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Abstract: Gestational diabetes mellitus (GDM) is an intolerance of carbohydrate of any degree, which
appears for the first time or is diagnosed during pregnancy. The objective of this study is to assess the
differences in circular RNA (circRNA) in a Polish pregnant population with and without GDM. A total
of 62 pregnant women, 34 with GDM and 28 controls, were enrolled in the study. Total RNAs were
extracted from plasma and reverse transcription to complementary DNA (cDNA) was performed.
A panel covering 271 amplicons, targeting both linear and circular as well as negative control gene
transcripts, was used. Next-generation sequencing was used to evaluate the circRNA quantity. Data
analysis was performed using the Coverage Analysis plugin in the Torrent Suite Software (Torrent
Suite 5.12.3). A two-step normalization was performed by dividing each transcript read count
by the total number of reads generated for the sample, followed by dividing the quantity of each
transcript by β-actin gene expression. Both circular and linear forms of RNAs were independently
evaluated. A total of 57 transcripts were dysregulated between pregnant women with GDM and
controls. Most of the targets (n = 25) were downregulated (cut-off ratio below 0.5), and one target
showed a trend toward strong upregulation (ratio 1.45). A total of 39 targets were positively correlated
with fasting plasma glucose (FPG), but none of the tested targets were correlated with insulin, CRP
or HOMA-IR levels. Among the pregnant women with gestational diabetes, the relative quantity
of hsa_circ_0002268 (PHACTR1) was approximately 120% higher than among healthy pregnant
women: 0.046 [0.022–0.096] vs. 0.021 [0.007–0.047], respectively, (p = 0.0029). Elevated levels of
hsa_circ_0002268 (PHACTR1) might be specific to the Polish population of pregnant women with
GDM, making it useful as a potential molecular biomarker in the management of GDM in Poland.

Keywords: GDM; pregnancy; circRNA; PHACTR1; hsa_circ_0002268

1. Introduction

Gestational diabetes mellitus (GDM) is an intolerance of carbohydrate of any degree,
which appears for the first time or is diagnosed during pregnancy. O’Sullivan was the
first person who used this term, in 1961 [1]. The global GDM prevalence in the world
population is estimated at 14.0% [2], but it depends on the country (from 2.2% in Sweden
to 49.5% in Saudi Arabia) [3].

GDM is related to pregnancy complications such as prematurity, preeclampsia, hyper-
tension, birth trauma, shoulder dystocia and fetal macrosomia [4,5]. Additionally, GDM is
related to a higher probability of a C-section, and greater risk of prenatal and perinatal mor-
tality [5]. Neonate complications such as a respiratory distress syndrome (RDS), hypoxia,
or hypoglycemia are also connected with GDM [6].

The negative influence of GDM can be detected in the future life of the child and the
mother. Patients with GDM have a higher risk of metabolic syndrome development, or type
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2 diabetes mellitus (T2DM) [7,8]. Scientists estimated that up to 70% of women with GDM
will develop diabetes mellitus within 22–28 years after pregnancy [9–12]. The prevalence
of GDM increases with risk factors such as sedentary lifestyles (low physical activity,
inadequate diet), obesity, emerging environmental factors, and the increasing reproductive
age of women [9–15]. Similar problems, including obesity, metabolic disease, T2DM, and
cardiovascular disease (CVD), have been observed in children born to women with GDM
during their maturity [5,16,17]. There is also increasing evidence connecting GDM with
abnormal brain development, with consequences such as concentration problems [18] or
effects on general cognition [19].

The International Association of Diabetes and Pregnancy Study Groups (IADPSG)
created one of the most common and widely used set of diagnostic criteria for GDM.
According to these recommendations, an oral glucose tolerance test (OGTT) with 75 g
glucose is performed at 24–28 weeks of gestation in every pregnant patient. Three plasma
glucose values are assessed: fasting, 1 h, and 2 h post glucose. If any one of them is abnormal
(fasting glucose, mmol/L (mg/dL) ≥ 5.1 (92); 1 h glucose, mmol/L (mg/dL) ≥ 10 (180);
2 h glucose, mmol/L (mg/dL) ≥ 8.5 (153)), we can diagnose GDM [20]. The existence
of a strong correlation between maternal hyperglycemia and complications of pregnancy,
which was analyzed in clinical studies, helps to individualize the cut-off values for the
GDM diagnosis [5].

Circular RNA (circRNA), a type of noncoding RNA, is a closed cyclic structure in which
a lack of 5′ and 3′ polar ends is observed. It has been widely observed in many organisms,
especially in pants, nematodes, mice and humans [21]. CircRNAs may regulate gene
expression levels by interacting with RNA binding proteins or by acting as a microRNA
sponge. They are common in many types of tissues, for example in blood, serum, peripheral
blood mononuclear cells (PBMC), exosomes, and other body fluids. Therefore, they are
interesting molecules with the potential to be biomarkers that can support the diagnosis of
various diseases [22].

CircRNA has attracted the interest of scientists as an important regulator of gene
expression in many diseases, including cancer, atherosclerosis, and diabetes [23].

This research focuses on assessing the circular RNA patterns and their differences
among pregnant women with and without GDM. We hope that the results can help to find
a solution for better management of GDM.

2. Results

A total of 57 transcripts were dysregulated between the pregnant women with GDM
and controls. The median expression ratios were calculated (median transcript expression
in GDM patients divided by median transcript expression in controls) to visualize depen-
dencies between the groups. Most of the targets (n = 25) were downregulated (cut-off ratio
below 0.5), and one target showed a trend towards strong upregulation (ratio 1.45). The
top 10 dysregulated transcripts are presented in Table 1.

