/1.73 m”
ACR, mg/g
DKD (n, %)
DR (n, %)
Family history of MID (n, %)

cohort 1 (n=50)

10.3389/fendo.2022.953631

cohort 2 (n=90)

35/15 59/31
347 + 8.4 353+7.1
299+ 7.0 302 + 6.0

3.5 (0.0, 7.0) 40 (1.0,7.3)
285+ 45 269 + 42
99.1 +11.9 94.8 + 11.1
921+ 11.8 88.8 + 10.0
130 + 17 126 + 16

84+ 11 83+ 11
9.1+32 87+35
16.2 (9.9, 27.8) 125 (7.8, 21.5)
89+ 1.9 85+ 2.1
27%09 28+08
0.9 (0.8, 1.0) 0.9 (0.8, 1.0)
1.0 (0.9, 1.1) 1.0 (0.9, 1.2)
49+ 12 47+ 1.1

2.1 (14, 4.2) 1.8 (1.2, 2.8)

393.2 + 80.3 3745 + 822

337.8 752 328.0 + 86.9

29.5 (19.5, 46.8)
22.5 (18.0, 32.5)

24.0 (16.0, 40.0)
20.0 (16.0, 27.5)

66.8 + 28.1 63.7 +233
167.9 + 54.9 158.7 + 46.8
74.5 (9.7, 190.8) 17.8 (3.0, 93.8)
35 (70.0) 40 (44.4)

12 (24.0) 17 (18.9)

50 (100.0) 90 (100.0)

BMI, body mass index; WC, waist circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasmatic glucose; FINS, fasting insulin; HbAlc, hemoglobin Alc;
LDL, low-density lipoprotein; HDL, high-density lipoprotein; TC, total cholesterol; TG, triacylglycerol; UA, uric acid; CRE, creatinine; eGFR, estimated glomerular filtration rate; ACR,
albumin-to-creatinine ratio; DKD, diabetic kidney disease; DR, diabetic retinopathy; MID, maternal inherited diabetes.

Values are means + SDs, and medians (interquartile range) were for non-normally distributed data.

mmol/L)]/22.5, and B-cell function (HOMA-B) = [Fins (mIU/L)
x 20]/[FPG (mmol/L) — 3.5] (17). When assessing the levels of
HOMA-IR and HOMA-, we excluded patients who were using
insulin. MetS was assessed based on the International Diabetes
Federation (IDF 2005) criteria: the diagnosis of central obesity
(WC =90 cm in men or > 80 cm in women), plus any two of the
following four factors: (1) TG levels > 1.7 mmol/L, (2) HDL-C <
1.03 mmol/L in men or < 1.29 mmol/L in women, (3) SBP > 130
mmHg or DBP > 85 mmHg or previous diagnosis with
hypertension, (4) FBG 2 5.6 mmol/L, or previous diagnosis
with type 2 diabetes mellitus (18).
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2.3 The methods for screening the
mitochondrial gene in cohort 1 and
cohort 2

DNA was extracted from peripheral blood using standard
procedures. The whole mitochondrial DNA of 50 patients in
cohort 1 was used with NGS. For them, the Agilent Sureselect
XT2 capture chip was used for the mitochondrial gene
(accession number: NC_012920.1). A HiSeq 2500 Sequencing
System (Illumina, San Diego, CA, USA) was adopted for
sequencing. Sequencing data were obtained with the target
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region coverage (~100%) and the sequencing depth on target >
2,000. All rare variants of mtDNA were validated by
Sanger sequencing.

2.4 Annotation and filtration of the
mitochondrial DNA variants possibly
associated with mitochondrial diseases

The criteria for selecting the mtDNA variants possibly
associated with mitochondrial diseases from the NGS data
were as follows: (1) variant frequency in the cohort 1 was
<20%; (2) sequencing depth >400 x; (3) we searched the
variants in the MITOMAP database (https://www.mitomap.
org/MITOMAP) and selected the mtDNA variants that were
possibly disease related based on the database. (4) The potential
disease-related variants were validated by Sanger sequencing.

2.5 Screening of potential disease-
related variants from cohort 1 in
cohort 2

The potential disease-related variants screened and
identified from cohort 1 were verified in cohort 2 by Sanger
sequencing. PCR amplification was performed using PCR
Enzyme Mix. The 24 pairs of mitochondrial primers are
shown in Supplementary Table 1. The conditions for the PCR
were as follows: initial denaturation at 94°C for 1 min, followed
by 35 cycles of denaturation at 94°C for 30 s, primer annealing
for 45 s at 61°C, and primer extension at 72°C for 2 min. A final
extension was at 72°C for 5 min. The direct sequencing of PCR
products was purified using a gel extraction kit (Axygen,
California, USA) and performed with the ABI 3730x] DNA
sequencer (Applied Biosystems) (19).

2.6 The analysis of sequencing data from
cohort 2

The sequencing data from cohort 2 were analyzed. The
pathogenicity of these variants in the coding area and tRNA
were evaluated by HmtVar (https://www.hmtvar.uniba.it/). The
pathogenicity of non-synonymous CDS variants were classified
into four categories: (1) polymorphic: disease score (DS) < 0.43,
allele frequency (AF) > 0.003264; (2) likely polymorphic: DS <
0.43, AF < 0.003264; (3) likely pathogenic: DS > 0.43, AF >
0.003264; and (4) pathogenic: DS > 0.43, AF < 0.003264. The
pathogenicity of tRNA variants was classified into four
categories: (1) polymorphic: DS < 0.35, AF > 0.005020;
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(2) likely polymorphic: DS < 0.35, AF < 0.005020; (3) likely
pathogenic: DS > 0.35, AF > 0.005020; (4) pathogenic: DS > 0.35,
AF <0.005020. The DS was evaluated according to the software
of MutPred, Polyphen2, Panther, PhD SNP, and SNPs & GO.

2.7 Screening for the potential disease-
related variants in the expanded samples
(cohort 3)

2.7.1 The participants for the case—control
study (cohort 3)

A total of 1,571 T2DM patients and 496 healthy individuals
with NGT were also enrolled in the case-control study. The
inclusion criteria for the control samples were as follows: normal
glucose tolerance confirmed via a 75 g oral glucose tolerance test
according to the 1999 World Health Organization criteria (15);
at the age of over 40; and hemoglobin Alc (HbAlc) <6%. Their
clinical features are also summarized in Table 2.

2.7.2 The methods for genotyping the mtDNA
in cohort 3

The above selected mtDNA variants were screened in the
case-control cohort (cohort 3) using high-throughput
genotyping on a MassARRAY platform (Sequenom) to
genotype the mtDNA variants. Duplicate DNA samples and
wild genotypes confirmed by sequencing were simultaneously
genotyped as quality controls.

2.8 Statistical analysis

Statistical tests were performed with the SPSS software 23.0
(Chicago, IL, USA). Continuous variables are presented as the
means and standard deviations (means + standard deviations)
for normally distributed data or as medians (interquartile range)
for non-normally distributed data. Categorical variables are
presented as numbers and percentages. Student’s t-tests,
Fisher’s exact tests, and chi-square tests were performed to
compare the clinical difference. The Mann-Whitney rank-sum
test was used to make comparisons for the non-normally
distributed variable. When we analyzed the metabolic features
between patients with 42 variants and without those variants in
cohort 2 and cohort 3, the levels of FINS, HOMA-IR, and
HOMA-f3 were grouped according to the tertiles. An ordered-
classification chi-square test was used to compare the differences
between groups. Logistic regression analysis was conducted to
address the relation between variables. P < 0.05 was considered
statistically significant.
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TABLE 2 Characteristics of the subjects of type 2 diabetes or normal glucose tolerance in cohort 3.

Characteristic Controlsn=496
Sex, male/female 248/248
Age, years 52.0 + 8.6
Duration, years -
BMI, kg/m’ 257 £33
WC, cm
Male 89.5 + 8.9
Female 848 +9.3
SBP, mmHg 131 + 17
DBP, mmHg 86 + 12
Hypertension 136 (27.5)
Dyslipidemia 387 (78.0)
Laboratory examination
FPG, mmol/l 54+04
FINS, uU/ml 7.1 (4.9, 10.2)
HbAlc, % 54+03
LDL, mmol/l 29 %07
HDL, mmol/l
Male 1.1+£03
Female 1.2+£02
TC, mmol/l 49+ 0.8
TG, mmol/l 1.1 (0.7, 1.6)
UA, umol/l 269 + 74
Male 307.0 £ 71.3
Female 231.7 + 54.9
ALT, U/l 19.0 (14.3, 25.0)
AST, U/l 21.0 (18.0, 24.0)
CRE, umol/l 61.9 + 28.3
eGFR, ml/min/1.73 m” 1293 + 31.4
HOMA-IR 1.7 (1.1, 2.4)

Patients with DM n=1,571 P-value
898/673 0.005
52.6 + 11.8 0.247
1.0 (0.1, 6.0) -
258 + 3.5 0.808
92.8 +10.3 <0.001
87.8 +9.7 <0.001
129 + 16 0.003
83+ 13 <0.001
319 (50.9) 0.000
734 (87.3) 0.000
8.7 + 2.4 <0.001
8.8 (5.9, 13.6) <0.001
82+ 19 <0.001
3.0 %09 0.085
1.0+03 0.005
12+03 0.848
49+13 0.467
1.7 (1.3, 2.5) <0.001
327 + 91 0.000
3475 + 89.9 <0.001
296.6 + 82.9 <0.001
22.0 (16.0, 35.0) <0.001
1.7 (1.3, 2.5) 0931
65.7 + 18.8 0.003
125.5 + 375 0.063
33(2.1,5.1) <0.001

BMI, body mass index; WC, waist circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasmatic glucose; FINS, fasting insulin; HbAlc, hemoglobin Alc;
LDL, low-density lipoprotein; HDL, high-density lipoprotein; TC, total cholesterol; TG, triacylglycerol; UA, urine acid; CRE, creatinine; eGFR, estimated glomerular filtration rate; HOMA-

IR, homeostasis model assessment insulin resistance index.

Values are means + SDs or numbers of subjects (percentages), and medians (interquartile range) were for non-normally distributed data. Student’s t-tests, and chi-square tests were

performed to compare the clinical difference between two groups. The Mann-Whitney rank-sum test was used to make comparisons for the non-normally distributed variable.

3 Results

3.1 Characteristics of the
study participants

The clinical characteristics of the enrolled participants are
shown in Table 1. The whole mitochondrial genome was
screened by NGS in cohort 1. In addition, the cohort 2
including 90 EOD patients was sequenced to analyze the
variants possibly associated with metabolic diseases. The 90
patients had an MID family history, of which 59 (65.6%) were
men and the average age at diagnosis was 30.2 * 6.0 years. The
mean BMI was 26.9 + 4.2 kg/m’, and the average HbAlc was
8.5 £ 2.1%. The clinical characteristic features of cohort 3 are
shown in Table 2.

Frontiers in Endocrinology

3.2 The analysis of mtDNA variants in the
mitochondrial gene in cohort 1 and
cohort 2

Through the whole mitochondrial genome sequencing of 50
patients with MID, the mean coverage of the target genes was
above 95.0%, and the mean depth was above 400 x. In total, 474
variants on mtDNA were identified, including 225 variants in the
coding region and 249 variants in the non-coding region. Among
the coding region, 150 synonymous variants, one non-sense
variant, and 74 non-synonymous variants were identified.
According to the filtering strategy in the method, 42
mtDNA variants are identified in Table 3. Then, these 42
mtDNA variants were screened in cohort 2, and the frequency
of these variants in cohort 2 are displayed in Table 3. Among
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TABLE 3 The rare mitochondrial DNA (mtDNA) variants from cohort 2 possibly associated with mitochondrial disease (n=42).

No. Base Frequency in Amino acid hom/ Locus Locus Prediction Associated disease
change  cohort 2 change het Type
1 C150T 8 (8.9) / hom MT- / / Longevity/cervical carcinoma/HPV infection
DLOOP risk
2 T195C 4(4.3) / hom MT- / / BD-associated/melanoma
DLOOP
3 A663G 4(4.3) / hom rRNA MT- / Coronary atherosclerosis risk
RNRI1
4 A827G 2(22) / hom rRNA MT- / Deaf
RNRI1
5 T1005C 4 (44) / hom rRNA MT- / Deaf
RNRI1
6 C1048T 2(22) / hom rRNA MT- / Deaf
RNRI1
7 G1719A 1(1.1) / hom rRNA MT- / Ischemic stroke
RNR2
8 C2835T 1(1.1) / hom rRNA MT- / Rett syndrome
RNR2
9 A3397G 2(22) Met31Val hom CDS MT- Likely AD, PD
ND1 Polymorphic
10 T3398C 2(22) Met31Thr hom  CDS MT- Polymorphic  DM/GDM/possibly LVNC cardiomyopathy-
ND1 associated
11 C3497T 2(22) Ala64Val hom CDS MT- Likely LHON
ND1 Polymorphic
12 A3943G 1(L.1) Tie213Val hom CDS MT- Likely Aging
ND1 Polymorphic
13 A4833G 4 (44) Thr122Ala hom CDS MT- Likely DM; AD, PD
ND2 Pathogenic
14 A5466G 1(L.1) Thr333Ala hom CDS MT- Likely DM; deafness; cardiomyopathy
ND2 Polymorphic
15 G7598A 1(1.1) Ala5Thr hom CDS MT- Polymorphic  Possible LHON helper variant; Deafness
CO2
16  C8414T 9 (1.0) Leul7Phe hom  CDS MT- Likely Longevity
ATP6  Pathogenic
17 C8794T 3 (3.3) His90Tyr hom  CDS MT- Polymorphic  Exercise endurance/coronary Atherosclerosis
ATP6 risk
18 A10005G 1(1.1) / hom  tRNA MT-TG Likely Hearing loss
Polymorphic
19  T10084C 1(1.1) Tlie9Thr hom  CDS MT- Polymorphic  Mitochondrial encephalomyopathy
ND3
20 A10086G 1(L.1) Asnl0Asp hom  CDS MT- Likely Hypertensive end-stage renal disease
ND3 Pathogenic
21 A11084G 1(L.1) Thr109Ala hom CDS MT- Pathogenic MELAS
ND4
22 T11204C 1(L.1) Phel49Leu hom CDS MT- Likely Head and neck cancer
ND4 Polymorphic
23 Al12026G 1(1.1) Tle423Val hom  CDS MT- Polymorphic DM
ND4
24 GI12192A 1(1.1) / hom tRNA MT-TH Likely Cardiomyopathy; LHON; deaf
Polymorphic
25  T12338C 3(3.3) Met1Thr hom  CDS MT- Likely Lebers optic atrophycardiomyopathy
ND5 Pathogenic
26 A12361G 2(22) Thr9Ala hom CDS MT- Polymorphic  Non-alcoholic fatty liver disease
ND5
27 T12811C 1(L.1) Tyr159His hom CDS MT- Polymorphic  LHON
ND5
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Reference

(20, 21)

(22, 23)

24

(25)

(26)

(27)

(28)

(29, 30)

(31-33)

(34-36)

(33)

(37)

(38, 39)

(40)

(41, 42)

(43)

(24, 44)

(45)

(46)

(47)

(46)

(48)

(49)

(50, 51)

(52-54)

(4)

(Continued)
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TABLE 3 Continued

No. Base Frequencyin Amino acid hom/ Locus Locus
change  cohort 2 change het Type
28 G13135A 1(L.1) Ala267Thr hom CDS MT-
ND5
29 G13708A 3(3.3) Ala458Thr hom CDS MT-
ND5
30 T14502C 1(1.1) Tle58Val hom CDS MT-
NDe6
31 T14674C 1(1.1) / hom tRNA MT-TE
32 A14693G 3 (3.3) / hom tRNA MT-TE
33 A14927G 1(1.1) Thr61Ala hom CDS MT-
CYB
34 Al15218G 1(1.1) Thr158Ala hom  CDS MT-
CYB
35 G15497A 1(1.1) Gly251Ser hom CDS MT-
CYB
36 GI5927A 2(22) / hom  tRNA MT-TT
37 AlI5951G 1(L1) / hom  tRNA MT-TT
38 T16093C 4 (4.4) / hom Regulatory ~ MT-
Sequence DLOOP
39 G16129A 7 (7.8) / hom Regulatory ~ MT-
Sequence DLOOP
40 A16183C 2(2.2) / het Regulatory ~ MT-
Sequence DLOOP
41 C16192T 1(1.1) / hom Regulatory ~ MT-
Sequence DLOOP
42 A16300G 1(1.1) / hom Regulatory ~ MT-
Sequence DLOOP

10.3389/fendo.2022.953631

Prediction Associated disease Reference
Polymorphic HCM (56)
Polymorphic  LHON (57)
Likely LHON (58)
Polymorphic

Pathogenic Reversible COX deficiency myopathy (59)
Likely MELAS; LHON; deaf (60-62)
Polymorphic

Likely Cardiomyopathy (63)
Polymorphic

Likely Possible LHON modulator; epilepsy, (64, 65)
Pathogenic sensorineural hearing impairment or DM

Polymorphic  Obesity (66)
Likely Deafness (54)
Pathogenic

Polymorphic LHON (47, 67)
/ Breast cancer (68)

/ Breast cancer (68)

/ Breast cancer; hypertension (68, 69)
/ Malignant melanoma (22)

/ Head/neck tumor (70)

Het, heterozygote; Hom, homozygote; BD, bipolar disorder; AD, Alzheimer disease; PD, Parkinson disease; DM, diabetes mellitus; GDM, gestational diabetes mellitus; LVNC, left
ventricular non-compaction; LHON, Leber hereditary optic neuropathy; MELAS, mitochondrial encephalopathy lactic acidosis and stroke-like episodes; HCM, hypertrophic

cardiomyopathy.

them, seven variants were located in the D-loop, four variants in
MT-NDI, two variants in MT-ND2, one in MT-CO2, two in MT-
ATP6, two variants in MT-ND3, three variants in MT-ND4, five
variants in MT-ND5, and one variant in MT-ND6. In addition,
three variants were in MT-CYB, and six variants in tRNA, and six
variants were in rRNA. The above 42 variants were located in
complex I, complex ITI, complex IV, complex V and a non-coding
area (including ND6 and D-loop), tRNA, and rRNA.

Among the 42 mtDNA variants, five variants (m.T3398C,
m.A4833G, m.A5466G, m.A12026G, m.A15218G) have been
reported to be possibly associated with diabetes (Figure 2).

3.3 The comparison of metabolic
features between patients with 42
variants and without those variants in
cohort 2

Compared with the patients without 42 variants, the patients
with these variants had higher levels of FINS and HOMA-IR
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with a significant difference [14.6 (10.0, 26.7) vs. 8.1 (5.8, 13.4),
P = 0.006; 6.5 (3.2, 10.2) vs. 3.3 (1.8, 4.3), P = 0.002]. There was
no difference between the two groups of BMI, waist
circumference, and HbAlc. In addition, the prevalence of DKD
was significantly higher in the group with the variants than those
without the variants (48.4% vs. 20.0%, P = 0.001) in Table 4.

A total of 42 mtDNA variants were in different domains of
mitochondria including complex I, complex III, complex IV,
complex V, non-coding region, rRNA, and tRNA. Patients with
variants in the non-coding region had a higher percentage of
obesity and levels of FINS than those without these variants with
significant difference (62.1% vs. 24.6%, P = 0.001; 80.0% vs.
26.5% P < 0.001). The patients with the variants in rRNA had a
higher prevalence of obesity (71.4% vs. 30.3%, P = 0.007), and
the patients with the variants in complex I had a higher level of
FINS (64.3% vs. 34.3%, P = 0.049). There was no significant
difference on the frequency of different BMIs and levels of FINS,
HOMA-IR, and HOMA-J of the patients with variants in other
domains of mitochondria in Tables 5, 6.
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The six variants from cohort 2 and one variant from cohort 3 found in our study possibly associated with diabetes in our study displayed in the
electron transport chain of mitochondria, including T3398C, A3943G, A4833G, A5466G, A12026G, and A15218G. The complexes |-V marked as
|-V were included in the respiratory chain and oxidative phosphorylation system. Q, coenzyme Q10; Cyt c, cytochrome c; e-, electron

3.4 The high-throughput genotyping
results of mtDNA variants in cohort 3

In cohort 3, 42 mtDNA variants were screened using high-
throughput genotyping, to investigate the phenotype and
genotype of mtDNA variants. After the sequencing, 20
homogeneous variants associated with mitochondrial diseases
were successfully captured and met the criteria of quality control
in Table 7 and Figure 3. Excluding the variant of m.C3497T,
there was no significant difference on the frequency of the
mtDNA variants in the diabetic group and NGT group. We
further enlarged 200 NGT subjects to screen the m.C3497T
variant and found that there was no significant difference
between the two groups.

Among the 20 homogeneous variants, two variants of
m.A3943G (Figure 3) and m.A10005G were just found in the
diabetic group and did not exist in the NGT group. The detailed
clinical features are shown in Supplementary Table 2.

3.5 The comparison of metabolic
features between patients with the 20
mtDNA variants and without those
variants in diabetic patients from
cohort 3

In the diabetic group, the levels of FINS, BMI, HOMA-IR,

and HOMA-B were similar between the group with the 20
variants and those without the variants. The prevalence of
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MetS was similar in the two groups (56.8% vs. 57.2%, P =
0.886). The prevalence of DKD was significantly higher in the
group with the variants than those without the variants (18.7%
vs. 14.6%, P = 0.049) in Table 8.

We divided the patients into two groups: (1) without
variants and (2) with one-to-three variants. In the logistic
regression analysis, compared with the group without the
variants, the OR of DKD for the group with one-to-three
variants was 1.422 (95% CI: 1.055, 1.915, P = 0.021). After
adjustments for age, the OR was 1.434 (95% CI: 1.061, 1.937, P =
0.019). In the adjusted model 3 that was further fitted with age
and sex, the OR of DKD for the group with one-to-three variants
was 1.433 (95% CI: 1.060, 1.936, P = 0.019).

The 20 mtDNA variants were in six domains of
mitochondria including complex I, complex III, complex V,
non-coding, rRNA, and rRNA. There was no significant
difference of the prevalence of patients with normal BMI/
overweight/obesity, FINS tertiles, HOMA-IR tertiles, and
HOMA-B tertiles between patients with variants in these
domains of mitochondria and without these variants in
Supplementary Table 3 and Table 4.

4 Discussion

In our study, we analyzed whole mitochondrial DNA
sequence variants in EOD with MID. We identified that seven
variants, of which five variants were in complex I of
mitochondrial, one variant in complex III, and one in tRNA
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TABLE 4 Comparison of subjects with the 42 variants of mtDNA with the subjects without those variants in cohort 2.

Characteristics without variants n=25
Sex, male/female 13/12
Age, years 352+ 64
BMI, kg/m* 25.5+2.7
WC, cm

Male 93.0 +10.8

Female 86.5 £ 5.5
SBP, mmHg 115+ 17
DBP, mmHg 86 £ 11
Hypertension, n (%) 13 (23.6)
MetS, n (%) 27 (49.1)
DR, n (%) 4(16.7)
DKD, n (%) 11 (20.0)
FPG, mmol/l 8.2+ 35
FINS, uU/ml 8.1 (5.8,13.4)
HbAlc, % 84 +20
LDL, mmol/l 3.0£08
HDL, mmol/l

Male 09+0.2

Female 1.1+02
TC, mmol/l 50+ 1.1
TG, mmol/l 1.9 (1.0, 2.6)
UA, umol/l

Male 377.8 £85.2

Female 323.0 £ 105.0
ALT, U/l 19.5 (12.5, 34.5)
AST, U/l 18.0 (15.3, 24.8)
CRE, pmol/l 57.1 £ 16.0
eGFR, ml/min*1.73m’ 156.5 £ 37.5
ACR, mg/g 7.9 (1.9, 65.2)
HOMA-IR 3.3 (1.8, 4.3)
HOMA-B 61.1 (24.0, 110.7)

with variants n=65 P
47/28 0.067
354+ 7.4 0.901
274 + 45 0.060
954 + 11.2 0.505
90.1 + 11.9 0.351
112 +26 0.690
86+ 13 0.106
15 (23.1) 0.942
38 (58.5) 0.305
13 (21.0) 0.653
31 (48.4) 0.001
88+ 35 0.464
14.6 (10.0, 26.7) 0.006
8.5+ 2.1 0.872
27408 0.133
1.0+03 0.486
1.0 +0.2 0.256
48 +09 0.368
1.8 (1.2,3.3) 0.692
373.6 + 82.3 0.873
3314 +75.7 0.801
25.0 (17.0, 29.5) 0.253
21.0 (17.0, 29.5) 0.093
66.2 252 0.096
159.5 + 50.2 0.788
21.8 (3.0, 106.4) 0.077
6.5 (3.2,10.2) 0.002
72.8 (38.3, 120.6) 0.126

BMI, body mass index; WC, waist circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure; MetS, metabolic syndrome; FPG, fasting plasmatic glucose; FINS, fasting
insulin; HbA1lc, hemoglobin Alc; LDL, low-density lipoprotein; HDL, high-density lipoprotein; TC, total cholesterol; TG, triacylglycerol; UA, uric acid; CRE, creatinine; eGFR, estimated
glomerular filtration rate; ACR, albumin-to-creatinine ratio; DKD, diabetic kidney disease; DR, diabetic retinopathy. HOMA-IR, homeostasis model assessment insulin resistance index.

HOMA-B, homeostasis model assessment B-cell function.

Values are means + SDs or numbers of subjects (percentages), and medians (interquartile range) were for non-normally distributed data. Student’s t-tests, and chi-square tests were
performed to compare the clinical difference between two groups. The Mann-Whitney rank-sum test was used to make comparisons for the non-normally distributed variable.

from cohort 2 and cohort 3, were possibly diabetes associated.
Patients with variants in the non-coding region had a higher
percentage of obesity and levels of FINS. The patients with 20
homozygous variants had a significantly higher prevalence of
DKD than those without these variants in diabetic patients. As
we know, it was the first study to investigate the whole mtDNA
sequence variants with diabetes and DKD in the Chinese
population, and our study has provided a new insight into the
mitochondrial genetic role in diabetes and its complication via.

Mitochondria are essential in energy metabolism and
cellular survival and play a central role in numerous metabolic
processes. IR plays a key role in the development of T2DM and
DKD. Several abnormalities in mitochondrial oxidative
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metabolism, including the reduced content and size of
mitochondria (11), impaired mitochondrial respiration, and
reduced electron transport chain activity (11, 12, 17), as well
as the transcriptional downregulation of genes involved in
mitochondrial oxidative metabolism (13, 14, 19), have been
associated with obesity, T2DM, and aging in human skeletal
muscle. These alterations are collectively termed mitochondrial
dysfunction and are often associated with an impaired insulin-
mediated increase in transcript levels and ATP synthesis in the
mitochondria of skeletal muscle in insulin-resistant individuals
(9, 38). Skeletal muscle is essential for metabolism because of its
role in glucose uptake and its importance in exercise. It plays an
important role in peripheral IR (71). In our study of cohort 2, we
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TABLE 5 Comparison of body mass index (BMI) and other traits among the patients with variants and without these variants in the complex |, IlI,
IV, and V domains of mitochondria.

Tertile/ In Complex I P- In Complex III P- In Complex IV P- In Complex V P-
Category value value value value
Without  With Without  With Without  With Without  With
Variants variants Variants variants Variants variants Variants variants
BMI normal 14/59 7/31 0.964 20/85 1/5 0.841 21/88 0/2 (0.0%)  1.000 18/72 3/18 0.057
(23.7%) (22.6%) (23.5%) (20.0%) (23.9%) (25.0%) (16.7%)
overweight 23/59 13/31 33/85 3/5 35/88 12 32/72 4/18
(39.0%) (41.9%) (38.8%) (60.0%) (39.8%) (50.0%) (44.4%) (22.2%)
obesity 22/59 11/31 32/85 1/5 32/88 12 22/72 11/18
(37.3%) (35.5%) (37.6%) (20.0%) (36.4%) (50.0%) (30.6%) (61.1%)
FINS*  TI 9/35 (25.7%) 0/14 0.049  0/46 (0.0%) 0/3 (0.0%) 0.208 9/47 (19.1%) 0/2 (0.0%) 1.000  8/38 (21.1%) 1/11 0.677
(0.0%) (9.1%)
T2 14/35 5/14 19/46 0/3 (0.0%) 18/47 12 15/38 4/11
(40.0%) (35.7%) (41.3%) (38.3%) (50.0%) (39.5%) (36.4%)
T3 12/35 9/14 18/46 3/3 20/47 12 15/38 6/11
(34.3%) (64.3%) (39.1%) (100.0%) (42.6%) (50.0%) (39.5%) (54.5%)
HOMA- T1 7/35 (20.0%) 0/13 0.131  7/45 (15.6%) 0/3 (0.0%) 0375 7/46 (152%) 0/2 (0.0%) 1.000 6/37 (16.2%) 1/11 0.264
IR* (0.0%) (9.1%)
T2 13/35 4/13 17/45 0/3 (0.0%) 16/46 12 15/37 2/11
(37.1%) (30.8%) (37.8%) (34.8%) (50.0%) (40.5%) (18.2%)
T3 15/35 9/13 21/45 3/3 23/46 12 16/37 8/11
(42.9%) (69.2%) (46.7%) (100.0%) (50.0%) (50.0%) (43.2%) (72.7%)
HOMA- T1 17/35 2/13 0.101 18/45 13 1.000 19/46 0/2 (0.0%) 0.512 13/37 6/11 0.125
B (48.6%) (15.4%) (40.0%) (33.3%) (41.3%) (35.1%) (54.5%)
T2 8/35 (22.9%) 5/13 12/45 1/3 12/46 12 9/37 (24.3%)  4/11
(38.5%) (26.7%) (33.3%) (26.1%) (50.0%) (36.4%)
T3 10/35 6/13 15/45 1/3 15/46 12 15/37 /11
(28.6%) (46.2%) (33.3%) (33.3%) (32.6%) (50.0%) (40.5%) (9.1%)

BMI, body mass index; FINS, fasting insulin; HOMA-IR, homeostasis model assessment insulin resistance index; HOMA-[, homeostasis model assessment B-cell function; T, tertile.
T1-3 were grouped according to tertile category of FINS, HOMA-IR. Ordered classification chi-square test was used to compare the differences between groups. When we analyzed the
difference of FINS and HOMA-IR, patients using insulin were excluded. * means that the subjects who were treated with insulin were excluded. A P-value <0.05 was considered significant.

TABLE 6 Comparison of BMI and other traits among the patients with variants and without these variants in the non-coding region, transfer RNA,
and rRNA of mitochondria.

Tertile/Cate- In non-coding P- In rRNA P- In tRNA P-
gory value value value
Without With Without With Without With
variants Variants variants Variant variants Variants
BMI normal 15/61 (24.6%) 6/29 (20.7%)  0.001 18/76 (23.7%)  3/14 21.4%)  0.007 19/79 (24.1%) 2/11 (182%)  0.799
overweight 31/61 (50.8%) 5/29 (17.2%) 35/76 (46.1%) 1/14 (7.1%) 32/79 (40.5%) 4/11 (36.4%)
obesity 15/61 (24.6%)  18/29 (62.1%) 23/76 (30.3%)  10/14 (71.4%) 28/79 (35.4%) 5/11 (45.5%)
FINS* Tl 6/34 (17.6%) 3/15 (20.0%)  <0.001 8/39 (20.5%) 1/10 (10.0%)  0.522 8/42 (19.0%) 1/7 (143%) 0317
T2 19/34 (55.9%) 0/15 (0.0%) 16/39 (41.0%)  3/10 (30.0%) 18/42 (42.9%) 1/7 (14.3%)
T3 9/34 (26.5%) 12/15 (80.0%) 15/39 (38.5%)  6/10 (60.0%) 16/42 (38.1%) 5/7 (71.4%)
HOMA- TI 5/33 (15.2%) 2/15 (13.3%)  0.064 7/38 (18.4%) 0/10 (0.0%)  0.272 6/41 (14.6%) 1/7 (143%)  0.056
IR*
T2 15/33 (45.5%) 2/15 13.3% 14/38 (36.8%)  3/10 (30.0%) 17/41 (41.5%) 0/7 (0.0%)
T3 13/33 (39.4%) 11/15 73.3% 17/38 (44.7%)  7/10 (70.0%) 18/41 (43.9%) 6/7 (85.7%)
HOMA- TI 17/38 (44.7%) 2/10 (20.0%)  0.364 17/38 (44.7%)  2/10 (20.0%)  0.364 16/41 (39.0%) 3/7 (42.9%) 1.000
B*
T2 9/38 (23.7%) 4/10 (40.0%) 9/38 (23.7%) 4/10 (40.0%) 11/41 (26.8%) 2/7 (28.6%)
T3 12/38 (31.6%) 4/10 (40.0%) 12/38 (31.6%)  4/10 (40.0%) 14/41 (34.1%) 2/7 (28.6%)

BMI, body mass index; FINS, fasting insulin; HOMA-IR, homeostasis model assessment insulin resistance index; HOMA-B, homeostasis model assessment B-cell function; T, tertile.
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TABLE 7 The analysis of 20 mtDNA variants in the case—control study from cohort 3.

No. Variant Position Neurodisease Amino Locus Locus Prediction Genotype distribution MAF % P-  Adjusted OR
change type value (95% CI) *
*
NGT No. of diabetic patients of No. of NGT group of DM
group variant genotype/wild variant genotype/wild group
genotype genotype

1 C1048T 1048 No - rRNA  MT-  Unavailable 31/ 3/449 2 0.7 0.063 3.095

RNR1 1,499 (0.942,10.172)

2 G1719A 1719 No - rRNA  MT-  Unavailable 22/ 10/474 1.4 2.1 0330  0.687 (0.323,
RNR1 1,517 1.462)

3 A3397G 3397 Yes Met31Val  CDS MT-  Likely 14/ 1/494 0.9 0.2 0139 4.635 (0.608,
ND1 Polymorphic 1,492 35.340)

4 C3497T 3497 Yes Ala64Val ~ CDS MT-  Likely 34/ 19/474 22 39 0043 0.554 (0.313-
ND1 Polymorphic 1,530 0.981)
5 A3943G 3943 No lie213Val ~ CDS MT-  Likely 1/1,567 0/495 0.06 0 1.000 -

ND1 Polymorphic

6 A5466G 5466 No Thr333Ala  CDS MT-  Likely 12/ 1/495 0.8 0.2 0.198  3.820 (0.495,
ND2 Polymorphic 1,555 29.451)

7 G7598A 7598 Yes Ala-5Thr ~ CDS MT-  Polymorphic  8/1,539 1/493 0.5 0.2 0376 2.563 (0.320,
CO2 20.540)

8 C8794T 8794  No His-90Tyr CDS MT-  Polymorphic 117/ 41/452 7.5 8.3 0549  0.893 (0.616,
ATP6 1,445 1.294)
9 A10005G 10005  No - tRNA  MT-  Likely 1/1,514 0/493 0.1 0 1.000 -

TG Polymorphic

10 Al0086G 10086  No Asnl0Asp CDS MT-  Likely 1/1,537 2/492 0.1 04 0.135  0.160 (0.014,
ND3 Pathogenic 1.769)
11 A11084G 11084  Yes Thr109Ala CDS MT-  Pathogenic 12/ 9/483 0.8 1.8 0.073 0.449

ND4 1,499 (0.187,1.078)

12 T11204C 11204  No Phel49Leu CDS MT-  Likely 5/1,540 4/491 0.3 0.8 0172 0.399 (0.107,
ND4 Polymorphic 1.490)

13 GI2192A 12192 No - tRNA  MT-  Likely 4/1,553 4/492 0.3 0.8 0105  0.317 (0.079,
TH Polymorphic 1,271)

14 T12338C 12338 Yes MetlThr ~ CDS MT-  Likely 70/ 21/472 4.8 43 0.646 1.124 (0.683,
ND5 Pathogenic 1,400 1.850)

15 AI2361G 12361  No Thr9Ala  CDS MT-  Polymorphic 58/ 13/481 37 26 0.256 1.424 (0.774,
ND5 1,507 2.621)

16 T14502C 14502 Yes lies8Val ~ CDS MT-  Likely 30/ 6/489 2 1.2 0.282 1.624 (0.672,
ND6 Polymorphic 1,506 3.924)

(Continued)
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TABLE 7 Continued

No.

