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Editorial on the Research Topic 


Updates on epigenetic regulation of endocrine disorders with polygenic traits: What is new?


A major impetus for a change in paradigm on the genetic approach to endocrine disorders with oligogenic/polygenic traits (influenced by two or more genes) has been the significant lack of available data regarding the frequency of pathogenic variants in coding regions of human genome (1). The common molecular changes that underlie epigenetic control are DNA methylation, chromatin remodeling, covalent histone modification, the localization of histone variants, and feedback loops (2). Epigenetic changes may be targeted to specific genes by either transcription factors (TFs) or non-coding RNAs (ncRNAs). Non-coding RNAs may be classified as small ncRNAs (including microRNAs (miRNAs), small interfering RNAs (siRNAs), small nucleolar RNAs (snoRNAs), PIWI interacting RNAs (piRNAs)) and long ncRNAs (lncRNAs) (3). It is not surprising that during the past two decades, researchers have discovered aberrations in the expression of ncRNAs associated with many human diseases such as cancer (4), cardiovascular diseases (5) and neurodegenerative disorders (6). Understanding the causal link between ncRNAs and human diseases have paved the path for novel strategies, such as the use of anti-ncRNA oligonucleotides to inhibit ncRNA for treating some types of cancer (7) and use of ncRNAs to enhance the sensitivity or reduce the resistance of the chemotherapeutic drugs (8–10).

This Research Topic is dedicated to exploring the most recent advances in evaluation of ncRNAs and the current knowledge on the putative influence of epigenetics with the evolution and phenotypic severity of endocrine disorders with oligogenic/polygenic traits. The contents of this Research Topic may serve to identify critical research gaps, and pave the path for future studies.

Obesity, metabolic syndrome (metS) and T2D are well-established to be the most common endocrine disorders with polygenic traits. Nevertheless, the available treatment options may not be successful in the long term as discussed elsewhere (11). Differential expressions of numerous genes are observed in obesity and T2D and miRNAs are involved in transcriptional regulation of target mRNAs (12). Zhang et al. identified upregulation of miR-342-3p as a positive regulator of appetite via reduced expression of snap25 gene, which leads to functional impairment of hypothalamic neurons and excess of food intake in a mouse model with fructose induced obesity. A similar study by Yamaguchi et al. identified overexpression of miR-222-3p as a positive regulator of obesity via increased adipogenesis. Inhibition of specific miRNAs may serve to address obesity and its complications by promoting novel treatments. Moreover, another novel suggestion to prevent and treat diabetes via mesenchymal stromal cells-derived small extracellular vesicles (MSC-sEVs) was reviewed by Li et al. These vesicles contain ncRNA, protein and DNA (13), and the authors report that MSC-sEVs repair or prevent damage from the complications of diabetes through several mechanisms, such as anti-inflammatory effects and reduction of endoplasmic reticulum-related protein stress.

Non-alcoholic fatty liver disease (NAFLD) is a complication of obesity associated with T2D. Several trials have been performed to treat NALFD with variable success (14). A major reason for lack of absolute success with the available treatment is that the cellular and molecular mechanisms leading to NAFLD are still unclear. Xu et al. examined the impact of a lncRNA growth arrest specific 5 (GAS5) on hepatic lipid metabolism in fatty liver in high fat diet-fed obese mice and showed that downregulation of GAS5 led to a series of intracellular events mitigating hepatic lipid metabolism. Therefore, downregulation of GAS5 may be a promising therapeutic option for NAFLD.

Owing to the well-established increase in prevalence of obesity, the distinction between Type 1 Diabetes (T1D) and T2D may be challenging. This is particularly of relevance in some circumstances, especially in Far East countries such as China, where the “thin-phenotype” T2D is more common than the usually expected obese phenotype (15). Lv et al. examined the differential expression of lncRNAs in in peripheral blood leukocytes from patients with T1D, T2D and healthy controls and found four lncRNAs that could be of importance to distinguish T1D and T2D since the treatment differs between the two entities. Further contributing to the diagnostic value of lncRNAs in hyperglycemic states, Yan et al. identified three lncRNAs in patients with hypertriglyceridemia, which could distinguish those with T2D and prediabetes or normoglycemia. The clinical use of these lncRNAs as biomarkers remains to be determined.

In an effort to provide a biologically plausible explanation to the “thin-phenotype” T2D in Far East (15) and South East Asia (16), Sletner et al. examined the association of placental leptin gene DNA methylation with maternal ethnicity, elevated low density lipoprotein-cholesterol and maternal hyperglycemia and found that South Asian ethnicity and gestational diabetes were associated with higher placental leptin gene methylation.