All transcripts for which the concentration was significantly different between groups
are presented in Supplementary data Table S1. Logistic regression analysis showed that 3
(NA_PTN_2.4369, NA_PHACTR1_2.43094 and NA_KITLG_2.26281) out of 57 transcripts
that were dysregulated could be used as potential markers of GDM (Table 2).

Due to the fact that both linear and circular forms for the gene PHACTR1 showed
dysregulation, the relative expression of the circular form was calculated based on the
following equation: circRNA relative expression = circRNA concentration/(linear form
concentration + circular form concentration). Among the pregnant women with gestational
diabetes, the relative PHACTR1 levels were approximately two-fold higher compared
to the healthy pregnant women: 0.046 [0.022–0.096] vs. 0.021 [0.007–0.047], respectively,
(p = 0.0029).
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Table 1. The top 10 dysregulated targets between GDM and controls.

Target

GDM (n = 34) Controls (n = 28)
Ratio
GDM/

Controls

p-Value
GDM vs.
Controls

Median
Concentra-

tion
Lower

Quartile
Upper

Quartile
Median

Concentra-
tion

Lower
Quartile

Upper
Quartile

PDE4DIP_2.32508 258.4734 121.7833 583.68 856.3743 494.0256 1501.917 0.301823 0.001

DOCK4_2.54606 24.13794 13.79644 49.05431 71.66497 31.79918 101.6345 0.336816 0.006

MAPK4_1.18194 403.9571 167.9237 1100.5 1191.75 661.2829 1904.942 0.338961 0.009

SFMBT2_2.16231 275.2411 158.8478 733.6667 792.375 471.9091 1289.031 0.347362 0.007

TRIM24_2.123 152.7522 102.8923 354.7179 437.3595 193.1333 639.5307 0.34926 0.009

NFIX_1.4822 548.7424 251.9655 1162.857 1528.05 631.4481 3530.375 0.359113 0.003

CACNA1B_1.21005 390.6557 251.3125 1100.5 1062.575 631.8065 1803.048 0.36765 0.0096

KLHL1_1.45240 742.1714 450.3871 1849 1935.205 1198.014 3826.25 0.383511 0.005

FAT3_2.34125 427.0625 319.875 864.625 1085.248 633.8409 1554.736 0.393516 0.007

PHACTR1_1.31134/circular 5.952787 3.91866 9.5 4.104908 3.541242 6.14427 1.450163 0.038

Abbreviations: a p-value less than 0.05 is considered as statistically significant.

Table 2. Calculated odds ratio for selected transcripts.

Target/Form Odds Ratio GDM
to Controls

95% Confidence
Interval p-Value

PTN_2.4369/linear 9.72 [1.148–82.318] 0.009

PHACTR1_2.43094/linear 8.31 [0.806–60.827] 0.018

KITLG_2.26281/linear 7.00 [0.970–71.141] 0.03
Abbreviations: a p-value less than 0.05 is considered as statistically significant.

A total of 39 targets were positively correlated with FPG, but none of the tested targets
were correlated with insulin, C-reactive protein (CRP) or Homeostatic Model Assessment of
Insulin Resistance (HOMA-IR) levels (Supplementary data Table S2). Considering only the
10 most dysregulated transcripts from Table 1, only 6 of them showed a positive correlation
with FPG. The correlations are graphically presented in Figure 1a,b. Detailed data are
presented in Table 3.

Table 3. Spearman’s rank correlation between top 10 dysregulated transcripts and clinical variables.

lncRNA
Clinical Variables

CRP INSULIN FPG HOMA-IR

PDE4DIP_2.32508 −0.04 −0.23 0.19 −0.17
DOCK4_2.54606 0.07 −0.08 0.18 −0.05
MAPK4_1.18194 0.05 −0.01 0.3 0.05
SFMBT2_2.16231 0.01 0.06 0.22 0.08

TRIM24_2.123 0.18 0.04 0.35 0.1
NFIX_1.4822 0.01 −0.04 0.41 0.03

CACNA1B_1.21005 −0.02 0.02 0.37 0.08
KLHL1_1.45240 −0.01 −0.12 0.27 −0.08
FAT3_2.34125 0.05 0.01 0.34 0.06

PHACTR1_1.31134 −0.12 −0.07 −0.2 −0.09
Abbreviations: CRP, C-reactive protein; FPG, fasting plasma glucose; HOMA-IR, Homeostatic Model Assessment
of Insulin Resistance; lncRNA, long non-coding RNA. Significant correlations are in bold and marked in red.



Int. J. Mol. Sci. 2024, 25, 7040 4 of 12Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 4 of 13 
 

 

 
(a) 

 
(b) 

Figure 1. (a) Correlation between top 10 dysregulated transcripts and clinical variables (part 1). Ab-
breviations: CRP, C-reactive protein; FPG, fasting plasma glucose; HOMA-IR, Homeostatic Model 
Assessment of Insulin Resistance. Significant correlations are marked with a red star. Details are 
presented in Table 3. (b) Correlation between top 10 dysregulated transcripts and clinical variables 

Figure 1. (a) Correlation between top 10 dysregulated transcripts and clinical variables (part 1).
Abbreviations: CRP, C-reactive protein; FPG, fasting plasma glucose; HOMA-IR, Homeostatic Model
Assessment of Insulin Resistance. Significant correlations are marked with a red star. Details are
presented in Table 3. (b) Correlation between top 10 dysregulated transcripts and clinical variables
(part 2). Abbreviations: please refer to Figure 1a. Significant correlations are marked with a red star.
Details are presented in Table 3.
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However, no correlation was found between the selected transcripts from logistic
regression analysis (PTN_2.4369, PHACTR1_2.43094 and KITLG_2.26281) or with the
relative PHACTR1 levels and clinical variables. Detailed data are included in Table 4.

Table 4. Correlation between selected targets and clinical variables.