17

18

19

20

Variant Position Neurodisease

A14693G

A14927G

A15218G

A15951G

14693

14927

15218

15951

Amino
change

Thr61Ala

Thr158Ala

NGT, normal glucose tolerance; MAF, major allele frequency.
Logistic regression analysis was used to compare the prevalence of mtDNA variants in diabetic patients and the subjects with normal glucose tolerance. *means that the results were analyzed by logistic regression with no adjustment.

Locus Locus Prediction

type

tRNA

CDS

CDS

tRNA

MT-TE

MT-
CYB

MT-
CYB

MT-TT

Likely
Polymorphic
Likely
Polymorphic
Likely
Pathogenic

Polymorphic

NGT
group

18/
1,545

20/
1,545
26/
1,513

16/
1,526

Genotype distribution

No. of diabetic patients of

39

variant genotype/wild
genotype

6/490
7/489
71486

6/489

MAF %

No. of NGT group of
variant genotype/wild

genotype

1.2

1.3

P-  Adjusted OR
value (95% CI) *
*

DM
group

12 0916 0951 (0376,
2.410)

14 0820  0.904 (0.380,
2.151)

14 0681 1193 (0515,
2.766)

12 0744 1170 (0455,
3.007)
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The 20 variants have been shown in the structure of the mitochondrial genes and different domains. It included seven regions: non-coding
region, complex |, complex Ill, complex IV, complex V, transfer RNA, and rRNA

found that 42 rare variants were associated with IR. In addition,
patients with variants in the non-coding region had a higher
percentage of obesity and higher FINS. These variants were in
the D-loop region, and previously, variants in the D-loop have
been shown to be associated with breast cancer and other tumors
(22, 68-70). The D-loop is the main regulation region of
mitochondrial transcription (72). In addition, variants in the
12S rRNA gene were found to have a higher percentage of
obesity. These variants in the 12S rRNA gene have been reported
to be associated with a coronary atherosclerosis risk, deafness,
and ischemic stroke (24-28). These data strongly indicate that
the D-loop region and 12S rRNA may be associated with obesity.
After enlarging the sample size, we found that there was an
association of mitochondrial variants with DKD. The levels of
FINS and HOMA-IR had an upward trend in the group with 20
variants, although there was no significant statistical difference.
This may be related to the heteroplasmy of mitochondria and the
loss of information by high-throughput sequencing.
Mitochondrial respiratory Complex I plays an important
role in the process of ATP synthesis, which is the rate-limiting
enzyme in electron transport chain (ETC) (73, 74). Current
evidence suggests that the defects in complex I may be associated
with metabolic diseases, including diabetes, IR, and NAFLD (3-
5). In addition, complex I is also a major source of reactive
oxygen species (ROS) in mitochondria (75), which has been
implicated in the pathology of Parkinson disease (76) and ageing
(77). Previous studies have demonstrated that the pivotal role of
the ND6 epigenetic network could regulate mitochondrial
function and affect IR (5). It indicated that the function of
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complex I may be associated with IR. Five of the above seven
mtDNA variants were found in complex I in our study, which
were previously reported in patients with diabetes (34, 38, 40,
78). It may be due to the influence on the structure and the
function of complex I, leading to IR and defecting the function of
islets; thereby, these were considered to be possibly diabetes and
DKD associated.

m.A10005G was previously reported to be possibly
associated with hearing loss (45). m.A10005G is located in the
D-loop and had a crucial role in tRNA recognition by cognate
aminoacyl-tRNA synthetases (79). Another variant was the
m.A15218G variant in MT-CYB. Previous research associated
m.A15218G with epilepsy, diabetes, and Leber hereditary optic
neuropathy (LHON) (78, 80). This variant led to the substitution
of a conserved hydrophilic threonine by a hydrophobic alanine
at position 159 of the cytochrome b subunit of complex III. In
addition, the position was highly conservative (81). The
cytochrome b subunit of complex III formed the catalytic core
(82). The evolutionary conservation of the amino acid position,
results from the prediction algorithms, and the homoplasic
nature of the variant suggest that m.A15218G is mildly
deleterious (64).

Current studies have shown that increased ROS was
associated with diabetic kidney injury (83). Hyperglycemia
would stimulate an increase in aerobic glycolysis with the
resultant increase in substrate delivery to the mitochondria
and a subsequent increase in mitochondrial activity (84).
Increased tricarboxylic acid cycle (TCA) activity would
produce more NADH and FADH2, which would then be used
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TABLE 8 The comparison of the subjects without the 20 variants and with the 20 variants in normal glucose tolerance and diabetes mellitus

groups from cohort 3.

Characteristics

NGT (n=496)

without variantsn=364 with variantsn=132

Sex, male/female 173/191 75/57
Age, years 52.1+89 51.5 8.0
BMI, kg/m’ 256 +3.3 26.1 3.1
WC, cm

Male 884 +83 91.2+9.0

Female 84.6 £ 9.0 86.7 + 8.4
SBP, mmHg 131 £ 16 131 £ 18
DBP, mmHg 86 £ 11 86 £ 12
CHD, n (%) 0 (0) 0 (0)
CBD, n (%) 0 (0) 0(0)
Hypertension, n (%) 102 (28.0) 34 (25.0)
Dyslipidemia, n (%) 112 (30.8) 28 (21.2)
MetS, n (%) 128 (56.1) 58 (31.2)
DR, n (%) - _
DKD, n (%) - -
FPG, mmol/l 54 %04 54 %04
FINS, uU/ml 6.9 (4.8,9.8) 7.8 (4.9,11.2)
HbAlc, % 54+03 54+03
TC, mmol/l 49+08 49+0.8
HDL, mmol/l

Male 1.1+03 1.1 +0.2

Female 1.2+02 1.2+£03
LDL, mmol/l 29+07 29+0.7
TG, mmol/l 1.0 (0.7,1.6) 1.1 (0.8,1.6)
UA, umol/l

Male 304.6 +73.8 3124 + 654

Female 231.9 + 56.0 231.1 +£51.2
ALT, U/l 18.0 (14.0, 24.0) 19.0 (15.0, 25.8)
AST, U/l 20.0 (18.0, 24.0) 21.0 (18.0, 25.0)
CRE, umol/l 62.0 £ 32.0 61.7 + 14.1
eGFR, ml/min*1.73 m* 129.3 £ 32.1 129.2 £ 29.7
ACR, mg/g 5.1 (1.8,12.0) 4.8 (2.1,11.4)
HOMA-IR 1.6 (1.1,2.4) 1.9 (1.2,2.8)
HOMA-B 75.4 (52.7,110.2) 89.3 (53.0,117.9)

DM (n=1,571)

10.3389/fendo.2022.953631

p  without variantsn=1,159 with variantsn=412  p
0.067 657/502 241/171 0.524
0.468 52,6 +11.8 526 +11.8 0.980
0.139 258435 257 +35 0.647
0.015 91.9 + 10.0 92.0 + 10.5 0.955
0.12 89.4 7.7 89.6 + 8.7 0.957
0.888 129 + 16 128 16 0.173
0.747 84+ 13 84 + 14 0.288

- 30 (2.6) 16 (3.9) 0.281

- 24 (3) 17 (3) 0.180
0.617 225 (19.4) 94 (22.8) 0.140
0.622 718 (61.9) 226 (54.9) 0.164
0.074 663 (57.2) 234 (56.8) 0.886

- 332 (28.6) 113 (27.4) 0.797

- 169 (14.6) 77 (18.7) 0.049
0.787 8.7 %24 8.8+ 2.4 0.231
0.068 8.6 (5.8,13.5) 9.0 (5.8,13.7) 0.635
0.548 81+19 82+19 0.203
0.954 50+ 13 48+ 1.1 0.001

0.5 1.0+ 03 1.0 +03 0.364
0.498 12+03 1.28 + 0.3 0.79
0511 3.0£09 29 £09 0.147
0221 1.8 (1.3,2.6) 17 (1.2,2.4) 0.119
0.430 345.1 + 91.8 353.8 + 84.8 0333
0.925 290.4 + 81.6 309.1 + 85.4 0.07
0.178 22.0 (16.0, 35.0) 22,0 (15.8, 35.0) 0.570
0.979 21.0 (17.0, 27.0) 20.0 (16.0, 28.0) 0.422
0911 65.9 +19.0 65.3 = 18.4 0.658
0.961 125.1 £ 37.6 126.7 + 37.1 0598
0.992 10.0 (3.5,47.9) 133 (43,54.4) 0214
0.084 33 (2.1,5.0) 33 (21,5.4) 0.254
0.107 37.6 (21.7,67.4) 37.4 (21.1,66.7) 0.643

NGT, normal glucose tolerance; DM, diabetes mellitus; BMI, body mass index; WC, waist circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure; CHD, coronary heart
disease; CBD, cerebrovascular disease; DR, diabetic retinopathy; DKD, diabetic kidney disease; FPG, fasting plasma glucose; FINS, fasting insulin; HbAlc, hemoglobin Alc; TC, total
cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TG, triglycerides; UA, uric acid; eGFR, estimated glomerular filtration rate; CRE,

creatinine; ACR, albumin-to-creatinine ratio; HOMA-IR, homeostasis model assessment estimated insulin resistance; HOMA-, homeostasis model assessment 3 function.
Values are means + SDs or numbers of subjects (percentages), and medians (interquartile range) were for non-normally distributed data. Student’s t-tests and chi-square tests were
performed to compare the clinical difference between two groups. The Mann-Whitney rank-sum test was used to make comparisons for the non-normally distributed variable.

in the ETC in the mitochondria. The above evidence may partly
explain the reason why the mtDNA variation could lead to DKD.
The variety of mtDNA variants could alternate the structure of
mitochondria and affect different aspects of mitochondrial
function, thereby causing diabetes and DKD.

Diabetes due to mtDNA variants requires individualized
treatment. Metformin is not recommended in the case of
mitochondrial diabetes because it was shown to cause lactic
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acidosis. SGLT-2i could lead to lower blood sugar and body
weight; reduced cardiovascular events risks; and the
improvement of the inflammation status, liver steatosis, and uric
acid concentrations (85). GLP-1 Ras also had the protective effect
on the cardiovascular system. Since mtDNA variants are known to
elevate the level of ROS, they are especially dangerous for the
cardiovascular system, where they can cause cardiomyopathy,
atherosclerosis, and hypertension. Diabetic patients with
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identified mtDNA variants are considered a high-risk group for
cardiovascular diseases. Therefore, the cardioprotective effects of
SGLT-2i, GLP-1 RA, and related substances have significant
benefits in comparison to alternative treatments (86). In
addition, we also need to pay attention to new strategies aimed
at restoring complex I activity, reducing oxidative stress in
alleviating IR, and the treatment of diabetes.

There are also three limitations in our study. First, the software
we used was aimed to evaluate the coding variants and tRNA, and
the variants in rRNA were unavailable. The pathogenicity of these
variants is needed to be further investigated. Secondly, the sample
size to evaluate the potential disease-associated variants was
limited; thus, a larger sample size of population is needed to
further investigate the variants in the mitochondrial diabetes and
DKD for future studies. Thirdly, the exact mechanism of the
potential disease-associated variants that possibly cause disease is
further needed for the research in vivo and in vitro studies.

5 Conclusions

In our study, we found that seven variants in mitochondrial
complex I, D-loop, and complex I were possibly associated with
diabetes and 20 mtDNA variants may be associated with a
higher risk of DKD. Although it has been proposed that the
variants might impair the function of mitochondrial complex I
and elevate the levels of ROS, the molecular mechanism linking
diabetes and DKD is further needed to be investigated.
Prospective and larger-scale studies are needed to establish the
clinical relevance of this association.
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Pancreatic 3-cell hyper-O-
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and Emilyn U. Alejandro™
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Protein O-GlcNAcylation is a nutrient and stress-sensitive protein post-
translational modification (PTM). The addition of an O-GlcNAc molecule to
proteins is catalyzed by O-GIlcNAc transferase (OGT), whereas O-GlcNAcase
(OGA) enzyme is responsible for removal of this PTM. Previous work showed
that OGT is highly expressed in the pancreas, and we demonstrated that hypo-
O-GlcNAcylation in B-cells cause severe diabetes in mice. These studies show
a direct link between nutrient-sensitive OGT and B-cell health and function. In
the current study, we hypothesized that hyper-O-GlcNAcylation may confer
protection from B-cell failure in high-fat diet (HFD)-induced obesity. To test
this hypothesis, we generated a mouse model with constitutive B-cell OGA
ablation (BOGAKO) to specifically increase O-GlcNAcylation in B-cells. Under
normal chow diet, young male and female BOGAKO mice exhibited normal
glucose tolerance but developed glucose intolerance with aging, relative to
littermate controls. No alteration in B-cell mass was observed between
BOGAKO and littermate controls. Total insulin content was reduced despite
an increase in pro-insulin to insulin ratio in BOGAKO islets. BOGAKO mice
showed deficit in insulin secretion in vivo and in vitro. When young animals
were subjected to HFD, both male and female BOGAKO mice displayed normal
body weight gain and insulin tolerance but developed glucose intolerance that
worsened with longer exposure to HFD. Comparable B-cell mass was found
between BOGAKO and littermate controls. Taken together, these data
demonstrate that the loss of OGA in B-cells reduces B-cell function, thereby
perturbing glucose homeostasis. The findings reinforce the rheostat model of
intracellular O-GlcNAcylation where too much (OGA loss) or too little (OGT
loss) O-GlcNAcylation are both detrimental to the B-cell.
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Introduction

Protein O-GlcNAcylation is a nutrient and stress-sensitive
protein post-translational modification (PTM). The addition of an
O-GIcNAc molecule onto proteins is catalyzed by O-GlcNAc
transferase (OGT), whereas O-GlcNAcase (OGA) enzymes are
responsible for removal of this PTM. O-GlcNAcylation occurs in
intracellular proteins in the cytosol, mitochondria, and nucleus of
the cell (1). The substrate, UDP-N-acetylglucosamine (UDP-
GlcNAc) is synthesized from the hexosamine biosynthetic
pathway that incorporates major components of macronutrients
(glucose, amino acids, lipid and nucleotides), integrating the
nutrient status of the cell into intracellular response to regulate
key cellular functions (2). Dysregulation of O-GIcNAc cycling has
been associated with various pathophysiologies (3, 4), in
particular, metabolic disorders such as diabetes (5).

OGT is highly expressed in the pancreas (6) and has
distinctive effects in the pancreas, compared to other insulin-
sensitive metabolic tissues (7). O-GlcNAcylation has been
detected in embryonic pancreas (8) and has shown to be
critical to maintain both endocrine and exocrine health and
function. OGT loss or hypo-O-GlcNAcylation in pancreatic
progenitors causes pancreatic hypoplasia (8). OGT deletion in
[B-cells or in a-cells reduces cell survival and function (7, 9, 10),
thereby dysregulating glucose homeostasis in vivo. Islet O-
GlcNAcylation is increased in early obesity and is required for
[-cell adaptation to enhance insulin secretion in early states of
obesity (11). More importantly, we showed that OGT expression
and activity are reduced in human islets from donors with
chronic obesity, and lower OGT expression is associated with
reduced B-cell function (11). These studies show a direct link
between nutrient-sensitive OGT and [-cell health and function.

O-GlcNAcylation has been implicated in the regulation of -
cell health and function by fine-tuning signaling pathways
relevant to cell survival such as the UPR ER stress and
mitochondrial function (12). In B-cells, OGT loss increases ER
(10) and mitochondrial stress (12). Several OGT protein targets
in B-cells have been identified including the master regulator
Pdx1 (13, 14) (8), and others such as p53 (8), NeuroD1 (15),
TxNIP (16) and eIF4G1 (17). The cycling of O-GlcNAcylation
on these target proteins is balanced by the enzyme OGA. SNP in
OGA gene is a type 2 diabetes susceptibility gene in humans
(18). Currently, there are no known studies that aim to study the
O-GleNAc cycling specifically in the pancreatic B-cell and its
subsequent effect on glucose homeostasis in vivo.

The perturbations in O-GlcNAc cycling have been studied in
vivo using whole body and conditional deletion of OGA (19, 20).
These studies revealed that complete deletion of OGA led to
perinatal lethality, whereas heterozygosity of OGA deletion led
to viable mice with perturbed metabolic phenotypes. Whole
body heterozygosity of OGA in male mice led to lower body
weight with improved glucose tolerance and these mice resisted
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high fat diet (HFD) induced weight gain associated with
increased energy expenditure through brown adipose
enhancement. In a separate study of conditional deletion of
OGA through MMTV-Cre recombinase, the authors reported
sexual dimorphism phenotypes: Males displayed normal body
weight, glucose tolerance (GTT) and insulin secretion in vivo,
while female mice exhibited greater body weight gain (increase
in both lean and fat mass), normal GTT, and increased insulin
secretion in vivo (19). Under metabolic stress (HFD), OGA
deletion led to improved GTT and normal insulin secretion in
male mice, and glucose intolerance in females despite improved
insulin secretion in vivo. In this study, however, insulin
sensitivity was not tested.

Previous reports investigating the requirements of OGA
provided important information about the metabolic effects of
altered O-GIcNAc cycling in the whole animal (19). However,
these studies are limited due to deletion of OGA in various
tissues with possible conflicting effects in different tissues. To
study the effect of blunted O-GlcNAc cycling in B-cell health
and function and its impact on whole body glucose
homeostasis, we characterized the mouse model of pancreatic
B-cell specific OGA deletion. We reveal age-dependent
impairment in glucose tolerance in both male and female in
BOGAKO mice under normal chow diet, and that glucose
intolerance in these mice was associated with defects in insulin
content and insulin secretion. In response to a high-fat diet,
male and female BOGAKO mice developed worse glucose
intolerance. Under the diabetogenic stressor, streptozocin,
BOGAKO mice developed hyperglycemia like littermate
controls. The present study highlights the importance of O-
GlcNAcylation cycling in both male and female animals and its
implication in B-cell failure in diabetes.

Results

Generation of pancreatic 3-cell specific
OGA deletion in mice

OGA, a key enzyme responsible for the removal of post-
translational modification of O-GlcNAcylation, is a T2D
susceptible gene in humans (21). To assess the role of OGA in
the pancreatic B-cells and its subsequent contribution to glucose
homeostasis, we generated a mouse model with B-cell specific
ablation of OGA using the Rat-Insulin-Promoter driven Cre-
recombinase and OGA floxed gene (RIP-cre; OGA flox/flox,
herein referred to as BOGAKO). We confirmed that the isolated
islets (containing 3-cells and other endocrine cells) from BOGAKO
mice show significantly lower OGA mRNA transcript and protein
levels and increased protein O-GlcNAcylation levels than control
islets (Figures 1A-D). Interestingly, we show reduced protein levels
of OGT, without alterations to its transcript levels in BOGAKO
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Validation of the B-Cell Specific Deletion of OGA. OGA mRNA level from pancreatic islets of control and BOGAKO mice (A), normalized to beta-
Actin mRNA (n=3-4). Representative western blot (B) and quantification of OGA (C) and pan O-GlcNAcylation (D), normalized to beta-Actin
(n=3-5). Immunofluorescence image of pancreatic islets showing O-GlcNAcylation (Red), Insulin (Purple), Glucagon (Blue) and Cre Reporter
(Green) in Control and BOGAKO pancreas (E). 40x magnification. Scale bar = 50 um. Statistical analyses were conducted using unpaired, 2-way

student t-test with significance *p<0.05, **p<0.001

islets (Supplemental Figures 1A, B), suggesting that O-GlcNAc
cycling enzyme expression is sensitive to overall O-GlcNAc status
of the cell. Since pancreatic islets consist of other endocrine cell
types that express OGA and the O-GlcNAc-modified proteins (e.g.,
o-cells), we validated the specificity of the deletion using
immunofluorescence imaging. Here, we observed an increase in
O-GlcNAcylation specifically in insulin producing B-cells
(Figure 1E), validating the specificity of OGA deletion in
BOGAKO mice.

OGA deletion in pancreatic B-cell
perturbs glucose homeostasis
under standard chow in
age-dependent manner

To test the requirement of B-cell OGA in regulating whole
body glucose homeostasis, we monitored the following
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parameters over time: body weight, blood glucose, and
glucose and insulin tolerance in vivo. BOGAKO exhibited no
differences in body weights and non-fasted blood glucose in
both males (Supplemental Figures 1C, E) and females
(Supplemental Figures 1D, F) compared to control mice. At
8-10-wks of age, male and female BOGAKO mice exhibited
normal glucose and insulin tolerance when compared to
control mice (Figures 2A-D). However, at 26wks of age, male
and female POGAKO mice exhibited glucose intolerance
(Figures 2E, F), without gross alterations to insulin tolerance
(Figure 2G). Consistently, in response to bolus of glucose
treatment, OGAKO mice failed to significantly increase
insulin secretion, compared to control mice (Figure 2H),
suggesting insulin secretion deficit as the driver of glucose
intolerance at this age. Altogether, these data suggest that OGA
deletion significantly alters basal B-cell function in both male
and female mice under normal chow diet in an age-

dependent manner.
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for each figure. Statistical analyses were conducted using two-way ANOVA and unpaired, 2-way student t-test with significance *p < 0.05, #p<0.05

relative to fasting control. ns, non-statistical significance

Normal B-cell mass but insulin
secretion deficits in male and female
BOGAKO mice

To further investigate the observed insulin secretion response
in vivo, we assessed -cell mass and function ex vivo. BOGAKO
mice showed no alterations to pancreas mass, B-cell ratio, or 3-cell
mass (Figure 3A; Supplemental Figures 1G, H). Subsequently, we
assessed the secretory function. BOGAKO islets secreted less
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insulin in response to glucose stimuli than the control islets
(Figure 3B), and this was in part due to loss in insulin content in
these islets (Figure 3C). With further analysis, we observed that
proinsulin content and proinsulin to insulin ratio was decreased in
BOGAKO islets, suggesting reduced proinsulin synthesis or
enhanced processing in these islets (Figures 3D-F). In our
previous study using the BOGTKO model, we showed that the
expression of carboxypeptidase E (CPE), a proinsulin cleaving
enzyme, was reduced and regulated indirectly by the
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FIGURE 3

Impaired insulin secretion and processing in B-cell OGA deficient islets. B-cell mass of Control and BOGAKO female mice at 30-wks of age (A,
n=3-4). In Vitro glucose stimulated insulin secretion assay with isolated primary islets from control and BOGAKO mice at 30-wks of age (B) with
post-assay insulin content normalized to DNA (C) (n=5-6). Primary islet insulin (D) and proinsulin€) content normalized to DNA with proinsulin
to insulin content ratio (F) (5-6). Immunofluorescence image of pancreatic islets showing CPE (red) and insulin (white) from Control and
BOGAKO pancreas (G) and intensity quantification of CPE in insulin positive cells (H). Islet analysis from n=2-3 animals. 40x magnification. Scale
bar = 50 pm. Representative western blot (I) and quantification of CPE (J) and elF4G1 (K), normalized to beta-Actin (n=3-4). Statistical analyses
were conducted using two-way ANOVA and unpaired, 2-way student t-test with significance *p<0.05, ** p<0.001, ****p<0.0001,
#i###55<0.0001 relative to control fasting
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O-GlcNAcylation of a translational factor, e[F4G1 (17). Consistent
with the BOGTKO model, we show that increased O-
GlcNAcylation in BOGAKO islets led to increased CPE protein
levels (Figures 3G-J), concomitantly with increased eIF4Gl
protein expression (Figures 3I, K). Alterations to CPE and
elF4G1 protein expressions were observed without any significant
changes to the transcript levels of CPE and eIF4G1 (Supplemental
Figures 11, J), highlighting the O-GlcNAcylation impact of these
targets at the post-transcriptional level. Altogether, our data suggests
that OGA deletion impacts insulin biosynthesis, processing, and
secretory pathways, but not 3-cell mass.

Male and female BOGAKO mice
develop glucose intolerance in high
fat diet feeding

To test their propensity to metabolic stress, male and female
BOGAKO and littermate control mice were placed on a high-fat diet
(HFD; 60% kcal) feed. We detected comparable body weight gain
between the genotypes in both male and female mice (Figures 4A, B).
Echo-MRI imaging performed at 30-wks post-HFD feeding
corroborates this data, showing no alterations in fat or lean mass in
either male or female BOGAKO mice (Supplemental Figures 2A-D).
In early HFD feeding (4-wks), no alterations in glucose tolerance
were observed in either male or female BOGAKO mice (Figures 4C,
D). In contrast to normal glucose handling in early HFD, male
BOGAKO mice developed significant glucose intolerance with
female mice showing strong trends towards intolerance at 20-wks
post-HFD feeding (Figures 4E, F). The development of glucose
intolerance in BOGAKO mice became more severe by the effect of
HEFD feeding, when compared to normal chow diet (Supplemental
Figures 2H). No differences were observed in insulin tolerance
between control and BOGAKO mice fed a HFD regardless of sex
(Supplemental Figures 2E, F). Subsequently, we assessed [-cell
function in vivo. In early HFD feeding (6-wks), we found no
significant differences in insulin secretion between control and
BOGAKO mice (Supplemental Figure 2G). The deficit in insulin
secretion in both male and female BOGAKO mice became apparent
in longer HFD feeding (30-wks) (Figures 4G, H). However, there
were no alterations to 3-cell mass of BOGAKO mice post-32wk HFD
feeding (Figures 41, ]), suggesting a defect in insulin secretory
capacity. Altogether, these data suggest that hyper-O-
GlcNAcylation in B-cells exacerbates the dysfunction in glucose
homeostasis and insulin secretion under a diet stressor.

BOGAKO and littermate control mice
display similar response to
streptozocin stress

Streptozocin (STZ) is a common diabetogenic drug to
induce hyperglycemia through death of pancreatic B-cells. One
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mechanism of action by STZ is the inhibition of OGA (17). We
hypothesized that deletion of OGA may predispose these mice to
diabetes by STZ treatment. To test this hypothesis, 8-10 wk old
mice were treated with low-dose STZ injection for 5 days. Body
weight, blood glucose and serum insulin were assessed for 2-wks
post injection. In both sex, body weight remained normal across
control and BOGAKO mice (Figures 5A, B). In male mice,
control and POGAKO mice developed hyperglycemia at an
equal rate as the controls (Figure 5C). As expected, with low
dose STZ treatment, the female mice maintained relatively
normal blood glucose with no differences between the
genotypes (Figure 5D). Consistent with the blood glucose
levels, the serum insulin level between control and BOGAKO
mice remained similar (Figures 5E, F). These data suggest that
OGA deletion did not alter the mice’s response to low dose STZ
stressor relative to littermate controls.

Discussion

Previous studies have established that O-GlcNAcylation is
required for proper B-cell function and metabolic regulation
(17). However, it is not known whether dysregulated O-GIcNAc
cycling through perturbation of OGA leads to alterations to
insulin synthesis and secretion in pancreatic B-cells. To assess
the relevance of OGA in B-cell function, we generated B-cell
specific OGA knock-out mice. Hyper-O-GlcNAcylation
appeared to have no impact on glucose tolerance until 28wks
of age, where the animals develop glucose intolerance in part due
to reduced glucose stimulated insulin secretion. This deficit in
circulating insulin was in part due to dysfunction in B-cell
function, but not in mass. The reduction in insulin secretion
was associated with decreased total insulin content. To test the
loss of OGA against metabolic challenge, we placed these mice in
HED for 25-wks. Body weight did not change for the duration of
the metabolic challenge, but glucose intolerance worsened, with
insulin secretion deficit, compared to mice fed normal chow diet.
In response to the diabetogenic stressor, STZ, we detected no
difference in susceptibility to diabetes in either male or female
BOGAKO compared to controls, suggesting that HFD, but not
STZ, heightened metabolic dysfunction in these mice.

Diabetes and hyperglycemia are often associated with
increased O-GlcNAcylation and subsequent tissue dysfunction
(1, 22). For example, increased O-GlcNAc modification in islets
from diabetic Goto-Kakizaki rats is associated with loss of
insulin secretion (23). Genetic deletion of OGA in tissues
(such as liver and kidney using MMTV-Cre; OGA flox/+) led
to sex-dependent differential metabolic phenotypes in both
normal chow and high-fat diet (HFD) feeding (19). While this
model is not a conditional deletion of OGA in pancreatic -cells
(24), a sexual-dimorphism in glucose homeostasis dysfunction
under metabolic stress was apparent (increased body weight and
increased insulin secretion in normal chow diet, and glucose
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FIGURE 4

Perturbed glucose homeostasis in BPOGAKO mice under high fat diet feeding. Body weight over 20-wks of high-fat-diet (HFD) feeding between
control and BOGAKO male (A, n=6-7) and female (B, n=8) mice. In vivo glucose tolerance (2 g/kg glucose, i.p.) test on 4-wks (C; Male, D;
Female) and 20-wks (E; Male, F; Female) post-HFD (n=6-7 for males and n=8 for females). In vivo glucose stimulated insulin secretion of male

(G, n=6) and female mice 30-wk post-HFD (H, n=6-7). B-cell mass, assessed at 32-wk post-HFD in male

(I, n=3-4) and female mice (3, n=4).

Statistical analyses were conducted using two-way ANOVA and unpaired, 2-way student t-test with significance *p < 0.05

intolerance in HFD despite increased insulin secretion in female,
whereas, improved glucose tolerance without changes in insulin
secretion in male fed HFD). Interestingly, in our model where
OGA is genetically ablated specifically in B-cells, we detected
similar metabolic phenotypes in both male and female
BOGAKO mice in normal chow and HFD. In males,
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BOGAKO mice exhibited impaired glucose tolerance with
deficit in insulin secretion in either chow diets, unlike normal
and impaired glucose tolerance observed in the whole-body
deletion model in normal chow or HFD, respectively. In
females, BOGAKO consistently showed impairment in insulin
secretion; yet whole-body deletion of OGA has led to increased
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FIGURE 5

Normal response to diabetogenic STZ treatment in BPOGAKO mice. Body weight (A, Male; B, Female) and blood glucose (C, Male; D, Female)
tracked over 2-wks post-STZ injection (n=5-6 for Males, n=5-8 for Females). Serum insulin (E, Male; F, Female) at 2-wks post-STZ injection
(n=4-5 for Males, n=4-8 for Females). Statistical analyses were conducted using two-way ANOVA and unpaired, 2-way student t-test with

significance *p < 0.05.

insulin secretion in response to glucose. These data suggest that
glucose tolerance and insulin secretion phenotypes in the whole
body OGA deletion arises from non-B-cell OGA deficits.
Consistent with this idea of differential effects of tissue specific
perturbation of O-GlcNAc cycling, specific deletion of OGA in
the brain leads to higher insulin in circulation (25). These data
highlight the complexity of the glucose homeostasis and
maintenance of circulating insulin in vivo.

In pancreatic B-cells, deletion of OGT, a model of hypo-O-
GlcNacylation, led to the development of diabetes in mice with
deficits in both B-cell mass and function (10). In the current
model, deletion of OGA in B-cells led to glucose intolerance and
insulin secretion deficits in older mice, though animals did not
develop hyperglycemia or overt diabetes. These data suggest that
perturbed cycling of O-GlcNAcylation on target proteins,
whether it be too much or too little, is detrimental for -cell
function. In response to high glucose stimulation, BOGAKO
mice failed to respond with adequate insulin secretion. We
determined that this defect is in part due to reduced insulin
content. In BOGAKO islets, pro-insulin levels and pro-insulin to
insulin ratio was reduced, and this is associated with increased
expression of prohormone processing enzyme carboxypeptidase
E (CPE), suggesting increased pro-insulin processing with
possible reduction in pro-insulin transcription or translation.
In our previous work in BOGTKO islets, a model of hypo-O-
GlcNAcylation, we found that reduced insulin content occurred
in part due to disruption in insulin transcription (decrease Ins1/2
mRNA and Pdxl protein) as well as proinsulin processing,
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through dysregulation of CPE via O-GlcNAcylation of eIF4Gl
(26). These data suggest that insulin processing in part through
CPE and eIF4G1 is dependent on the presence of O-
GlcNAcylation, where absence leads to reduced processing,
while an increase in this PTM leads to enhanced proinsulin
processing. However, given that insulin content is reduced in
both BOGTKO and BOGAKO islets, overall insulin biosynthesis
may be more dependent on O-GlcNAc cycling where either too
little or too much O-GlcNAcylation inhibits this process and
subsequent insulin secretion.

In addition to a HFD metabolic stressor, we utilized a
diabetogenic stressor, streptozocin (STZ) to study the
susceptibility of B-cell death under the condition of perturbed
O-GIcNAc cycling. STZ is a GIcNAc analog that is selectively
toxic to B-cells and one mechanism of action is the inhibition of
OGA (27). STZ treatment increase O-GlcNAcylation in -cells
and is associated with B-cell death as transgenic mice with
blunted glucosamine synthesis are resistant to STZ effects (28).
In our previous study, we showed that transgenic overexpression
of OGT in B-cells, a model of hyper-O-GlcNAcylation, led to
protection against STZ in female mice (29). However, in the
current of model of increasing O-GlcNAcylation via deletion of
OGA in B-cells, mice exhibited typical diabetogenic effects from
STZ, suggesting that STZ can induce B-cell dysfunction
independent of its effect on OGA. Other molecular
mechanisms of STZ-induced B-cell death include methylation
of DNA, nitric oxide production and oxidative stress (30). Also,
it is possible that persistent O-GlcNAcylation of a target proteins
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require regulated cycling to impact their response to stress (in
the case of OGT overexpression), rather than completely blunted
PTM cycling (as in BOGAKO mice), highlighting the
importance of enzyme kinetics in cellular response and function.