Mir et al. examined the association of miRNAs with dysglycemia in obese patients and found that they were associated with at least one trait of metS. Nevertheless, owing to the relatively low number of the patients enrolled in the study, and the cross sectional nature of the study, further studies are needed to confirm the validity of the differentially expressed miRNAs as biomarkers of metabolically unhealthy obesity.

The utility of miRNAs as biomarkers is not limited to mets components but they can also be of use as a diagnostic marker in microvascular complications of diabetes such as diabetic retinopathy (DR) (17). To this end, Ma et al. performed a meta-analysis investigating the validity of miRNAs as biomarkers of DR, and reported that they can be used with high diagnostic accuracy.

In addition to their potential role as biomarkers, miRNAs may also have a role in adaptive responses to stressors such as hypoglycemia. Ramanjaneya et al. documented that expression levels of miRNAs significantly differed in patients with T2D subjected to insulin induced hypoglycemia versus healthy controls. They showed that blunting of the response to hypoglycemia in patients with T2D with disease of short duration was associated with loss of counter-regulatory response in parallel with the lack of miRNA response.

Exposure to endocrine disruptors at critical times/stages of metabolic programming may also lead to epigenetic changes that may affect phenotype (2). Tawar et al. showed that organochlorine pesticides were associated with endoplasmic reticulum stress markers on adipose tissue samples of patients with T2D versus normoglycemic subjects, which further reinforced the concept that endocrine disruptors may be important as contributors to T2D, revealing the persistence of the gene-environment interaction in the etiology of T2D.

The use of miRNAs as biomarkers and/or surrogates of metabolism is not limited to obesity, metS and its complications. Four articles in the current Research Topic describe potential utility of miRNAs as either diagnostic biomarker or follow-up variable in other endocrine disorders: Baloun et al. reported associations of circulating miRNAs with estrogen status and bone metabolism in postmenopausal osteoporosis. Catellani et al. reported changes in circulating levels of miRNAs in patients with growth hormone(GH) deficiency after onset of GH treatment and indicated that the changes in several serum miRNA levels at three months of treatment were associated with the treatment response to GH at one year. Using knock-down or overexpression of the miRNA let-7e-5p in the muscle tissue of orchiectomized(ORX) and androgen treated ORX mice, Okamura et al. suggested that let-7e-5p could be a potential diagnostic marker for muscle atrophy. Galuppini et al. reported potential associations of microRNAs in papillary thyroid cancer with histological variants, which is of clinical significance owing to prognostic implications on follow-up. The available data suggest that miRNAs may be of use in clinical practice in the new era.

Metabolomics is an emerging approach in a systems biology field. Metabolome’s measurement is nowadays frequently implemented to understand pathophysiological processes involved in disease progression as well as to search for new diagnostic or prognostic biomarkers of various organism’s disorders (18). Xia et al. assessed patients with Graves disease and found significant alterations in transfer RNA biosynthesis, amino acids,purine and primidine metabolism. The impact of these changes on the outcome of hyperthyroidism remain to be determined.

In conclusion, we hope that this Research Topic will serve as a point of reference and source of inspiration for researchers and clinicians interested in epigenetic regulation of endocrine disorders. While there has been a massive increase in studies assessing the interrelation of miRNAs, DNA methylation changes and endocrine disruptors with endocrine disorders with polygenic inheritance and/or autoimmune nature, there is a call for further in-depth evaluation of the putatively influential associations of these disorders with ncRNAs other than miRNAs.
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In obesity and type 2 diabetes, numerous genes are differentially expressed, and microRNAs are involved in transcriptional regulation of target mRNAs, but miRNAs critically involved in the appetite control are not known. Here, we identified upregulation of miR-342-3p and its host gene Evl in brain and adipose tissues in C57BL/6 mice fed with high fat-high sucrose (HFHS) chow by RNA sequencing. Mir342 (-/-) mice fed with HFHS chow were protected from obesity and diabetes. The hypothalamic arcuate nucleus neurons co-express Mir342 and EVL. The percentage of activated NPY+pSTAT3+ neurons were reduced, while POMC+pSTAT3+ neurons increased in Mir342 (-/-) mice, and they demonstrated the reduction of food intake and amelioration of metabolic phenotypes. 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. The inhibition of miR-342-3p may be a potential candidate for miRNA-based therapy.