Target/Form
Laboratory Parameter

CRP Insulin FPG HOMA-IR

PTN_2.4369/linear 0.0003 0.002 0.11 0.02

PHACTR1_2.43094/linear −0.05 −0.12 0.094 −0.08

KITLG_2.26281/linear −0.097 −0.04 0.23 −0.002

Relative PHACTR1 levels −0.025 0.06 −0.17 0.02
Data are presented as Spearman’s rank correlation coefficients (rs). Abbreviations: CRP, c-reactive protein; FPG,
fasting plasma glucose; HOMA-IR, Homeostatic Model Assessment of Insulin Resistance.

The expression levels of above-mentioned selected transcripts were evaluated between
GDM treated by insulin (n = 20) and GDM treated by diet (n = 14). The analysis showed
that the linear form of KITLG was upregulated in pregnant women with GDM compared
to pregnant women without diabetes (median, [IQR]; 1.75 [1.17–2.39] vs. 0.76 [0.58–1.39],
p = 0.02. However, both PTN and the relative level of PHACTR1 showed a trend towards
to dysregulation between groups. Details are presented in Table 5.

Table 5. Differences in expression of selected targets in patients with GDM divided by type of
treatment.

Target/Form GDM Treated by
Insulin (n = 20)

GDM Treated by
Diet (n = 14) p-Value

PTN_2.4369/linear 11.77 [5.59–20.7] 4.2 [2.51–13.58] 0.06

PHACTR1_2.43094/linear 162.2 [42.16–318.66] 106.62 [52.28–165.49] 0.39

KITLG_2.26281/linear 1.75 [1.17–2.39] 0.76 [0.58–1.39] 0.02

Relative PHACTR1 levels 0.025 [0.017–0.92] 0.069 [0.038–0.37] 0.07
Data are presented as median [lower–upper quartile]. Significant differences between groups are bolded.

Using the do prediction tool (available at: https://circinteractome.nia.nih.gov; access
date 12 February 2024) [24,25], the set of 19 micro-RNAs (miRs) potentially interacting
with phosphatase and actin regulator protein-1 (PHACTR1; circ RNA ID: hsa_circ_0002268,
according to the Circinteractome database) has been identified. The detailed information is
presented in Table 6.

Table 6. Potential interaction between PHACTR1 (has_circ_0002268) and microRNAs.

Micro-RNA Number of Sites Context + Score Percentile

hsa-miR-1236 1 90

hsa-miR-1265 1 89

hsa-miR-1289 1 94

hsa-miR-1299 1 96

hsa-miR-1827 1 93

hsa-miR-31 1 93

hsa-miR-346 1 88

hsa-miR-370 1 78

hsa-miR-432 1 75

https://circinteractome.nia.nih.gov
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Table 6. Cont.

Micro-RNA Number of Sites Context + Score Percentile

hsa-miR-516b 1 80

hsa-miR-556-5p 1 87

hsa-miR-558 1 76

hsa-miR-568 2 82 and 79

hsa-miR-643 1 97

hsa-miR-661 1 99

hsa-miR-766 1 85

hsa-miR-767-3p 1 NA

hsa-miR-924 1 92

hsa-miR-942 1 96
Abbreviation: hsa-miR, human microRNA. The top 4 microRNAs are bolded.

3. Discussion
3.1. Principal Findings

Among Polish pregnant patients with GDM, the relative quantity of hsa_circ_0002268
(PHACTR1) was elevated compared to controls. This indicates its possible involvement in
the pathogenesis of GDM.

3.2. In the Context of the Current Literature

CircRNAs may act as an miRNA sponge, protein-binding molecule, transcriptional
regulator, protein scaffold, and protein function enhancer. Sometimes circRNA can be
translated into functional protein [26,27]. Additionally, this type of RNA is profusely
expressed in cells and tissues, and is relatively more stable than linear RNA, with a long
half-life. CircRNA is specific to a given tissue, and is characterized by high evolutionary
conservation among species, which suggests its usefulness as a biomarker in clinical
applications [28].

Recent studies have reported that circRNA might play a crucial role in blood glucose
level regulation, influencing insulin secretion and islet Beta- cell proliferation, which are
pivotal in the pathogenesis of diabetes [29]. Xu et al. found that circRNA CIRS-7 has
a strong influence on miR-7 inhibitor, and the Cdr 1 as/miR-7 pathway further favors
production and secretion of insulin by regulating the insulin granule secretion target
Myrip and boosting the insulin transcription target PAX6 [30]. Other researchers found that
hsa_circ_0054633 was profusely overexpressed in the placentas and sera of GDM patients in
the second and the third trimesters of gestation, and positively correlated with glycosylated
hemoglobin levels and postprandial blood glucose levels [31].

Yan et al. evaluated the association between circRNAs and GDM pathogenesis using
next-generation sequencing (NGS). They examined 48,270 circRNAs from placental villi
and found that 255 circRNAs were downregulated and 227 were upregulated. The results
showed the aberrant expression of circRNA in the villi of the placenta in GDM patients [23].

Jiang et al. performed microarray analysis to assess the expression of plasma ex-
osomal circRNA 48 h before and 48 h after delivery. The hsa_circRNA 0039480 and
hsa_circRNA0026497 were significantly expressed among GDM women before delivery.
They also examined hsa_circRNA 0039480 and hsa_circRNA0026497 in different stages
of gestation and found that hsa_circRNA 0039480 was highly expressed in every stage of
pregnancy among GDM patients and positively correlated with OGTT results [32].

Bao et al. suggested in their study that circRNA DMNT1 may play an important role
affecting trophoblast cells among patients with GDM and preeclampsia. They confirmed the
up-regulation of circRNA DMNT1, which inhibited trophoblast cell proliferation, viability,
invasion and migration, and promoted apoptosis [33].
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Cao et al. analyzed the umbilical cord mesenchymal stromal cells (UmSCs) and
circRNAs from exosomes among GDM patients. They found that the up-regulation of
hsa_circ_0046060 reduced the intracellular glucose content in L-02 cells [34].