In summary, we demonstrate that ablation of OGA in B-cells
causes a defect in insulin secretion but not B-cell mass. Mice
lacking OGA in their B-cells develop glucose intolerance with
age but not overt diabetes. These mild phenotypes are distinct to
that of mice lacking OGT in their B-cells, where they develop
severe hyperglycemia and over diabetes in early adulthood in
part by decreased B-cell mass and insulin secretion failure. These
studies highlight importance of O-GlcNAcylation cycling but
also the distinct non-enzymatic actions of OGT and OGA in
these cells.

Experimental procedures

Animal models and in vivo
mouse procedures

The following mice were used as breeders for the study: OGA
flox/flox (provided by Dr. John Hanover (NIH)), and mice
harboring one allele of Cre-recombinase under the rat insulin 2
promoter [Rip-Cre; provided by Dr. Pedro Herrera (University of
Geneva)], CAG-GFP Cre-recombinase reporter (Jackson
Laboratories). All mice were group housed on a 14:10 light-dark
cycle. High-fat diet (HFD; 60% Kcal of fat, D12492) was purchased
from Research Diets, Inc. Glucose and insulin tolerance tests and in
vivo glucose stimulated insulin secretion assays were performed as
previously described (10), with littermate (OGA flox/flox, referred
to as Control) mice. Low dose streptozocin (50 mg STZ/kg bw) was
injected for 5-consecutive days and the mice were studied for 2-wks
to assess metabolic parameters. All procedures were performed in
accordance with the University of Minnesota Animal Studies
Committee (IACUC #1806A36072).

Islet isolation and insulin secretion assay

We have previously described our islet isolation and insulin
secretion assay technique (10). In brief, islets were isolated
following ductal perfusion of collagenase and handpicked into
RPMI media (10% FBS, 5 mM glucose) for overnight culture
before experimental use. For the secretion assay, 3x10 islet
aliquots per mouse were sequentially incubated in Krebs buffer
at low glucose (2 mM, LG, 30 min), HG (high glucose, 16.7 mM,
30 min) and 30 mM KCI (15 min). Islet were collected into RIPA
buffer (CST) with protease inhibitor cocktail (CST). Insulin
secretion is presented as % of post-secretion islet insulin
content. Total islet insulin content was calculated as the sum
of secreted insulin + insulin content of the remaining islets,
normalized to DNA.
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Insulin ELISA

Insulin and proinsulin levels from random-fed serum, lysed
isolated islets and islet secretion solutions were measured using
Mouse Ultrasensitive Insulin ELISA kit (Alpco; 80-INSMSU-
EO01) per kit instruction. Content data was normalized to DNA,
as determined by Quant-iT Pico Green dsDNA Assay
(Molecular Probes).

Western blot

Primary pancreatic islets were lysed by sonication in 1x
RIPA buffer, supplemented with protease and phosphatase
inhibitor cocktails (CST). Upon BCA protein analysis, protein
lysates were resolved by SDS-PAGE, followed by transfer to
PVDF membrane. Membrane was blocked with 5% non-fat dry
milk and probed with following antibodies: RL2 (Abcam;
ab2739), OGA (Sigma; SAB4200311), OGT (CST; 24083), CPE
(BDScience; 610759), eIF4G1 (Proteintech; 15704-1-AP), Actin
(CST; 4967).

gPCR analysis

RNA was isolated from pancreatic islets, using RNeasy plus
micro kit, following manufacturer’s protocol. For gPCR, cDNA
was synthesized from islet RNA, using high-capacity cDNA
reverse-transcription kit (Applied Biosystems). Relative gene
expression was assessed with Sybr Green (Applied Biosystems)
on QuantStudio 6 Flex Real-Time PCR systems and calculated
with AA cycle threshold (AACT) normalized to loading control.
Primer sequences are: OGA Forward (TACCTGGGA
GAGCCAGAAAC), OGA Rev (TGGATAACAGAAAGTG
CCACA), CPE Forward (GCTCAGGTAATTGAAGTCTT),
CPE Rev (TACTGCTCACGAATACAGTT), OGT Forward
(ACTGTGTTCGCAGTGACCTG), OGT Rev (TCAAATAAC
ATGCCTTGGCT), elF4G1 Forward (TGGGAGGCTGATTCT
CTACCQC), elF4G1 Rev (GGAGACCTTCTAGATGCCA), Actin
Forward (GCCCTGAGGCTCTTTTCCAG), and Actin Rev
(TGCCACAGGATTCCATACCQ).

Immunofluorescence & B-cell
mass analysis

5 pum sections were generated at intervals of 200 um from 5
different regions of each formalin-fixed and paraffin-embedded
adult pancreas. Tissue sections were then selected from each
region for staining. Following deparaffinization, antigens were
retrieved by microwaving tissues in 0.01 M sodium citrate/citric
acid for 12 minutes at 95C. Sections were then permeabilized
with 0.01% Triton and blocked with Roche blocking buffer.
Tissues were incubated overnight at 4°C in primary antibodies
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against guinea pig insulin, mouse glucagon, and DAPI. Tissues
were then washed with PBS-0.01% Tween and incubated with
FITC, Cy3, and AMCA-conjugated secondary antibodies for 2
hours at 37°C. DAPI staining was also performed according to
instructions provided by the manufacturer. B-cell mass was
performed as previously described (10). For intensity analysis,
all slides were imaged at the same time under equal channel
exposure conditions. Using ImageJ (v1.53q), each image was
thresholded such that only the islets were selected, and absolute
average intensity was measured for each islet.

Statistical analysis

Data are presented as mean + SEM and were analyzed using
2-tailed unpaired Student t-test. Multiple outcome data were
assessed using repeated measures 2-way ANOVA. Statistical
analyses were performed in GraphPad Prism version7 with a
significance threshold of p<0.05.
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SUPPLEMENTARY FIGURE 1

Normal Chow Diet Phenotype. OGT mRNA level from pancreatic islets of
control and BOGAKO mice (A), normalized to beta-Actin mMRNA (n=3-4).
Representative western blot and quantification of OGT (B), normalized to
beta-Actin (n=3-4). Body weight from 5- to 15-wks of age in male (C) and
female (D) mice under normal chow diet (n=5-6 for males, n=8-11 for
females). Non-fasted blood glucose at 15-16 wks of age in male (E) and
female (F) mice (n=6-7 for males, n=4 females). Pancreas mass (G) and f-
cell area to pancreas area ratio (H) from control and BOGAKO mice (n=3-
4). CPE (1) and elF4G1 (J) mRNA level from pancreatic islets of control and
BOGAKO mice, normalized to beta-Actin mRNA (n=3-4). Statistical
analyses were conducted using two-way ANOVA and unpaired, 2-way
student t-test with significance *p<0.05

SUPPLEMENTARY FIGURE 2

High Fat Diet Phenotype. Echo-MRI analysis of fat mass and lean mass for
male (A, B) and female (C, D) mice (n=6-7 for males and n=8 for females).
Insulin sensitivity (0.75 U/kg insulin, i.p.) on 24-wks post-HFD for male (E)
and female (F) mice. (n=6-7 for males and n=8 for females). In vivo GSIS of
mice on 6-wks HFD (G) (n=4-7). IPGTT AUC from and comparing normal
chow and HFD conditions (H).
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Diabetes is a very complex disease which is characterized by the appearance of
insulin resistance that is primarily compensated by an increase in pancreatic
beta cell mass, generating hyperinsulinemia. After time, pancreatic beta cells
die by apoptosis appearing in the second phase of the disease, and
characterized by hypoinsulinemia. There are multiple conditions that can
alter pancreatic beta cell homeostasis and viability, being the most relevant
ones; ER stress, cytotoxicity by amylin, mTORC1 hyperactivity, oxidative stress,
mitochondrial dysfunction, inflammation and alterations in autophagy/
mitophagy flux. In addition, the possible effects that different polyphenols
could exert in the modulation of these mechanisms and regulating
pancreatic beta cell viability are analyzed. It is necessary a profound analysis
and understanding of all the possible mechanisms involved in the control and
maintenance of pancreatic beta cell viability to develop more accurate and
target treatments for controlling beta cell homeostasis and preventing or even
reversing type 2 diabetes mellitus.

KEYWORDS

diabetes, pancreatic beta cells, ER stress, autophagy, amylin, polyphenols

Introduction

Type 2 diabetes mellitus (T2DM) is a very complex metabolic disease characterized
by insulin resistance as well as pancreatic B cell dysfunction, and it is considered a
worldwide epidemic (1). The pathogenesis of T2DM is multifactorial and a subject of
continuous intense investigation. 3 cells are a type of cells existing in the pancreatic islets
of Langerhans that secrete insulin and amylin in response to increasing glycemia. Glucose
stimulates transcription, translation and exocytosis of insulin in B cells to maintain
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systemic glucose homeostasis. In this sense, 3 cells sense glucose
which leads to an increase in the intracellular ATP/ADP ratio
through its metabolism, thus, closing ATP-dependent potassium
channels, depolarizing cellular membrane, stimulating calcium

influx, and finally promoting insulin secretion.

Effects of gluco-, lipo- and
glucolipotoxicity in insulin secretion

Plasma free fatty acids (FFAs) and glucose exert both
positive and negative effects on pancreatic beta cell survival
and insulin secretory function, depending on their concentration
and duration.

In the presence of chronic hyperglycemia (glucotoxicity), the
uncoupling protein 2 (UCP2) expression in beta cells is
increased, and this event is associated with a reduction in the
ratio of ATP to ADP, thus inhibiting glucose-stimulated insulin
secretion (GSIS), which contributes to the development of
T2DM (2-4). In this regard, it was described that UCP2
upregulation, by the deletion of the deacetylase SIRTI,
contributes to diminish GSIS (5). More recently, other authors
demonstrated that ROS and GSIS were increased in a [B-cell-
specific UCP2 knockout (BUCP2KO) model, highlighting that
UCP2 negatively regulates GSIS by reducing mitochondrial ROS
production, and not through a defect in ATP production (6).

In the same way, a chronically exposure of  cells to elevated
concentration of FFAs, referred as lipotoxicity, results in
disturbances in lipid metabolism regulation, impairs GSIS by
an induction in UCP2 expression, increases beta-cell apoptosis
and consequently induces T2DM (7, 8).

Regarding the effects of a combined and long-term exposure
to elevated glucose and FFAs (glucolipotoxicity) on pancreatic
beta-cell function and survival, recently it has been
demonstrated that it leads to decreased GSIS and impaired
insulin gene expression, contributing to B-cell failure and
T2DM (9).

Dysfunctional mechanisms leading
to beta cell dysfunction and
T2DM progression

Different molecular mechanisms trigger beta cell
dysfunction in a glucolipotoxic scenario and includes
cytotoxicity of amylin, mTORCI hyperactivation, ER and
oxidative stress, mitochondrial dysfunction, autophagy
impairment and islet inflammation. The main scope of this
review is to shed light on the molecular mechanisms produced in
pancreatic beta cells that lead to beta cell dysfunction,
contributing to T2DM.
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ER stress

The endoplasmic reticulum (ER) of beta cells has a high
capacity of protein synthesis and folding. However, in the
context of insulin resistance, beta cells need to synthesize
insulin beyond their capacity for protein folding and secretion,
and thereby activate the unfolded protein response (UPR). UPR
is an adaptive signaling pathway to promote cellular survival
upon accumulation of misfolded proteins in the ER. UPR
signaling sensors are inositol-requiring enzyme 1 (IRE1); PKR-
like ER kinase (PERK) and the activating transcription factor 6
(ATF6). However, if UPR is chronically activated, and protein-
folding demand in the ER exceeds capacity, unfolded proteins
start to accumulate within the ER leading to ER stress and cell
death (10, 11).

In B-cells, chronic hyperglycemia and hyperlipidemia,
especially the exposure to saturated long-chain free fatty acids,
known as important causative factors of T2DM, enhanced ER
calcium depletion, induce ER stress and thereby cause [-cell
failure (11-13).

The relationship between ER stress-induced B-cell
dysfunction and death has been extensively studied (14-17)
and it was first evidenced in a rare autosomal recessive form
of juvenile diabetes, the Wolcott-Rallison syndrome (18). In this
syndrome, mutations have been identified in the EIF2AK3 gene
encoding PERK, causing a loss-of-function of this protein and
promoting ER stress-mediated B-cell death (19).

Furthermore, the pathogenesis of Wolfram syndrome, an
autosomal recessive neurodegenerative disorder associated with
juvenile-onset diabetes mellitus, involves chronic ER stress in 3-
cells. This syndrome is caused by a loss-of-function of the
wolfram syndrome gene 1 (WFS1), a component of the UPR
that participates in maintaining ER homeostasis in B-cells
(20, 21).

Cytotoxicity of amylin

Amylin, or islet amyloid polypeptide (IAPP), is a 37-amino
acid peptide hormone co-secreted with insulin by pancreatic
islet B-cells in response to nutrients, including glucose, lipids or
amino acids. It is a regulatory peptide that inhibits insulin and
glucagon secretion in the islets, but also acts in the brain
modulating satiety and inhibition of gastric emptying (22).

In human B cells, the precursor and the intermediate forms
of IAPP were increased after prolonged exposure to high glucose
(11). Furthermore, it is also hypothesized that amyloid
aggregates composed of amylin were accumulated in the f cell
of patients with T2DM, causing disruption of cell membrane
(11), inflammasome activation (23), mitochondrial damage and
ER-induced apoptosis (24, 25). More recently, it has been also
demonstrated that overexpression of human amylin (hIAPP) in
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INS-1 B-cells increases the fission of mitochondria, activates
mTORCI and inhibits mitophagy, contributing to B cell
death (26).

mMTORC1 hyperactivation

During the progression to T2DM, there are two phases. The
first one is the insulin resistant prediabetic stage, in which the
main event is the insulin resistance with normoglycemia. At this
phase, B cells increase their mass by two mechanisms, to cope
with an increased insulin demand: hyperplasia (cell number
increase) and hypertrophy (cell size increase), with concomitant
insulin and amylin secretion (27). This increase in (3 cell mass is
accomplished by an hyperactivation of the mammalian target of
rapamycin complex 1 (mTORC1) signaling, which is a key
effector for the growth and survival of pancreatic B cells (28).
The duration of this phase depends on the patient and, at a final
stage, if mMTORCI1 remains chronically overactivated, pancreatic
B cells fail, causing a significant reduction in B-cell mass, and
thus, hypoinsulinemia appears triggering hyperglycemia. These
two phases have been described in a mouse model with a chronic
mTORCI hyperactivation caused by a specific deletion of Tsc2
in B-cells (B-TSC2-/-). These mice showed an early phase with
an increase in B-cell mass and an enhanced GSIS, but finally
leading to B-cell failure and hyperglycemia in older mice (29).
All these data pointed to mTORCI signaling as a double-edged
sword in the progression to T2DM (30).

Altered autophagy and mitophagy

Macroautophagy, referred to here as autophagy, is a
conserved and a physiological defense mechanism against
acute stress that maintains cellular quality control by removing
protein aggregates and damaged organelles, and acts as an
essential process for maintaining cellular homeostasis in
eukaryotes alternatively to the ubiquitin-proteasome system
(UPS) (31, 32). Currently, there are three main types of
autophagy in mammalian cells: macroautophagy, chaperone-
mediated autophagy and microautophagy. Multiple signaling
pathways regulate this process, but one of most important is the
mTORCI pathway, which activation induces aging and inhibits
autophagy (33). Importantly, autophagy deregulation is believed
to cause or contribute to aging, as well as a number of age-related
diseases, including T2DM (34, 35).

It has been extensively demonstrated that autophagy
protects pancreatic [ cells under chronic hyperglycemia or
after exposure to high fat-diet, increasing B cell survival in the
progression to T2DM. In fact, specific deletion of the autophagy
gene Atg7 specifically in pancreatic B cells of mice leads to
impaired glucose tolerance and GSIS caused by an increase in
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polyubiquitinated proteins and apoptosis (36, 37). Moreover,
blocking autophagy by upregulating mTORCI signaling using
B-TSC2-/- mice, increased pancreatic B cell death as a
consequence of an impairment of autophagy activation as well
as an induction of ER stress (29). Thus, the concept that
autophagy plays a protective role in B cells is based in its
capacity to alleviate oxidative (38) and ER-stress (29, 39-41),
as well as to clearance hIAPP and polyubiquitin protein
aggregates formed in pancreatic islets, reducing their toxicity
(42, 43), and consequently, preventing pancreatic  cell failure
(29, 44).

Mitophagy is a specialized type of autophagy that eliminates
damaged and dysfunctional mitochondria and serves to
maintain energy balance, mitochondrial quality control and
cellular protection against oxidative stress. The PTEN-induced
kinase 1 (PINKI1)-Parkin pathway plays a major role in
mediating mitophagy. PINK1 protein is a sensor of
mitochondrial depolarization because it accumulates
specifically on the outer mitochondrial membrane (OMM) of
damaged mitochondria, and from there, it recruits Parkin to
mitochondria and activates it. Furthermore, Parkin protein is an
E3 ubiquitin ligase that induces ubiquitination of several OMM
proteins, and consequently, activates mitophagy (45). The role of
Parkin in the mitophagy of B cells has been assessed in Parkin-/-
streptozotocin-treated mice, which showed an impairment of
glucose tolerance, and a reduction in ATP content as well as in
GSIS (46). Moreover, mitophagy is activated under stressful
conditions, such as an exposure to proinflammatory cytokines
that induce mitochondrial damage. Thus, mitophagy-deficient 8
cells are more vulnerable to inflammatory stress, leading to the
accumulation of dysfunctional and fragmented mitochondria,
increasing [3-cell death and exacerbating hyperglycemia (47).

In addition, prohibitin 2 (PHB2) is an inner mitochondrial
membrane (IMM) protein, very important in development and
cell proliferation, but it also has a functional role as a mitophagy
receptor (48, 49) as well as in maintaining mitochondrial
integrity and function. Indeed, in vivo ablation of Phb2
specifically in B-cells (3-Phb2-/-) resulted in an impairment of
mitochondrial function, which leads to a loss of B-cell mass and
GSIS, attributed to an increased apoptosis of -cells (50).

Interestingly, the pancreatic duodenal homeobox factor 1
(PDX1), similar to other genes that cause monogenic diabetes of
the young and T2DM, is a transcription factor essential for the
development of the pancreas (51-53), and was also implicated in
the control of mitophagy in pancreatic B-cells (54). Indeed, PDX1
deficiency has been associated with impaired mitochondrial
function and mitophagy as well as a reduced GSIS by inhibition
of the nuclear encoded mitochondrial factor A (TFAM) (55). In
this sense, a high expression of microRNA-765 which targets and
reduces the expression of PDX1, was founded in T2DM patients
and it was correlated with an inhibition of both mitochondrial
respiration and B-cell function (56).
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Furthermore, mitochondrial dynamics (fission/fusion) are
essential to maintain a balance between mitochondrial
biogenesis and mitochondrial turnover. Recently, there is an
increasing interest in understanding the role of mitochondrial
dynamics in the development of T2DM. Regarding this, an
imbalance between these processes leads to a reduction in
mitophagy and an accumulation of dysfunctional
mitochondria (57-59). Mitochondrial fusion is mainly
coordinated by three GTPases, the homologous mitofusins 1
and 2 (MFN1, MFN2) localized in the OMM, and the optic
atrophy 1 (OPA1) protein, which resides in the IMM. In
contrast, fission is regulated by the soluble GTPase dynamin-
related protein 1 (Drpl) and the mitochondrial fission 1 protein
(FIS1). Herein, it is interesting to note that both FIS1
overexpression and FIS1 knockdown lead to a decrease in
GSIS (60, 61), suggesting that GSIS in beta cells requires a
precise expression level of this fission protein (62). Accordingly,
a downregulation of Drp1 in the pancreatic (3 cell line INS-1E as
well as in spread mouse islets significantly reduced the
expression of mitochondrial fusion proteins (MFN1, MFN2
and OPA1), downregulated ATP content and GSIS (63).
Additionally, an increase in the mRNA and protein expression
of MFN2 and several mitophagy-related proteins (NIX, PINK1,
and PARKIN) has been reported in prediabetic subjects, whereas
patients with T2DM showed a decreased expression of these
proteins (64), demonstrating the important role of mitophagy
and mitochondrial dynamic in the pathogenesis of T2DM.

ROS and oxidative stress

The role of reactive oxygen species (ROS) in 3 cell function
depends on the timing and strength of the signal. Moreover, 3
cells are more vulnerable to oxidative stress because of their
minor capacity of scavenging oxidants when compared to other
types of cells (65). Herein, a transient and moderate production
of mitochondrial reactive oxygen species (mROS) is an
important signaling to promote B cell function and GSIS,
mimicking the glucose effect (6, 66). However, a chronic and
persistent elevation of ROS, as a result from inflammation or
excessive glucose and fatty acid concentrations, impairs B-cell
function by repressing the ROS signal and/or inducing
mitochondrial damage that also results in an increase in ROS
production (67, 68). This increase in mitochondrial superoxide
production activates UCPs via peroxidation of mitochondrial
phospholipids. In agreement with this, morphology studies
showed that B-cells from patients with T2D and from non-
diabetic donors had similar numbers of mitochondria, but the
mitochondrial density volume was significantly higher in
diabetic islets, which has been associated with an increase in
ROS production. In line with this, an upregulation of UCP2
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protein levels was observed in type 2 diabetic islets when
compared to non-diabetic ones (3).

Furthermore, ROS are able to oxidize cardiolipin (CL) and
other mitochondrial inner membrane phospholipids, initiating
the permeabilization of the outer mitochondrial membrane and
subsequent release of cytochrome ¢ into the cytosol, triggering
apoptosis and B-cell mass reduction (69, 70).

Also, the group VIA Ca**-independent phospholipase A2
(iPLA,J3) proteins is attracting increasing interest as a central
participant in CL remodeling and protects 3 cell mitochondria
from oxidative damage (71). In fact, mutations in tafazzin
(TAZ), a mitochondrial phospholipid-lysophospholipid
transacylase that participates in CL remodeling, are implicated
in Barth syndrome, in which patients lacking functional TAZ
present with cardiomyopathy and skeletal dysfunction due to a
total CL deficiency. Very recently, it has been demonstrated a
reduced ex vivo insulin secretion under non-stimulatory low-
glucose concentrations in islets isolated from TAZ KD mice,
highlighting the importance of TAZ in regulating normal 3-cell
function (72).

Mitochondrial dysfunction

Mitochondrial DNA (mtDNA) mutations and chronic
metabolic changes, such as glucotoxicity, are the main
mechanisms that contribute to B cell mitochondrial
dysfunction that results in an enhanced P cell apoptosis in
T2DM (73).

Among mtDNA mutations, a reduced expression in the
mitochondrial transcription factor Bl (TFB1IM) of pancreatic
islets founded in a B-cell specific KO of TFBIM (B-Tfblm-/-) or
caused by a variant of the TFBIM gene (rs950994), displayed
mitochondrial dysfunction, reduced ATP production and,
consequently, impaired GSIS (74, 75). Furthermore, there were
an increase in the percentage of mitochondria with vesicular and
swollen morphology, as long as an impairment of autophagy and
mitophagy flux in B cells from B-TfbIm-/- mice when compared
to control islets (76). Together, these results highlighted the
important role of TFB1M in mitochondrial and cellular function
in pancreatic B cells. According to this, mitochondrial
fragmentation occurs in B cells exposed to high-fat diet
(HED) (77).

In view of metabolic changes, hyperglycemia, a hallmark of
T2DM, promotes the transfer of reducing equivalents to the
respiratory chain in mitochondria of pancreatic [3 cells, resulting
in the hyperpolarization of the mitochondrial membrane
potential (AYM) and generation of ATP. Compared to control
islets, diabetic islets display a decreased expression of several
proteins involved in oxidative metabolism, including several
components of the mitochondrial respiratory chain (78).
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Moreover, diabetic islets showed reduced hyperpolarization of
the A¥YM, lower ATP levels at high glucose, impaired Ca2+
signaling and lowered GSIS (78-80). In this sense, it has been
determined very recently that a reduction in the activity of the
cytochrome C oxidase (complex IV) in islets could be a primary
inborn defect that underlies 3 cell dysfunction (81).

Islet inflammation

Inflammatory stress plays a crucial role in the pathogenesis
of T2DM. In fact, a mild inflammation inside islets can be
detected in T2DM patients. In this regard, the administration of
anti-inflammatory drugs generates a mild glucose decrease,
suggesting that inflammation is involved in T2DM, although it
is still unknown whether the effect of these anti-inflammatory
medications has a direct impact in pancreatic islets or it is
through the effect in other relevant metabolic tissues. In fact, this
inflammation could be derived from nutrient overload,
proinflammatory cytokines, amylin accumulation or ER stress
(82). One of the organelles that is found altered after
inflammation is mitochondria, with a dysfunctional
production of ATP and inducing the proapoptotic machinery.
An important mechanism to combat the accumulation of altered
mitochondria after an inflammatory process is mitophagy,
which is the specific mitochondrial clearance by using the
autophagic machinery. In this regard, any change in
mitophagy sensitizes pancreatic beta cells to inflammation.
Then, mitophagy is a survival mechanism in these cells in
response to inflammation (47). Oxidative stress is able to affect
mitochondria and generates a higher amount of ROS because of
the impairment in the antioxidant defenses, leading to
mitochondrial dysfunction and pancreatic beta cell failure (83).

Effects of toxic metabolites in 3 cell
function and viability

Apart from all the mechanisms previously explained having
a deleterious effect on pancreatic beta cells’ viability, there are
several toxic metabolites coming from the environment such as
pollutants or certain treatments that lead to a decrease in beta
cell survival. Among the most relevant metabolites are the
following: bisphenol A (BPA), heavy metal exposure,
glucocorticoids and dioxins. BPA is a common contaminant
found in the environment and it has been related with both
T1DM and T2DM because of its involvement in the reduction
and impairment of pancreatic 3 cells (84, 85). BPA is known as
an endocrine disruptor, affecting the hormonal system and, as it
was mentioned before, modifying cellular metabolism. Very
importantly, BPA not only affects pancreatic B-cells but can
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modify glucagon secretion produced by o cells because of a
switch in B to o cell ratio transition. Then, BPA is considered to
affect the endocrine pancreas (86, 87). BPA has a lipophilic
nature and most of the receptors are intracellular including
binding to specific hormonal receptors such as sex hormone
receptors for estrogen (ER) and androgen (AR) as well as thyroid
hormone receptor (TR) and glucocorticoid receptor (GR).
However, BPA can bind to other receptors located in the
membrane such as the membrane estrogen receptor (mER)
and G protein-coupled receptor (GPR30) (88). Very
importantly, pancreatic B cell function is mediated by ERo
and ERP in response to BPA altering the expression and
function of different ion channel (89).

Another important group of toxic metabolites is the
exposition to heavy metals including cadmium, zinc, inorganic
arsenite, manganese affecting to glucose homeostasis increasing
the risk to suffer diabetes (90). For instance, the effect of
cadmium is through an accumulation of lipids and an increase
in both inflammation and in insulin secretion (91) and inducing
the activation of c-Jun N-terminal kinases (JNK) and apoptosis
(92). Arsenite is another toxic metabolite that is even more toxic
than cadmium or manganese, because of its capacity to regulate
miR-146A, controlled by nuclear factor-kB (NF-kB). In
addition, arsenite downregulates the calcium-dependent
protein kinase (CAMK2a), which regulates insulin secretion
(93). Glucocorticoids are a group of steroids which are
secreted by the adrenal cortex in our body and it is involved
in the degradation and mobilization of stored energy involved in
tissue repair, metabolic processes and many other functions.
Glucocorticoids facilitate the appearance of insulin resistance
and diabetes (94, 95). Furthermore, dioxins are other group of
pollutants generates pancreatic 3 cell dysfunction (96). There are
several mechanisms involved in pancreatic 8 cell toxicity
produced by dioxins that have been reviewed very recently (97).

Prevention of beta cell dysfunction
by polyphenols

Although there are multiple types of natural products,
polyphenols represent more than 8000 compounds found in
plants, presenting high evidence of its protective role in different
metabolic and neurodegenerative diseases (98, 99). Polyphenols
are a group of natural products that exert their antidiabetic
effects via a variety of mechanisms which have been extensively
studied and include an improvement in mitochondrial function
by scavenging ROS which reduces oxidative damage. These
treatments have in common an increase in mitochondrial
function and biogenesis by the modulation of several
pathways, including AMPK, SIRT1 and NRF-1 targets. One of
the mechanisms involved in the protection of these compounds

is
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the enhancement of autophagic activity, alleviating the ER stress
and mitochondrial dysfunction provoked by the accumulation of
misfolded proteins in these cells (100). Polyphenols represent a
promising chemical group for the prevention and treatment of
several metabolic diseases such as T2DM. But, these compounds
have additional properties such as regenerative capacity. This is
important since, apart from avoiding its disappearance, it is
possible to mediate an increase in the number of cells, having
supplemental beneficial consequences (101).

As it was mentioned before, mTORCI hyperactivation is a
key event in the progression to T2DM. There is abundant
evidence that important mechanisms involved in the
protective effects of these polyphenols against the decline of -
cells have also been linked to autophagy enhancement, related to
mTORCI inhibition, with or without implication of AMPK
activation. Then, mTORC1 downregulation through AMPK-
dependent and AMPK-independent mechanisms are essential in
the survival of pancreatic 3 cells. Different natural products have
been involved in its modulation and hence, regulating the
protective effect of autophagy including resveratrol, curcumin,
ECCG, punicalagin, oleuropein and many others. Although
many compounds have been studied, one of the best
characterized molecules is resveratrol by the use of a great
variety of approaches and very recently reviewed in (98).
Regarding in vitro studies, resveratrol inhibits mTORCI1
signaling pathway by the modulation of the acetylation status
of TSC2 (102). Very recently this mechanism has been
corroborated in vivo, avoiding lipid accumulation in the liver

Natural products (resveratrol,
curcumin, ECCG, punicalagin and
oleuropein)

AMPK and SIRT1 __| Chronic mTORC1 hyperactivity
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combating obesity and complications of diabetes (103).
Autophagy promotes B-cell survival by enabling adaptive
responses to alleviate ER stress, mitochondrial dysfunction and
oxidative stress. In fact, there are many papers suggesting that
mitophagy enhancement is a potential mechanism to preserve 3-
cell function and delay the progression of T2DM (104). Another
important molecule involved in pancreatic B cell failure in
T2DM is human amylin (hIAPP). hIAPP is a protein co-
secreted with insulin by pancreatic  cells and possesses a
higher propensity to misfold and aggregate inside these cells.
This propensity is especially higher when there is an increase in
insulin synthesis demand, which occurs during the progression
to T2DM, a long period of time with a characteristic insulin
resistance and an mTORCI hyperactivity (28). Under these
conditions, autophagy activation has protective effects and
inhibits pancreatic B cell death, being a natural defense (42,
43). Flavonoids have also been involved in the protection of the
deleterious effects of hTAPP aggregates in these cells (105-109).
Apart from the actions of flavonoids already explained,
flavonoids have been also involved in an increase in
antioxidant enzymes, as a protective mechanism (110, 111).
Very importantly, flavonoids are also important regulators of
the aging process theyself, affecting not only diabetes but
different age-associated diseases (112).

Altogether, there are several molecular mechanisms involved
in B cell dysfunction and apoptosis, being some of the most
important those depicted in Figure 1. This figure also shows the
beneficial effects of some polyphenols in pancreatic B cells,

— /- P
\ g v

B cell failure

Main mechanisms involved in pancreatic B cell dysfunction and apoptosis during the progression to T2DM and/or aging. The polyphenols
mentioned in this figure have been demonstrated to activate AMPK and SIRT1 proteins in B cells, which reduces mTORC1 hyperactivation and
cell failure, and as a consequence, preventing the onset and progression of T2DM. Green arrows indicate activation and red lines indicate
inhibition of the activity of the target protein. AMPK, adenosine monophosphate (AMP)-activated protein kinase; ECCG, Epigallocatechin gallate;
ER, endoplasmic reticulum; human amylin, hIAPP; mTORC1, mammalian/mechanistic target of rapamycin complex 1; SIRTL, sirtuin-1; T2DM,

type 2 diabetes mellitus
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increasing cell survival and preventing the onset and progression
of T2DM.

Conclusion

In this review, the main contributors to pancreatic beta cell
failure as well as the key protective mechanisms of different
polyphenols that interfere with the different mediators of
pancreatic beta cell dysfunction in the progression to T2DM
have been summarized. Although many distinct signaling
pathways have been described, it is essential a better and more
profound understanding of the pathophysiology of the disease in
order to obtain better treatments to maintain and protect
pancreatic beta cells for longer periods of time, prolonging its
lifespan and avoiding the appearance of diabetes.
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ADAR1-dependent editing
regulates human 3 cell
transcriptome diversity
during inflammation

Florian Szymczak, Roni Cohen-Fultheim?,

Sofia Thomaidou*', Alexandra Coomans de Brachéne?,
Angela Castela®, Maikel Colli*, Piero Marchetti,

Erez Levanon?, Decio Eizirik* and Arnaud Zaldumbide **

tULB Center for Diabetes Research, Medical Faculty, Université Libre de Bruxelles, Brussels, Belgium,
?Institute of Nanotechnology and Advanced Materials, Bar-llan University, Ramat Gan, Israel,
sDepartment of Cell and Chemical Biology, Leiden University Medical Center, Leiden, Netherlands,
“Department of Clinical and Experimental Medicine, University of Pisa, Pisa, Italy

Introduction: Enterovirus infection has long been suspected as a possible
trigger for type 1 diabetes. Upon infection, viral double-stranded RNA (dsRNA)
is recognized by membrane and cytosolic sensors that orchestrate type |
interferon signaling and the recruitment of innate immune cells to the
pancreatic islets. In this context, adenosine deaminase acting on RNA 1
(ADAR1) editing plays an important role in dampening the immune response
by inducing adenosine mispairing, destabilizing the RNA duplexes and thus
preventing excessive immune activation.

Methods: Using high-throughput RNA sequencing data from human islets and
EndoC-BH1 cells exposed to IFNo. or IFNY/IL1B, we evaluated the role of ADAR1
in human pancreatic B cells and determined the impact of the type 1 diabetes
pathophysiological environment on ADAR1-dependent RNA editing.

Results: We show that both IFNo and IFNy/IL1B stimulation promote ADAR1
expression and increase the A-to-1 RNA editing of Alu-Containing mRNAs in
EndoC-BH1 cells as well as in primary human islets.

Discussion: We demonstrate that ADAR1 overexpression inhibits type |
interferon response signaling, while ADARL1 silencing potentiates IFNo. effects.
In addition, ADAR1 overexpression triggers the generation of alternatively
spliced mRNAs, highlighting a novel role for ADARL as a regulator of the
B cell transcriptome under inflammatory conditions.