Keywords: abdominal obesity, non-coding RNAs, adipose tissues, appetite regulation, hypothalamus



Introduction

microRNAs are non-coding RNAs with the length of 21-25 nucleic acids and repress the expression of hundreds of target mRNAs by the binding to complete or 1- or 2-bp mismatched complementary sequences on 3’-untranslated regions (UTR), mRNA cleavage, mRNA deadenylation, and subsequent translational repression (1). Numerous studies demonstrated that miRNAs play critical roles in fine-tuning of gene expression in various physiological and pathological states (2). Furthermore, miRNAs themselves are transcriptionally regulated, however, little is known about the structural features of miRNA promoters (3) and the accurate miRNA promotor identification is underway (2). In the disease states of obesity and diabetes, differential expression of miRNAs associated with regulation of target mRNAs would be critically involved in the pathogenesis and they are candidates for biomarkers and therapeutic targets. In fact, initial attempts were made to survey miRNA expression profile in pancreatic β cells caused by obesity, hyperglycemia, and dyslipidemia. In the islets of healthy and type 2 diabetes (T2D) organ donors, miR-7a, miR-130a/b, miR-152, and miR-184 were differentially expressed (4). The expression of microRNA is regulated by environmental, genetic, and epigenetic factors and their disturbance is critically involved in the pathogenesis of diabetes and its complications (5, 6). The promoter CpG islands of maternally expressed MEG3 and miRNA cluster was hypomethylated in T2D organ donors, and reduction of miRNAs caused upregulation of their target genes such as TP53INP1, which induced the apoptosis of pancreatic β cells (7). T2D loci were recently identified at clusters of miRNAs maternally expressed MEG3 and paternally expressed DLK1 (8). DLK1 is known to inhibit adipocyte differentiation and protect against obesity (9).

The further attempts were made to identify the miRNAs related to insulin resistance in obesity and T2D, and miRNAs profiling studies were extensively performed in adipose tissues, liver and muscle (6). Notably, miRNAs can be packaged in the extracellular vesicle such as exosomes, which transfer miRNAs between cells and mediate the interorgan crosstalk. Thus, the profile of circulating miRNAs was also vigorously performed (10). In our attempts to identify new therapeutic target of miRNAs, we surveyed expression profile in liver, muscle, white adipose tissues, and sera of C57BL/6JJcl mice fed with standard (STD) and high fat-high sucrose (HFHS) chow by RNA sequencing (GSE61959) (11). We identified unique miRNA gene, Mir342, and it is highly upregulated in brain and white adipose tissues by the feeding of HFHS chow in C57BL/6JJcl mice. Here, we report the benefits of the deletion of Mir342 gene in C57BL/6JJcl mice fed with HFHS chow, i.e., amelioration of obesity and T2D. Mir342 (-/-) mice fed with HFHS chow were characterized with reduced chow intake and reduced activation of neuropeptide Y (NPY) neurons in arcuate nuclei. We also investigated the expression of Evl, host gene of Mir342, and identified Snap25 as a target gene of miR-342-3p.



Materials And Methods


Animal Models

We obtained Sanger MirKO ES cell line Mir342 (Mir342tm1Wtsi) from MMRRC (Mutant Mouse Resource & Research Centers, University of California, Davis, USA). The insertion of the PGK_EM7_PuDtk_bGHpA cassette created a deletion of size 196 bp (109,896,794–109,896,990 of Chromosome 12 in NC_000078.5 Chromosome 12 Reference MGSCv37 C57BL/6J; 108,624,843-108,624,915 in NC_000078.7 Chromosome 12 Reference GRCm39 C57BL/6J). This deletion eliminates the DNA sequence for this microRNA. The cassette is composed of a loxP site followed by an F3 site followed by a PGK-puromycin-delta-tk cassette, a loxP site and finally an FRT site (12). The germline chimeric mice were prepared under the background of C57BL/6N. Targeted Mir342 was confirmed by 2 sets of primer pairs, 5’ common rev 5′-ATAGCATACATTATACGAAGTTATCACTGG-3′ and 5’ gene specific fwd (LR1) 5′-AGCTCACTTACATTTTATTTATTTTCTCCT-3′ (5,739 bp); 3’ common fwd 5′-TCTAGAAAGTATAGGAACTTCCATGGTC-3′ and 3’ gene specific rev (LR4) 5′-GTAGGCAAGAAGACATAATACAGAAAAG-3′ (3,232 bp). Wild-type Mir342 was detected by primers, LR1 and LR4 (8,789 bp). The male chimeric mice were mated with C57BL/6JJcl (CLEA Japan, Tokyo, Japan) to generate heterozygous Mir342 (+/-). By crossing Mir342 (+/-) C57BL/6JJcl mice, we generated male homozygous Mir342 (-/-) and wild-type Mir342 (+/+) littermates. Five-week-old mice were randomly assigned to standard diet (STD) group (MF, Oriental Yeast, Japan) or high fat high sucrose diet (HFHS) group (D12331, Research Diets, New Brunswick, NJ). At 24 weeks of age, we obtained various organs and they were subjected to following experiments.