Wu et al., in their case-control study, assessed the expression level of hsa_circRNA_102682
in serum and checked its relation to lipid metabolism parameters. The hsa_circRNA_102682
was downregulated in GDM women and was significantly correlated with 1 h blood glucose
level after OGTT, apolipoprotein A1 (apoA1), triglycerides, and apolipoprotein B (apoB).
These results suggest that hsa_circRNA_102682 might regulate lipid metabolism and take
part in GDM pathogenesis [35].

Huang et al. examined the association between levels of circSESN2 and IGF2BP2 and
their effects on high glucose (HG)-treated trophoblast cells. Both of them were overex-
pressed among GDM women, which exacerbated HG-induced trophoblast cell damage [36].

Yang et al. analyzed the expression of hsa_circRNA1_102893, comparing GDM pregnant
women with controls to assess this circ RNA as a diagnostic tool in early diagnosis of GDM.
The areas under receiver operating characteristic (ROC) curves of hsa_circRNA_102893 were
0.806 and 0.741 in the training and test set, respectively, which showed that this circRNA has
the potential to be a novel and stable noninvasive marker of GDM at early gestation [37].

Huang et al. assessed the exosomal circRNA circ_0074673 and its role in molecular
mechanisms of GDM. They observed that exosomal concentration and size were greater
in blood from the umbilical cord of GDM patients. The circ_0074673 expression was
upregulated in GDM pregnant women exosomes and in human umbilical vein endothelial
cells (HUVECs), which were co-cultured with exosomes. It was shown that the loss
of exosomal circ_0074673 favored the angiogenesis, migration and proliferation of high
glucose (HG)-HUVECs by regulating the miR-1200/MEOX2 axis. The results presented
circ_0074673 as a new potential therapeutic target in patients with GDM [38].

Bao et al. suggested in their previous research that the circCHD2/miR-33b-3p/ULK1
axis may play a role in the pathogenesis of GDM [39]. In the next study, they investigated
how it works. The observed that HG levels increased the expression of cicrCHD2, induced
apoptosis and autophagy, and decreased viability in placental trophoblast HTR-8/SV
neo cells. MiR-33b-3p was downregulated in GDM patient placentas by using HG and
confirmed as a target for circCHD2 by qRT-PCR, a dual-luciferase reporter assay and
bioinformatics analysis. UNC-51-like autophagy-activating kinase 1(ULK1) was identified
as a target for miR-33b-3p using qRT-PCR, a dual-luciferase reporter assay, Western blot
analysis and bioinformatics analysis. In contrast, ULK1 is upregulated in GDM patient
placentas. The overexpression of ULK1 blocked the effects of mr-33b-3p mimics on cell
apoptosis, viability, and autophagy in HG-treated HTR-8/SV neo cells. The data suggest
that circCHD2 plays a role as an autophagy promoter via the miR-33b-3p/ULK1 axis
in inducing apoptosis in HTR-8/SV neo cells, which presents cirCHD2 as a potential
diagnostic and therapeutic target for GDM [40].

3.3. Potential Mechanisms

CircRNAs are important regulators of gene expression in many diseases including
diabetes. Their dysregulation leads to changes in signaling pathways, glucose uptake,
cell cycles and biological behavior in many human tissues. Hsa_circ_0002268 (PHACTR1)
influenced protein phosphatase 1 catalytic subunit alpha (PPPCA1) activity, which is
involved in the regulation in many cellular processes, e.g., glycogen metabolism [41,42]
and cytoskeletal organization of pancreatic beta cells [43], which implies a role in GDM.

3.4. Implications

The frequency of GDM has been rising. OGTT is performed in the first trimester
only in pregnant patients with the risk factors for GDM, while the standard time for
testing is 24th–28th week of gestation. There are no reliable biomarkers which can be
used to recognize GDM at the early time of pregnancy. The identification of phenotypes
connected with GDM, described as the existence of risk factors, can be potentially helpful in
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modulating and customizing the diagnostic and therapeutic goals in pregnant women with
GDM. We suggest that hsa_circ_0002268 might play this type of role. Both the circular form
and relative expression of PHACTR1 are independent indicators of other clinical parameters
such as CRP, insulin, FPG, HOMA. Therefore, they can be considered as potential and
additional markers of GDM.

3.5. Strengths and Limitations

The strength of this study is as a novel investigation of a Polish population (Caucasian
race), whereas most previous studies were performed on Chinese populations (Han).

This study has several limitations: the small number of patients; patients were enrolled
in one medical center; and the patients were of Caucasian race only. The results presented
in this study should be validated in a larger number of patients. In addition, other methods
should be considered, such as real-time quantitative PCR. In this study, the NGS technique
was used as a screening tool to search for the most important transcripts, and this study
should be considered as a basic study that will also serve as a reference point for other
researchers. Further studies on an independent group of individuals are needed to confirm
our results. The aim of this study was to determine the concentration of circRNAs in
plasma as a material whose collection is not an invasive procedure for pregnant women.
Moreover, the separation of the activities of cellular nucleases, mainly RNAses, makes the
RNA material stable for a long period of time. On the other hand, it is necessary to examine
other types of biological materials: peripheral blood mononuclear cells or umbilical cord
blood.

4. Materials and Methods
4.1. Sample Size Calculation

Circular RNA Research Panel: sequencing of circRNAs identified differences in gene
expression between the two groups (patients with GDM vs. healthy pregnant women).
Prior data indicated that the minimum average read counts among the prognostic genes
in the control group was 5000×. The maximum dispersion was 0.3, and the ratio of the
geometric mean of normalization factors was 1.