KEYWORDS

beta cell (B cell), inflammation, T1D (type 1 diabetes), transcriptome, RNA editing
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Introduction

The type I interferon (IFN) response has recently been
identified as a common signature for the development of
autoimmunity (1). Induction of type I IFN (IFNo/B) following
viral infection or endogenous release of mitochondrial genetic
material is a highly regulated process in which pattern
recognition receptors (PRR), such as MDA5, RIG-I and TLR3,
act in concert to control inflammasome activation and the
production of IFNa and IFNB (2). In addition to this well-
described sensing machinery, the adenosine-to-inosine
conversion (A-to-I) catalyzed by the adenosine deaminase acting
on RNA 1 (ADARI) plays an important role in fine-tuning the
innate immune response by destabilizing double-stranded RNA
(dsRNA) duplexes and therefore reducing PRR substrate to limit
further and potentially excessive inflammation (3).

ADARI exists as two isoforms that contain a central dsSRNA
binding domain and an enzymatic deaminase domain located in
the C-terminal region. Both isoforms differ in localization (p110
remains mainly nuclear while p150 is expressed in the nucleus
and cytosol) and by the presence of a nuclear export signal
located in the N-terminus (4). ADARI has an essential role in
modifying self-dsRNA formed by repetitive inverted elements,
such as Alu short interspersed nuclear elements (SINE)
elements, which inhibits the immune response triggered by the
recognition of self-dsRNA by PRR.

Dysregulation of ADARI1 has been implicated in several
interferonopathies, autoimmune diseases and tumor
progression. Mutations within the RNA binding domain of
ADARLI alter both substrate affinity and specificity which affect
RNA deamination and trigger the constitutive type I IFN
response in Aicardi-Goutieres syndrome (5). In contrast, high
ADARI expression level has also been correlated with high
tumor T-cell infiltrating lymphocytes (TIL) in breast cancer,
and an increased amino acid substitution in the recognized
antigens (a consequence of cytosine-to-uracil or adenosine-to
-inosine editing at the RNA level) (6), demonstrating for the first
time a role for RNA editing enzymes in the generation of tumor-
specific neoantigens. Similarly, such processes have been
proposed as a potential source of neoantigens involved in the
development of autoimmune systemic lupus erythematosus (7).

In type 1 diabetes (T1D), increasing evidence indicate that
local inflammation or other forms of stress combined with genetic
predisposition leads to the generation and accumulation of
aberrant or modified proteins to which central tolerance is
lacking (8, 9). Examples of enzymatic deamidation or
citrullination of self-antigens (e.g., proinsulin, C-peptide, GAD65,
IA-2, GRP78, IAPP), as a consequence of activation of peptidyl
arginine deiminase (PAD) or tissue transglutaminase (tTG)
detected in pancreatic B cells in response to stress or primary
islets from T1D patients, illustrate how the islet microenvironment
can drive autoimmunity (10, 11).
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RNA editing is a post-translational modification mediated by
adenosine and cytosine deaminases which catalyzes the edition of a
nucleotide into another in the context of an “editosome” (12). In
addition to an amino acid change, RNA editing may enhance
transcriptome complexity/diversity by directly changing splicing
acceptor site motifs or altering splicing enhancer sequences with
possible consequences for 3 cell immunogenicity (13, 14). In T1D,
circulating T cells directed against alternative splice variants of GAD65,
secretogranin V, CCNI-008, IAPP and Phogrin have been recently
detected in patient blood samples and in the pancreatic islets (15).

To investigate the effect of the T1D pathophysiological
inflammatory milieu on ADARI and the [ cell transcriptome,
we have analyzed high-throughput RNA sequencing data from
human islets and EndoC-BH1 cells exposed to IFNa or IFNY/
IL1B, cytokines that contribute to the pathogenesis of T1D (16,
17). We demonstrate herein that inflammatory-mediated
changes characteristic of early and late T1D development can
trigger an increased A-to-I Alu editing rate. In addition, we
demonstrate that ADARI not only dampens the innate immune
response in P cells but also contributes to the transcriptome
complexity with possible consequences for (3 cell function.

Materials and methods
Cell culture and treatment

EndoC-BH1 cells, kindly provided by Dr. Raphael
Scharfmann (Paris Descartes University, France) (18), were
maintained in low glucose DMEM supplemented with 5.5 pg/
ml human transferrin, 10 mM Nicotinamide, 6.7 ng/ml Selenite,
50 uM B-mercaptoethanol, 2% human albumin, 100 units/ml
penicillin and 100 pg/ml streptomycin. Cells were seeded in
extracellular matrix, fibronectin pre-coated culture plates.

Preprocessing and alignment of RNA
sequencing data for the editome analysis

Raw FASTQ quality was assessed using FastQC version 0.11.8
and PCR duplicates were removed with Super Deduper (19).
Remaining reads were uniquely aligned to the reference genome
(hg38 and mm10 assemblies) using STAR (20) version 2.7.3a with
parameters —alignSJoverhangMin 8 -alignIntronMax 1000000 -
alignMatesGapMax 600000 —outFilterMismatchNoverReadLmax 1
—outFilterMultimapNmax 1.

Alu editing index

RNA Editing Index (21) version 1.0 was used to assess the
overall editing in Alu elements, respectively. This measure
calculates the average editing level across all adenosines in
repetitive elements weighted by their expression, thereby
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quantifying the ratio of A-to-G mismatches over the total
number of nucleotides aligned to repeats and comprising a
global, robust measure of A-to-I RNA editing.

Quantification of expression

Abundance quantification was done using the quasi-
mapping-based mode Salmon (21) (version 0.11.2) for human
genome assembly hg38 with GENCODE version 24 and mouse
genome assembly mm10 with GENCODE version 20. Gene
expression analysis was later completed by using the tximport
R package (version 1.12.3) to transfer Salmon’s isoform-level
abundances to gene-level abundances (22, 23).

RNA-sequencing and differential
expression analysis

Total RNA was purified from EndoC-fH1 and EndoC-BH1/
ADARLI cells using the Nucleospin miRNA Kit (Bioke) according
to the manufacturer’s guidelines. RNA quality was determined by
Experion RNA StdSens 1K Analysis Kit (Bio-Rad, product number
7007103) on a Experion Automated Electrophoresis System (Bio-
Rad) following the manufacturer’s protocol. Strand-specific bulk
RNA sequencing was performed on a NovaSeq 6000 (2x150
paired-end with a depth of >150 million reads) by Eurofins
Genomics Europe Sequencing GmbH (Konstanz, Germany).
Reads were quality checked with fastp (24) to exclude reads of
poor quality and remove remaining adapters. We used Salmon
v1.3 (25) with additional parameters “-seqBias -gcBias —
validateMappings” to quantify the gene and transcript
expression. GENCODE was used as the reference genome and
was indexed with default parameters. Differential Gene Expression
(DGE) was performed with DESEq2 v.1.30.1 (26) with paired
experiments included in the general linear model (i.e., ~ pairing +
overexpression). For each gene, we obtained a log, fold-change
(log,FC), associated to an adjusted P value, which highlights the
difference in gene expression between ADAR1-overexpressing cells
and control cells. Gene Set Enrichment Analysis (GSEA) was
performed using the above-generated DGE data with fGSEA
(27). We pre-ranked genes according to the value of the Wald-
test statistics provided by the DESeq2 output. Up- (enrichment)
and down-regulated (depletion) pathways were considered
significant when adj. P value < 0.05, regardless of their
normalized enrichment score (Supplementary Data S1).

Gene-sets affected by alternative splicing were evaluated with
clusterProfiler (28) with Gene Ontology as the reference
(Supplementary Data S2).

RT-PCR

Total RNA was extracted from EndoC-BH1 using NucleoSpin
Kit (#740609.50S, Bioke). Approximately 0.5ug of RNA was used
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for reverse transcription. Oligo (dT) primers were used in the
reaction. For siRNA experiments, RNA was isolated using
Dynabeads mRNA DIRECT purification kit (Invitrogen,
Carlsbad, California, USA) and reverse transcribed using Reverse
Transcriptase Core kit (Eurogentec, Li¢ge, Belgium). Real-time PCR
amplification was done with SsoAdvanced Universal SYBR Green
Supermix (BIO-RAD, Hercules, California, USA) and amplicons
were quantified using a standard curve. Expression of the transcript
of interest was detected using the following primers: ADAR1-p150
Fw GAATCCGCGGCAGGGGTAT, ADARI1-p150 Rv: GCTTAA
GCAGGAAACTACTGGG; ADARI endogenous Fw: CCGCACT
GGCAGTCTCCGGGTG, ADARI endogenous Rv: CCTGGCCC
AGGCTGCTGGTACC, INS Fw: AAGAGGCCATCAAGCAG
ATCA, INS Rv: CAGGAGGCGCATCCACA, PDX1 Fw: CCATG
GATGAAGTCTACCAAAGCT PDX1 Rv: CGTGAGATGTACTT
GTTGAATAGGAACT, MAFA Fw: AGTCCTGCCGCTTCAAG,
MAFA Rv: ACAGGTCCCGCTCTTTGG, NKX6.1 Fw: CTG
GCCTGTACCCCTCATCA, NKX6.1 Rv: CTTCCCGTCTTT
GTCCAACAA, GAPDH Fw: CCTGTTCGACAGTCAGCCG,
GAPDH Rv: CGACCAAATCCGTTGACTCC; ACTIN Fw: CTG
TACGCCAACACAGTGCT; ACTIN Rv: GCTCAGGAGGAGC
AATGATC; STAT1 Fw: CACAAGGTGGCAGGATGTCT,
STAT1 Rv: TCCCCGACTGAGCCTGATTA; MDA5 Fw: GTT
GCTCACAGTGGTTCAGG; MDA5 Rv: GCTTGGCAATA
TTTCTCTTGGT; IENB Fw: AGGACAGGATGAACTTTGAG;
IFNb Rv: TGATAGACATTAGCCAGGAG; IFIT1 fw: CAGAAT
AGCCAGATCTCAGAGG; IFIT1 Rv: CCAGACTATCC
TTGACCTGATG; CXCL10 Fw: AGTGGCATTCAAGGAGTA
CC; CXCL10 Rv: TGATGGCCTTCGATTCTGGA

Western blot analyses

Cells were lysed in RIPA buffer supplemented with protease
inhibitor cocktail (Roche). Protein quantification was performed
with the BCA protein assay kit (Thermo Fisher Scientific). 25 ug
protein extracts were loaded on 10% acrylamide/bis acrylamide
SDS page gel. After electrophoresis, protein transfer was
performed onto a nitrocellulose membrane (GE Healthcare).
Membranes were stained with primary antibodies overnight at
4°C and secondary HRP conjugated antibodies (Santa Cruz
Biotechnology) for 1 hour RT. Antibodies used were: anti-
ADARI [#ab168809, Abcam (Figures 1, 2) and #14175, Cell
Signaling Technology (Figure 3)], anti-STAT1 and anti-STAT2
(#14995 and #72604, Cell Signaling Technology) and as a loading
control anti-actin (#0869100, MP Biomedicals) or anti-tubulin.

Lentiviruses production and transduction

The vectors were produced as described previously (29).
Viral supernatants (MOI=2) were added to fresh medium
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supplemented with 8 ug/mL Polybrene (Sigma-Aldrich), and the
cells were incubated overnight. The next day, the medium was
replaced with fresh medium. Transduction efficiency was
analyzed 3-6 days after transduction.

RNA interference

EndoC-BHI cells were transfected overnight with 30 nmol/L
of siRNA and cells were kept in culture for 48 hours.
Transfection was performed using siRNA targeting ADAR (5-
TTCCGTTACCGCAGGGATCTA-3’; 1027416, Qiagen, Venlo,
The Netherlands) using Lipofectamine RNAiMax (Invitrogen,
Carlsbad, CA, USA). Allstars Negative Control siRNA (siCTL;
Qiagen) was used as a negative control.

Assessment of cell apoptosis

Cells were stained with the DNA-binding dyes propidium
iodide (PI) and Hoechst 33342 (10 pg/ml, Sigma-Aldrich) to
count apoptotic cells under a fluorescent microscope. In each
experimental condition, a minimum of 500 cells were counted by
two independent observers (one of them unaware of
sample identity).

Data and materials availability

Bulk RNA-seq data that were generated by this study is
available on the Gene Expression Omnibus (GEO) database
under the accession number GSE214851. Other datasets
mentioned are available on GEO using accession numbers
GSE133218, GSE137136, GSE148058 and GSE108413.

Results

Cytokines trigger increased expression of
ADARL1 in B cells

IFNo. and IFNy play important roles in T1D pathogenesis,
from initiation of autoimmunity (IFNo) to the more advanced 3
cell destruction process (IFNy) (30, 31). To identify key
pathways involved during T1D development, we used RNA-
seq datasets from human islets and EndoC-BH1 cells exposed to
IFNo. (24h) or IFNY/IL1P (48h), and searched for common
differentially regulated genes (32, 33). This resulted in the
identification of 623 common genes in EndoC-BH1 cells and
577 common genes in primary human islets. As expected, gene
ontology pathway analysis identified IFN signaling and genes
involved in HLA class I antigen peptide processing and
presentation, highlighting the importance of the islet
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microenvironment in triggering cytotoxic T lymphocyte
(CTL)-mediated [ cell destruction (Figure 1A). In addition to
immune-related genes, we observed that both IFNo and IFNy/
IL1P stimulation led to a significant increase in expression of
ADARI in EndoC-BHI cells and primary human islets
suggesting an increased RNA deamination rate in [ cells
during inflammation (Figure 1B). We confirmed the effect of
the different cytokines on ADARI mRNA and protein
expression in EndoC-BHI1 cells using STATI expression as a
control for treatment effectiveness (Figures 1C, D). Of note, the
expression of the isoform pl50 of ADARI protein was
undetectable in the absence of cytokine stimulation.

Enhanced A-to-I editing in 3 cells
following IFNo and proinflammatory
cytokine stimulation

To determine the consequences of the observed high
ADARI1 expression following proinflammatory cytokine
stimulation, and to decipher the RNA editome, we screened
for A-to-G RNA mismatches (i.e., inosines present in the RNA
are reverse transcribed into guanosines in ¢cDNA and A-to-I
editing is detected as A-to-G mismatches) by comparing reads in
IFNo and IFNY/IL1B-treated samples and non-treated samples
against genomic reference (34, 35). Using the RNA editing index
to measure the global rate of editing in Alu regions, we observed
that IFNo and IFNY/IL1B specifically triggered A-to-I RNA
editing in P cells and primary human islet samples
(Figures 2A, B).

ADAR overexpression inhibits the
antiviral response while ADAR silencing
exacerbates the effects of IFNo in 3 cells

To model the effect of ADARI-p150 independently of the
pleiotropic effects of cytokines, we generated a stable ADARI-
overexpressing human f3 cell line, by lentivirus transduction. In
these cells, we detected an over 20-fold increase in ADAR1-p150
gene expression, and confirmed the corresponding increase in
protein level by western blot analysis (Figure 3A). While ADAR1
overexpression had no major impact on endogenous ADARI,
PDX1 and MAFA gene expression, we observed a slight but
significant increased NKX6.1 and a 50% decreased insulin gene
expression suggesting that ADARI may interfere with {3 cell
function (Supplementary Figure 1A). Differential gene
expression analysis performed on high-depth RNA-seq
revealed profound transcriptome changes following ADARI1
overexpression. In total, 2,851 genes were differentially
expressed (1,477 up-regulated, 1,374 down-regulated -
|Log,FC| > 0.58; P adj. P value < 0.05) (Figure 3B and
Supplementary Data S1). Among them, we observed regulation
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FIGURE 1

The proinflammatory cytokines IFNo and IFNy+IL-1B induce a partially shared gene signature in EndoC-BH1 and human islets Venn diagrams of
up-regulated (log,FC > 0.58 and adj. P value < 0.05) genes in EndoC-BH1 and human islets after exposure to IFNy+IL-1B (A), top) and IFNo

(A), bottom). Common genes have been tested for enrichment — using REACTOME as the reference — and significantly enriched pathways are
represented as a dot plot: the x-axis represents the gene ratio and the y-axis the enriched pathways. (B) Heatmap representing the log, fold
change of the 128 up-regulated genes in all 4 datasets (|log,FC| > 0.58 and adj. P value < 0.05). (C) ADARL p150 and STAT1 gene expression in
EndoC-BH1 were assessed by qPCR after cytokine treatment. n=3 independent experiments (D) ADAR1 p150 ADAR1 (detected using Anti-ADAR1
#ab168809, Abcam), STAT1 and STAT2 protein expression determined by western blot. B-actin expression was used as loading control.
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of genes involved in immune system processes and defense to
bacterium, confirming a role for ADAR1 in immune
response (Figure 3C).

To validate this observation, we triggered the type I IFN
response in P cells by mimicking viral infection via poly-I1:C
transfection (36). Poly-I:C transfection led to an increase in IFNJ
expression and downstream IFN-stimulated genes (ISG) such as
MDAS5, IFIT1, CXCL10 and STATI, but ADARI overexpression
completely abolished this antiviral response (Figure 3D).
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To confirm these data using a reverse approach, we used an
siRNA targeting ADARI leading to 40-70% reduction in gene
and protein expression (Figures 4A-D). Of note, ADAR
silencing had no effect on B cell identity genes and insulin
expression (Supplementary Figure 1B). As expected, while IFNou
treatment induced the expression of several ISGs [e.g., STATI
(Figure 4E) MDAS5 (Figure 4F) and MX1 (Figure 4G)], ADARI
silencing potentiated the effect of IFNa on the expression of
these antiviral genes and sensitized EndoC-fH1 cells to IFNa-
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mediated cell death (Figure 4H). Altogether, these data unveil a
role for ADARI in dampening the type I IFN response to

prevent an excessive inflammatory response potentially leading
to B cell death.

ADAR1 overexpression triggers
alternative splicing events in 3 cells

Besides a role in immunity, gene ontology pathway analysis
presented in Figure 2C revealed a possible role of ADARI in
regulating alternative splicing. Considering the trend for an
increased A-to-I Alu editing rate in ADARI] overexpressing
cells (Figure 5A), we studied the impact of adenosine
deamination on the B cell coding transcriptome and searched
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for the presence of ADARI-induced alternative splice variants.
Of importance, in these cells, we observed an increased ADAR3
expression following ADARI transduction (Figure 5A).

After aligning the RNA sequencing reads to the reference
genome, we identified a total of 323 alternatively spliced events
(both known and de novo), modified by ADARI overexpression
(Figures 5B, C). These events derived mainly from spliced exons
(SE, 70%), but also mutually exclusive exons (ME, 10%) and
alternative 3 spliced sites (A3SS, 10%). Retained introns (RI,
7%) and alternative 5 spliced sites (A5SS, 3%) were less
abundant. Genes affected by alternative splicing were analyzed
for pathway enrichment analysis using the REACTOME
platform and were found to be mainly related to  cell
function (e.g., pre-synapse, regulation of neurotransmitter
levels), vesicle location (e.g., synaptic vesicle, vesicle-mediated
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ADARL silencing exacerbates the effects of IFNo in human B cells. EndoC-BH1 cells were transfected with an siRNA control (siCTL: grey bars) or
with an siRNA targeting ADAR (white bars) and left to recover for 48h. After this period, cells were left untreated (NT) or were treated with IFNo
(2000 U/ml) for 24h. (A) Protein expression was measured by western blotting using Anti-ADAR1 antibody #14175 (Cell Signaling Technology)
and representative images of 4 independent experiments are shown. Densitometry results are shown for ADAR p110 (B) and ADAR p150 (C).
MRNA expression of ADAR (D), STAT1 (E), MDAS5 (F) and MX1 (G) was analyzed by RT-qPCR and normalized by B-actin. Values of siCTL + IFNa
were considered as 1. (H) Cell death was evaluated using HO/PI staining. Data are expressed as means of independent experiments (shown as
individual data points, n=4-6) + SEM. Differences between groups were evaluated using one-way ANOVA or linear mixed model in case of
missing values, followed by Bonferroni post-hoc test. *p<0.05, **p<0.01 and ****p<0.0001.
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transport to the plasma membrane) and protein
transport (Figure 5D).

Discussion

Our report positions ADARI as both an important player
in dampening innate immunity in {3 cells and as a key editor of
the B cell transcriptome. While exposure to inflammation,
characteristic of the early or later stages of T1D development,
is usually associated with deleterious effects, the data presented
here recall earlier work on enhanced expression of
Programmed death-ligand 1 PD-L1 detected in B cells from
long-standing T1D individuals (37), suggesting that ADARI,

10.3389/fendo.2022.1058345

like PD-L1, is involved in the positive adaptive mechanisms to
protect B cells from further destruction. During T1D, the
induction of the unfolded protein response, following
exposure to virus or inflammatory cytokines, participates in
this adaptive phase to restore cellular homeostasis or to initiate
apoptosis in the case of unresolved stress (38). At this decision
point, the A-to-I editing induced by ADARI1 has been
implicated in PERK activation and apoptosis induction via
EIF2a/CHOP pathway (39). Other reports describe additional
RNA-editing independent effects of ADARI via direct
interaction with RIG-I, PKR or NF90 that could regulate
cellular stress and the type I interferon response (3, 40, 41).
Supporting the concept that 3 cells are not passive victims
in their destruction (8), our results show that the increased
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ADAR1 overexpression triggers alternative splicing in EndoC-BH1. (A) Global A-to-1 RNA editing index across Alu elements (short interspersed
nuclear elements) in Puro modified EndoC-BH1 and ADAR1 modified EndoC-BH1 cells (left panel), ADAR3 expression in Puro and ADAR1
modified EndoC-fH1. Data are shown as Transcript Per Million. (B) Donut charts representing the cumulated number of known and de novo
alternative splicing events (top), and known events only (bottom). Events displayed have |APSI| >0.10 and FDR <0.05. (C) Volcano plot of the
inclusion and exclusion SE (skipped exon) events in EndoC-Bh1 cells overexpressing ADARL. Negative PSI indicates the inclusion of the event in
ADAR1-overexpressing EndoC-BH1 cells whereas positive PSI indicates exclusion. Each dot represents an event with its APSI (x-axis) associated
to its P-value (y-axis). Colored dots (blue and red) represent genes with FDR<0.05. (D) Dot plot of the enrichment analysis, using Gene Ontology
as reference, shows gene sets affected by known splicing events in cells overexpressing ADARL. Gene ratio (x-axis) refers to the percentage of
total genes input with alternative splicing events in selected GO terms (y-axis). SE, Spliced Exon; RI, Retain Intro; MXE, Mutually Exclusive Exon;
A3SS, 3" Alternative Splicing Site; A5SS, 5" Alternative Splice Site.

Frontiers in Endocrinology
75

frontiersin.org


https://doi.org/10.3389/fendo.2022.1058345
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Szymczak et al.

RNA editing rate correlates also with the emergence of novel
transcript variants, demonstrating that ADARI activity is not
only limited to Alu sequences but also affects coding regions
with possible consequences for gene regulation and cell
function (42). Surprisingly, ADAR1 p150 overexpression in
EndoC- H1 cells led a to concomitant increase in ADAR3
expression, which has been reported to act as a negative
regulator of ADARI-mediated editing (43). The competition
between the different ADAR proteins may explain the relatively
low editing rate measured in our samples and add to the
complexity of gene editing regulation.

Despite the higher editing rate observed in inflammatory
conditions or following ADARI overexpression, it is unlikely
that all of the detected alternative splicing results solely from a
direct A-to-I RNA editing of the target genes. As described here,
ADARI overexpression led to extensive regulation of the RNA
processing machinery or of spliceosome formation suggesting
that ADARI may affect the transcriptome by modulating the
expression of trans-regulatory elements. Among them, the
splicing regulators ELAVL4 and NOVA2, previously reported
as important splicing-regulatory RNA binding proteins involved
in modulating B cell survival (44), were upregulated in response
to ADARI transduction. The increased cell death observed after
ADARI-specific inhibition (Figure 4) is in line with this
observation. Another report describes that the loss of RNA
editing activity may lead to non-apoptotic cell death induction
directly mediated by MDA5 (45), indicating that ADARI
inhibition may lead to different forms of cell death. Of note,
ADARLI expression in our dataset led to decreased expression of
pseudokinase mixed lineage kinase domain-like protein (MLKL)
that serves as an effector in necroptosis.

The present results illustrate a central role of ADARI in B cells
during inflammation and shed light on a novel regulatory
mechanism potentially used by B cells to cope with
environmental changes after viral infection but also during the
different phases of inflammation. Although ADARI-dependent
effects are mostly protective, the functional and immunological
consequences of mutations induced by RNA editing, including the
potential generation of neoantigens, remain to be investigated.
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SUPPLEMENTARY FIGURE 1

ADAR1 modulation and B cell identity and function. (A) ADARp150
and ADAR1 endogenous (upper panel), INS, PDX1, MAFA and NKX6.1
(lower panel) expression level following ADAR1 overexpression. (B)
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Since the Human Genome Project was successfully completed, humanity has
entered a post-genome era, and the second-generation sequencing
technology has gradually progressed and become more accurate.
Meanwhile, circRNAs plays a crucial role in the regulation of diseases and
potential clinical applications has gradually attracted the attention of
physicians. However, the mechanisms of circRNAs regulation at the cellular
and molecular level of diabetic foot ulcer (DFU) is still not well-understood.
With the deepening of research, there have been many recent studies
conducted to explore the effect of circRNAs on DFU. In this mini-review, we
discuss the potential role of circRNAs as therapeutic targets and diagnostic
markers for DFU in order to gain a better understanding of the molecular
mechanisms that underlie the development of DFU and to establish a
theoretical basis for accurate treatment and effective prevention.

KEYWORDS

diabetic foot ulcers, circRNAs, differential expression, diagnostic markers,
therapeutic targets

Introduction

Diabetic foot ulcer (DFU) is one of the most common lower limb complications of
diabetes mellitus (DM) (1). According to relevant studies, the 5-year and 10-year
mortality of DFU patients is 22% and 71% respectively, and the amputation rate is
29.3% (2). The etiology of DFU is attributed to a variety of causes, including chronic
inflammation, diabetic peripheral neuropathy, and vascular endothelial damage of the
distal arterial vasculature. However, the lack of typical signs and symptoms in the early
stages of the disease makes misdiagnosis and under diagnosis a common occurrence in
clinical work. Although there are many medical and surgical treatments in clinic, the risk
of chronic ulcer or even amputation is easy to occur due to the lack of effective diagnostic
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markers and treatment targets. Therefore, it is important to
explore the etiological mechanism to provide theoretical basis
for accurate treatment and diagnosis.

CircRNAs are important regulators in the cellular life cycle.
It is a class of non-coding RNA formed by covalent cyclization,
which is abundantly expressed in eukaryotic organisms and has
high stability. Studies have shown that circRNAs play an
important role in cell proliferation, apoptosis, metabolism,
inflammation and other biological processes (3). In addition,
circRNAs are closely related to the development of many
diseases, such as DM and cancer (4). Therefore, this mini-
review provides a comprehensive review of the biological role
of circRNAs in DFU and explores the possibility of circRNAs as
a therapeutic target and diagnostic marker for DFU by reviewing
the literature and related materials.

Pathophysiology of DFU

Normally, wound healing undergoes several phases,
including hemostasis, inflammation, proliferation, migration,
re-epithelization and remodeling (5). However, there are
several factors that contribute to the non-healing of DFU.
Hyperglycemia, chronic inflammation, dysfunction of
microcirculation and macrocirculation, hypoxia, sensory
neuropathy and neuropeptide signal damage are the main
factors that lead to the difficulty of wound healing (6).
However, hyperglycemia may be the most critical point of
non-healing of wounds. It has been reported that
hyperglycemia can promote vascular endothelial cell (ECs)
dysfunction and induce apoptosis (7). ECs dysfunction leads
to a decrease in various angiogenic and vasoactive factors
secreted by it, as well as a decrease in new blood vessel
formation (8-10). Studies have shown that endothelial
dysfunction is the intrinsic cause of impaired wound healing
(11-13). In addition, hyperglycemia directly affects the activity
of keratinocytes (HEKs) and fibroblasts (FBs), leading to
changes in protein synthesis, proliferation, and migration (14).
It will seriously affect the re-epithelization and remodeling of the
wounds, which in turn leads to non-healing of wounds. Recently,
there is increasing evidence that hyperglycemia leads to
impaired cell response to hypoxia (15). Hypoxia can prolong
the damage by increasing the level of free oxygen radicals.
Meanwhile, inflammation caused by chronic hyperglycemia
will further increase oxidative stress and pro-inflammatory
chemokines to reduce cell proliferation and migration then
ultimately delay wound healing (16, 17). Studies have shown
that diabetic peripheral neuropathy is one of the main causes of
foot ulcers (18). It is believed that glial cell apoptosis and
autophagy in the peripheral nervous system caused by
hyperglycemia stimulation are the main causes for the
occurrence and development of peripheral neuropathy (19-
21). In brief, the main characteristics of diabetic wound non-
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healing are decreased angiogenesis, decreased recruitment of
bone marrow-derived endothelial progenitor cells (EPC),
decreased proliferation and migration of FBs and HEKs, and
apoptosis of nerve cells (22). Interestingly, recent studies have
shown that circRNAs play an important role in the
pathophysiology of DFU wound healing. This may provide a
novel idea for finding diagnostic marks and therapeutic targets
of DFU.

CircRNA
Overview of circRNA molecules

CircRNAs is a class of non-linear RNA molecule, which is
not easily degraded by nucleic acid exonucleases and is formed
by covalent cyclization. circRNAs are mainly produced by
covalent connection of upstream and downstream sites during
back-splicing. Most of the circRNAs were earlier undetected in
RNA sequence due to the lack of 3 ° poly tails, and as the
technology has evolved, over 183,000 have been identified now
(23). Broadly, circRNAs can be classified into 4 types, EcircRNA
composed of exons and mainly located in the cytoplasm;
ElcircRNA with the combination of introns and exons and
mainly located in the nucleus; CiRNA composed of introns,
mainly located in the nucleus (24-27); circRNA produced
by cyclization of viral RNA gene, tRNA, rRNA or
snRNA (Figure 1).

The main biological functions of circRNA

Understanding the ways which circRNAs participates in
regulating biological processes further broadens our horizons.
circRNAs has various biological functions, such as affecting the
splicing of linear RNA and regulating transcription. © Acting as
a transcriptional regulator; CircRNAs can interact with Ul
snRNA to form circRNA-U1l snRNP complex, and then
further interact with RNA Pol II transcription complex at the
promoter of parent gene to alter gene transcription and
expression (28). For example, circ. ANKRD52, generated from
gene ANKRDS52, is capable of accumulating to its transcription
sites and regulates elongation Pol II machinery acting as a
positive regulator for transcription (29). @ Acting as miRNA
sponges; MiRNA can bind directly to target mRNA in a base-
pair fashion and trigger cleavage of mRNA or inhibit translation
of mRNA (30). CircRNAs located in cytoplasm also contain
complementary miRNA binding sites, and thus serve as
competitive inhibitors for miRNA. In human cells,
circ_ASAPI1 can act as a sponge of miR_326 and miR_532_5p
to promote hepatocellular carcinoma under hypoxic conditions
(31). In addition, new circRNA sponges are continually being
discovered in various disciplines. Circ_ITCH sponges miR-7,

frontiersin.org


https://doi.org/10.3389/fendo.2022.1019935
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Li et al.

10.3389/fendo.2022.1019935

< ¥

TircRNA

Protein template
‘o™

FIGURE 1

The function and classification of circRNA. EcircRNA, exonic circRNA. ElcircRNA, exon - intron circRNA. CiRNA, intronic circRNA. TircRNA, tRNA
intronic circRNA. RNA pol Il, RNA polymerase Il. RBP, RNA-binding protein. miRNA, microRNA.

miR-17 and miR-214 in esophageal squamous cell carcinoma
(ESCs) and inhibits tumor proliferation (32). CiRS-7 acts as a
miR-7 sponge in many pathophysiological processes, including
myocardial infarction, hepatocellular carcinoma (HCC) and
gastric cancer (GC) (32-34). These results suggest that
circRNAs as miRNA sponges might be a common function of
circRNAs. @ Protein templates; At first, people thought that
circRNAs was a non-coding RNA (24, 35). However, recent
studies have found that extensive N6-methyladenosine (m6A)
modification is enough to drive circRNAs to translate in a cap-
independent manner, as well as m6A reader YTHDF3 and
translation initiation factors eIF4G2 and eIF3A (36). And
further analysis indicates that translatable circRNAs may be
common in human transcriptome (37). However, the translation
ability and efficiency of circRNA are still remains controversial.
@ Binding with RBP (RNA-binding protein); CircRNAs have
also been reported to act as sponges for proteins to alter
pathophysiological progress. For example, circ_ZFR can
promote the proliferation of hepatocellular carcinoma by
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binding with MAP2K1 (38). Circ_Foxo3 has high binding
affinity with anti-aging ID-1, transcription factor E2F1, and
anti-stress proteins FAK and HIFIA, and keeps them in the
cytoplasm, leading to the aggravation of cell aging (39). ® Act as
a biomarker for clinical diagnosis or treatment; It is mainly due
to the highly conservative nature and unique molecular structure
of circRNAs, and researchers are still studying whether it can be
a mature marker for the treatment and diagnosis of diseases.
Therefore, the physiological characteristics of circRNAs may
provide some idea for us to explore the etiology, treatment and
diagnosis of DFU (Figure 1).

Correlation between DFU and circRNAs
With the rapid development of the circRNA field, circRNAs
in the wound tissues or blood of DFU patients has been detected

by RNA-sequencing or gene microarray analysis, and the
potential correlation between DFU and circRNAs expression
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levels has been detected. For example, Zhao et al. (40) detected
circRNAs in the serum of 3 patients with DFU and 9 patients
with DM, and found that compared with DM patients, the serum
of DFU patients showed 10 upregulated and 23 downregulated
circRNAs. Tian et al. (41) analyzed a set of microarray data and
found 65 differentially expressed circRNAs, including 25
upregulated and 40 downregulated circRNAs, in 8 non-DM
patients’ (normal group) tissues and 9 DFU patients’ (DFU
group) tissues. Liao et al. (42) analyzed 5 non-DM patients’
tissues and 5 DFU patients wound tissues by using a set of
microarray data, and found 8 differentially expressed circRNAs.
All evidence indicated that circRNAs are differentially expressed
in DFU and may be involved in certain academic biological
processes and signaling pathways to the healing process of DFU
by regulating some target genes.

The role of circRNAs in ulcer tissue

We comprehensively summarized all circRNAs related to
DFU, and found that circRNAs can regulate various cells
involved in DFU wound healing, and regulate its downstream
substances through some specific signaling pathways, thus acting
as biological regulators (Table 1).