Human Serum Samples

Human serum samples were collected from 65 patients with type 2 diabetes (T2D) in Okayama University Hospital and 45 subjects with normal fasting glucose (NFG, fasting glucose < 110 mg/dL). The patients with malignancies, treatment with steroids and immunosuppressants, and total pancreas resection were excluded. It was approved by Okayama University Graduate School of Medicine, Dentistry and Pharmaceutical Sciences and Okayama University Hospital, Ethics Committee (#1708-045).



3T3-L1 Cell Cultures

3T3-L1 pre-adipocytes were cultured in Dulbecco’s modified eagle’s medium (DMEM, 124951, Gibco). On day 0, the media were changed to the differentiation media of the DMEM supplemented with 10% FBS, 10 µg/ml insulin (I1882, Sigma), 1 µM DEX (D2915, Sigma) and 0.5 mM IBMX (I5879, Sigma). On day 2, the media were changed to DMEM supplemented with 10 µg/ml insulin and 10% FBS. The media were changed every day. Total RNA was isolated from 3T3-L1 cells during differentiation from day 1 to day 10 using RNeasy Mini kit (74106, Qiagen) and subjected to RT-qPCR.



Insulin Tolerance Test and Glucose Tolerance Test (ITT and GTT)

The 20-week-old mice (n=4 in each experimental group) were fasted for 16 hours in GTT and for 3 hours in ITT. They were then intraperitoneally injected with glucose solution (1 mg/g body weight) and human insulin (1 unit/kg in HFHS groups and 0.75 unit/kg in STD groups) for GTT and ITT, respectively. Serum Insulin and leptin levels were measured (Skylight Biotech, Tokyo, Japan).



Food Intake, Locomotor Activity, and Basal Metabolic Rate

At 16 weeks of age, daily food intake was measured and calculated; daily food intake [g/day/body weight (BW)] = [initial food weight (g) – leftover food weight (g)]/measurement period (days)/BW (g). The locomotor activity was recorded for 24 hours by the frequency of interrupting an infrared sensor (ACTIMO-100, Shinfactory, Fukuoka, Japan). O2/CO2 metabolism measuring system (MK-5000, Muromachi Kikai, Tokyo, Japan) were used to quantify oxygen consumption rate and carbon dioxide production for the estimation of V̇O2 and respiratory quotient (RQ). Four mice in each experimental group were examined.



Pair-Feeding Study

Mir342 (+/+) and Mir342 (-/-) mice (n=3 for free-feeding and n=5 for pair-feeding) were individually housed and fed with HFHS chow, body weight was measured every week. Food intake of free-fed mice were measured every 3 days. The equal amount of chow consumed by free-fed Mir342 (-/-) mice for 3 days was given to the pair-fed Mir342 (+/+) and Mir342 (-/-) mice.



Reverse Transcription-Quantitative Polymerase Chain Reaction

RNAs were extracted from frozen tissues and cultured 3T3-L1 cells with RNeasy Mini Kit (Qiagen). For brain tissues, the hypothalamus and ventral midbrain region were removed by free-hand dissection. The QIAamp Circulating Nucleic Acid Kit and the exoRNeasy Serum/Plasma Midi Kit (Qiagen) were used for the isolation of total RNAs from serum and exosomes. For gene expression analyses, cDNAs were prepared with High-Capacity RNA-to-cDNA Kit (Thermo Fisher Scientific). TaqMan gene expression primers, Evl (Mm00468405_m1), Snap25 (Mm01276449_m1), Cidea (Mm00432554_m1), Cox7a1 (Mm00438297_g1), Pparg (Mm00440940_m1), Il6 (Mm00446190_m1), Il1b (Mm00434228_m1), Tnf (Mm00443258_m1), Ifng (Mm01168134_m1), Lpl (Mm00434764_m1), Adipoq (Mm00456425_m1), Nhlh2 (Mm01959164_u1), Msi1 (Mm01203522_m1), Fat2 (Mm01295775_m1), Rplp0 (Mm00725448_s1), and Rn18s (Mm03928990_g1) were employed. For miRNA expression studies, cDNAs were prepared from total RNAs by TaqMan MicroRNA Reverse Transcription Kit (Life Technologies). MicroRNA primers, hsa-miR-342p (002260), snoRNA202 (001232), snoRNA234 (001234), and cel-miR-39 (000200) were used. Rplp0, Rn18s, snoRNA202, snoRNA234, and cel-miR-39 were served as the invariant controls. The RT-qPCR was performed using TaqMan Universal PCR Master mix II (no UNG) at a StepOne Plus Real-Time PCR system. The quantification was performed by the 2−ΔΔCT analysis method.