The Ion AmpliSeq Circular RNA Research Panel targets 271 amplicons related to key
biological pathways. We assumed that the total number of genes for testing is 271 and that
the top 27 genes (the minimum of 10% of overall amplicons) were prognostic. If the desired
minimum fold change was 2.0, we needed 23 subjects in each group to be able to reject the
null hypothesis that the population means of the two groups are equal with a probability
(power) 0.8 by using the exact test. The false discovery rate (FDR) associated with this test
of this null hypothesis was 0.01.

4.2. Patients

A total of 62 pregnant women, 34 with GDM and 28 controls, were enrolled in the
study. GDM was diagnosed according to the IADPSG criteria with an oral glucose tolerance
test (75g). The inclusion criteria for patients were as follows: singleton pregnancy, healthy
patients (control group) or with GDM, no family history of diabetes, no fetal abnormalities,
no comorbidities, and no infections. The exclusion criteria for the patients were as follows:
infection, comorbidities diagnosed during gestation other than GDM, fetal abnormalities,
family history of diabetes, and multiple pregnancy. The study was conducted in accordance
with the Declaration of Helsinki, and the Ethics Committee of the Faculty of Medicine
University of Rzeszow approved the study (protocol number 04/02/2020). The subjects
provided written informed consent before any procedures. All of the individuals were from
the local population (Caucasian race) from one research center. The subjects’ characteristics
are presented in Table 7.
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Table 7. Subjects’ characteristics.

GDM (n = 34) Controls (n = 28) p-Value

Age [years] 33.1 ± 5.1 30.6 ± 3.8 0.04

BMI [kg/m2] 29.3 ± 4.4 27.3 ± 4.7 0.11

Primipara, n (%) 21 (61.8) 17 (60.7) 0.86

Birth by cesarean section,
n (%) 23 (67.6) 13 (46.4) 0.15

Birth weight [g] 3450 [2820–3660] 2920 [2510–3520] 0.17

Week of delivery [weeks] 37 [36–38] 38 [37–40] 0.08

Insulin [mU/mL] 12.5 [8.8–17.2] 9.7 [7.4–16] 0.22

FPG [mg/dL] 77 [73–82] 78 [73–80.5] 0.72

HOMA-IR 2.5 [1.6–3.3] 1.9 [1.4–3] 0.24

CRP [mg/L] 4.4 [4–8] 4 [4–10.7] 0.81

Treatment of gestational
diabetes with insulin, n (%) 20 (58.8) None not applicable

Treatment of gestational
diabetes through diet, n (%) 14 (41.2) None not applicable

Data are presented as mean ± SD; number (%) or median [lower—upper quartile]. Abbreviations: BMI, body
mass index; CRP, C-reactive protein; FPG, fasting plasma glucose; GDM, Gestational Diabetes Mellitus; HOMA-IR,
Homeostatic Model Assessment of Insulin Resistance.

4.3. Assessment of Transcript Concentrations in Plasma

Whole blood samples with EDTA as an anticoagulant were collected and centrifuged at
3600 rpm for 10 minutes at room temperature to obtain the plasma. After that, the samples
were stored at −80 ◦C until further analysis. Total RNAs were extracted using NucleoZOL
reagent with NucleoSpin RNA Set (Macherey-Nagel, Düren, Germany) according to the
manufacturer’s instruction, but the volume of 300 µl of plasma was used for extraction. At
the beginning of each isolation, 1.5 µg of carrier RNA (polyadenylic acid, Eurx, Gdańsk,
Poland) was added to each sample. Total RNA concentration was evaluated with the
Qubit 4 instrument using the Qubit RNA Quantitation High Sensitivity Assay Kit (both
from Thermo Fisher Scientific, Waltham, MA, USA). To evaluate the ability to amplify the
selected targets, a quantitative polymerase chain reaction (qPCR) was performed using
SG onTaq qPCR Master Mix (Eurx, Poland) in the QuantStudio 5 Real Time PCR System
(Applied Biosystems, Waltham, MA, USA) under the thermal cycling conditions given in
the mix manual. The GAPDH gene was used as a target. After the procedure, the RNAs
were stored at −80 ◦C until downstream analysis.

4.4. Library Preparation

To perform reverse transcription of the total RNAs to a complementary DNA (cDNA),
the Superscript VILO Kit (Thermo Fisher Scientific, Waltham, MA, USA) was used ac-
cording to the manufacturer’s recommendation. After that, cDNA was used for library
preparation. The equivalent of 15 ng of total RNA was used for the construction of the tar-
geted library. This equivalent was prepared using the Ion AmpliSeq Circular RNA Research
Panel (Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer’s
protocol. The panel, which covers 271 amplicons targeting both linear and circular as well
as negative control gene transcripts, was used. The automatic library preparation was
performed in the Ion Chef instrument with the DL8 library preparation kit. The samples
were then pooled, which was followed by emulsion PCR using the Ion Chef System and
Ion 540™ Kit-Chef, and sequenced on the Ion S5 System using Ion Torrent superconductor
technology (all reagent and instruments were from Thermo Fisher Scientific, USA). Data
analysis was performed using the Coverage Analysis plugin in the Torrent Suite Software.
To ensure that the transcript quantity data were comparable between samples, a two-step
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normalization was performed by dividing each transcript read count by the total number
of reads generated for the sample. This was followed by dividing the quantity of each
transcript by β-Actin gene expression. Using this approach, both circular and linear forms
of RNAs were independently evaluated.