Effect of circRNAs on human epidermal
keratinocytes

Human Epidermal Keratinocytes (HEKSs) are a class of
epithelial cells that synthesize keratin and gradually proliferate
and differentiate from deeper layers to form keratinized HEKs
that act as barrier. Re-epithelization is the process of wound
healing and restoration of intact epidermis, which is closely
regulated by the migration and proliferation of HEKs (65, 66).
Evidence suggests that migration of HEKs plays a vital role in
covering the wound surface during wound re-epithelization (67,
68). Therefore, elucidating the mechanism of HEKs driving from
the wound edge to the wound bed may provide crucial novel
insights for the treatment of DFU. Wang et al. (43) showed that
circ_0084443 was significantly expressed in DFU patients’
wound tissues and was found to be most highly expressed in
HEKs, followed by FBs, ECs, and silencing circ_0084443
increased migration of HEKs, while over-expression of
circ_0084443 promoted proliferation of HEKs. In addition,
they found that hsa_circ_0084443 in HEKs can mediate the
biological effects of PI3K, EGFR and ERK signaling pathways,
but blocking these signaling pathways can inhibit the migration
of HEKs (43). PI3K, EGFR and ERK signaling pathways are
relatively mature and well-recognized effective pathways in the
DFU healing process (69-71), which also laterally proves that
circ_0084443 may play a key role in ulcer healing. SRTING
database is a powerful online website for analyzing protein
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interactions (PPI network). Wang et al. (43) found HBEGF
and HIFA in PPI network regulated by circ_0084443. Previous
studies have also shown that HBEGF and HIFIA can regulate
the migration and proliferation of HEKs (72-74). Furthermore,
the downstream targets of circ_0084443 may not be limited to a
specific one or several. For example, circ_0084443 also can
inactivate TGF-B signaling pathway through miR-17-3p/
FOXO4 axis, and then promote migration of HEKs (44). Han
et al. (45) found that knocking down circ_PRKDC (also called
circ_0084443 based on the circRNA ID of circRNA database)
changes the expression of two main extracellular matrix proteins
(MMP2 and MMP9) related to cell migration through miR-31/
FBNI1 axis, and then promotes wound healing. Jiang et al. (46)
found that circ PRKDC can directly target miR-20a-3p to
regulate the expression of RASA1 and promote the migration
of HEKs. This may provide strong evidence that circ_0084443
promotes the migration of HEKs. Re-epithelization requires not
only the migration but also the proliferation and differentiation
of HEKs. However, some studies have shown that circRNA has
the biological function of regulating proliferation and
differentiation. Chen et al. (47) found that circ_0008450 could
activate TGF-f/Smad signaling pathway by down-regulating
Runx3 expression while promoting proliferation, migration
and epithelial-mesenchymal transformation of HEKs. In
addition, the increase of hypoxia conditions and the damage
of cells’ response to hypoxia are important reasons for the delay
of wound healing (15). Yu et al. (48) found that circ_Ttc3
alleviated hypoxic injury and activated NF-xB and PI3K/AKT
signaling pathways by downregulating miR-449a in HEKSs.
Although a small amount of circRNAs has been found in
wounds today, these targets provide us with great value in the
treatment of chronic wounds or in the exploration of
etiological mechanisms.

Effect of circRNAs on vascular
endothelial cells

Endothelial cell (ECs) dysfunction is the initial stage of DFU.
The cause of endothelial dysfunction may be due to prolonged
hyperglycemia (75). Due to hyperglycemia, impaired
chemotaxis, cell proliferation, and migration, the healing
process is badly disturbed (14). Therefore, ameliorating
endothelial dysfunction is essential for the healing of chronic
wounds. It has been found that various kinds of circRNAs can
regulate endothelial dysfunction. For example, Zhang et al. (49)
found that high glucose (HG)-induced upregulation of
circ_BPTF in ECs, and circ_BPTF regulated endothelial
dysfunctions, including cell apoptosis, inflammatory responses
and oxidative stress, by mediating the miR-384/LIN28B axis.
Shan et al. (50) found high expression of circ_HIPK3 in HG-
induced ECs, and circHIPK3 acts as an endogenous miR-30a-3p
sponge to inhibit miR-30a-3p activity, thereby leading to
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TABLE 1 Regulatory effects of different circRNAs on key genes and signaling pathways.

Function
Promoting proliferation and inducing migration of HEKs
Inducing migration of HEKs
Inducing migration of HEKs
Inducing migration of HEKs
Inhibiting proliferation, migration and epithelial-mesenchymal
transformation of HEKs
Raising viability and reducing apoptosis of HEKs
Inducing endothelial dysfunction, including apoptosis,
inflammatory responses, oxidative stress
Increasing acellular capillary number
Promoting apoptosis, inhibiting migration and tube formation of

ECs

Ameliorating the inflammatory response and endothelial
dysfunction of ECs

Promoting the proliferation of FBs

Promoting the proliferation, migration, invasion and ECM
production of FBs

Promote the proliferation, migration and invasion of FB, and
inhibit apoptosis.

Inhibiting collagen (II and IIT) synthesis

Promote the proliferation, migration and invasion of FBs
Promoting the proliferation and collagen synthesis of FBs
Promoting the proliferation, migration and invasion of VSMCs
Induce proliferation, calcification and autophagy of VSMCs
Promoting senescence of VSMCs and keeps them in G1 phase for
a long time

Promoting the proliferation and migration of VSMCs

Leading to apoptosis, autophagy, oxidative stress in SCs

Promoting the migration and myelin formation of SCs

Authors circRNAs miRNAs  Targets Signaling pathways
Wang et al.  circ_0084443| - HBEGF/ PI3K, EGFR and ERK
(43) HIF1A| Signaling Pathway

He et al. circ_0084443| miR17-3p1 FOXO4| TGFp Signaling Pathway
(44)

Han et al. circ. PRKDC | miR-317 FBN1/MMP2/ -

(45) MMP91

Jiang et al.  circ_ PRKDC| miR-20a- RASA1] -

(46) 3pt

Chen et al.  circ_0008450] - Runx3 1 TGF-B/Smad signaling
(47) pathway

Yu et al. circ_Ttc31 miR-449a NF-kB, PI3K-AKT signaling
(48) pathway

Zhang et al. circ_BPTF{ miR-384]  LIN28B| -

(49)

Shan et al.  circ_ HIPK31 miR-30a- VEGFC/FZD4/ -

(50) 3pl WNT21

Cao et al. circ_ HIPK3| miR-1241 - -

(51)

Cheng circ_0068087 miR-1971  TLR4/NF-xB/ -

et al. (52) NLRP3|

Yang et al.  circ_1012381 miR-138- CDK671 -

(53) Spl

Liu et al. circ_00436881 miR-145- FGF21 -

(54) 5pl

Wu et al. circ_PDE7B?t miR-661]  FGF21 -

(55)

Zhang et al. circ_00082591 - COL1A1/ -

(56) COL3A1]

Lv et al. circ_COL5A1t miR-7-5p|  Epaclt PI3K-AKT signaling pathway
(57)

Su et al. circ_AMD1?1 miR-27a- COL1A1?T -

(58) 3pl

Bai et al. circ_LRP6T miR545- HMGA1?T -

(59) 3pl

Shi et al. circ_00080281 miR-182-  TRIB3t -

(60) 5pl

Wang et al. circ_0077930 | miR_622] KARS?t -

(61)

Chen et al.  circ. WDR77 miR-124]  FGF-21 -

(62) (circ_0013509) t

Liu et al. circ_ ACR| miR-145- - PI3K/AKT/mTOR signaling
(63) 3pt pathway

Liu et al. circ_0002538 1 miR-138- PLLP?T -

(64) 5pl

Symbols 1 means "Increase expression”. Symbols | means “Decrease expression”.

increased expression of vascular endothelial growth factor-C
(VEGFC), FZD4, and WNT?2. Further study has also found that
silencing circ_ HIPK3 resulted in the accumulation of miR-124
and eventually endothelial dysfunction, including promotion of
apoptosis, delay of the migration of ECs and inhibition of
tubulation (51). A sustained HG environment promotes
oxidative stress, apoptosis, and inflammatory factor expression,
which result in the dysfunction of ECs (76-78). Furthermore,
enhanced proinflammatory chemokines disturb wound healing,
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leading to diabetic ulcers (17). Cheng et al. (52) found that the
down-regulation of circ_0068087 ameliorated the HG-induced
TLR4/NF-kB/NLRP3 inflammasome-mediated inflammation
and dysfunction of ECs by sponging miR-197. Previous studies
have also shown that suppression of the NF-kB and NLRP3
inflammasome pathways ameliorate HG-induced inflammatory
responses and endothelial dysfunction (79-81). This indicates
that some circRNAs have regulatory effects on the well-known
targets for alleviating endothelial dysfunction and inflammatory
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response. However, due to the lack of exploration of circRNAs,
we still can’t fully know its regulatory role in ECs.

Effect of circRNAs on fibroblasts

Fibroblasts (FBs) play an important role in wound tissue
repair. They move to the wound area during wound formation
and synthesize collagen and fibronectin with other extracellular
matrix (ECM) to generate the forces needed to shrink the
wound. Studies have shown that differential expression of
extracellular matrix produced, assembled and reshaped by FBs
also leads to poor wound healing in DFU (82). The latest studies
have shown that circRNAs can regulate the proliferation,
migration and apoptosis of FBs. Yang et al. (53) found that
high expression of circ_101238 promoted the FBs proliferation
via miR-138-5p/CDK6. FBs are the primary factors of wound
healing through which they respond to the proliferation,
migration, and myofibroblast differentiation capabilities of
specific cytokines such as fibroblasts growth factor (FGF) (83).
Liu et al. (54) found that circ_0043688 can regulate the
proliferation, migration, invasion and ECM production of FBs
by targeting miR- 145- 5p/FGF?2 axis. Another study also showed
that the circ_PDE7B/mir-661 axis accelerated the proliferation,
migration and invasion of FBs by up-regulating FGF2 (55).
Collagen can promote the migration of FBs to the wound area,
thus accelerating wound healing and enhancing re-epithelization
(84-86). Zhang et al. (56) found that over expression of
circ_0008259 in FBs inhibited the production of collagen (I
and IIT). Lv et al. (57) found that circ_COL5A1 regulates the
proliferation, migration and invasion of FBs through the
circ_COL5A1/miR-7-5p/Epacl axis. In addition, circ_AMDI
can regulate p63 mutation via miR-27a-3p, which in turn
promotes proliferation and collagen synthesis of FBs (58).
Although research on circRNAs in FBs is still in its infancy,
these circRNAs may still be important targets for DFU wound
healing. At the same time, the above-mentioned FBs-related
circRNAs were not found in DFU wounds, but their value in
wound healing studies is indisputable.

Effect of circRNAs on vascular smooth
muscle cells

Vascular Smooth Muscle Cells (VSMCs), the main cells that
constitute the middle membrane of blood vessels, and play an
important role in various pathophysiological processes. VSMCs
are known for their plasticity, which can change their
morphology and growth state to exert contraction and
synthesis functions (87). VSMCs exhibit a contractile
phenotype under physiological conditions, and they can switch
to a proliferative phenotype under extracellular stimulation (88).
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Studies have shown that HG may induce the excessive
proliferation and migration of VSMCs, leading to vascular
occlusion (89). Therefore, preventing abnormal proliferation
and migration of VSMCs and promoting vascular
recanalization may be a valuable direction for the treatment of
DFU. It was found that circRNAs can regulate VSMCs. Bai et al.
(59) found that circ_LRP6 was upregulated in HG-induced
VSMCs, which promoted the proliferation, migration and
invasion of VSMCs, whereas knocking down circ_LRP6
eliminated the capability of proliferation, migration and
invasion via miR545-3p/HMGAL1.Shi et al. (60) found that
cic_0008028 induces proliferation, calcification and autophagy
of HG-induced VSMCs via miR-1825P/TRIB3. In addition,
Wang et al. (61) found that circ_0077930 caused senescence of
VSMCs via miR_622-KARS and kept VSMCs in G1 phase for a
long time. Chen et al. (62) found that circ_ WDR77
(circ_0013509) targeted FGF-2 through miR-124 to regulate
the proliferation and migration of VSMCs, while silencing
circ. WDR?77 played an inhibitory role.

Effect of circRNAs on Schwann cells

Schwann cells (SCs), also known as nerve sheath cells, are
myelin cells surrounding neuronal axons in the peripheral
nervous system and secrete a variety of neurotrophic factors,
which are closely related to peripheral neuropathy in DFU. HG-
induced apoptosis and autophagy in neuroglial cells of the
peripheral nervous system are considered to be the main
causes for the occurrence and development of DFU
neuropathy (19, 20). Liu et al. (63) observed in vitro that
circ_ACR reduced apoptosis, autophagy and oxidative stress in
HG induced SCs by downregulating miR-145-3p. And has effect
on PI3K/AKT/mTOR signaling pathway. In addition, Liu et al.
(64) found that downregulation of circ_0002538 expression in
DFU peripheral neuropathy regulates migration and myelin
formation of SCs through miR-138-5p/PLLP axis, which in
turn improves symptoms. Although it provides new ideas in
the pathogenesis and treatment of DFU. However, it is still
necessary to conduct a comprehensive and holistic studies.

Prospective applications of circRNAs
in the diagnosis and treatment
of DFU

circRNAs as a diagnostic marker
The diagnosis of DFU is still mainly based on the clinical

manifestations of patients and other auxiliary examinations, but
due to the lack of typical symptoms and signs in the early stage of
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DFU, it is easy to be missed and misdiagnosed the disease. In
recent years, with the development of gene sequencing
technology, circRNA has gradually become a new exploration
direction, and its potential as a diagnostic marker of DFU has
been discovered. For example, the level of circ_102958 in gastric
cancer tissues positively correlated with TNM staging (p= 0.032)
and the area under ROC curve (AUC) was 0.74 (90). Compared
with obtaining tissues, blood samples collected from DFU patients
may more ethical and more acceptable. Exosomes are vesicles
containing a variety of RNAs and proteins, which naturally exist
in extracellular fluid and act as information exchange and
substance transfer vector between cells (91). In addition, with
the development of technology, it has been found that exosomes
play an indispensable role in the early diagnosis, treatment and
prognosis of some diseases, such as cancer and metabolic diseases
(92). Chen et al. (93) analyzed a set of microarray data
(GSE114248) with circ_0000907 and circ_0057362 as candidate
markers and found that the AUC values of circ_0000907 and
circ_0057362 in serum exosomes for the diagnosis of early stage
and DM were 0.7564 and 0.8327, respectively. Meanwhile,
expression of circ_0000907 and circ_0057362 was negatively
correlated with ankle-brachial index (ABI) and percutaneous
partial pressure of oxygen (TcPO2) (93). Based on the above
research, circ_0000907 and circ_0057362 showed specificity in
distinguishing DFU from diabetes in serum. Secondly,
circ_0000907 and circ_0057362 in serum positively correlated
with the severity of DFU, which may provide important clinical
significance for Wagner stage for DFU patients in early stage. It
may also be necessary to have stability and a long half-life as
diagnostic markers. Han et al. (45) found that circ_PRKDC was
significantly resistant to RNase R compared with PRKDC mRNA,
and its half-life was longer. Zhang et al. (49) also found that RNase
R hardly changed the expression of circ_BPTF, but significantly
weakened the expression of linear mRNA BPTF. Although
circRNA has been shown to be valuable as a diagnostic marker
in DFU, it still requires strict clinical studies to detect circRNA in
serum as an accurate and effective diagnostic marker of DFU.
There are still some problems need to be solved, such as (a) how to
select the most effective therapeutic targets; (b) evaluating the
specificity and sensitivity of the screened targets; (c) specific
regulatory mechanisms of targets.

circRNA as a DFU therapeutic target

Recent studies have shown that circRNA plays an important
role in DFU, and some drugs have potential binding sites with
circRNA, which provides a basis for exploring drugs with
circRNA as a therapeutic target. For example, Xiang et al. (94)
found that circ_Krt13 and circ_Krt14 down regulated Ltga3 and
Mylk4 expression through downstream miR-665-3p and miR-
706 in traditional Chinese medicine (Sheng-ji Hua-yu formula)
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for the treatment of DFU. At the same time, this plays a key role
in the inflammatory phase as well as in the maturation phase to
improve the wound healing rate of DFU.

In addition, the difficulty in wound healing for DFU may be
due to abnormal expression of some circRNAs, and
supplementation or inhibition of some circRNAs or their
downstream targets by exogenous sources may be a
therapeutic method for DFU. For example, Shang et al. (95)
transplanted the overexpressed circ_KIhl8 into a wound of DFU
patient using ECs as a vector and found that it promoted
angiogenesis by miR-212-3p/SIRT5. In addition, Cheng et al.
(96) found that the expression of circ_0058092 was decreased in
ECs under HG conditions, and transfection of plasmids
overexpressing circ_0058092 inhibited the release of
inflammatory cytokine and restored the proliferation and
migration capacity of ECs via miR-217/FOXO3. Feng et al.
(97) used PLCDH-circ_ACR-carrying lentivirus to transfect
wound of DFU and found that it alleviated apoptosis,
autophagy and oxidative stress in SCs by reducing miR-144-3p
and thus promoting activation of PI3K/AKT/mTOR pathway.

Finally, circRNA can also be used as a key point of stem cell
therapy to regulate the DFU healing process. Zhang et al. (98) found
that circ_0075932 in adipocyte-derived exosome mediates
AuroraA/NF-kB pathway activation by directly binding to
PUM?2, thereby inducing inflammation and apoptosis of HEK.
However, silencing PUM2, AuroraA, or blocking NF-kB has the
opposite effect. Shi et al. (99) found that exosomes derived from
mmu_circ_0000250 modified adipose derived mesenchymal stem
cells ADSCs promoted wound healing in DFU by inducing miR-
128-3p/SIRT1-mediated autophagy. In addition, Wang et al. (100)
found that circ_Gcap14 regulated miR-18a-5p/HIF-1a. to enhance
the expression of vascular growth factor (VEGF) in DFU (Table 2).

Challenges of circRNAs in clinical
applications

CircRNA may play different roles at different stages of DFU
wound healing. For example, Han et al. (45) found that the
expression level of circ_PRKDC did not decrease immediately
after skin injury, but decreased by about 1.2 times on the first day
after injury (inflammatory phase) and rapidly decreased about
3.4 times on the seventh day after injury (proliferative phase).
This indicates that circ_ PRKDC is dynamic and not static, and
its role in inflammatory phase may be limited, but it plays an
important role in the proliferation phase. However, many
studies are still committed to studying the regulatory
mechanism of circRNA as sponge of miRNA in DFU rather
than studying its dynamics at various stages of wound healing.
This may be due to the fact that the study of circRNAs in DFU is
just beginning. The expression of circRNAs at each stage of DFU
wound healing is dynamic, and there is a large number of
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TABLE 2 Regulatory effects of different circRNAs in the treatment of DFU.

Authors Drugs/ circRNAs miRNAs Targets
Vectors

Xiang et al.  Sheng-ji Hua-yu  circ_Krt13] miR-665-  Ltga3|

(94) formula circ_Krtl4] 3pt Mylk41

miR-7061

Shang et al. ECs circ_KIhl8 miR-212- SIRT51

(95) (circ_0001373) t 3pl

Cheng et al. Plasmid circ_00580921 miR-217| FOXO31

(96)

Feng et al. Lentivirus circ_ACR?T miR-144- -

(97) 3pd

Zhang et al.  Exosome circ_00759321 - PUM2t

(98)

Shi et al. Exosome mmu_circ_00002507 miR-128-  SIRT1t

(99) 3pd

Wang et al.  Exosome circ_Gceapl4t miR-18a-  HIF-1a/

(100) 5pl VEGEF|

circRNAs during DFU wound healing. It may affect specificity of
circRNAs as diagnostic markers. This indicates that although the
diagnostic potential of circRNA for DFU is well known, it is
difficult to apply clinically due to its dynamics and instability in
DFU healing process. In addition, the activities of circRNAs may
overlap and the interactions are complex. CircRNAs have
multiple downstream targets, regulate multiple signaling
pathways, and participate in multiple physiological processes
in different cells and tissues, so their functions may be different
depending on the cells, tissues and target sites (43). For example,
Wanni Zhao et al. (101) found that compared with the DM
patients, the DFU patients had 33 circRNAs differentially
expressed, of which circ FBXO7, ATM and LMBRD1 were the
most significant, and signalling pathway enrichment analysis
revealed that multiple pathways such as lysosomal pathway,
Chagas disease pathway, herpes simplex virus infection pathway,
and methane metabolism played important roles in the
development of DFU. It reveals that the expression level of
circRNAs in DFU was significantly changed and a complex
interaction network was formed with its downstream target gene
and signaling pathway. Therefore, it is possible to act in various
cells by interacting with or overlapping with different signaling
pathways. For this reason, it is a great challenge to sort out the
most critical circRNAs for clinical application. Although our
mini review has been discussed the role of circRNAs in different
cells, the current research is still not enough to clarify its role in
different cells. Therefore, as the study progresses, it is necessary
to conduct an objective and reasonable comprehensive analysis
of the expression differences of these circRNAs in the next step.

In terms of accurate therapy, the selection of circRNAs as a
therapeutic target for DFU requires an appropriate method. For
example, the use of gene modification techniques or methylation
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Function

Shorten inflammation period and accelerating
maturation period of DFU wound

Promoting angiogenesis
Restore the proliferation and migration capabilities of

ECs
Inhibiting apoptosis of SCs

signaling pathway

AuroraA/NF-kB signaling

Inducing inflammation and apoptosis of HEKs

pathway

86

Promote wound angiogenesis and inhibiting apoptosis of
ECs

Promoting angiogenesis

enzyme modifications to alter expression level of circRNAs for
therapeutic purposes, but there is a lack of reliable gene
modification techniques in clinic (102). Another method is to
change the expression of circRNAs in DFU tissues using
circRNA mimics or viral vectors, but due to biosafety concerns, it
is not suitable for clinical treatment at this stage (103). Although
circRNAs are more conservative and stable than other non-coding
RNAs, circRNAs are easily hydrolyzed in the wound
microenvironment and enters the cell membrane in a free state
with difficulty (104). This may have had little or no effect on the
treatment of DFU wound healing. Therefore, if circRNAs are to be
used clinically, they must be delivered in a safe, reliable, effective,
and less side-effect delivery system. Unfortunately, such an effective
delivery system is still lacking at this stage. Recently, several studies
have shown that exosomes have the potential to become new
effective delivery vectors because they can protect payloads from
chemical and enzymatic degradation and escape recognition by the
immune system (98, 99, 105). However, the difficulty of exosome
extraction and high cost limit its clinical application and there is a
lack of techniques for transferring circRNAs to exosomes at present
(106, 107). Therefore, research on circRNAs is still in the basic
research stage, and it is still a long way from clinical application.

Conclusion

With the advancement of technology and deepening of study,
circRNAs are expected to be accurate and effective biomarkers
and targets for the diagnosis and treatment of DFU. However, the
study of circRNAs is still in its infancy and is mostly based on
basic research, so preclinical or clinical studies are needed to
validate its future clinical application. In addition, it requires
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researchers to identify more specific circRNAs, and provide more
evidence for diagnostic markers and therapeutic targets of DFU.
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Purpose: Gestational diabetes (GDM) is associated with increased risk for
preterm birth and related complications for both the pregnant person and
newborn. Changes in gene expression have the potential to characterize
complex interactions between genetic and behavioral/environmental risk
factors for GDM. Our goal was to summarize the state of the science about
changes in gene expression and GDM.

Design: The systematic review was conducted using the Preferred Reporting
ltems for Systematic Reviews and Meta-Analyses guidelines.

Methods: PubMed articles about humans, in English, from any date were
included if they described mRNA transcriptome or microRNA findings from
blood samples in adults with GDM compared with adults without GDM.

Results: Sixteen articles were found representing 1355 adults (n=674 with
GDM, n=681 controls) from 12 countries. Three studies reported transcriptome
results and thirteen reported microRNA findings. Identified pathways described
various aspects of diabetes pathogenesis, including glucose and insulin
signaling, regulation, and transport; natural killer cell mediated cytotoxicity;
and fatty acid biosynthesis and metabolism. Studies described 135 unique
miRNAs that were associated with GDM, of which eight (miR-16-5p, miR-17-
5p, miR-20a-5p, miR-29a-3p, MiR-195-5p, miR-222-3p, miR-210-3p, and
miR-342-3p) were described in 2 or more studies. Findings suggest that
mMiRNA levels vary based on the time in pregnancy when GDM develops, the
time point at which they were measured, sex assigned at birth of the offspring,
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and both the pre-pregnancy and gestational body mass index of the pregnant
person.

Conclusions: The mRNA, miRNA, gene targets, and pathways identified in this
review contribute to our understanding of GDM pathogenesis; however,
further research is warranted to validate previous findings. In particular,
longitudinal repeated-measures designs are needed that control for
participant characteristics (e.g., weight), use standardized data collection
methods and analysis tools, and are sufficiently powered to detect
differences between subgroups. Findings may be used to improve early
diagnosis, prevention, medication choice and/or clinical treatment of
patients with GDM.

KEYWORDS

mRNA, miRNA, transcriptome, miRNAome, microRNA (miR), gestational diabetes
(GDM), differential gene expression (DGE), metabolic pathways

1 Introduction

Gestational diabetes (GDM) is associated with an increased
risk for preterm birth and related complications for both the
pregnant person and newborn (1). GDM is defined as chronic
hyperglycemia that begins in the second or third trimester of
pregnancy (1). The prevalence of GDM is increasing, and ranges
from 1.7-11.6% internationally and from 2.5-7.6% in North
America (2). GDM is often associated with pancreatic B-cell
dysfunction that may lead to onset of diabetes after pregnancy
(1, 3). Additionally, the offspring of pregnant people affected by
GDM are more likely to develop attention deficit hyperactivity
disorder, autism spectrum disorder, diabetes, and obesity (4-6).
The pathogenesis of GDM is unclear, but evidence supports links
between obesity, adipokines (the signaling molecules secreted by
adipose tissue), or disruptions in oxidative stress mechanisms
and GDM incidence (7, 8).

Changes in gene expression have the potential to characterize
complex interactions between genetic and behavioral/environmental
risk factors for GDM (8-10). Messenger ribonucleic acid (mRNA) are
single stranded RNAs that translate genetic information into
biologically active molecules. Given that mRNAs characterize,
affect, and/or are associated with the expression of genes within an
individual’s environment and context, they may be useful biomarkers
of risk for GDM and potentially provide insights about the
underlying mechanisms of risk (11). A previous review of the
literature summarized genes that were differently expressed in
GDM compared to other types of diabetes (8, 12). Differently
expressed genes were influenced by GDM disease duration, obesity,
number of gestations, glucose serum levels and the use of medications
(12). However, prior studies have reported discrepant findings and it
remains unclear how mRNA expression differs between blood
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samples from pregnant individuals with GDM relative to healthy
individuals without GDM.

MicroRNAs, or miRNAs, are small, non-coding RNAs that
interfere with mRNA translation to alter the expression levels
of gene products (13, 14). Current biomarkers for GDM do not
provide early detection of who is at greatest risk, do not characterize
differences in the specific risk profile, and do not always predict
resulting complications (15, 16). Circulating miRNAs are promising
diagnostic biomarkers that represent environmental or behavioral
influences on gene expression, potentially providing a more
comprehensive measure of risk (15-19). A prior literature review
summarized miRNA expression in the blood of pregnant people
with GDM compared with healthy controls and found initial
evidence that select miRNAs may be promising biomarkers for
early detection of GDM risk, but concluded that there was
insufficient overall evidence, particularly from samples of diverse
individuals, to draw definitive conclusions (10).The purpose of this
systematic review was to summarize the research about differences
in circulating transcriptome (mRNA) and miRNA levels of adults
with GDM compared with healthy controls. This paper updates
previous literature reviews by incorporating both mRNA and
miRNA studies in the synthesized analysis for a more robust
understanding of the pathogenesis of GDM and
associated complications.

2 Materials and methods

The systematic review was conducted using the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines (19). The research question was formulated
using the acronym PICOS, which stands for population,
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intervention/exposure, comparators, outcomes, and study designs.
The study population is pregnant adults with GDM or adults with a
history of GDM. The intervention/exposure in this case is an
exposure to GDM during pregnancy. The comparator is adults
without GDM. The study designs of interest were observational,
cohort, quasi experimental, or experimental designs. The literature
was searched by two independent reviewers (KL, JC) in PubMed for
primary research articles about humans available in English from
any date. The search terms, defined by a medical librarian
experienced with systematic reviews, were as follows: “diabetes,
gestational” [MeSH Terms] AND (“transcriptome” [MeSH Terms]
OR “gene expression” [MeSH Terms] OR “micrornas” [MeSH
Terms] OR “epigenomics”[MeSH Terms] or “Gene Expression
Profiling”[Mesh]) AND ((humans(Filter]) AND (English[Filter]))
AND ((humans[Filter]) AND (English[Filter])).

Included articles described the full transcriptome, the
miRNAome, or a panel of at least three or more miRNAs in
blood samples from adults with GDM compared with adults
without GDM. Studies were excluded if they did not include a
healthy control group for comparison, or if they were exclusively
mechanistic studies conducted in vitro using a pregnant person’s
blood samples.

Data were extracted about study and sample characteristics,
study methods, instrumentation and data acquisition, validation,
key findings, and limitations. This systematic review extracted
the data based on the terminology reported by the authors of the
studies included, including for race/ethnicity, sex/gender, and
trimester in which the blood was drawn. A weighted mean and
standard deviation were calculated using Excel software for the
participant’s age, body mass index (BMI), and gestational age at
the time of the blood draw, grouped by GDM or healthy
controls. A formal risk of bias analysis was conducted using
the Cochrane criteria for observational studies (20, 21).

3 Results

The PRISMA flow diagram provides an overview of the
search strategy (Figure 1). After eliminating duplicates and
applying inclusion and exclusion criteria, 16 articles were
found representing 1375 adults (n=684 with GDM, n=691
controls) from 12 countries. Three studies reported
transcriptome results and 13 reported miRNA-ome findings.
An overview of the included studies and their key findings are
presented in Tables 1-4.

3.1 Sample characteristics

Data were extracted from the included studies about
participants’ age, race, ethnicity, nationality, BMI, and
gestational age at the time of blood sampling (Tables 1, 2).
Overall, participants with GDM were slightly older than
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participants in the healthy control groups (#(1256) = 4.36
years, p<0.0001). The weighted mean age of the GDM group
was 31.9 + 3.0 years. The weighted mean age of the control group
was 31.1 + 3.5 years.

In the transcriptome studies, the participants’ nationality
was reported in two studies, ethnicity was reported in one study,
and race was reported in one study. The sample of participants
from the transcriptome studies was 75% Greek nationality (22),
14% South African nationality and Black race (23), and 11%
Chinese ethnicity (24). The articles did not define how race,
ethnicity, or nationality were measured (i.e., self-identified,
reference criteria, or other method). Seven of the 13 miRNA
studies, representing 48.4% of miRNA participants, did not
report race, ethnicity, or nationality of their participants (25-
31). Of the miRNA studies that did, two reported nationalities,
described as 12% South African; 10% Canadian; and 1% Other.
Four studies reported race (12% Black, 55% White, 28% Other).
One study reported ethnicity as European (15%) or Non-
European (3%). Wander et al. (2017) included Hispanic
ethnicity as a category in their race demographic, but they did
not report the findings (32).

The time point in which BMI was measured varied by study.
Five studies measured pre-pregnancy BMI (23, 29, 30, 32, 33).
Ten studies measured BMI at the time of the blood sampling
(23-25,27-29, 31, 33-35). Five studies also measured gestational
weight gain (22, 23, 30, 32, 33). The BMI ranges of included
participants also varied by study. Overall, the BMI of the GDM
group was significantly higher than the control group (#(1256) =
11.26 kg/m?>, p<0.0001). The weighted mean BMI of the GDM
group was 26.2 + 3.2 kg/m* and the control group was 24.2 + 3.1
kg/m>. The participants in two of the three transcriptome studies

PubMed
All Dates
219 Citation(s)

)

219 Non-Duplicate
Citations Screened

171 Articles Excluded
After Title/Abstract Screen

Inclusion/Exclusion
Criteria Applied

48 Articles Retrieved

29 Articles Excluded After
Full Text Screen

3 Articles Excluded During
Data Extraction

Inclusion/Exclusion
Criteria Applied

16 Articles Included

FIGURE 1
Preferred reporting Items for systematic reviews and meta-
analyses flow diagram of the search strategy.
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TABLE 1 Summary of transcriptome studies included in the final sample.

Author
(Year)

Study Purpose,
Design, Setting

Instrumentation/Methods

10.3389/fendo.2022.971354

Key Findings

Pappa Purpose: To investigate Sample: Methods: AllPrep DNA/RNA/Protein | No significant differences in mRNA
et al. expression patterns of 10 N =64 mini kit (Qiagen); RT-PCR levels between the subgroups of
(2013) major clock-related genes n = 40 GDM (20 GDM-Insulin; 20 mRNA transcript levels of 10 clock GDM-Insulin and GDM-Diet
in the peripheral blood GDM-Diet) genes (CLOCK1, BMALI, PERI, mRNA levels of BMALI, PER3,
leucocytes of GDM women n = 20 Controls PER2, PER3, PPARA, PPARD, PPARD and CRY2 genes were
Design: Observational n = 4 pregnant with T2D PPARG, CRY]1, and CRY2) were significantly | in both GDM
Setting: NR Age (years): Range & Standard compared subgroups compared to healthy
Location: Athens, Greece Deviation NR; Validation: NR controls
29.41 + 4.07 (GDM-Insulin) Tissue: Peripheral leukocytes PER3 was significantly negatively
31.25 + 4.42 (GDM-Diet) correlated with HgbA1C
29.09 + 6.93 (Control) Significant positive correlation
BMI (kg/m~2): Range & Standard between the expression of BMALI
Deviation NR; versus CRY2,
22.77 + 3.39 (GDM-Insulin) and between BMALI versus PPARD
21.83 + 2.43 (GDM-Diet)
23.99 + 4.34 (Control)
Gestational Age at Sampling
(weeks): NR, all blood draws done in
3™ trimester
Race: NR
Ethnicity: NR
Nationality: Greek, 100%
Steyn Purpose: To investigate Sample: Methods: TempusTM Spin RNA 1088 differentially expressed genes,
et al. potential GDM effect on N=12 Isolation Kit Protocol; RNA-Seq reduced to 60 candidate genes; top
(2019) gene regulation in fetal n =6 GDM Validation: Q-RT-PCR, using gene ontology terms were binding
placental tissue and blood n = 6 Control RPLPO, ACTB and HPRT1 activity and catalytic activity.
samples from mothers with Age (years): Range & Standard housekeeping genes and 20 selected Pathways most enriched were
GDM Deviation NR; genes carbohydrate and NADP
Design: Observational 31.3 (GDM) Tissue: Whole blood metabolism. Five genes (G6PD,
Setting: 26.7 (Controls) TKT, ALDOA, PGLS, DCXR)
Chris Hani Baragwanath BMI (kg/m/2): Range & Standard clustered together with those
Academic Hospital Deviation NR; pathways and code for enzymes in
Location: Soweto, South 37.9 (GDM) the pentose phosphate pathway.
Africa 30.8 (Controls) Negative correlations:
Gestational Age at Sampling *  G6PD mRNA expression with
(weeks): Range 29-33; Mean & maternal glucose at fasting, 1 hour,
Standard Deviation by group NR and 2 hours post-glucose load. TKT
Race: Black, 100% mRNA expression and maternal
Ethnicity: NR glucose levels at fasting and at 1-
Nationality: South African, 100% hour post-glucose load.IGFBP-1
maternal glucose levels at fasting, 1-
and 2 hours post-glucose load; and
for IGFBP-2 at fasting and 1-hour
post-glucose load.
There was a significant positive
correlation of IGFBP-1 mRNA
expression in maternal blood with
birthweight.
Zhao Purpose: To determine Sample: Methods: QIAamp RNA Blood Mini 5197 genes in blood were differently
et al. what genes and/or N=9 Kit and RNase-Free DNAse; Illumina expressed in GDM patients after
(2011)* pathways are associated n=>5GDM Sentrix Human-6 v2 Expression adjustment for multiple
with GDM in Chinese n = 4 Control Bead-Chips comparisons.
ethnicity patients Age (years): Validation: Q-RT-PCR for 4 genes 52% 1 GDM vs Control;
Design: Observational Range 25-37; found in the blood samples (VAV3, 48% | GDM vs Control.