Western Blot Analysis

The brain and hypothalamic tissues from 24-week-old mice (n=3-4 in each experimental group) were homogenized in RIPA lysis buffer (radioimmunoprecipitation buffer) plus protease inhibitors. The samples were boiled in SDS-PAGE loading buffer, separated on 12% Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad), and transferred to a PVDF Blotting Membrane (cytiva). After blocking with 5% nonfat milk for 1 hour at room temperature (RT), the blots were incubated with rabbit Anti-SNAP25 antibody (ab5666, Abcam, 1:1000), rabbit Anti-EVL antibody (ab204835, Abcam, 1:1000) overnight at 4°C. Rabbit anti-β-Actin antibody (4967S, Cell Signaling Technology) was used as a loading control. After washing three times with Tris-buffered saline (TBS), the blots were incubated with ECL Donkey Anti-Rabbit IgG, HRP-Conjugated Antibodies (NA934V, GE healthcare Life science, 1:10000) at RT for 1 hour. The blots were developed with Pierce ECL Western Blotting Substrate (TE261327, Thermo Fisher Scientific). The chemiluminescence was analyzed using ImageQuant LAS-4000 mini (FUJIFILM).



Morphometric Analysis for Adipocyte Size

Epidydimal and subdermal adipose tissues were fixed by 10% formalin, embedded with paraffin. The 5-μm paraffin sections were prepared and stained with PAS. The images were captured using an Olympus BX51 microscope. The size of the adipocytes was analyzed by the ImageJ software (National Institutes of Health). Epidydimal and subdermal adipose tissue were taken from 4 individual animals from each experimental group.



In Situ Hybridization

In situ hybridization for miRNA was performed using miRCURY LNA miRNA ISH Optimization Kit (FFPE) 4 (Qiagen) on formalin-fixed paraffin embedded (FFPE) tissue samples. The sections were deparaffinized in xylene, hydrated in a series of graded alcohols until water at RT, and followed by washing three times with phosphate-buffered saline (PBS). The slides were incubated for 30 minutes with 3 μg/ml of proteinase K at 37°C. After washing twice with PBS and dehydrated, the sections were hybridized for 2 hours with a gene specific probe (40 nM for double-DIG LNA Mir342 probe) and LNA Scramble-miR probe (double DIG labeled) at 55°C. LNA U6 snRNA probe (5’ DIG labeled) and LNA Scramble-miR probe was used for endogenous control. The sections were washed in stringent condition with 5×SSC, 1×SSC and 0.2× SSC for 10 minutes at 55°C. After the wash with PBS, the sections were blocked with Antibody blocking solution (PBS, 0.1% Tween, 2% Sheep serum, and 1% BSA) and incubated with Anti-Digoxigenin-AP Fab fragments (11093274910, Roche, 1:800) in Antibody Dilutant solution (PBS, 0.05% Tween, 1% Sheep serum, and 1% BSA) for 1 hour at RT. After washing by PBS, the sections were incubated with AP substrate, i.e. NBT/BCIP ready-to-use tablet (ROCHE) in 10 ml Milli-Q water and 0.2 mM Levamisole for 2 hours at 30°C. They were then incubated in KTBT buffer (50 mM Tris-Cl, 150 mM NaCl, 10 mM KCl, and 1% Triton X-100) twice for 5 min each to stop the reaction. Finally, the slides were counterstained, dehydrated, and mounted. The processed sections were visualized using an Olympus BX51 microscope.