4.5. Statistical Analysis

Data distribution was assessed by the Shapiro–Wilk W test and quantitative variables
with a normal distribution were presented as mean ± SD. Otherwise, the median (lower–
upper quartile) was used. The differences between two independent groups were compared
by Student’s t-test or the Mann–Whitney U test. Out of all transcripts, only 14 showed a
distribution consistent with the normal distribution, but due to the fact that the studied
groups were small and unequal, it was decided to use non-parametric tests for all the tested
targets. The relationship between two continuous variables was analyzed by Spearman’s
rank correlation, and only correlation coefficients (rs) that were significant are presented.
Qualitative variables are given as numbers with percentages and were calculated using
contingency tables with a χ2 test and Yates’s correction. Based on the obtained concentration
results of the tested transcripts in the control group, a reference interval was calculated
between the 5th and 95th percentile. On this basis, the positive (qualitative) expression
of a given marker was determined and logistic regression was used to estimate the odds
ratio (OR) and confidence interval (CI). P-values less than 0.05 were considered statistically
significant. The analysis was performed with STATISTICA Version 13.1 (Dell Inc. 2016,
Tulsa, OK, USA).

5. Conclusions

Elevated levels of hsa_circ_0002268 (PHACTR1) might be specific to GDM for a Pol-
ish pregnant population, making it useful as a potential molecular biomarker for the
management of GDM in Poland, but further research is needed to confirm our findings.
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Diabetes Mellitus across Continents in 21st Century. Int. J. Environ. Res. Public Health 2022, 19, 15804. [CrossRef] [PubMed]

4. Casagrande, S.S.; Linder, B.; Cowie, C.C. Prevalence of gestational diabetes and subsequent Type 2 diabetes among U.S. women.
Diabetes Res. Clin. Pract. 2018, 141, 200–208. [CrossRef] [PubMed]

5. HAPO Study Cooperative Research Group; Metzger, B.E.; Lowe, L.P.; Dyer, A.R.; Trimble, E.R.; Chaovarindr, U.; Coustan, D.R.;
Hadden, D.R.; McCance, D.R.; Hod, M.; et al. Hyperglycemia and adverse pregnancy outcomes. N. Engl. J. Med. 2008, 358,
1991–2002. [CrossRef] [PubMed]

6. Metzger, B.E.; Persson, B.; Lowe, L.P.; Dyer, A.R.; Cruickshank, J.K.; Deerochanawong, C.; Halliday, H.L.; Hennis, A.J.; Liley, H.;
Ng, P.C.; et al. HAPO Study Cooperative Research Group. Hyperglycemia and adverse pregnancy outcome study: Neonatal
glycemia. Pediatrics 2010, 126, e1545–e1552. [CrossRef] [PubMed]

7. Clausen, T.D.; Mathiesen, E.R.; Hansen, T.; Pedersen, O.; Jensen, D.M.; Lauenborg, J.; Damm, P. High prevalence of type 2 diabetes
and pre-diabetes in adult offspring of women with gestational diabetes mellitus or type 1 diabetes: The role of intrauterine
hyperglycemia. Diabetes Care 2008, 31, 340–346. [CrossRef] [PubMed]

8. DAI Study Group. The DAI prospective study on macrovascular complications in patients with type 2 diabetes. Characteristics
of the study population. Ann. Dell’istituto Super. Sanita 2001, 37, 289–296.

9. ACOG Practice Bulletin No. 190: Gestational Diabetes Mellitus. Obstet. Gynecol. 2018, 131, e49–e64. [CrossRef]
10. England, L.J.; Dietz, P.M.; Njoroge, T.; Callaghan, W.M.; Bruce, C.; Buus, R.M.; Williamson, D.F. Preventing type 2 diabetes: Public

health implications for women with a history of gestational diabetes mellitus. Am. J. Obstet. Gynecol. 2009, 200, 365.e1–365.e8.
[CrossRef]

11. O’Sullivan, J.B. Body weight and subsequent diabetes mellitus. JAMA 1982, 248, 949–952. [CrossRef] [PubMed]
12. Kim, C.; Newton, K.M.; Knopp, R.H. Gestational diabetes and the incidence of type 2 diabetes: A systematic review. Diabetes Care

2002, 25, 1862–1868. [CrossRef] [PubMed]
13. Zhong, C.; Li, X.; Chen, R.; Zhou, X.; Liu, C.; Wu, J.; Xu, S.; Wang, W.; Xiao, M.; Xiong, G.; et al. Greater early and mid-pregnancy

gestational weight gain are associated with increased risk of gestational diabetes mellitus: A prospective cohort study. Clin. Nutr.
ESPEN 2017, 22, 48–53. [CrossRef] [PubMed]

14. Filardi, T.; Panimolle, F.; Crescioli, C.; Lenzi, A.; Morano, S. Gestational Diabetes Mellitus: The Impact of Carbohydrate Quality in
Diet. Nutrients 2019, 11, 1549. [CrossRef] [PubMed]

15. Filardi, T.; Panimolle, F.; Lenzi, A.; Morano, S. Bisphenol A and Phthalates in Diet: An Emerging Link with Pregnancy
Complications. Nutrients 2020, 12, 525. [CrossRef] [PubMed]

16. Yu, Y.; Arah, O.A.; Liew, Z.; Cnattingius, S.; Olsen, J.; Sørensen, H.T.; Qin, G.; Li, J. Maternal diabetes during pregnancy and early
onset of cardiovascular disease in offspring: Population based cohort study with 40 years of follow-up. BMJ 2019, 367, l6398.
[CrossRef] [PubMed]

17. Clausen, T.D.; Mathiesen, E.R.; Hansen, T.; Pedersen, O.; Jensen, D.M.; Lauenborg, J.; Schmidt, L.; Damm, P. Overweight and
the metabolic syndrome in adult offspring of women with diet-treated gestational diabetes mellitus or type 1 diabetes. J. Clin.
Endocrinol. Metab. 2009, 94, 2464–2470. [CrossRef] [PubMed]