Setting:

Beijing Obstetrics and
Gynecology Hospital
Location:

Beijing, China

30.0 + 3.7 (GDM)

33.0 + 3.6 (Control)

BMI (kg/mA2):

Range: 23.4-31.9;

29.6 + 2.1 (GDM)

26.0 + 2.3 (Control)

Gestational Age at Sampling (weeks)

TNF, PTPN6, CD48); ACTB for
internal control; strong agreement
was observed in all genes

Used FDR to adjust for multiple
comparisons

Tissue: Peripheral leukocytes

Genes relevant to GDM
pathogenesis:

KLRKI (NKG2D)
HCST (DAP10)

IFNG

TNF

IL1B

(Continued)
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TABLE 1 Continued

Author Study Purpose,
(Year) Design, Setting Instrumentation/Methods Key Findings
Range 23-41; LEP
33.8 + 7.3 (GDM) HLA-G
37.5 + 0.7 (Control) VAV3
Race: NR PTPN6
Ethnicity: Chinese, 100% CD48
Nationality: NR IL15

32 enriched pathways; 8 pathways
(25% of total) were related to
immunity and inflammation.
Others included cancer-related
pathways, infectious diseases, cell
growth and death, metabolic
disorders, endocrine system and
signal transduction.

Top 6 enriched KEGG pathways:
natural killer cell mediated
cytotoxicity, epithelial cell signaling
in Helicobacter pylori infection,
apoptosis, toll-like receptor
signaling pathway, proteasome, and
antigen processing and presentation.

NR=not reported; GDM=gestational diabetes; T2D=type 2 diabetes; NK=natural killer cells; RNA=ribonucleic acid; DNA=deoxyribonucleic acid; PCR=polymerase chain reaction; RT-
PCR=Reverse transcription polymerase chain reaction; Q-RT-PCR=quantitative reverse transcription polymerase chain reaction; mRNA=messenger ribonucleic acid;
HgbAlc=hemoglobin Alc; RNA-Seq=ribonucleic acid sequencing; RPLPO= Ribosomal Protein Lateral Stalk Subunit PO gene; ACTB=Actin Beta; HPRT1= hypoxanthine
phosphoribosyltransferase 1; G6PD= Glucose-6-phosphate dehydrogenase; TKT=Transketolase; ALDOA= Aldolase, Fructose-Bisphosphate A; PGLS= 6-Phosphogluconolactonase;
DCXR= Dicarbonyl And L-Xylulose Reductase; IGFBP=Insulin-Like Growth Factor Binding Protein; VAV3=Vav Guanine Nucleotide Exchange Factor 3; TNF=tumor necrosis factor;
PTPNG6= Protein Tyrosine Phosphatase Non-Receptor Type 6; CD48=CD48 Molecule; FDR=False Discovery Rate; KLRK1= killer cell lectin like receptor K1; NKG2D=Natural Killer
Group 2D; HCST=Hematopoietic Cell Signal Transducer; DAP10= deoxyribonucleic acid polymerase Ill-activating protein of 10KDa; ITAM=Immunoreceptor Tyrosine-Based
Activation Motif; INFG=Interferon Gamma; IL1B=Interleukin 1-Beta; LEP=Leptin; HLA-G=Human Leukocyte Antigen G; IL15=Interleukin 15; KEGG= Kyoto Encyclopedia of Genes
and Genomes

*The validation genes and gene findings as reported in the abstract do not match the text of the manuscript; Findings from the body of the manuscript were reported because the

narrative matches the table of results. See further discussion in risk of bias analysis and limitations sections.

The up arrow means upregulated and the down arrow means downregulated.

had BMIs in the overweight and obese ranges. In ten of the
miRNA studies, the BMI of the GDM group was significantly
higher than control groups at the time of the blood draw. Two of
the miRNA studies differentiated results unique to the lean
participants in their samples (30, 32).

Figure 2 provides an overview of the gestational age at the
time of the blood sample collection for mRNA and miRNA
analysis. Although the gestational age at time of blood draw
varied by study, there was no difference in the weighted mean
gestational age of participants with GDM compared to controls
for the overall sample.

3.2 Study characteristics

Data were extracted about the study design, GDM definition
and diagnostic criteria used, exclusion criteria, tissue type, blood
sample collection time points, and trimester represented for all
included studies (Tables 1, 2). All studies were observational and
cross-sectional, except for two studies which measured the
miRNAs at three time points each (25, 26).

The criteria used to define and diagnose GDM varied by
study. Eight of the studies cited the International Association of
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Diabetes and Pregnancy Study Groups’ criteria (23, 25, 28, 29,
33, 35-37), six cited the ADA (22, 25-27, 31, 32), two cited the
National Diabetes Data Group (24, 30), one cited Society of
Obstetricians and Gynaecologists of Canada (34), and one
referenced the World Health Organization (37). The exclusion
criteria were also unstandardized. Self-reported measures or
prior clinic records were used most often to exclude pre-
gestational diabetes. Some studies excluded participants with
specific conditions, fetal abnormalities, and/or complicated
pregnancies from both groups (23, 25-27, 30, 31, 34-37) while
another excluded complicated pregnancies only in the control
group (32), and still others did not specify if there were
exclusions except prior history of diabetes and carbohydrate
metabolism disorders (22, 24, 28, 29, 33). Six of the studies
included only singleton pregnancies (23, 27, 31, 32, 36, 37); the
others did not specify whether the pregnancies reflected by the
study results were singletons or multiple gestation.

The point in the pregnancy in which mRNAs and miRNAs
were assessed was disparate across the studies, as detailed in
Figure 2. In addition, the definition of a particular trimester by
gestational age in weeks was unstandardized and inconsistently
reported. For example, two studies measured only participants in
their first trimester (29, 34), but they used different weeks to
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TABLE 2 Summary of micro-RNA (miRNA) studies included in the final sample.

Author
(Year)

Cao et al.
(2017)

Study Purpose,
Design, Setting

Purpose: To
determine if miR-16-
5p, miR-17-5p, and
miR-20a-5p can serve
as diagnostic markers
for GDM and what
their relationship is to
different GDM factors
(BMI, insulin
resistance, and tumor
necrosis)

Design:
Observational
Setting:

Tianjin Central
Hospital of
Gynaecology
Obstetrics

Location:

Tianjin, China

Sample:

N =157

n = 85 GDM

n = 72 Control

Age (years): Range & Standard
Deviation NR; 26.8 + 3.5 (GDM)
26.4 + 3.6 (Control)

BMI: Range & Standard Deviation
NR; 25.1 + 2.8 (GDM)

23.4 + 2.3 (Control)

Gestational Age at Sampling
(weeks): Range 24-28; 25.8 + 2.5
(GDM)

26.1 + 1.2 (Control)

Race: NR

Ethnicity: NR

Nationality: NR

Instrumentation/Methods

Methods: 3 time points - q4 weeks
until GDM diagnosis.

RNeasy plus mini kit

qRT-PCR was used to quantify
miRNAs (miR-16-5p, miR-17-5p,
miR-19a-3p, miR-l9b-3p, miR-20a-
5p) from plasma.

Validation: NR

Tissue: Plasma

10.3389/fendo.2022.971354

Key Findings

1: miR-16-5p, miR-17-5p, miR-20a-
5p in pregnant people with GDM
compared with controls at each
time point.

Positive correlation between these
miRNAs and insulin resistance, but
not with TNF-o. or BMI.

Gillet et al. Purpose: To Sample: Methods: Q-RT- PCR 10 of the 17 miRNAs (miR-122-5p,
(2019) determine if there is N =69 EV presence confirmed as early as 8 miR-132-3p, miR-1323, miR-136-
differential expression = n =23 GDM weeks gestation. 5p, miR-182-3p, miR-210-3p, miR-
of 17 miRNAs in n = 46 Control 4335 initial targets narrowed to 58 29a, miR-29b-3p, miR-342-3p, and
circulating Age (years): Range & Standard targets involved in 257 pathways. 3 miR-520h) were 1 in GDM vs
extracellular vesicles Deviation NR; pathways selected for this analysis: control.
(EVs) in GDM and 29.8 + 5.3 (GDM) the type 2 diabetes mellitus signaling Enriched pathways: insulin receptor
Control pregnant 27.9 + 4.4 (Control) pathway, the insulin signaling pathway, AMPK signaling
women. BMI (kg/mA2): Range & Standard receptor signaling pathway, and the pathway, and epidermal
Design: Deviation NR; AMP-activated protein kinase growth factor receptor-
Observational 28.2 + 7.2 (GDM) (AMPK) signaling pathway. phosphatidylinositol 3-kinase-Akt
Setting: 24.5 + 4.7 (Control) Validation: Internal validation per pathway-involved in
Centre Hospitalier Gestational Age at Sampling Brosseau et al. placental development, fetal growth,
Universitaire (weeks): Range 6-15 weeks; Tissue: Serum extracellular vesicles and insulin and glucose regulation.
Location: 10.5 + 2.5 (GDM)
Sherbrooke, QC, 10.6 * 2.4 (Control)
Canada Race: NR
Ethnicity: NR
Nationality: Canadian (92.8%); Other
(7.2%)
Hromadnikova Purpose: Sample: Methods: RT-PCR The expression of 26 miRNAs
et al. (2020) To conduct risk N =200 Validation: NR (miR-1-3p, miR-16-5p, miR-17-5p,

assessments for
developing diabetes
mellitus,
cardiovascular and
cerebrovascular
diseases in patients
who have had GDM
3-11 years post-
delivery using
epigenetic
modifications of
miRNA.

Design:
Observational
Setting: NR
Location:

Czech Republic

n =111 GDM (93 GDM on diet; 18
GDM on diet & therapy)

n = 89 Control

Age (years): Range & Standard
Deviation NR;

38.70 + 0.37 (GDM on diet)

38.61 + 0.80 (GDM on diet &
therapy)

38.33 + 0.38 (Control)

BMI (kg/mA2): Range & Standard
Deviation NR;

23.85 + 0.37 (GDM on diet)

27.21%+ 0.83 (GDM on diet & therapy)
23.15 + 0.38 (Control)

Gestational Age at Sampling
(weeks):

Not Applicable (data collected 3-11
years post-delivery)

Race: Caucasian, 100%

Tissue: Whole blood

miR-20a-5p, miR-20b-5p, miR-21-
5p, miR-23a-3p, miR-24-3p, miR-
26a-5p, miR-29a-3p, miR-100-5p,
miR-103a-3p,

miR-125b-5p, miR-126-3p, miR-
130b-3p, miR-133a-3p,
miR-143-3p, miR-145-5p, miR-
146a-5p, miR-181a-5p,
miR-195-5p, miR-199a-5p, miR-
221-3p, miR-342-3p,

miR-499a-5p, and miR-574-3p) 1 in
women previously affected with
GDM compared to controls, even
on average 5 years postpartum.
Combined screening of 16 of those
miRNAs (miR-1-3p, miR-16-5p,
miR-17-5p, miR-20b-5p, miR-21-
5p, miR-23a-3p, miR-26a-5p, miR-
29a-3p, miR-103a-3p, miR-133a-3p,
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TABLE 2 Continued

Author
(Year)

Lamadrid-
Romero et al.
(2018)

Pfeiffer et al.
(2020)

Pheiffer et al.
(2018)

Study Purpose,
Design, Setting

Purpose: To
determine if 12
neural development
miRNAs are altered
in GDM

Design:
Observational
Setting:

Instituto Nacional de
Perinatologia
Location:

Mexico City, Mexico

Purpose: To
determine if there is a
signature in 4
circulating miRNAs
of interest in lean
women with GDM
who have no insulin
resistance risk factors
Design:
Observational
Setting:
Endocrinology and
Pregnancy Clinic,
Puerta del Mar
University Hospital,
Cadiz

Location:

Cadiz, Spain

Purpose: To
determine if serum
miRNAs are

Ethnicity: NR
Nationality: NR

Sample:

N =151

n =67 GDM

1** Trimester: 27

2" Trimester: 26

3" Trimester: 21
n = 74 Control
1% Trimester: 14
2" Trimester: 26
3" Trimester: 27

Age (years): NR (Range 18 -35)
BMI (kg/mA2): NR (below 29 as
inclusion criteria)

Gestational Age at Sampling
(weeks): NR

Race: NR

Ethnicity: NR

Nationality: NR

Sample:

N =60

n =31 GDM

n = 29 Matched Control

Age (years): Range & Standard
Deviation NR;

31.9 + 1.8 (GDM)

31.0 + 3.6 (Control)

BMI (kg/mA2): Range & Standard
Deviation NR;

22.5 + 1.8 (GDM)

22.3 + 1.8 (Control)
Gestational Age at Sampling
(weeks): Range 26-30;

NR (GDM)

NR (Control)

Race: NR

Ethnicity: NR

Nationality: NR

Sample:
N =81
n =28 GDM

Instrumentation/Methods

Methods: TRIzol reagent; QRT-PCR
Different sample sizes were analyzed
for different miRNAs.

Validation: NR

Tissue: Serum

Methods: miRNeasy Serum/Plasma
kit (Qiagen) Q-RT-PCR

4 miRNAs measured: miR-224, miR-
103-3p, miR-206, and miR-330-3p
Multivariable logistic regression
model included age, pregestational
BMI, weight gain, triglycerides, and
the 4 miRNAs measured in this
study.

Validation: NR

Tissue: Serum

Methods: miRNeasy Serum/Plasma
kit (Qiagen); MiScript miRNA PCR
(miR-16-5p, miR-17-5p, miR-19a-3p,

10.3389/fendo.2022.971354

Key Findings

miR-146a-5p, miR-181a-5p, miR-
195-5p, miR-199a-5p, miR-221-3p,
and miR-499a-5p) showed the
highest accuracy to detect mothers
with a prior exposure to GDM
(AUC 0.900, p < 0.001, sensitivity
77.48%, specificity 93.26%, cut o_
>0.611270413).

It was able to identify 77.48% of
mothers with an 1 cardiovascular
risk at 10.0% false positive rate.

No difference in miRNA expression
profiles between GDM on diet only
and GDM on the combination of
diet + therapy

Predicted miRNA targets reflect
pathways related to insulin
signaling, type 1 diabetes mellitus,
and type 2 diabetes mellitus

1 miR-183-5p, miR-200b-3p, miR-
125-5p, and miR-1290 were
detected during the first trimester
for GDM group.

1 miR-183-5p, miR-200b-3p, miR-
125-5p and miR-137 were detected
in the second and third trimester,
respectively.

miR-330-3p was 5.2-fold 1 in the
GDM group compared to control.
1 levels of miR-330-3p in GDM
group compared with control were
associated with:

1. a1 proportion of spontaneous
deliveries than cesarean section in
GDM

2. 1 levels in GDM with
spontaneous deliveries

3. 1 levels in GDM patients
treated with diet, but not GDM
treated with insulin

1031 gene targets of miR-330-3p
predicted; insulin signaling pathway
was one of 12 pathways
overrepresented.

miR-330-3p was significant
independent predictor of GDM in
the final model.

miR-20a-5p, miR-222-3p
significantly | in South African
women with GDM compared to
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TABLE 2 Continued

Author
(Year)

Sorensen et al.
(2021)

Study Purpose,
Design, Setting

regulated in South
African women with
GDM in a similar
manner to other
populations.
Design:
Observational
Setting: Primary
clinic

Location:
Johannesburg, South
Africa

Purpose:

To determine if a
panel of 8 miRNAs at
baseline could be
used in the GDM
prediction for obese
pregnant women
Design: Observation
(nested case-control
study)

Setting: DALI
Lifestyle Study of 9
European Countries
Location: Austria

n = 53 Control

Age (years): Range & Standard
Deviation NR;

29.5 + 6.2 (GDM)

28.6 * 6.4 (Control)

BMI (kg/mA2): Range & Standard
Deviation NR;

28.1 (23.9-31.3)

(GDM)

26.2 (21.9-29.8) (Control)
Gestational Age at Sampling
(weeks): Range 24-28;

26.0 (24.0-28.0) (GDM)

27.0 (25.0-28) (Control)

Race: Black, 100%

Ethnicity: NR

Nationality: South African

Sample:

N=123

n = 41 Control

n = 41 early-GDM

n = 41 late-GDM

Age (years): Range & Standard
Deviation NR;

33.2 + 3.8 (Control)

33.7 + 4 (early-GDM)

32.7 + 4 (late-GDM)

BMI (kg/mA2): Range & Standard
Deviation NR;

33.3 (32.2-35.4) (Control)

33.3 (31.7-36.0) (early-GDM)
33.3 (31.7-35.9) (late-GDM)
Gestational Age at Sampling
(weeks):

Range <20 weeks (early-GDM); 24-28
(late-GDM);

15.2 + 2.4 (Control)

14.9 + 2.4 (early-GDM)

15.3 + 2.5 (late-GDM)

Race: NR

Ethnicity:

90% European (Control)

80% European (early-GDM)
78% European (late-GDM)
Nationality: NR

Instrumentation/Methods

miR-19b-3p, miR-20a-5p, miR-29a-
3p, miR-132-3p, and miR-222-3p)
Validation: NR

Tissue: Serum

Methods: MultiScribe™ Reverse
Transcription kit; RT-PCR PCR.
Validation: NR

Tissue: Serum

10.3389/fendo.2022.971354

Key Findings

healthy pregnant controls using an
FDR cutoff of 0.15.

miR-20a-5p and the presence of 1
or more risk factors was significant
independent predictor for GDM
Risk factors: advanced maternal age
(age = 35 years), obesity (body mass
index > 30 kg/m2), family history of
diabetes mellitus, delivery of a
previous baby >4 kg, glucosuria,
recurrent pregnancy loss, stillbirth,
or

birth of a baby with congenital
abnormalities.

Age, BMI, and miR-222-3p were
not significantly, independently
associated with GDM.

53 KEGG pathways for regulation,
various cancers, and insulin
signaling were enriched by miR-
20a-5p gene targets

3 out of 8 miRNA (miR-16-5p,
miR-29a-3p, and miR-134-5p) levels
were 1 at baseline in women who
went on to develop GDM. Women
with late-onset GDM had 1 miR-
16-5p and miR-122-5p than women
with early-onset GDM.

The 3 miRNAs combined
differentiated between late GDM
cases and healthy controls (AUC =
71.7%). Adding fasting plasma
glucose increased AUC to 81.0%.
Adding maternal heart rate, neck
size, or maternal height individually
to the combined 3 miRNAs
increased AUC to 72.7%.

1890 unique targets identified; most
linked to miR-29a-3p; 148 targets
common between 2 or more
miRNAs.

Vascular endothelial growth factor
(VEGF)-, fibroblast growth factor
(FGF)-, phosphoinositide (PI)-3
kinase-, Notch- and insulin
signaling pathways were found to be
overrepresented of predicted targets
of the miRNAs.

miR-29a-3p, miR-134-5p and miR-
16-5p positively correlated with 2-h
fasting glucose levels measured at
24-28 weeks of gestation after
adjustment for maternal age and
BMI, gestational age, and offspring
sex.

miR-16-5p positively correlated
with HgbA1C; miR-122-5p
negatively correlated with insulin
sensitivity, HDL cholesterol, and
leptin; and miR-122-5p positively
correlated with birthweight
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TABLE 2 Continued

Author
(Year)

Stirm et al.
(2018)

Tagoma et al.
(2018)

Wander et al.
(2017)

Study Purpose,
Design, Setting

Purpose:

To determine if non-
coding RNA in white
blood cells play a role
in patients with GDM
compared to controls
Design:
Observational
Setting: NR
Location: Germany

Purpose: To
determine and
compare the
expression profiles of
plasma miRNA in
GDM and Control
pregnant women.
Design:
Observational
Setting:

Tartu University
Hospital Women’s
Clinic

Location:

Estonia

Purpose: To
determine if levels of
circulating candidate
miRNAs during 7-23
weeks of pregnancy

Sample:

Screening:

N=16

n =8 GDM

n = 8 Control
Validation:

N =60

n =30 GDM

n =30 NGT

Age (years): Range & Standard
Deviation NR;
Screening

33 + 5 (Control)

32 + 3 (GDM)
Validation

32 + 4 (Control)

31 + 4 (GDM)

BMI (kg/mA2): Range & Standard
Deviation NR;
Screening

28.1 + 5.4 (Control)
29.1 + 6.1 (GDM)
Validation

29.5 + 5.6 (Control)
29.8+ 4.07 (GDM)
Gestational Age at Sampling
(weeks):

Range 24-32;
Screening

23 + 9.5 (Control)
259 + 1.7 (GDM)
Validation

27.6 + 2.37 (Control)
27 + 2.3 (GDM)

Race: Caucasian, 100%
Ethnicity: NR
Nationality: NR

Sample:

N=22

n =13 GDM

n =9 Control

Age (years): Range & Standard
Deviation NR;

31.1 + 4.2 (GDM)

28.1 + 4.5 (Control)

BMI (kg/mA2): Range & Standard
Deviation NR;

284 + 6.8 (GDM)

21.3 + 1.7 (Control)

Gestation Age at Sampling (weeks):

Range 23-31;

27.5 + 1.9 (GDM)
25.3 + 1.9 (Control)
Race: NR
Ethnicity: NR
Nationality: NR

Sample:

N =116

n = 36 GDM

n = 80 Control

Age (years): Range & Standard

Instrumentation/Methods

Methods: RT-q-PCR
Validation: Internal and external
validation methods used

Tissue: Whole blood

Methods: miRNeasy Serum/Plasma
Kit (Qiagen); qRT-PCR using the
miScript IT RT Kit (Qiagen).
Validation: Internal validation of 3
upregulated miRNAs using RT-PCR
(miR-195-5p, miR-30d-5p, and miR-
92a-3p)

Tissue: Plasma

Methods: Exigon miRCURY ™ RNA
Biofluids Isolation Kit; qRT-PCR for
candidate miRNAs (miR-126-3p,
miR-155-5p, miR-21-3p, miR-146b-
5p, miR-210-3p, miR-222-3p, miR-

10.3389/fendo.2022.971354

Key Findings

29 miRNAs 1 in GDM patients
compared to controls

miR-19a, miR-142, miR-143, miR-
340, miR-7g, and miR-19b were
selected for external q-PCR
validation. miR-340 was found at 1
levels in GDM

PAIPI, a downstream target was
significantly | in GDM.

The 4 miRNAs positively associated
with BMI were unrelated to GDM.
1 insulin or | glucose reduced miR-
340 expression.

15 miRNAs were 1 in GDM group,
41 significantly enriched pathways.
The 15 miRNAs were miR-7e-5p,
miR-7g-5p, miR-100-5p, miR-101-
3p, miR-146a-5p, miR-18a-5p, miR-
195-5p, miR-222-3p, miR-23b-3p,
miR-30b-5p, miR-30c-5p, miR-30d-
5p, miR-342-3p, miR-423-5p, and
miR-92a-3p.

miR-195-5p had highest fold
upregulation out of top 3 validated
miRNA (miR-195-5p, miR-30d-5p,
and miR-92a-3p).

Fatty acid biosynthesis and fatty
acid metabolism pathways were
overrepresented

miR-195-5p targeted highest
number of genes important in the
fatty acid metabolism pathway.

After adjusting for gestational age at
blood draw, 1 miR-155-5p and
miR-21-3p levels were associated
with 1 odds for GDM, while miR-
146b-5p and miR-517-5p odds of
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TABLE 2 Continued

Author
(Year)

are related to GDM

development
Design:
Observational

Setting: Center for
Perinatal Studies at

Swedish Medical
Center
Location: Seattle,

Washington, USA

Study Purpose,
Design, Setting

Deviation NR;

34.3 + 3.6 (GDM)

32.9 + 4.4 (Control)

BMI (kg/mA2): Range & Standard
Deviation NR;

25.5 + 6.7 (GDM)

21.7 + 4.1 (Control)

Gestational Age at Sampling
(weeks): Range 7.0-22.9;

15.1 + 2.9 (GDM)

16.5 + 2.3 (Control)

Race:

67% White (GDM)

80% White (Control)

Ethnicity: Hispanic ethnicity was
included as a category of race, but
details NR

Nationality: NR

Instrumentation/Methods

223-3p, miR-517-5p, miR-518a-3p,
and miR-29a-3p)

Validation: NR

Tissue: Plasma

10.3389/fendo.2022.971354

Key Findings

GDM were borderline.

After adjusting for gestational age at
blood draw, maternal age, and pre-
pregnancy BMI, only miR-21-3p
remained significantly associated
with 1 odds of GDM.

miR-21-3p and miR-210-3p were
detected in GDM overweight/obese
but not lean women.

Six miRNAs (miR-155-5p, -21-3p, -
146b-5p, -223-3p, -517-5p, and
-29a-3p) were detected in GDM
patients carrying male fetuses.

Yoffe et al. Purpose: To
(2019) determine which

miRNAs measured

during the first

trimester are best for
early GDM detection
and differentiation.

Design:
Observational
Setting:

Careggi University

Hospital (Ttaly);

August Pi i Sunyer
Biomedical Research

Institute (Spain)
Location:
Italy and Spain

Zhao et al. Purpose: To

(2011) determine if serum
miRNA and GDM
have any associations;

To determine if
serum miRNA

profiles could predict
GDM before blood

glucose changes
Design:
Observational

(retrospective nested
case-control study
with multiple sites)

Setting: Hospital
system
Location:

Changzhou, China;

Wuxi, China

Sample:

Initial Cohort:

N =43

n =23 GDM

n = 20 Control

Validation Cohort:

N=20

n =10 GDM

n = 10 Control

Age (years): Range & Standard
Deviation NR;

34 (32.5-37.5) (GDM)

34.5 (32.0-37.2) (Control)
BMI (kg/mA2): Range & Standard
Deviation NR; 28.6 (20.4-31.1)
(GDM)

22.2 (20.1-31) (Control)
Gestational Age at Sampling
(weeks): Range 9-11 weeks;

10 (10.0-10.6) (GDM)

10 (10.0-10.2) (Control)

Race: NR

Ethnicity: NR

Nationality: NR

N=152

N=48 (discovery stage)

n=24 GDM

n=24 Control

Internal Validation Stage (n=36 per
group)

External Validation Stage (n=16 per
group)

Age (years): Range & Standard
Deviation NR;

28.8 £ 2.2 (GDM)

29.5 + 1.9 (Control)

BMI (kg/mA2): Range & Standard
Deviation NR;

214 + 1.7 (GDM)

21.9 + 1.8 (Control)

Gestational Age at Sampling
(weeks):

Range 16-19;

Methods: miRNeasy Serum/Plasma
Kit of collected blood samples;
Nanostring ncounter profiled 798
human miRNAs

GDM detection - machine learning
models with leave-one-out cross
validation (LOOCV) procedure
Validation: External validation of the
two upregulated miRNAs in a
separate cohort using RT-qPCR;
Internal validation using RT-qPCR
Tissue: Plasma

Methods: Qiagen miRNeasy Mini kit;
TLDA Chips; Q-RT-PCR
Validation: Internal and external
validation methods used

Tissue: Serum

22 samples from the initial cohort
(51%) were removed from
downstream analysis after
quantifying miRNAs and prior to
evaluating differently expressed
miRNAs.

In the remaining samples, miR-223
and miR-23a were found to be 1 in
GDM patients. When both miRNAs
are used with a logistic regression
model, this resulted in an AUC
score of 0.91.

10 miRNAs selected out of 73 total.
miR-132, miR-29a, and miR-22
were found to be significantly | in
GDM.

The AUC for the three miRNAs
combined was greater (66.9%) than
for individual miRNAs.

miR-29a is inferred to be a negative
regulator of glucose serum as
knockdown of miR-29a led to t
PCK2 expression. 1 PCK2 could
then lead to an increase in glucose
levels.
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TABLE 2 Continued

Author
(Year)

Study Purpose,
Design, Setting

17.4 £ 0.7 (GDM)
17.2 + 0.8 (Control)
Race: NR
Ethnicity: NR
Nationality: NR

Zhu et al. Purpose: To profile Sample:
(2015) plasma miRNA that N=20
are differentially n =10 GDM

n = 10 Control
Age (years): Range & Standard

expressed in GDM
patients compared to

controls Deviation NR;

Design: 30.03 + 3.56 (GDM)
Observational 26.67 + 4.59 (Control)

Setting: BMI (kg/mA2): Range & Standard

Deviation NR;
23.94 + 2.98 (GDM)
19.24 + 1.07 (Control)

Zhongda Hospital,
Southeast University,
Nanjing, China

Location: Gestational Age at Sampling:
Nanjing, China (weeks):
Range 16-19;

17.66 + 0.85 (GDM)
18.17 + 0.93 (Control)
Race: NR

Ethnicity: NR
Nationality: NR

10.3389/fendo.2022.971354

Instrumentation/Methods

Key Findings

Methods: miRNeasy Serum/Plasma
Kit; RNA-seq

Validation: Internal qRT-PCR used
to validate 5 of the differentially
expressed miRNAs using the Applied
Biosystems 7500 Real-Time PCR
System.

32 miRNAs were differentially
expressed in GDM with 20 being |
and 12 being 1. 5 of the T miRNAs
(hsa-miR-16-5p, hsa-miR-17-5p,
hsa-miR-19a-3p, hsa-miR-19b-3p,
hsa-miR-20a-5p) were validated.
18 enriched pathways identified:
Tissue: Plasma endocytosis, mitogen-activated
protein kinase (MAPK) signaling,
insulin

signaling, mTOR signaling, type 2
diabetes, Wnt signaling,
proteoglycans in cancer, and
transforming growth factor-f3 (TGF-
B) signaling. Pathways suggest
associations to insulin resistance
and abnormal pregnancies.

NR=not reported; GDM=gestational diabetes; T2D=type 2 diabetes; RNA=ribonucleic acid; PCR=polymerase chain reaction; RT-PCR=reverse transcription polymerase chain reaction;
Q-RT-PCR=quantitative reverse transcription polymerase chain reaction; HgbAlc=hemoglobin Alc; RNA-Seq=ribonucleic acid sequencing; TNF=tumor necrosis factor; FDR=false
discovery rate; KEGG= Kyoto Encyclopedia of Genes and Genomes; BMI=body mass index; EV=extracellular vesicle; AMPK=adenosine monophosphate-activated protein kinase;
AUC=area under the curve; HDL=high-density lipoprotein; PAIP1= polyadenylate-binding protein-interacting protein 1; PCK2= phosphoenolpyruvate carboxykinase 2,

mitochondrial; MAPK=mitogen-activated protein kinase.
The up arrow means upregulated and the down arrow means downregulated.

define the end of the first trimester (i.e., <12 weeks or <14
weeks). Four studies reported miRNA results discretely within
the second trimester, which was defined as weeks 13-26 (25-27,
31), and three studies were discretely within the third trimester,
defined as weeks 27 through the end of pregnancy (22, 23, 26).
Two studies reported findings from the time period that
corresponds with the standard of care for assessing for
gestational diabetes (weeks 24-28), although this range spans
late second trimester to early third trimester (25, 36). Others’
ranges spanned two or more trimesters (28, 31-33, 37).

3.3 Instrumentation, data acquisition, and
data analysis

Instrumentation, data acquisition, and analysis methods
were disparate across studies (Tables 1-3). The three
transcriptome studies each used different methods for mRNA
quantitation (22-24). One study used RNA-Sequencing
methods (23), and another used microarray methods (24).
Pappa et al. (2013) used real time quantitative polymerase
chain reaction (qQPCR) for quantitation since they evaluated a
panel of ten “clock genes” associated with diurnal rhythms. Both
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Steyn et al. (2019) and Zhao et al. (2011) used reverse
transcription qQPCR (RT-qPCR) for internal validation (23, 24).
Twelve out of the 13 miRNA studies (92%) used real time qPCR
methods for miRNA quantitation (Table 2). The other study
(8%) used the Nanostring ncounter platform (29). Internal and
external validation methods were included in 54% and 23% of
miRNA studies, respectively. Table 3 provides an overview of the
bioinformatics tools used in each of the studies where applicable.

3.4 Transcriptome studies

The transcriptome studies collectively identified 6,289
differentially expressed genes (DEGs). Overall, 2,702 DEGs
(43.0%) were described as upregulated in participants with
GDM compared to controls, while 2,499 DEGs (39.7%) were
described as downregulated in GDM compared to controls. The
candidate genes and target pathway findings are detailed in
Table 1. The transcriptome pathways identified described
various aspects of diabetes pathogenesis, including insulin and
glucose signaling, regulation, and transport; natural killer cell
mediated cytotoxicity; NADP and carbohydrate metabolism;
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TABLE 3 Tools utilized by included studies for mRNA and miRNA gene targets and pathway analyses.

DIANA v.
3 miRPath

Tarbase
7.0

First Author

*
(Year) TargetScan

Sorensen et al.
(2021)

Pfeiffer et al.
(2020)

Zhu et al.
(2015)

PANTHER*

Other
Tools

None/Not
Applicable

DAVID* Other: Explained

EnrichR; Interpro Domains
2019; Pfamdomains

PicTar; miRanda

Stirm et al.
(2018)

Steyn et al.
(2019)

Pheiffer et al.
(2018)

miRlastic R approach

Lamadrid-
Romero et al.
(2018)

Tagoma et al.
(2018)

Gillet et al.
(2019)

Qiagen Ingenuity Pathway
Analysis

Hromadnikova
et al. (2020)

miRwalk 2.0

Yoffe et al.
(2019)

Gene Ontology Enrichment
Analysis Software Toolkit
(GOEAST)

Zhao et al.
(2011)

Pathway Express (part of Onto-
Tools)
Cytoscape Software

Cao et al.
(2017)

Pappa et al.
(2013)

Wander et al.
(2017)

Zhao (2) et al.
(2011)

*Various versions. The shading/X means that the referenced study used that tool.

immunity and inflammation; fatty acid biosynthesis and
metabolism; and circadian clock rhythms.

The transcriptome studies analyzed correlations between
mRNA levels and outcomes like glucose levels in the pregnant
person, insulin resistance/insulin sensitivity, hemoglobin Alc
(HbA1Ic), and birth weight. Glucose-6-phosphate dehydrogenase
(G6PD), insulin-like growth factor binding protein (IGFBP-1),
IGFBP-2, and transketolase (TKT) were inversely correlated with
glucose levels in the pregnant person, measured at one or more
time points. No significant correlation was found between
IGFBP-6 and glucose levels. Period circadian level 3 (PER3)
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was inversely correlated with HbAlc. IGFBP-1 was positively
correlated with the infants’ birthweight, while IGFBP-2 and
IGFBP-6 were not significantly correlated with birthweight.