Immunofluorescence

The mice (n=4-5 in each experimental group) were fasted for 16 hours and euthanized. The whole brain was taken after systemic perfusion with 4% paraformaldehyde (PFA). For STAT3 activation study, the intraperitoneal injection of mouse recombinant leptin (181030-10-4, FUJIFILM) (1 mg/kg body weight) was given 1 hour before euthanasia. The frozen coronal brain sections (-1.10 mm to -1.90 mm from bregma) were cut at 20-μm thick and fixed in 4% PFA for 15 min. For adipose tissues, 5-μm paraffin sections were first deparaffinized in xylene and hydrated in a series of graded alcohols until water. After antigen retrieval in HistoVT One (nacalai tesque) at 90°C for 15 min, the sections were first incubated in the avidin-biotin blocking kit and incubated with primary antibodies, rabbit Anti-EVL antibody (ab204835, Abcam, 1:250), rabbit Anti-pSTAT3 Antibody (9131, Cell Signaling Technology, 1:500), mouse Anti-NPY antibody (GTX60971, Gene Tex, 1:2000), goat Anti-POMC antibody (ab32893, Abcam, 1:4000), mouse Anti-Neun antibody (ab104224, Abcam,1:500), chicken Anti-GFAP antibody (ab4674, Abcam, 1:500), mouse Anti-IBA1 antibody (sc-32725, Santa Cruz, 1:500), mouse Anti-Myelin Basic Protein antibody (ab62631, Abcam, 1:500), chicken Anti-Tyrosine Hydroxylase antibody (ab76442, Abcam, 1:500) and rat Anti-F4/80 Antibody (ab6640, Abcam, 1:100) for 3 days at 4°C. After 3 times washing by PBS, the tissue sections were then incubated with secondary antibodies, Alexa 647-conjugated goat Anti-Rabbit IgG (ab150083, Abcam, 1:500), Alexa 488-conjugated goat Anti-Rat (ab150165, Abcam, 1:500), Alexa 488-conjugated goat Anti-Mouse (ab150117, Abcam, 1:500), Alexa 488-conjugated donkey Anti-Goat IgG (ab150129, Abcam, 1:500), Alexa 488-conjugated goat Anti-Chicken IgY (ab150173, Abcam, 1:500), Biotin-conjugated donkey Anti-Rabbit/Goat IgG (711-065-152, 705-065-147, Jackson ImmunoResearch, 1:500) for 1 hour at RT. Next, the sections were incubated with fluorescent streptavidin (SA-1200, Vector) for 1 hour at RT. Finally, the sections were mounted using ProLong Gold Antifade Mountant with DAPI (P36931, Thermo Fisher) and observed by an Olympus BX51 microscope. Images covering the whole arcuate nucleus of brain sections (438.6 μm x 330.2 μm = 0.14 mm2) were subjected to count cell numbers using Image J software. For quantification, the average cell count from 3 sections per animal was obtained.



Isolation of Stromal Vascular Fraction From White Adipose Tissues

SVF was isolated from epididymal adipose tissue of 24-week-old mice. Briefly, fresh mouse epididymal fat pads were minced and digested with collagenase type 1 (CLSS1, Worthington) in HBSS containing 10% FBS for 45 minutes at 37°C. The mixture was filtered through a nylon mesh (100 μm), then centrifuged at 400 g for 1 minute. The adipocyte fraction was obtained from the supernatant and the SVF from the pellet.



Identification of Mir342 Target mRNAs

The mRNA microarray was performed by GeneChip Mouse Gene 2.0 array using total RNA of epidydimal fat obtained from 16-week-old mice (3 individual animals from each group) and analyzed by Filgen (Nagoya, Japan). The raw data are available in Gene Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/) (GSE163880). TargetScan (http://www.targetscan.org/vert_72/), miRDB (http://www.mirdb.org/), Pictar (https://pictar.mdc-berlin.de/) and DIANA-microT v5.0 (https://bio.tools/DIANA-microT) and were used to identify potential target genes for Mir342.