18. Cai, S.; Qiu, A.; Broekman, B.F.; Wong, E.Q.; Gluckman, P.D.; Godfrey, K.M.; Saw, S.M.; Soh, S.-E.; Kwek, K.; Chong, Y.-S.; et al.
The Influence of Gestational Diabetes on Neurodevelopment of Children in the First Two Years of Life: A Prospective Study. PLoS
ONE 2016, 11, e0162113. [CrossRef] [PubMed]

19. Fraser, A.; Nelson, S.M.; Macdonald-Wallis, C.; Lawlor, D.A. Associations of existing diabetes, gestational diabetes, and glycosuria
with offspring IQ and educational attainment: The Avon Longitudinal Study of Parents and Children. Exp. Diabetes Res. 2012,
2012, 963735. [CrossRef]

20. International Association of Diabetes and Pregnancy Study Groups Consensus Panel; Metzger, B.E.; Gabbe, S.G.; Persson, B.;
Buchanan, T.A.; Catalano, P.A.; Damm, P.; Dyer, A.R.; de Leiva, A.; Hod, M.; et al. International association of diabetes and
pregnancy study groups recommendations on the diagnosis and classification of hyperglycemia in pregnancy. Diabetes Care 2010,
33, 676–682. [CrossRef]

21. Barrett, S.P.; Wang, P.L.; Salzman, J. Circular RNA biogenesis can proceed through an exon-containing lariat precursor. eLife 2015,
4, e07540. [CrossRef]

22. Li, Z.; Cheng, Y.; Wu, F.; Wu, L.; Cao, H.; Wang, Q.; Tang, W. The emerging landscape of circular RNAs in immunity: Breakthroughs
and challenges. Biomark. Res. 2020, 8, 25. [CrossRef]

23. Yan, L.; Feng, J.; Cheng, F.; Cui, X.; Gao, L.; Chen, Y.; Wang, F.; Zhong, T.; Li, Y.; Liu, L. Circular RNA expression profiles in
placental villi from women with gestational diabetes mellitus. Biochem. Biophys. Res. Commun. 2018, 498, 743–750. [CrossRef]

24. Panda, A.C.; Dudekula, D.B.; Abdelmohsen, K.; Gorospe, M. Analysis of Circular RNAs Using the Web Tool CircInteractome.
Methods Mol. Biol. 2018, 1724, 43–56. [CrossRef]

25. Dudekula, D.B.; Panda, A.C.; Grammatikakis, I.; De, S.; Abdelmohsen, K.; Gorospe, M. CircInteractome: A web tool for exploring
circular RNAs and their interacting proteins and microRNAs. RNA Biol. 2016, 13, 34–42. [CrossRef]

26. Fang, Z.; Jiang, C.; Li, S. The Potential Regulatory Roles of Circular RNAs in Tumor Immunology and Immunotherapy. Front.
Immunol. 2021, 11, 617583. [CrossRef]

27. Salzman, J.; Chen, R.E.; Olsen, M.N.; Wang, P.L.; Brown, P.O. Cell-type specific features of circular RNA expression. PLoS Genet.
2013, 9, e1003777, Erratum in PLoS Genet. 2013, 9. [CrossRef]

https://doi.org/10.3390/ijerph192315804
https://www.ncbi.nlm.nih.gov/pubmed/36497880
https://doi.org/10.1016/j.diabres.2018.05.010
https://www.ncbi.nlm.nih.gov/pubmed/29772286
https://doi.org/10.1056/NEJMoa0707943
https://www.ncbi.nlm.nih.gov/pubmed/18463375
https://doi.org/10.1542/peds.2009-2257
https://www.ncbi.nlm.nih.gov/pubmed/21078733
https://doi.org/10.2337/dc07-1596
https://www.ncbi.nlm.nih.gov/pubmed/18000174
https://doi.org/10.1097/AOG.0000000000002501
https://doi.org/10.1016/j.ajog.2008.06.031
https://doi.org/10.1001/jama.1982.03330080031024
https://www.ncbi.nlm.nih.gov/pubmed/7097963
https://doi.org/10.2337/diacare.25.10.1862
https://www.ncbi.nlm.nih.gov/pubmed/12351492
https://doi.org/10.1016/j.clnesp.2017.08.013
https://www.ncbi.nlm.nih.gov/pubmed/29415834
https://doi.org/10.3390/nu11071549
https://www.ncbi.nlm.nih.gov/pubmed/31323991
https://doi.org/10.3390/nu12020525
https://www.ncbi.nlm.nih.gov/pubmed/32092855
https://doi.org/10.1136/bmj.l6398
https://www.ncbi.nlm.nih.gov/pubmed/31801789
https://doi.org/10.1210/jc.2009-0305
https://www.ncbi.nlm.nih.gov/pubmed/19417040
https://doi.org/10.1371/journal.pone.0162113
https://www.ncbi.nlm.nih.gov/pubmed/27603522
https://doi.org/10.1155/2012/963735
https://doi.org/10.2337/dc10-0719
https://doi.org/10.7554/eLife.07540
https://doi.org/10.1186/s40364-020-00204-5
https://doi.org/10.1016/j.bbrc.2018.03.051
https://doi.org/10.1007/978-1-4939-7562-4_4
https://doi.org/10.1080/15476286.2015.1128065
https://doi.org/10.3389/fimmu.2020.617583
https://doi.org/10.1371/journal.pgen.1003777


Int. J. Mol. Sci. 2024, 25, 7040 12 of 12

28. Weng, X.; Lu, X.J. The mechanisms and functions of circular RNAs in human diseases. Gene 2021, 768, 145324. [CrossRef]
29. Chen, Y.-M.; Zhu, Q.; Cai, J.; Zhao, Z.-J.; Yao, B.-B.; Zhou, L.-M.; Ji, L.-D.; Xu, J. Upregulation of T Cell Receptor Signaling