3.5 miRNA studies

In the thirteen miRNA studies, 135 unique miRNAs were
associated with GDM. Eight (miR-16-5p, miR-17-5p, miR-20a-
5p, miR-29a-3p, miR-195-5p, miR-222-3p, miR-210-3p, and
miR-342-3p) were described in two or more studies. See
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TABLE 4 miRNAs described in two or more studies.

10.3389/fendo.2022.971354

Studies in Which miRNA was Described (n) Upregulated Downregulated No Difference
n (%) n (%) n (%)
miR-16-5p 5 4 (80%) - 1 (20%)
miR-17-5p 4 3 (75%) - 1 (25%)
miR-195-5p 2 2 (100%) - -
miR-20a-5p 4 3 (75%) 1 (25%) -
miR-210-3p* 2 2 (100%) - -
miR-222-3p 3 1 (33%) 1 (33%) 1 (33%)
miR-29a 6 3 (50%) 1 (17%) 2 (33%)**
miR-342-3p 3 3 (100%) - -

*Associated with GDM in obese but not lean pregnant people
**Found only in pregnant people carrying fetuses assigned the sex of male at birth
miRNA - microRNA

Table 4 for details about the number of studies that described
each miRNA, and whether or not it was found to be upregulated,
downregulated, or no difference from healthy controls.

Within the studies, miRNA levels varied based on the time in
pregnancy when GDM develops, the trimester or time period at
which miRNAs were measured, sex of the fetus, obesity in the
pregnant person, and treatment type (diet vs. pharmaceutical).

3.5.1 Time in pregnancy

Two studies measured the miRNAs at multiple time points
from the same participants (25, 26). In those studies, expression
levels of miR-16-5p, miR-17-5p, and miR-20a-5p increased in
each trimester as compared with the first trimester in the GDM
group but remained constant in the control group (25). In
contrast, miR-125b-5p increased over time from the first
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trimester to the third for the control group (26). Expression of
miR-125b-5p was significantly higher in the GDM group
compared to healthy controls in the first trimester, but then
levels decreased 10-fold below those of the control group in the
second trimester GDM samples (26). In control samples,
expression levels of miR-183-5p, miR-200b-3p, and miR-125b-
5p were the highest in the second trimester, whereas the highest
level of miR-137 was observed in the third trimester (26).

When comparing first trimester GDM expression levels to
controls, miR-183-5p, miR-200b-3p, miR-125b-5p, miR-1290
(26), miR-223, and miR-23a (29) were higher in the GDM
group. During the second trimester, in the GDM group, the
expression levels of miR-183-5p (26), miR-16-5p, miR-17-5p,
miR-19a-3p, miR-19b-3p, miR-20a-5p (25, 27), were higher and
miR-128-5p (26), miR-132, miR-29a, and miR-22 (31) were
lower as compared with the control group. Finally, during the
third trimester, in the GDM group, studies reported a higher
level of miR-137 and lower levels of miR-183-5p and miR-200b-
3p relative to the control group (26).

Four studies measured miRNA expression at the time of
GDM diagnosis, between 24-28 weeks gestation and collectively
identified 35 miRNAs that were significantly different in the
GDM group compared to controls (25, 30, 33, 36). MiR-222-3p
was significantly lower in South African pregnant people with
GDM relative to controls (36). MiR-16-5p, miR-17-5p (25),
miR-340 (33), and miR-330-3p (30) were significantly
upregulated in the GDM group. Stirm et al. (2018) identified
an additional 29 miRNAs that were significantly upregulated in
the GDM group (false discovery rate <0.1) compared to controls,
although miR-340 was the only one that was validated in their
study (33). MiR-20a-5p was reported in two studies with mixed
results. In one study conducted in China, miR-20a-5p was
significantly higher in the GDM group, whereas in another
study of South African pregnant people, miR-20a-5p was
significantly lower.

One study measured miRNA levels in the formerly pregnant
person an average of 5 years after birth of the baby (35). They
found 26 miRNAs that were significantly higher in participants
with a history of GDM compared to controls. A composite of 16
of the 26 miRNAs was identified as the best predictor of GDM
exposure during pregnancy in their participants.

3.5.2 Sex assigned at birth of the offspring

Two studies considered sex assigned at birth of the offspring
in their analyses. Wander et al. (2017) differentiated results by
sex of the offspring which was determined using retrospective
chart review after delivery (32). They detected six miRNAs
(miR-155-5p, miR-21-3p, miR-146b-5p, miR-223-3p, miR-
517-5p, and miR-29a-3p) that were significantly different in
the blood samples of participants with GDM carrying male
fetuses. Conversely, Sorensen et al. (2021) found no sex-
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dependent differences in expression of miR-29a-3p and
miR134-5p (37).

3.5.3 Associations with BMI

In most studies, the GDM group had a significantly higher
BMI at the time of the blood draw compared to the control
group. Three studies reported findings for lean (i.., pre-
pregnancy BMI <25 kg/m?), overweight/obese (i.e., pre-
pregnancy BMI > 25 kg/m?®), or obese (i.e., pre-pregnancy
BMI > 29 kg/mz) pregnant people (30, 32, 37). Sorensen et al.
(2021) identified three miRNAs (miR-16-5p, miR-29a-3p, miR-
134-5p) that were higher at baseline in obese women who went
on to develop GDM (37). These three miRNAs combined
differentiated those women who developed GDM earlier in
pregnancy from those who developed GDM later in
pregnancy, with the highest levels at baseline in women who
developed GDM late in pregnancy. In the other two studies,
miR-21-3p, miR-210-3p (32), and miR-330-3p (30) were
significantly increased in obese but not lean women.

3.5.4 Differences by treatment type

Two studies analyzed miRNA findings based on GDM
treatment type (30, 35). Higher levels of miR-330-3p were
associated with patients with GDM treated with diet, but not
GDM treated with insulin, compared to controls (30).
Hromadnikova et al. (2020) found no difference in miRNA
expression profiles between GDM on diet only and GDM on the
combination of diet plus pharmacologic therapy, however the
pharmacologic group included 17 participants on insulin and 1
participant on metformin (35). Another study by Pheiffer et al.
(2018) reported that their participants with GDM were treated
with either metformin, insulin, and/or diet, but did not specify
any details to characterize the sample or to differentiate results
by treatment type (36).

3.5.5 miRNA and health outcome correlations
Three studies described the relationships between miRNAs
and related health outcomes (25, 33, 37). MiR-16-5p was
positively correlated with insulin resistance (25), 2-hour
fasting glucose levels at 24-28 weeks of gestation, and HbAlc
(37). There was a positive correlation between miR-17-5p, and
miR-20a-5p and insulin resistance, but not with tumor necrosis
factor- oo (TNF-0) or BMI (25). MiR-29a-3p and miR-134-5p
were positively correlated with 2-h fasting glucose levels
measured at 24-28 weeks of gestation after adjustment for
maternal age and BMI, gestational age, and offspring sex (37).
MiR-122-5p was negatively correlated with insulin sensitivity,
high density lipoprotein (HDL) cholesterol, and leptin; and
positively correlated with birthweight (37). Four miRNAs
(miR-4473, miR-199-5a, miR-339-5p, and miR-3653-5p) were
positively associated with BMI but were unrelated to GDM (33).
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3.6 Risk of bias findings

Risk of bias was assessed in terms of recruitment and sampling
methods, confidence in the assessment of exposure, confidence in
assessment of the outcomes, matching between cases and controls,
potential confounders, and missing data. Most studies described
sample recruitment from eligible patients who were seen in a
particular clinic. In most studies, the cases and controls were
recruited during the same time. However, it is unknown to what
extent these cases and controls were drawn from same population,
and unknown how representative the samples are of the general
population since sample characteristics were described inconsistently.

Confidence in assessment of exposure was assessed by
considering the method of diagnosis of GDM and
comorbidities. Variations in the GDM definition, diagnostic
criteria referenced, and methods of GDM diagnosis were found
across studies, although most were assessed between 24-28 weeks
gestation. For example, the American Diabetes Association
(ADA) recommends that pregnant people who test positive for
diabetes during the first trimester be diagnosed with type 2
diabetes (T2D) (1). However, Lamadrid-Romero et al. (2018)
classified those participants as having GDM because they had no
prior risk factors for T2D (26). It is unknown to what extent
undiagnosed T2D prior to pregnancy affected the results, due to
the nature of the GDM diagnostic process.

Confidence in the individual studies’ assessment of the molecular
markers was mixed. Most studies provided detailed descriptions of
their analysis methods, but across the studies, instrumentation and
analysis tools were unstandardized. One transcriptome study
reported different results in the abstract versus the body of the
manuscript. For the review of literature described in this paper,
findings were reported from the body of the manuscript because the
text in the results section matched the figures and discussion. Finally,
validation of the mRNA and miRNA measurements was used only in
a subset of studies and was not consistently applied in all studies.

Matching of exposed and unexposed participants for
potential confounders affecting the outcome was done in a
minority of studies. As expected, in most studies that
measured fasting glucose and HbAlc, those levels were higher
in the GDM group than the control group at the time of mRNA
or miRNA analysis. BMI was also significantly higher in the
GDM group in a majority of studies at the time of the blood
draw. Other potential confounders such as pre-pregnancy BMI,
weight gain during pregnancy, age of the pregnant person,
gestational age at time of blood draw, singleton pregnancy,
primiparous, behaviors during pregnancy such as smoking,
and other sociocultural factors were recorded or adjusted for
inconsistently across studies. It is also unknown if behavioral
and environmental exposures were consistent among cases and
controls because of limited sample characteristics reported. For
example, it is unknown to what extent behaviors like physical
activity, diet, smoking, exercise or psychosocial factors like
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stress, environmental factors, access to resources and prenatal
care, health literacy, low socioeconomic status (SES), education,
or structural racism resulting from being a member of racial
ethnic minority groups, may be affecting results.

Missing data were described in some studies. For example, some
studies analyzed different sample sizes for different time points (26),
some had missing sample characteristics like age, BMI, or gestational
age (24, 32), and some had missing blood samples and analyzed a
smaller subset for the mRNA or miRNA results (32).

4 Discussion

This systematic review of the literature identified 16 articles
that measured the transcriptome or miRNA expression in blood
specimens of 684 adults with GDM compared to 691 healthy
controls. Most studies applied an observational, cross-sectional
design. Collectively, findings span the entire pregnancy from the
first to the third trimester. Additional repeated measures studies
are needed to compare mRNA or miRNA levels across
gestational ages in the same participants.

The studies represent participants residing in 12 countries,
with most set in China and South Africa. There is emerging
evidence that differences in geographic location and ethnicity
may be reflected in circulating miRNA levels (38, 39). Overall,
most of the studies included in our review did not cite
standardized definitions of race, ethnicity, and nationality to
characterize the samples. To ensure high-quality precision
healthcare that is equitable and representative, accurate sample
descriptions are needed. Samples of diverse individuals should
be recruited to ensure that the findings can be generalizable.

Overall, participants with GDM were slightly older with a
significantly higher BMI at the time of the blood draw compared
to controls. Few studies utilized either matching in their study
design or controlled for confounders in their analyses. As age
and weight may influence mRNA and miRNA levels, further
research is needed to isolate the influence of GDM from other
potentially confounding factors.

Three transcriptome studies were found that assessed
circulating mRNA levels in pregnant people with GDM
compared with healthy controls (22-24). All three studies
represent mRNA levels in the third trimester. The
transcriptome studies collectively identified 6,289 DEGs, of
which 2,702 (43.0%) were described as upregulated in
participants with GDM compared to controls, while 2,499
(39.7%) were described as downregulated in GDM compared
to controls.

Expression levels of four mRNAs related to circadian clock
rhythms were found to be significantly lower in pregnant people
with GDM and were significantly correlated with HbAlc levels
in one study (22). These four mRNAs were brain and muscle aryl
hydrocarbon receptor nuclear translocator-like protein 1
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(BMALI), PER3, peroxisome proliferator activated receptor
delta (PPARD), and cryptochrome circadian regulator 2
(CRY2). However, none of the ten circadian clock genes
measured by Pappa et al. (2013) were reported in the
supplementary results tables of the other two transcriptome
studies (22-24). Differentially expressed clock genes are
consistent with other studies that showed associations between
sleep disruptions/night shift work and GDM (40). Specifically,
sleep disruptions in GDM are associated with higher morning
blood cortisol and glucose levels, increasing the need for long-
acting insulin at night for patients with GDM. Previous studies
about the role of circadian genes in T2D have indicated that
BMALI works in coordination with CLOCK as transcriptional
activators of the circadian clock’s self-sustained transcriptional-
translational feedback loops (41). These activators function as
positive elements driving transcription of PERs, CRYs, and
numerous other downstream elements involved in glucose
metabolism and postprandial glycemia (41).

We extracted data from the transcriptome articles about the
target pathways implicated by their findings and the tools they
used to analyze them. Studies used different databases to
determine the biological pathways related to their results. For
example, Steyn et al. (2019) used the protein analysis through
evolutionary relationships (PANTHER) and the database for
annotation, visualization and integrated discovery (DAVID)
tools (23), while Zhao et al. (2011) used Pathway Express
(23, 24).

Collectively, the target pathways identified using these tools
described various aspects of diabetes pathogenesis, including
insulin and glucose signaling, regulation, and transport; natural
killer cell mediated cytotoxicity; NADP and carbohydrate
metabolism; immunity and inflammation; fatty acid
biosynthesis and metabolism. The transcriptome pathways
identified by the findings reflect the multi-system, complex
nature of the disease (42). A prior study conducted by Flowers
et al. (2022) assessed pathways targeted by differentially
expressed miRNAs in people at risk for T2D and identified
three themes (i.e., metabolism and inflammation, endocrine, and
hormone) (43). Many of the implicated pathways identified by
the studies included in this review also fit within these themes.
Additional research is needed to validate transcriptome findings
related to GDM in larger samples and additional settings and to
determine how the pathophysiology of GDM may relate to the
pathophysiology that underlies risk for T2D. Standardization is
needed for data acquisition and analysis tools.

The miRNA study designs, participant characteristics,
gestational age at the time of the miRNA blood analysis, and
data analysis tools were disparate. Our analysis revealed that
miRNA levels varied based on the time in pregnancy when GDM
develops, the trimester or time period at which miRNAs were
measured, sex of the fetus, obesity in the pregnant person, and
treatment type (diet versus pharmaceutical). We delineated the
miRNAs that were found to be significantly different in pregnant
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people with GDM by first trimester, second trimester, and the
gestational age corresponding with GDM diagnosis (24-28
weeks gestation).

In the thirteen miRNA studies, 135 unique miRNAs were
associated with GDM. Eight of these circulating miRNAs (miR-
16-5p, miR-17-5p, miR-20a-5p, miR-29a-3p, miR-195-5p, miR-
222-3p, miR-210-3p, and miR-342-3p) were the most validated for
GDM. This list is updated from the previous review by Ibarra et al.
(2018) by adding three miRNAs to the list (miR-195-5p, miR-210-
3p, and miR-342-3p) and integrating any new findings about the
five most-validated miRNAs previously identified (miR-16-5p,
miR-17-5p, miR-20a-5p, miR-29a-3p, and miR-222-3p) (44).
What is known from previous literature about each of these
miRNAs in relation to GDM, other types of diabetes, obesity and
weight change, or relevant pregnancy-related outcomes are
discussed in more detail below. Animal model study findings are
included in those cases where human study findings are unavailable.

4.1 miR-16-5p

MiR-16-5p is a powerful regulator of the insulin signaling
pathway, pancreatic -cell proliferation and apoptosis, and
branched chain amino acids involved in insulin dysregulation
(45-48). Target genes of miR-16-5p in mouse model and in vitro
mechanistic studies include those that encode for insulin
receptor substrate (IRS) proteins 1 and 2, the insulin receptor
(INSR), and at least 24 other targets in the insulin signaling
pathway like ak strain transforming (AKT) protein 1 and 3 (45-
48). Other targets include genes encoding for the mammalian
target of rapamycin (mTOR) protein and b-cell leukemia/
lymphoma 2 protein (BCL-2) expression (45, 48), among others.

Our review found that miR-16-5p was upregulated
compared to the control group in 80% (4 out of 5) of the
included studies that reported it in their findings (Table 4). It
was upregulated prior to onset of GDM in the first trimester
(weeks 9-12) (48), during weeks 16-19 (27, 37), and in weeks 24-
28 (25, 37, 48). Elevated gestational miR-16-5p may persist
beyond pregnancy and may be permanently altered in women
with GDM (35). However, in other studies conducted in Turkey,
South Africa, and Poland, no significant difference was found in
women with GDM compared with controls (36, 48-50). These
mixed results may reflect regional environmental or cultural
differences in miRNA expression levels, or instrumentation and
study design differences, but further research is necessary to
validate findings.

MiR-16-5p has been associated with traditional clinical
indicators and long- and short-term outcomes. For example,
elevated miR-16-5p is correlated with homeostatic model
assessment of insulin resistance (HOMA-IR) (47, 48), insulin
resistance (25), and cardiovascular disease risk (35), but not with
preeclampsia (51). MiR-16-5p may also be associated with pre-
pregnancy weight, because it has been reported to be elevated in
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overweight and obese women before week 20 gestation (37, 48).
Further, it is consistently downregulated after surgical weight
loss interventions in obese human and animal studies (46).
Notably, in our sample of studies, miR-16-5p was not
correlated with BMI in women with GDM (25). Future studies
may seek to control for pre-pregnancy weight, weight category at
the time of the blood draw, or gestational weight changes in their
analyses for miR-16-5p to differentiate the effects of obesity from
GDM pathology on miR-16-5p levels.

The findings from our review suggest that elevated baseline
and first trimester miR-16-5p may be a predictor of late-onset
GDM, particularly when combined with other miRNAs
associated with GDM (37). These findings suggest that
therapies that lower miR-16-5p prior to or early in pregnancy
may help to prevent or decreased risk for GDM. However, more
studies are needed to validate these findings, to understand
regional or cultural differences, and to differentiate the
contribution of obesity from pathology unique to GDM.

4.2 miR-17-5p

MiR-17-5p is involved in cell proliferation, inflammation,
mitochondrial function, and diabetes-related vascular damage (48, 52).
High glucose induction of human trophoblast cells in vitro led to
upregulation of miR-17-5p in a simulated diabetic environment (52).
There is some evidence that two enzymes associated with mitochondrial
function, mitofusins 1 and 2, are targets of miR-17-5p (52).

In our sample, miR-17-5p was upregulated in 75% (3/4) of the
studies (25, 27, 35). MiR-17-5p levels were upregulated compared
with controls in weeks 16-19 (27) and 3-5 years post-pregnancy
(35). During weeks 24-28 at the typical time of GDM diagnosis,
expression levels were mixed. One study conducted in a sample of
pregnant people in China found miR-17-5p levels to be upregulated
(25), while two other studies of samples of South African and
Turkish pregnant people, respectively, found no difference (36, 49).
These mixed results may reflect cultural and environmental
differences between the samples. Like miR-16-5p, miR-17-5p was
positively correlated with insulin resistance but not TNF-o. or BMI
in one study (25). Also, like miR-16-5p, miR-17-5p has been linked
to obesity, except that in the obese and coronary artery disease
phenotypes the miR-17-5p levels were downregulated compared
with healthy controls instead of upregulated as we found in our
review (53). Further research is warranted to understand to what
extent differences in miRNA expression levels are due to GDM
pathology or obesity, and to describe how gestational miR-17-5p
levels may change with weight changes.

4.3 miR-195-5p

In mouse and in vitro models, placental miR-195-5p targeted
vascular endothelial growth factor A (VEGFA) in placental cells
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(54), and was an enhancer of zeste homolog 2 (EZH2) in
umbilical cells (54), both of which may contribute to
endothelial cell dysfunction and GDM progression. In the two
studies that were included in our review, miR-195-5p was
upregulated in pregnant people with GDM compared with
controls in weeks 23-31 (28) and 3-5 years post pregnancy
(35). This finding is consistent with previous work by Wang
et al. (2020), who also found miR-195-5p to be upregulated at 25
weeks gestation in pregnant people with GDM compared with
controls. MiR-195-5p targeted several of the genes important in
the fatty acid metabolism pathway, including fatty acid
desaturase 2 (FADS2), elongase of very long fatty acid 5, acetyl
co-A carboxylase o. (ELOVLS5), acetyl co-A synthetase 3 and 4
(ACSL3, ACSL4), hydroxyacyl-CoA dehydrogenase trifunctional
multienzyme complex subunit oo (HADHA), and carnitine
palmitoyltransferase 1A genes (CPTIA) (28). This suggests
that alterations in lipid metabolism, associated with changes in
miR-195-5p expression, may be an important aspect of GDM
pathogenesis and an area of focus for future study.

Mechanistic mouse model and in vitro studies about the role
of miR-195-5p in GDM suggests that high levels of miR-195-5p
inhibits cell proliferation and angiogenesis in human placental
microvascular and umbilical endothelial cells treated with a high
glucose condition (54, 55). The direction of the effect on cell
apoptosis may vary by tissue, as high miR-195-5p inhibited
apoptosis in umbilical endothelial cells (55) and increased
apoptosis in the placental endothelial cells (54), both of which
were undesirable effects contributing to cellular dysfunction.
Additional studies are warranted to fully understand the
mechanism of miR-195-5p in GDM pathogenesis. Two studies
have measured associations between miR-195-5p and body mass
and reported no association (35, 56), suggesting that obesity and
gestational weight changes may not play a significant role in
miR-195-5p levels in GDM. However, due to the connection
between miR-195-5p and altered lipid metabolism, further
validation of these results is warranted.

4.4 miR-20a-5p

The mechanism of miR-20a-5p’s involvement in GDM is
unknown, but miR-20a-5p has been linked to cardiovascular
disease, T2D, and pregnancy-related birth outcomes like small
for gestational age and fetal growth restriction (57). In a study of
participants undergoing coronary angiography, miR-20a-5p was
associated with kidney function and estimated glomerular
filtration rate after controlling for several confounders
including T2D (58). In another study comparing participants
with abdominal aortic aneurism with and without T2D, miR-
20a-5p was associated with fructosamine concentration (59).
MiR-20a-5p levels were significantly upregulated in the group
with T2D compared with controls (59).
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We found that miR-20a-5p was upregulated in pregnant
people with GDM compared with controls in 75% of studies (3/
4) in the final sample in this review (25, 27, 35). Levels were
downregulated in the other 25% (36). For the studies that
showed upregulated expression in pregnant people with GDM
compared to controls, two of the studies were done in China (25,
27) and the other from the Czech Republic (35). Expression
levels of miR-20a-5p were upregulated compared with controls
across gestational periods and beyond—in weeks 16-19 (27),
weeks 24-28 (25), and 3-7 years post-pregnancy (35). The
average BMI for most study groups (pregnant people with
GDM or control) in the three studies that reported
upregulation had BMIs in the normal range. In contrast, in a
study of South African pregnant people, miR-20a-5p was
significantly lower in participants with GDM than participants
in the control group in weeks 24-28 (36). The difference in
findings may reflect regional or ethnic differences between the
samples, but notably, the South African participants were more
obese than participants in the other three studies. Previous
mouse model studies have linked miR-20a-5p with induction
of adipogenesis and lipogenesis via a novel regulatory circuit
called CCAAT/enhancer-binding protein o/miR-20a-5p/
Transducer Of ERBB2, 2 or TOB2 (60). Yet in the one study
in our review that tested correlations between the miRNAs and
clinical measures, miR-20a-3p was not correlated with BMI, but
it was positively correlated with insulin resistance (25). Further
research is warranted to validate previous findings, to
understand the relationships between pre-gestational BMI,
gestational weight gain or loss, and miR-20a-5p, and to
distinguish the influence of obesity versus GDM pathology on
miR-20a-5p expression levels.

4.5 miR-210-3p

MiR-210-3p is involved in hypoxia, insulin resistance, and
anti-angiogenesis (34). Overexpression of miR-210-3p is
predicted to inhibit insulin binding to the insulin receptor
protein, the function of AMPK, and ultimately, B-oxidation
and glucose transport (34). MiR-210-3p in late pregnancy has
been positively associated with gestational age at birth (61). We
found that results for miR-210-3p were mixed. Gillet et al. found
it to be upregulated in pregnant people with GDM compared
with controls (34), while Wander et al. found no difference (32).
In one sample, miR-210-3p was associated with GDM in
pregnant people with overweight or obesity but not those
participants who were lean (32).

4.6 miR-222-3p

The role of miR-222-3p in GDM is unknown, but previous
mechanistic studies implicate circulating miR-222-3p levels in
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both obesity and T2D (62-65). MiR-222-3p targets at least three
experimentally validated genes of which low levels have been
associated with T2D pathology: O-6-Methylguanine-DNA
Methyltransferase (MGMT), Serine/threonine-protein
phosphatase 2A 55 kDa regulatory subunit B-o isoform
(PPP2R2A), and Reversion Inducing Cysteine Rich Protein
With Kazal Motifs (RECK) (62, 63). In a mouse model
mechanistic study, miR-222-3p also mediated the therapeutic
effects pioglitazone, an oral hypoglycemic drug used for T2D, on
skeletal muscle tissue, independent of the PPARY mechanism-
of-action of the drug (66).

In mouse models of obesity, overexpression of miR-222-3p
was associated with increased adiposity by targeting DNA
damage inducible transcript 4 (Ddit4) in adipocyte specific
miR-221/222 knockout, which was associated with the
suppression of the tuberous sclerosis complex 2 (TSC2)/
mTOR complex 1 (mTORCI1)/ribosomal protein S6 kinase
(S6K) pathway (65). Circulating levels of miR-222-3p have
been downregulated post-bariatric surgery induced weight loss
in at least two studies (67). Paradoxically, however, circulating
levels of miR-222-3p increased rather than decreased in
overweight and obese human participants after a diet-induced
weight loss intervention (68).

In our systematic review, results for miR-222-3p in pregnant
people with GDM compared with controls were mixed, with one
each downregulated during weeks 24-28 gestation (36),
upregulated between weeks 23-21 gestation (28), and no
difference during weeks 7-22.9 gestation (32). These three
studies took place in different countries (South Africa, Estonia,
and the United States, respectively). Although the difference was
significant between the pregnant people with GDM and controls,
miR-222-3p was not significantly, independently associated with
GDM in a logistic regression model by Pheiffer et al. (36). While
these three studies (28, 32, 36) did not describe correlations
between miR-222-3p and any clinical parameters or outcomes, a
validation study by Filardi et al. (2022) found that miR-222-3p
was positively correlated with fasting blood glucose and birth
weight in the third trimester in pregnant people with GDM (62).
Overall, the highly disparate findings in studies about T2D,
obesity, weight loss, and GDM suggest a complex mechanism
that warrants further research.

4.7 miR-29a-3p

In our review, miR-29a-3p was the most validated because it
was reported in 46% of the articles in our final sample, but
results were mixed. MiR-29a-3p was upregulated compared with
controls in 50% (3/5 studies) (34, 35, 37) and downregulated in
17% (1/5 studies) (31). Two studies (33%) found no difference
(32, 36). Zhao et al. (2011) inferred miR-29a-3p to be a negative
regulator of serum glucose because knockdown of miR-29a led
to increased mitochondrial phosphoenolpyruvate carboxykinase
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2 (PCK2) expression (31). Increased PCK2 could then lead to an
increase in glucose levels. However, their study was the only one
in our sample in which the levels of miR-29a-3p were lower in
pregnant people with GDM than controls, so the collective
evidence does not yet support this inference. Further research
is warranted to fully understand the mechanism and how it may
vary by region or ethnicity.

4.8 miR-342-3p

The synthesized evidence from our review suggest that not
only is miR-342-3p linked to complications of diabetes as
previously proposed (18, 69), but it also may be an early
indicator of risk. In the three studies in our review that
described miR-342-3p levels, the miRNA was upregulated in
100% of them, spanning early to mid-pregnancy and several
years post-pregnancy in diverse geographic locations (28, 34,
35). These three study samples were comparable in mean BMI
by study group. In type 2 diabetes, miR-342-3p is predicted to
inhibit GLUT2 and trigger impaired insulin secretion in
pancreatic [ islet cells (34). It is one of the miRNAs that has
been shown to be dysregulated across types of diabetes,
including GDM, T1D, T2D (18, 70), and in people with
obesity (71, 72). For people with metabolic syndrome at risk
for diabetes, miR-324-3p is one of at least 49 miRNAs associated
with insulin resistance in at least three studies (73). MiR-342-3p
may also operate as a novel epigenetic integrator linking
adipogenic homeostasis and angiogenesis (69). As such, it may
be a useful early marker of metabolic risk. In mouse models of
obesity, SNAP25 was identified as a major target gene of miR-
342-3p and the reduced expression of SNAP25 may link to
functional impairment hypothalamic neurons and excess of food
intake (74). The inhibition of miR-342-3p may be a potential
candidate for miRNA-based therapy for obesity (74). Due to
miR-342-3p’s strong associations with obesity in animal studies,
GDM studies should consider controlling for baseline obesity
and gestational weight changes, or to consider differentiating
from metabolically healthy people with obesity any potential
mechanisms that are unique to GDM pathology.

4.9 Other subgroup analyses and overlap
with T1D and T2D

Other subgroup analyses included differences in miRNAs by
sex of the fetus or by GDM treatment type. Findings suggest that
the sex of the fetus may affect maternal circulating miRNAs,
however the two studies in our final sample that measured sex
reported mixed results (32, 37). Further studies are warranted to
better understand if or how sex of the offspring may
influence GDM.
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Only two studies in our final sample differentiated findings
by GDM treatment type (diet versus diet with pharmacologic
therapy) with mixed results. These results are complicated by
mixing treatment types (i.e., insulin, metformin) within the
group of participants with GDM, such as in Hromadnikova
et al. (2020) included one participant on metformin with the 17
other participants who were treated with insulin (35). MiR-330-
3p was the only miRNA found in our systematic review to vary
by treatment group, with levels significantly higher in the GDM
group treated with diet alone rather than diet plus insulin (30).
Additional studies are needed to understand how miRNAs may
vary within treatment groups, because metformin has been
associated with the expression of miRNA levels in people
undergoing treatment for insulin-resistant diseases (75). More
research is needed to fully understand how metformin influences
the expression of miRNAs in pregnant people with GDM.

The gene targets and miRNAs identified in this review
mostly differ from those that have been previously emphasized
for TID and T2D, suggesting a distinct pathophysiology for
GDM (76-78). Some exceptions are miR-16-5p (43), miR-29a-
3p, miR-146a, miR-182, and miR-342-3p as previously
mentioned in section 4.7 (18, 31-34, 36, 37, 43, 70, 76, 77, 79,
80). MiR-29a-3p was reported with mixed results in both GDM
and T2D studies, with one or more study showing it to be
upregulated and one or more showing it to be downregulated
compared with controls. MiR-146a was significantly upregulated
in both GDM and T2D studies. MiR-182 was reported to have
significantly higher levels in GDM studies but was significantly
downregulated in studies of T1D and T2D.

4.10 Risk of bias and limitations

The studies in the final sample are at moderate risk of bias
due to several reasons, including the cross-sectional design,
differences in sample characteristics between groups at the
time of the analysis, inconsistencies in the standards used for
GDM diagnosis, varying molecular quantitation methods and
data analysis tools, and the handling of missing data. An
international consensus is needed for GDM definitions and
diagnostic criteria. More rigorous methods are needed to
ensure that participants did not have pre-existing diabetes
prior to pregnancy. We found that exclusion criteria were
unstandardized, which adds additional complexity while
synthesizing results across studies.

Replication and validation studies are needed before any of
the mRNA or miRNA targets can be useful as clinical
biomarkers or therapeutic targets. As this field of science
continues to develop, efforts to standardize sample
characterization, diagnostic guidelines, validation, and data
acquisition and analysis tools and methods would strengthen
the synthesis of results. Nonetheless, these studies represent the
best available knowledge about transcriptional differences in the
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blood samples of adults with GDM compared to controls. This
review was limited in that the search was conducted in only one
database and only articles available in English were included in
this analysis. Our ability to integrate the transcriptome studies
with the miRNAome studies was limited by the findings
available within each of the individual articles.

Many of the studies presented truncated findings or made
available partial datasets. This limited our ability to search for
overlapping gene targets and pathways between the miRNA and
mRNA studies. Journals are increasingly requiring authors to
make available full datasets with their publications. If applied
consistently, this practice will allow for improved synthesis and
validation of findings across multiple omics studies in the future.

4.11 Conclusions

Findings from this systematic review contribute new insights
into the state of the science on transcriptomics and miRNA
expression in blood from adults with GDM compared with
healthy controls. Differences in expression of mRNA and
miRNA levels were identified by gestational age at the time of
the study, sex of the fetus, BMI of the pregnant person, and
GDM treatment type. Metabolic pathways identified in these
studies reflect the multi-system, complex pathophysiology of
GDM. Eight miRNAs were found to be the most validated in the
current literature: miR-16-5p, miR-17-5p, miR-20a-5p, miR-
29a-3p, miR-195-5p, miR-222-3p, miR-210-3p, and miR-342-
3p. With the exception of miR-222-3p, the most-validated miRs
were upregulated in adults with GDM compared with controls in
a majority of the studies that reported about them. The reasons
for differences in the direction of change in the results
(upregulated, downregulated, no difference) across studies are
unknown, but may be related to confounding effects like
maternal obesity, gestational weight changes, geographic or
ethnic differences, instrumentation and data analysis
differences, and study designs. Additional research, particularly
with repeated measurement designs, is warranted to validate and
refine the evidence, with an emphasis on standardization of
research methods and recruiting diverse samples with sufficient
power for subgroup analyses.
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Introduction: The development of reliable hepatic in vitro models may provide
insights into disease mechanisms, linking hepatocyte dysmetabolism and
related pathologies. However, several of the existing models depend on
using high concentrations of hepatocyte differentiation-promoting
compounds, namely glucose, insulin, and dexamethasone, which is among
the reasons that have hampered their use for modeling metabolism-related
diseases. This work focused on modulating glucose homeostasis and
glucocorticoid concentration to improve the suitability of a mesenchymal
stem-cell (MSC)-derived hepatocyte-like cell (HLC) human model for
studying hepatic insulin action and disease modeling.

Methods: We have investigated the role of insulin, glucose and dexamethasone
on mitochondrial function, insulin signaling and carbohydrate metabolism,
namely AKT phosphorylation, glycogen storage ability, glycolysis and
gluconeogenesis, as well as fatty acid oxidation and bile acid metabolism
gene expression in HLCs. In addition, we evaluated cell morphological
features, albumin and urea production, the presence of hepatic-specific
markers, biotransformation ability and mitochondrial function.