Luciferase Reporter Assay

To quantitatively evaluate miRNA activity on cloned miRNA target sequence from 3’-untranslated region (3’-UTR) of Snap25, pmirGLO dual luciferase miRNA Target expression vector (E1330, Promega) was used. Firstly, the pmirGLO plasmid was linearized by double digestion with XhoI and SacI. The cDNAs of Snap25 wild type (WT) 3′-UTR and Snap25 mutant (MT) 3’-UTR were amplified by PCR and ligated with CIP treated pmirGLO Vector. The primers are Forward XhoI Snap25: 5’-GGGGGGCTCGAGACAAAGATGCTGGGAAGTGG-3′, Reverse SacI Snap25: 5’-GGGGGGGAGCTCCAAACCAACAGAGGAGACAG-3′, Reverse SacI mutant Snap25: 5’-GGGGGGGAGCTCCATGCTGTAATGATATTTAGCGCACAGTTTATC-3′. The seed sequence “TCTCACA” was mutated to “GCGCACA”. After transformation to E. coli JM109 cells, pmirGLO-Snap25 WT 3’-UTR, pmirGLO-Snap25 MT 3’-UTR, and pmirGLO no-insert control plasmids were isolated with EndoFree Plasmid Maxi Kit (12362, Qiagen). HEK293T cells were seeded at a density of 120,000 cells/mL, then co-transfected with Mir342 mimic (MSY0000590, Qiagen), Mir342 inhibitor (MIN0000590, Qiagen), negative control siRNA (1027280, Qiagen), inhibitor negative control (1027271, Qiagen), pmirGLO-Snap25 WT 3’-UTR, pmirGLO-Snap25 MT 3’-UTR, and pmirGLO no-insert control plasmids. Twenty-four hours after transfection, the cells were analyzed to measure luciferase activities using the Dual-Glo Luciferase Assay System and a GloMax 20/20 luminometer (Promega).



DNA Methylation Analysis

The methylation status of Evl and Mir342 genes was investigated (EpigenDx, http://www.epigendx.com/). NGS (next-generation sequencing) methylation assays were designed to interrogate the DNA methylation status of 103 CpG sites in the 5’ upstream to 3’UTR regions of the Mouse Evl gene. The CpG loci location or coordinates are based on Ensembl Gene ID ENSMUSG00000021262 and GRCm39 genomic build. Genomic DNA extracted from brain tissues of Mir342 (+/+) mice fed with HFHS or STD chow (n=3) were subjected to NGS methylation analysis. Bisulfite modification was carried out using EZ DNA Methylation-Direct Kit (D5020) according to the manufacturer’s protocol (Zymo Research). PCRs included 0.5 units of HotStarTaq (203205, Qiagen), 0.2 μM primers, and 3 μL of bisulfite-treated 200-500 ng DNA in a 20 μL reaction. All PCR products were verified using the Qiagen QIAxcel Advanced System (v1.0.6). Prior to library preparation, PCR products from the same sample were pooled and then purified using the QIAquick PCR Purification Kit columns or plates (28106, Qiagen). Libraries were prepared using a custom Library Preparation method created by EpigenDX. Next, libraries were purified using Agencourt AMPure XP beads (A63882, Beckman Coulter). Barcoded samples were then pooled in an equimolar fashion before template preparation and enrichment were performed in the Ion Chef system using Ion 520 & Ion 530 ExT Chef reagents (A30670, Thermo Fisher). Following this, enriched, template-positive libraries were sequenced on the Ion S5 sequencer using an Ion 530 sequencing chip (A27764). FASTQ files from the Ion Torrent S5 server were aligned to the local reference database using open-source Bismark Bisulfite Read Mapper with the Bowtie2 alignment algorithm. Methylation levels were calculated in Bismark by dividing the number of methylated reads by the total number of reads.



Statistical Analysis

All values were represented as the mean ± standard deviation (SD). Statistical analyses were conducted using IBM SPSS Statistics 23 and GraphPad Prism (version 8.0). Independent t-test, one-way ANOVA with Tukey test and two-way ANOVA with Bonferroni tests were used to determine the differences. For DNA methylation analysis, Fisher’s exact test was applied at each CpG site, and Mann–Whitney U test was used by NGS methylation assay. For correlation, non-parametric Spearman r coefficient was used. p<0.05 was considered statistically significant.




Results


Mir342 (-/-) Mice Are Resistant to Diet-Induced Obesity and Diabetes

To identify miRNAs which are critically involved in the disease process of metabolic syndrome and type 2 diabetes (T2D), we performed miRNA profiling of serum, liver and epididymal fat tissues in C57BL/6JJcl mice fed with standard (STD) and high fat-high sucrose (HFHS) chow (11). The Illumina RNA sequencing data are available in the Gene Expression Omnibus (GEO) under the accession number GSE61959. The miRNA genes with read number more than 2,000 were sorted by HFHS/STD ratios and we identified that Mir342 was ranked second with 9.5-fold up-regulation in epididymal adipose tissues of HFHS group (Figure 1A and Supplementary Table 1). In the patients with T2D (n=65), we found that serum concentrations of miR-342-3p showed positive and significant correlation with body weight (Figure 2). However, in NFG (n=45) and NFG + T2D (n=110), there were no significant correlations between miR-342-3p and body weight (Supplementary Figure 1). There were no significant differences of miR-342-3p levels in T2D with and without metformin (Supplementary Table 2). To further give a new insight and investigate the role of Mir342 in obesity and diabetes, we obtained Sanger MirKO ES cell line Mir342 (Mir342tm1Wtsi) from MMRRC (Mutant Mouse Resource & Research Centers) and generated Mir342 knockout mice [Mir342 (-/-)].