Pathway Components in Gestational Diabetes Mellitus Patients: Joint Analysis of mRNA and circRNA Expression Profiles. Front.
Endocrinol. 2022, 12, 774608. [CrossRef]

30. Xu, H.; Guo, S.; Li, W.; Yu, P. The circular RNA Cdr1as, via miR-7 and its targets, regulates insulin transcription and secretion in
islet cells. Sci. Rep. 2015, 5, 12453. [CrossRef]

31. Wu, H.; Wu, S.; Zhu, Y.; Ye, M.; Shen, J.; Liu, Y.; Zhang, Y.; Bu, S. Hsa_circRNA_0054633 is highly expressed in gestational diabetes
mellitus and closely related to glycosylation index. Clin Epigenet. 2019, 11, 22. [CrossRef]

32. Jiajiang, B.; Zhang, J.; Sun, X.; Yang, C.; Cheng, G.; Xu, M.; Li, S.; Wang, L. Circulating exosomal hsa_circRNA_0039480 is highly
expressed in gestational diabetes mellitus and may be served as a biomarker for early diagnosis of GDM. J. Transl. Med. 2022, 20,
5. [CrossRef]

33. Bao, D.; Zhuang, C.; Jiao, Y.; Yang, L. The possible involvement of circRNA DMNT1/p53/JAK/STAT in gestational diabetes
mellitus and preeclampsia. Cell Death Discov. 2022, 8, 121. [CrossRef]

34. Cao, M.; Bu, C.; Zhang, J.; Ren, Y.; Zhou, G.; Chen, C.; Han, G.; Jiang, S.-W.; Wen, J. Exosomal Circular RNA hsa_circ_0046060
of Umbilical Cord Mesenchymal Stromal Cell Ameliorates Glucose Metabolism and Insulin Resistance in Gestational Diabetes
Mellitus via the miR-338-3p/G6PC2 Axis. Int. J. Endocrinol. 2022, 2022, 9218113. [CrossRef]

35. Wu, H.; Zheng, X.; Liu, Y.; Shen, J.; Ye, M.; Zhang, Y. Hsa_circRNA_102682 is closely related to lipid metabolism in gestational
diabetes mellitus. Gynecol. Endocrinol. 2022, 38, 50–54. [CrossRef]

36. Huang, X.; Guo, L. Circular RNA SESN2 aggravates gestational trophoblast cell damage induced by high glucose by binding to
IGF2BP2. Mol. Reprod. Dev. 2023, 90, 73–86. [CrossRef]

37. Yang, H.; Ye, W.; Chen, R.; Zeng, F.; Long, Y.; Zhang, X.; Ma, J.; Gan, Q.; Rehemutula, R.; Zhu, C. Circulating expression of
Hsa_circRNA_102893 contributes to early gestational diabetes mellitus detection. Sci. Rep. 2020, 10, 19046. [CrossRef]

38. Huang, Y.; Liang, B.; Chen, X. Exosomal circular RNA circ_0074673 regulates the proliferation, migration, and angiogenesis of
human umbilical vein endothelial cells via the microRNA-1200/MEOX2 axis. Bioengineered 2021, 12, 6782–6792. [CrossRef]

39. Bao, Y.; Zhang, J.; Liu, Y.; Wu, L.; Yang, J. Identification of human placenta-derived circular RNAs and autophagy related
circRNA-miRNA-mRNA regulatory network in gestational diabetes mellitus. Front. Genet. 2022, 13, 1050906. [CrossRef]
[PubMed] [PubMed Central]

40. Bao, Y.; Wu, L.; Liu, Y.; Fan, C.; Zhang, J.; Yang, J. Role of CircCHD2 in the pathogenesis of gestational diabetes mellitus by
regulating autophagy via miR-33b-3p/ULK1 axis. Placenta 2024, 145, 27–37. [CrossRef] [PubMed]

41. Available online: https://www.genecards.org/cgi-bin/carddisp.pl?gene=PHACTR1 (accessed on 14 May 2024).
42. Available online: https://www.ncbi.nlm.nih.gov/gene?Db=gene&Cmd=DetailsSearch&Term=5499 (accessed on 14 May 2024).
43. Haque, S.; Harries, L.W. Circular RNAs (circRNAs) in Health and Disease. Genes 2017, 8, 353. [CrossRef]

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

https://doi.org/10.1016/j.gene.2020.145324
https://doi.org/10.3389/fendo.2021.774608
https://doi.org/10.1038/srep12453
https://doi.org/10.1186/s13148-019-0610-8
https://doi.org/10.1186/s12967-021-03195-5
https://doi.org/10.1038/s41420-022-00913-w
https://doi.org/10.1155/2022/9218113
https://doi.org/10.1080/09513590.2021.1991911
https://doi.org/10.1002/mrd.23667
https://doi.org/10.1038/s41598-020-76013-5
https://doi.org/10.1080/21655979.2021.1967077
https://doi.org/10.3389/fgene.2022.1050906
https://www.ncbi.nlm.nih.gov/pubmed/36531251
https://www.ncbi.nlm.nih.gov/pmc/PMC9748685
https://doi.org/10.1016/j.placenta.2023.11.013
https://www.ncbi.nlm.nih.gov/pubmed/38039841
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PHACTR1
https://www.ncbi.nlm.nih.gov/gene?Db=gene&Cmd=DetailsSearch&Term=5499
https://doi.org/10.3390/genes8120353

	Introduction 
	Results 
	Discussion 
	Principal Findings 
	In the Context of the Current Literature 
	Potential Mechanisms 
	Implications 
	Strengths and Limitations 

	Materials and Methods 
	Sample Size Calculation 
	Patients 
	Assessment of Transcript Concentrations in Plasma 
	Library Preparation 
	Statistical Analysis 

	Conclusions 
	References