Results: Using glucose, insulin and dexamethasone levels close to physiological
concentrations improved insulin responsiveness in HLCs, as demonstrated by AKT
phosphorylation, upregulation of glycolysis and downregulation of Irs2 and
gluconeogenesis and fatty acid oxidation pathways. Ammonia detoxification,
EROD and UGT activities and sensitivity to paracetamol cytotoxicity were also
enhanced under more physiologically relevant conditions.
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Conclusion: HLCs kept under reduced concentrations of glucose, insulin and
dexamethasone presented an improved hepatic phenotype and insulin
sensitivity demonstrating superior potential as an in vitro platform for
modeling energy metabolism-related disorders, namely for the investigation
of the insulin signaling pathway.

KEYWORDS

alternative hepatic in vitro models, mesenchymal stem cells, hepatocyte-like cells,
insulin, glucose, dexamethasone, metabolism

Introduction

Obesity, considered a global epidemic and a major cause of
death, is closely related to insulin resistance (IR) that may lead to
non-alcoholic fatty liver disease (NAFLD) and type 2 diabetes
(T2D). Playing a key role in the control of systemic glucose and
lipid metabolism, the liver is a crucial insulin target organ. It is the
main source of endogenous glucose, produced via gluconeogenesis,
and thus has a key part in IR and associated disorders. Moreover,
insulin has a direct action on the control of glucose metabolism in
hepatocytes (1). Therefore, identifying the specific role of insulin on
hepatocyte metabolism in physiological and in IR conditions is
crucial to unravel the link between IR and related pathological
conditions. However, for this field to progress there is a need for
human-based physiologically relevant hepatic culture models that
enable investigating insulin action in the hepatocyte and its role in
metabolic homeostasis and disease progression.

The well-described drawbacks associated to the use of human
primary hepatocytes (hpHeps) have promoted a growing interest
within the scientific community for developing reliable human
physiological hepatic models, namely by deriving hepatocyte-like
cells (HLCs) from induced pluripotent stem cells (iPSCs),
mesenchymal stem cells (MSCs) or other stem cells (2-6). In
particular, our group has previously characterized and validated
the use of MSC-derived HLCs, namely in comparison with other
cell lines, which support the use of these HLCs for other
applications, namely as an in vitro platform for disease modeling
(4, 5). Still, a fully mature and stable hepatic phenotype has not been
reached yet. Strategies to counteract the loss of hepatocyte function,
viability and the differentiated phenotype in culture rely deeply on
the use of differentiation-promoting compounds, such as glucose,
dexamethasone and insulin (7-11).

Although it is appreciated that dexamethasone and other
glucocorticoids can differentially regulate some drug-detoxifying
enzymes, such as cytochrome P450 (CYP) enzymes, it is not clear
what their role is in hepatic differentiation. In fact, dexamethasone
selectively induces or inhibits some CYP isoforms while hyper- and
hypo-glycemic conditions also cause differences in the functionality
of different CYP isoforms (12-14). Moreover, the involvement of
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glucose or insulin in hepatic differentiation is also not fully
understood, and the concentrations used are often far from
human physiological values (within the millimolar range for
glucose and nanomolar range for insulin). This ultimately
interferes with energy homeostasis and eventually causes IR in
vitro, compromising the use of these models for studying metabolic
disease development or progression (13). As for the insulin
signaling pathway in in vitro hepatic models, this remains largely
uncharacterized. A recent study has directly compared insulin
action in several hepatic cell lines, showing that none of them
resemble pHeps in terms of energy metabolism (1). The authors
attributed the inadequacy of the different cell lines for metabolism
studies or disease modeling to defective levels of gluconeogenic
enzymes and glucose production or insulin unresponsiveness.
Here, we investigated the effects of reducing insulin and
dexamethasone levels in glucose metabolism, biotransformation
ability, mitochondrial activity, as well as ammonia detoxification
and albumin secretion. We further analyzed the expression of
genes involved in glycolysis, gluconeogenesis, fatty acid (FA) and
bile acid metabolism, and mitochondrial function and if it
correlates with an improvement in the metabolic profile of cells.

Materials and methods

All culture media and supplements, solvents (all analytical
grade) and other chemicals were acquired from Sigma-Aldrich
(Madrid, Spain) unless specified.

Cell culture

The isolation of human neonatal mesenchymal stem cells
(hnMSCs) was approved by the Ethics Committee of the Cascais
Hospital Dr. Jose de Almeida. hnMSCs isolated from human
umbilical cord stroma were fully characterized (15) and cultured
as described by Santos et al. (16). For generating HLCs, a three-
step differentiation protocol was applied to hnMSCs as detailed
previously (4). From D21 onwards, HLCs seeded in collagen-
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coated culture plates were maintained in one of four media
formulations comprehending different glucose, insulin, and
dexamethasone concentrations supplemented with 1% of
DMSO, 8 ng/mL of oncostatin M (OSM), 1% of penicillin-
streptomycin (PS) and 0.01% of amphotericin B (Ampho): (i)
Diff, as detailed previously (4), with Iscove’s modified Dulbecco’s
medium (IMDM) containing 25 mM of glucose, 1.72 uM of
insulin and 1 uM of dexamethasone; (ii) Diff -8l with Dulbecco’s
modified Eagle’s medium (DMEM), supplemented with L-
glutamic acid, L-proline, HEPES and alanine to match IMDM
concentrations, containing 5 mM of glucose, 1.72 uM of insulin
and 1 pM of dexamethasone; (iii) Physiol 8l with IMDM
supplemented with 1 nM of insulin, 100 nM of dexamethasone
and 0.2% of bovine serum albumin (BSA); and (iv) Physiol, with
DMEM supplemented with 1 nM of insulin, 100 nM of
dexamethasone and 0.2% BSA (Table 1).

HepG2 cells (ATCC, MD, USA) and cryopreserved hpHeps
(pool of 10 donors; Invitrogen, CA, USA) were cultured as
described previously (4, 5).

Collagen coating

The protocol for rat-tail extraction was performed as described
by Rajan et al. (17). The extracted rat-tail collagen was dissolved in
0.1% acetic acid to a stock concentration of 1 mg/mL. The stock
solution was diluted in PBS to 0.2 mg/mL in a volume that assures
total culture surface coverage. After 1h-incubation at 37 °C, cell
culture surfaces were washed with PBS before inoculation. The
differentiation process occurred using this collagen coating until
D17 in T-flasks and onwards for cultures in well plates.

Urea and albumin production

Urea and albumin were quantified in cell culture
supernatants using a colorimetric urea kit (QuantiChromTM
Urea Assay Kit, BioAssay Systems, Hayward, CA, USA) and
an enzyme-linked immunosorbent assay (ELISA) kit (Bethyl
Laboratories, Montgomery, TX, USA), respectively. The
absorbance was measured at 520 nm for urea and 450 nm for
albumin in a microplate reader (SPECTROStar Omega, BMG
Labtech, Stuttgart, Germany), according to manufacturer’s
instructions. Data is presented as the rate of production: pg/
10° cells.h (for urea) and pg/ 10° cells.h (for albumin).

TABLE 1 Concentrations of glucose, insulin and dexamethasone
present in Diff and Physiol media.

Diff Physiol
Concentrations 25 mM of glucose
1.72 uM of insulin
1 uM of dexamethasone

5 mM of glucose
1 nM of insulin
100 nM of dexamethasone

Frontiers in Endocrinology

10.3389/fendo.2022.1043543

Biotransformation activity

EROD assay covers CYP1A1 and CYP1A2 activity (12, 18-
25). The protocol herein used was adapted from Donato et al.
(26) and consisted in a 90-minute cell incubation with 8 pM of
7-ethoxyresorufin followed by a 2-hour enzymatic digestion
with B-glucuronidase/arylsulfatase. The concentration of the
product (7-hydroxyresorufin) was measured at an excitation
wavelength of 530 nm and an emission of 590 nm.

UGTS’ activity was determined by quantification of 4-
methylumbelliferone (4-MU) before and after cell incubation
to evaluate the extent of substrate conversion, as described by
Miranda et al. (27, 28).

Protein quantification was performed as detailed in Cipriano
et al. (4). EROD and UGT activities were normalized to
incubation time (h) and cell number (10° cells).

Mitochondrial function

HLC mitochondrial function was assessed by direct
measurement of the oxygen consumption rate (OCR) using
extracellular flux analysis (XF24, Seahorse Biosciences, North
Billerica, MA, USA). HLCs were inoculated in pre-coated
Seahorse XF cell culture plates as described in section Cell
culture’ methods section. The Mitochondrial Stress Test assay was
performed in XF Base medium (Agilent Technologies, Santa Clara,
CA, USA) with 1 mM of pyruvate, 2 mM of L-glutamine
(ThermoFisher Scientific, Waltham, MA, USA) and 10 mM of
glucose. Baseline OCR were measured every 7 minutes. Following
baseline measurements, oligomycin (1.5 uM), Carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP) (1.25 puM), and
rotenone (2 pM) and antimycin A (2 uM) were sequentially
injected to measure OCR. From the obtained OCR profile, basal
respiration, ATP production, maximal respiration and spare
respiratory capacity could be calculated. Protein extraction from
the HLCs was performed with RIPA lysis buffer supplemented with
protease inhibitors 1x (Roche, Basel, Switzerland). Protein
concentration (ug/pL) was determined using the bicinchoninic
acid (BCA) protein assay kit (Pierce) according to manufacturer
instructions. Mitochondrial function was normalized to the protein
concentration (ug/uL) of each well.

HLC viability assessment upon
paracetamol exposure

Paracetamol cytotoxicity was evaluated using the MTS
reduction assay (Promega, Madison, WI, USA). At D34, cells
were exposed to concentrations of paracetamol of 0, 5, 10, 15, 20,
25, 50 and 75 mM. Cell viability was measured upon a 24-hour
incubation, according to manufacturer’s instructions. ICs, was
calculated with a nonlinear regression fit for the Log,
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transformation of the concentration values using GraphPad Prism
(GraphPad Software, La Jolla, CA, USA). The percentage of viable
cells was calculated relative to non-treated HLCs.

Periodic acid Schiff’s staining

PAS staining was performed as described previously (4, 5). The
wells were rinsed with distilled water and were observed under light
microscope (Olympus CK30 inverted microscope, Tokyo, Japan).

Insulin stimuli

The hormone stimuli assays were performed at D34, exposing
cells to 80 nM of insulin for 8 hours for gene expression analysis
and for 30 minutes for AKT phosphorylation analysis. Before the
insulin stimuli, cells culture medium was changed to starvation
medium (DMEM, 1% of PS, 4 mM of glutamine, 1% of DMSO, 8
ng/mL of OSM and 0.2% of BSA), for an incubation period of 2
hours, to enhance the response to insulin incubation, as described
in Correia et al. (29).

Gene expression

Total RNA of 6.0x10° cells was isolated using TRIzol (Life
Technologies, Carlsbad, CA, USA) and extracted according to the
manufacturer’s instructions. RNA concentration was determined by
measuring the absorbance at 260 nm using LVis plate mode
(SPECTROstar Omega, BMG Labtech). cDNA was synthesized
from 1 ug of RNA using NZY First-Strand ¢cDNA Synthesis Kit
(NZYTech, Lisbon, Portugal), according to the manufacturer’s
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instructions. Quantitative real-time polymerase chain reaction
(RT-qPCR) was performed using PowerUp SYBR Green Master
Mix (Life Technologies) for a final reaction volume of 15 pL, using 2
ML of template cDNA and 0.333 uM of forward and reverse
primers. Primer sequences are provided in Table 2. Reaction was
performed on QuantStudio' " 7 Flex Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA) according to the
described by Cipriano et al. (4, 5). The comparative Ct method
(2-2CY was used to quantify gene expression, which was
normalized to a reference gene (B-actin).

Western blot analysis

Western blot analysis was performed on HLC lysates. 30 ug
of protein, quantified by Bradford protein assay kit according to
manufacturer instructions, were separated by 12% SDS-PAGE
and were transferred to PVDF membrane. Rabbit monoclonal
antibody against human AKT (1:1000; Cell Signaling
Technology, Danvers, MA, USA) and rabbit monoclonal
antibody against human p-AKT (1:1000; Cell Signaling
Technology) were used as primary antibodies. All blots were
probed overnight at 4°C. Anti-rabbit horseradish peroxidase-
conjugated antibody was used as secondary (1:20 000; Jackson
ImmunoResearch, Ely, Cambridgeshire, UK). Immunoreacted
proteins were detected by using Immobilon Western Blotting Kit
(Merck Millipore, Burlington, MA, USA).

Statistical analysis

The results are presented as Average + SEM unless stated
otherwise. Data was analyzed with two-way ANOVA with

TABLE 2 Primers used for RT-qPCR characterization of HLCs, undifferentiated hnMSCs and hpHeps.

Gene Forward sequence (5-3’)
B-actin CATGTACGTTGCTATCCAGGC
Ck-19 ATGGCCGAGCAGAACCGGAA
Cyp3a4 ATTCAGCAAGAAGAACAAGGACA
Hnf-4a ATTGACAACCTGTTGCAGGA

Alb TGCTTGAATGTGCTGATGACAGGG
Ck-18 TGGTACTCTCCTCAATCTGCTG
Pdk4 TCTGAGGCTGATGACTGGTG
Pepck GCTTTTCAGCATCTCCAAGGA
Gé6pase CAGAGCAATCACCACCAAGC
Ppara CTGTCATTCAAGCCCATCTTC
Cptla TCCAGTTGGCTTATCGTGGTG
Acoxl ACTCGCAGCCAGCGTTATG

Fxr AGAACCTGGAAGTGGAACC
Ppargcla GCTGAAGAGGCAAGAGACAGA

Irs2
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Reverse sequence (5’-3’)

CTCCTTAATGTCACGCACGAT
CCATGAGCCGCTGGTACTCC
TGGTGTTCTCAGGCACAGAT
CGTTGGTTCCCATATGTTCC
AAGGCAAGTCAGCAGGCATCTCATC
CTCTGGATTGACTGTGGAAGT
GGAGGAAACAAGGGTTCACA
GCTTCAAGGCAAGGATCTCTC
ACATTCATTCCTTCCTCCATCC
TTATTTGCCACAACCCTTCC
TCCAGAGTCCGATTGATTTTTGC
AGGGTCAGCGATGCCAAAC
CTCTGCTACCTCAGTTTCTCC
AAGCACACACACCACACACA
TCAGGGTGTATTCATCCAGCG
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GraphPad Prism. A threshold of p < 0.05 was considered
statistically significant.

Results

Reducing glucose, insulin and
dexamethasone concentrations
enhances the hepatic phenotype and
biotransformation competence of HLCs

Ideally, in vitro hepatic models should retain most, if not all, of
the characteristic biochemical machinery and molecular pathways
that allow for a normal phenotype. We evaluated the effect of
glucose, insulin and dexamethasone levels on HLC maturation by
analyzing hepatic morphological features, albumin and urea
production, as well as the presence of hepatic-specific markers
and the biotransformation ability of HLCs at day 27 (D27) and day
34 (D34), corresponding to 1 and 2 weeks in culture post
differentiation, respectively. As such, a comparative analysis of
glucose, insulin and dexamethasone at physiological levels,
corresponding to the plasmatic levels observed in vivo (Physiol),
and the levels routinely used in hepatic in vitro cultures (Diff) (4)
was performed to better understand their effect on hepatocyte
biology and phenotype (Table 1). HepG2 and hpHeps and
undifferentiated cells (hnMSCs) were used as positive and
negative controls, respectively.

Under Physiol conditions, cells displayed a typical polygonal
hepatocyte-like shape with one or more nuclei with prominent
nucleoli in both days (Figure 1A). The expression levels of the
hepatic-specific genes Alb, Cyp3a4 and Hnf4a in HLCs were
higher in Diff (p < 0.001, p < 0.001 and p < 0.01, respectively) and
in Physiol (p < 0.01, p < 0.001 and p > 0.05, respectively) at D34
relative to hnMSCs (Figure 1B). Ck-18 expression, on the other
hand, was similar to that of hnMSCs, whereas the cholangiocyte
marker Ck-19 was not detected in both media. These
observations were further supported by identical albumin
production in both conditions (Figure 2A) and higher levels of
urea synthesis at D27 in HLCs maintained in Physiol when
compared to Diff (p < 0.05) (Figure 2B). Curiously, overall,
intermediate concentrations of glucose, dexamethasone and
insulin (Diff #" and Physiol ") did not result in an
improvement of the HLC phenotype when compared to
Physiol (Supplementary Figures 1, 2).

The hepatic phenotype was further assessed by measuring
phase I and II enzyme activity. EROD activity, covering CYP1Al
and CYPIA2 activity (12, 18-25), at D34, was higher in HLCs
maintained in Physiol than cells in Diff (p < 0.01) and HepG2 (p <
0.001) (Figure 3A). Concerning phase II of biotransformation, UGT
activity in HLCs kept in Physiol at D34 was superior to all other
conditions, including hpHeps (p < 0.001) (Figure 3B). These results
indicate that HLCs maintained in Physiol were metabolic
competent, which was further confirmed by the cells’ ability to
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metabolize the model drug, paracetamol (Figure 4). Cell viability
was evaluated by MTS reduction assay and the ICs, for HLCs kept
in Physiol and in Diff were 21.04 mM and 30.00 mM, respectively,
suggesting that HLCs kept in Physiol were more sensitive to
paracetamol exposure than in Diff.

HLCs cultured in a more physiological
medium display increased ATP
production and maximal mitochondrial
functional capacity

To evaluate mitochondrial function in the different cells we
used an extracellular flux analyzer (Seahorse XFp). Real time
oxygen consumption rates (OCR) in hnMSCs and HLCs were
measured using Seahorse XFp Cell Mito Stress Test (Figure 5A).
Basal respiration (Figure 5B) shows the cellular energetic demands
under baseline conditions. At D27, HLCs in both media displayed
higher basal respiration, being significantly higher than in cells at
the hepatoblast phase (D17) (p < 0.01) or undifferentiated (p <
0.05); whereas at D34 there was a decrease in basal respiration in
both conditions (Diff, p < 0.01). ATP production (Figure 5C) refers
to the reduction in OCR upon inhibition of ATP synthase activity.
HLCsin Physiol at D27 had a significantly higher ATP production
than cellsat D17 and hnMSCs (p < 0.001 and p < 0.05, respectively).
Maximal respiration (Figure 5D), on the other hand, demonstrates
the maximum rate of respiration that the cell can achieve by
stimulating the respiratory chain to operate at maximum
capacity and it was significantly higher in HLCs in Physiol at
D27 when compared to hnMSCs (p < 0.01) and cells at D17 (p <
0.05). Finally, spare respiration (Figure 5E) indicates cell fitness or
flexibility to respond to an energetic demand as well as how closely
the cell is to respire at its maximum capacity. Herein, HLCs in both
Physiol and Diff at D27 displayed enhanced cell fitness when
compared to undifferentiated cells (p < 0.05). Importantly, neither
of the intermediate conditions tested presented improved
mitochondrial activity when compared to Physiol
(Supplementary Figure 4). These data support the higher
differentiation degree of HLCs in Physiol throughout time,
which is known to be associated with higher rates of
mitochondria respiration when compared to
undifferentiated cells.

HLCs under more physiological
conditions display insulin-responsive
glucose metabolism

To evaluate HLC insulin signaling we measured glycogen
storage ability (Figure 6A), AKT phosphorylation (Figure 6B)
and insulin receptor substrate 2 (Irs2) expression (Figure 6C).
Moreover, the effects of insulin stimuli on the expression of
genes involved in glycolysis (Pdk4), gluconeogenesis (Pepck and
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Physiol maintained the typical polygonal hepatocyte-like morphology and the induction of Alb, Cyp3a4 and Hnf4a in HLCs. (A) Morphology in
HLCs maintained in Diff and Physiol, at D27 and D34. Scale bar = 100 uym. (B) Hepatic-specific gene expression in HLCs at D34. Data are
expressed as fold induction relative to hnMSCs and represented as Average + SEM (n = 3-6). *** significantly differs from the other conditions
with p < 0.001. $$ and $$$ significantly induced with p < 0.01 and p < 0.001, respectively (two-way ANOVA). D27, D34, day 27, day 34 of the
differentiation protocol; HLCs, hepatocyte-like cells; hnMSCs, undifferentiated human neonatal mesenchymal stem cells; Alb, albumin; Cyp3a4,
cytochrome P450, 3A4; Hnf4a, hepatocyte nuclear factor-4o; Ck-18, cytokeratin-18; Ck-19, cytokeratin-19; n.d., non-determined.

G6pase), FA oxidation (Ppara, Cptla and Acoxl), bile acid
metabolism (Fxr) and mitochondrial function (Ppargcla) was
also evaluated (Figure 6D).

All conditions displayed glycogen storage capacity
(Figure 6A and Supplementary Figure 5). Most importantly,
we could only observe insulin-stimulated AKT
phosphorylation in HLCs kept in Physiol (Figure 6B).
Moreover, upon insulin exposure, Irs2 expression was
downregulated in HLCs in Physiol (Figure 6C, p < 0.001).
Likewise, HLCs in Physiol exposed to insulin presented a
downregulation of Pdk4, Gépase, Ppara, Cptla, Acoxl, Fxr
and Ppargcla, indicating an induction of glycolysis and bile
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acid metabolism (Pdk4 and Fxr are negative regulators of these
pathways, respectively) and inhibition of gluconeogenesis and
FA oxidation (Figure 6D). Ppargcla enhances the expression of
genes related to mitochondrial function and induces
gluconeogenesis and, herein, its downregulation also
reinforces gluconeogenesis inhibition. On the other hand,
upon insulin incubation, HLCs in Diff maintained the
expression of Pdk4 and Gé6pase and increased the expression
of Cptla, Acoxl and Ppargcla which is associated to FA
oxidation and mitochondrial function induction. Overall, our
data suggest that HLCs in Physiol were more sensitive to
insulin stimulation than hpHep.
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FIGURE 2

Albumin production was similar in both conditions while urea synthesis was improved with Physiol. Effect of Diff and Physiol and culture time on
(A) albumin and (B) urea production. Data are represented as Average + SEM (n = 3). Undifferentiated hnMSCs and HepG2 cell line and
cryopreserved hpHeps are negative and positive controls, respectively (white bars). *, **, *** significantly differs from the other conditions with

p < 0.05, p<0.01and p < 0.001, respectively (two-way ANOVA). hnMSC, undifferentiated human neonatal mesenchymal stem cells; hpHep,
human primary hepatocytes; D27, D34, day 27, day 34 of the differentiation protocol

Discussion

Stem-cell based hepatic in vitro models have demonstrated potential
for studying and modeling metabolic-related diseases (30, 31). However,
most hepatic differentiation protocols maintain differentiated HLCs in
micromolar concentrations of insulin and dexamethasone and
millimolar concentrations of glucose that reduce insulin sensitivity.
Thus, this work focused on the modulation of insulin signaling and
the metabolism of glucose and the synthetic glucocorticoid
dexamethasone towards the development of a human-based hepatic in
vitro model suitable for studying insulin signaling pathway.

As such, prior to the evaluation of the insulin-regulated
metabolism, the MSC-derived HLC basal hepatic phenotype and

functionality in more physiological concentrations of insulin,
glucose and dexamethasone was compared to Diff (4), and the
typical hepatic polygonal shape morphology, overexpression of
hepatic-specific genes, albumin production and mitochondrial
function confirmed.

As for hepatic specific genes, the expression of the hepatic
marker, Ck-18, was detected in HLCs and in hnMSCs, possibly
due to the presence of early endodermal markers in umbilical
cord matrix-derived MSCs populations (32); whereas the
cholangiocyte marker Ck-19 was not expressed in HLCs in
Physiol confirming the hepatocyte lineage commitment.
Additionally, overexpression of Alb or Hnf4a in HLCs showed
that the concentrations of glucose, insulin and dexamethasone
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FIGURE 3

EROD and UGTs' activities were improved with Physiol. Effect of culture time and medium composition on (A) EROD (phase I) and (B) UGTs' (phase
1) activities. Data are represented as Average + SEM (n = 3-4). Undifferentiated hnMSCs and HepG2 cell line and cryopreserved hpHep are negative
and positive controls, respectively (white bars). **, *** significantly differs from the other conditions with p < 0.01 and p < 0.001, respectively (two-
way ANOVA). EROD, 7-ethoxyresorufin-O-deethylase; UGTs, uridine 5'-diphosphate glucuronosyltransferases; hnMSC, undifferentiated human
neonatal mesenchymal stem cells; hpHep, human primary hepatocytes; D27, D34, day 27, day 34 of the differentiation protocol.
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herein used maintained the HLC differentiated status without
interfering with HLC viability and adherence, as previously
demonstrated for human primary hepatocytes (8). Likewise,
albumin production was similar in HLCs in both conditions,
while Physiol could improve ammonia detoxification as
demonstrated by urea production. It was previously reported
that lower glucose concentrations result in higher urea
production in HepG2-C3A (33) and in this work, we could
also observe that media with lower glucose concentrations
(Physiol and Diff 81"y demonstrated the same trend
(Supplementary Figure 2B). Moreover, glucagon was shown to
increase urea production in hpHeps (34). Since glucagon and
insulin are antagonistic hormones, media with lower insulin
concentrations may have a positive impact in HLC
ammonia detoxification.

As for the biotransformation ability, Cyp3a4 expression level
of HLCs was increased in all Diff conditions when compared to
Physiol (Physiol and Physiol *&"), which may be a consequence
of the higher concentrations of dexamethasone in Diff media, a
known CYP3A4 inducer (Supplementary Figure 1B) (35). In
addition, phase I and phase II activities were evaluated through
EROD (CYP1A1/2) and UGT assays, respectively. In Physiol,
both activities were enhanced, further supporting the
improvement of HLC hepatic features under these conditions.
This is in accordance with previous observations showing that
dexamethasone decreases CYP1Al and CYPIA2 activity in
hpHeps (12). Herein, glucose may also have negatively
regulated EROD activity, given that at D34, EROD activity in
HLCs kept in low glucose levels (Physiol and Diff ") was higher
than HLCs in Physiol *8 and Diff (media with 25 mM of
glucose), as seen in Figure 3A and Supplementary Figure 3A.
Indeed, Davidson et al. reported that hypoglycemic conditions
(~0.4 - 0.5 mM of glucose) significantly increased the expression
of Cypla2, as compared to a normoglycemic control (~5 mM)

150+
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FIGURE 4

HLCs in Physiol presented higher sensitivity to paracetamol-
induced cytotoxicity. Comparison of paracetamol cytotoxicity in
HLCs maintained in Diff and Physiol at D34 evaluated by MTS
mitochondrial activity assay. HLCs were incubated with 0, 5, 10,
15, 20, 50 and 75 mM of paracetamol. The percentage of

viable cells is calculated relative to non-treated HLCs (mean +
SEM) (n = 3).
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(14). Interestingly, in our protocol, cells maintained in lower
glucose concentrations also showed higher CYP1A1/2 activities.
To further validate the usefulness of our model for
hepatotoxicity studies, HLCs were exposed to paracetamol, a
drug known to cause hepatotoxicity in overdose (36-38) and
whose toxicity is dependent on phase I and II metabolism. At
high-dose paracetamol exposure, the metabolic pathway
switches from the detoxifying phase II metabolism to phase I
metabolism, generating the toxic intermediate N-acetyl-p-
benzoquinone imine (NAPQI). Paracetamol is mainly
metabolized through conjugation with sulphate and glucuronic
acid and, to a lesser extent, through oxidation by CY2EIL,
CYP1A2 and CYP3A4 (36). Accordingly, cell viability
upon paracetamol exposure was assessed as an indirect
measure of HLC metabolic competence. Indeed, the higher
paracetamol cytotoxicity observed in Physiol is an indicator of
higher biotransformation ability. Our results demonstrate that
decreased concentrations of insulin, glucose and dexamethasone
improved the sensitivity of HLCs to paracetamol toxicity,
suggesting a higher phase I activity, in accordance with EROD
activity results, and consequently higher formation of the toxic
metabolite NAPQI. Moreover, changes in the metabolic cell
status can result in different drug efficacy and safety. Therefore,
the observed differences between Diff and Physiol in drug
metabolism suggest that our HLC model could be able to
recapitulate differences in CYP450 activities observed in
numerous metabolic pathologies, namely NAFLD (39, 40).

Insulin regulates glucose and lipid metabolism in
hepatocytes and mitochondria are the central hub for
controlling metabolic homeostasis and energy production.
Disturbances in mitochondrial function mediate hepatocyte
injury, affect cell viability, and are associated with NAFLD,
drug-induced hepatotoxicity, and cholestasis (37, 41). Herein,
Physiol maintained HLC mitochondrial functionality under
basal conditions, as well as the mitochondrial contribution for
ATP production, flexibility to respond to energetic demands and
the maximum operation capacity when compared to Diff. These
results can also confirm that Physiol could maintain the hepatic
differentiation degree as it was reported that glycolysis is the
main provider of ATP in stem cells while mitochondrial
oxidative phosphorylation is the most predominant source of
ATP in differentiated cells (42).

Finally, carbohydrate metabolism and insulin signaling were
specifically assessed in HLCs as the liver regulates blood glucose
levels through glycogen synthesis and gluconeogenesis. Upon
insulin binding to the insulin receptor, there is a cascade of
phosphorylation of downstream enzymes: insulin receptor
substrate proteins, PI3K and AKT. AKT phosphorylation is an
important event in the insulin transduction pathway as it will
then mediate the effects of insulin on glucose, glycogen, protein
and lipid metabolism (43). Herein, HLCs were indeed able to
form glycogen stores in both conditions. Moreover, in response
to insulin exposure, only HLCs in Physiol exhibited AKT
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Physiol maintained HLC mitochondrial function. Evaluation of mitochondrial function by directly measuring the OCR of cells at different stages
of differentiation and exposed to different media. (A) OCR in the presence of 1.5 uM of oligomycin, 1.25 uM of FCCP, 2 uM of antimycin and 2
UM of rotenone. (B) Basal respiration. (C) ATP production. (D) Maximal respiration. (E) Spare respiration. Data are represented as Average + SEM
(n = 3-5). *, **, *** significantly differs from the other conditions with p < 0.05, p < 0.01 and p < 0.001, respectively (two-way ANOVA). hnMSC,
undifferentiated human neonatal mesenchymal stem cells; OCR, oxygen consumption rate; D17, D27, D34, day 17, day 27, day 34 of the

differentiation protocol.

phosphorylation. The absence of AKT phosphorylation in HLCs
in Diff, a signal of insulin resistance development, may be related
to the chronic exposure to high insulin concentrations (1.72
UM), as previously reported (44, 45). IRS2 plays a major role in
hepatic energy homeostasis in fasting conditions, mediating
insulin effects through the AKT cascade. Irs2 expression
increases in the fasting state and immediately decreases after
food intake which is accompanied by an increase in insulin
blood levels (46). Accordingly, after subjecting HLCs to fasting
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and subsequent exposure to insulin, only HLCs in Physiol
presented a downregulation of Irs2 as previously described
(46-48). In particular, under non-pathological conditions,
insulin will induce glycolysis and lipid synthesis while
inhibiting gluconeogenesis and FA oxidation (49).
Accordingly, a RT-qPCR analysis showed that HLCs,
maintained under lower concentrations of insulin,
dexamethasone and glucose throughout the maturation phase
(Physiol), were more sensitive to insulin stimuli, upregulating
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glycolysis and bile acid metabolism and downregulating
gluconeogenesis, FA oxidation and mitochondrial function-
related pathways as observed in vivo. On the other hand,
HLCs maintained in higher and non-physiological
concentrations of insulin, dexamethasone and glucose (Diff)
were not responsive to insulin insult, keeping the expression
of genes involved in glycolysis and gluconeogenesis while
FA oxidation is induced. Therefore, lower concentrations of
those supplements are best suited for maintaining cells
for energy metabolism regulation studies by maintaining
insulin responsiveness.

Importantly, the activation of glycolysis and bile acid
synthesis along with the inhibition of gluconeogenesis and FA
oxidation accompanied by increased biotransformation activity
are zonation features characteristic of perivenous hepatocytes

10.3389/fendo.2022.1043543

(50). Therefore, overall, these results may suggest the
modulation of HLCs towards a perivenous-like phenotype,
important when studying metabolic diseases. NAFLD, in
particular, has a perivenous predominance due to reduced FA
oxidation gene expression that will lead to faster lipid
accumulation in this region (51). In particular, we observe that
our HLC model displays glycogen storage capacity and
modulates gluconeogenic gene expression, which was a
limitation found by Nagarajan and colleagues in different
hepatocyte lines (1).

Moreover, in contrast, to other works that use FBS, insulin at
micromolar concentrations, glucose concentrations above 10
mM and dexamethasone concentrations superior to 100 nM,
which may affect insulin action (30, 31, 52-54), the model herein
developed represents a more physiological system that can be
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FIGURE 6

Physiol maintained glycogen storage ability and improved HLC responsiveness to insulin stimuli. (A) Glycogen storage ability evaluated by PAS
staining at D27 and D34. Scale bar = 100 pm. (B) AKT phosphorylation confirmed in HLCs kept in Physiol in response to insulin by Western Blot
analysis. (C) Effect of insulin in Irs2 expression in HLCs subjected to fasting, evaluated by RT-gPCR. (D) Effect of insulin in HLC gene expression.
Genes involved in glycolysis (Pdk4), gluconeogenesis (Pepck and Gépase), fatty acid oxidation (Ppara, Cptla and Acoxl), bile acid metabolism
(Fxr) and mitochondrial function (Ppargcla) were evaluated by RT-qPCR. RT- gPCR data are expressed as fold induction relative to non-treated
cells (n = 3-6). *, **, *** significantly differs from the other conditions with p < 0.05, p < 0.01 and p < 0.001, respectively. $, $S and $S$
significantly induced or repressed with p < 0.05, p < 0.01 and p < 0.001, respectively (two-way ANOVA). hpHep, human cryopreserved
hepatocytes; Pdk4, pyruvate dehydrogenase kinase 4; Pepck phosphoenolpyruvate carboxylase; Gépase, glucose-6-phosphatase; Ppara,
peroxisome proliferator-activated receptor o; Cptla, carnitine palmitoyltransferase 1o; Acox, acyl-CoA oxidase 1; Fxr, Farnesoid X receptor;
Ppargcla, peroxisome proliferator-activated receptor y coactivator 1-a; Irs2, insulin receptor substrate 2.
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used in the future to induce NAFLD and study disease
mechanisms. Indeed, to our knowledge, it is shown for the
first time the AKT phosphorylation, downregulation of Irs2 and
of genes related to glucose and lipid metabolism upon insulin
exposure in a HLCs in vitro model.

In sum, our data reveal that more physiological levels of
insulin, glucose and dexamethasone regulate insulin signaling
and energy metabolism in HLCs as it improves insulin sensitivity
along with ammonia detoxification, biotransformation activity
and mitochondrial function while retaining albumin production
and overexpression of hepatic-specific genes. Therefore,
manipulating glucose homeostasis and glucocorticoid
concentration can be a strategy for developing relevant hepatic
in vitro models for drug metabolism studies, hepatotoxicity
assessment and disease modeling of energy metabolism-
related disorders.
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