Figure 1 | The metabolic phenotypes of Mir342 (-/-) and Mir342 (+/+) mice fed with high fat-high sucrose (HFHS) or standard (STD) chow. (A) The HFHS/STD ratio of miRNA read numbers in epididymal fat tissues. (B) Body and tissue weight of Mir342 (+/+) and Mir342 (-/-) mice fed with HFHS (n=7) or STD chow (n=8). (C) Adipocyte area in epididymal and subdermal adipose tissues (n=4). Quantitative analyses were carried out on PAS-stained paraffin sections. (D) Glucose tolerance test (GTT) and insulin tolerance test (ITT) of mice fed with HFHS (n=7) or STD chow (n=8). (E) Serum insulin levels in Mir342 (+/+) and Mir342 (-/-) mice fed with HFHS chow during GTT (n=4). (F) Fasting serum leptin levels in Mir342 (+/+) and Mir342 (-/-) mice fed with HFHS mice (n=4). Data shown as mean ± SD and analyzed by independent t-test or two-way ANOVA with Bonferroni tests (*p < 0.05; **p < 0.01).






Figure 2 | Correlation of serum mmu-mir-342-3p levels (Log Mir342) with various clinical parameters in the patients with type 2 diabetes (n=65). (A) In correlation matrix, Spearman’s rank correlation coefficient is shown. *P < 0.05. (B) The correlations between Log miR-342-3p (Log Mir342) with HbA1c (R=0.222, p=0.076), body weight (R=0.280, p=0.024) and body mass index (R=0.248, p=0.052).



Body weight of Mir342 (-/-) mice fed with HFHS chow was significantly reduced compared with Mir342 (+/+) mice. The weight of epididymal, subdermal and brown fat was also reduced in Mir342 (-/-) mice. The Mir342 (-/-) and Mir342 (+/+) mice fed with STD chow demonstrated no significant differences in their body and tissue weight (Figure 1B). The size of adipocytes in epididymal and subdermal adipose tissues derived from Mir342 (-/-) mice fed with HFHS chow was smaller compared with Mir342 (+/+) mice (Figure 1C). To investigate glucose homeostasis, we performed insulin tolerance test (ITT) and glucose tolerance test (GTT). The blood glucose levels of Mir342 (-/-) mice fed with HFHS chow were significantly reduced both in ITT and GTT (Figure 1D). In GTT, Mir342 (-/-) mice exhibited significantly lower serum insulin level at 30 and 60 minutes after the peritoneal injection of glucose solution (Figure 1E), indicating that insulin sensitivity was significantly improved in Mir342 (-/-) mice fed with HFHS chow. The levels of fasting serum leptin were also decreased in Mir342 (-/-) mice, suggesting improved leptin sensitivity (Figure 1F). To investigate whether reduced adiposity in Mir342 (-/-) mice was due to changes in energy intake or energy expenditure, we measured food intake, locomotor activity, and basal metabolic rates. Mir342 (-/-) mice at 16 weeks of age demonstrated reduced daily food intake under HFHS chow whereas no changes in STD chow (Figures 3A, B). To prove that increased food intake is the main cause of obesity, we performed pair-feeding experiments in mice fed with HFHS chow. The pair-fed Mir342 (+/+) mice demonstrated similar body weight with Mir342 (-/-) mice whereas significantly higher body weight and food consumption were demonstrated in free-fed Mir342 (+/+) mice after 12 weeks old (Figure 3C). The locomotor activity was recorded for over 24 hours, most of the activities were observed during the dark phase in all groups. The significantly increased activity was observed in Mir342 (-/-) mice under HFHS chow during 23:00-24:00; however, there were no significant differences during whole dark period (Supplementary Figures 2A, B). Dark-period oxygen consumption rate, V̇O2, was increased, while daily respiratory quotient (RQ) was reduced in Mir342 (-/-) mice fed with HFHS chow compared with Mir342 (+/+) mice (Supplementary Figures 2C, D). Since the changes in V̇O2 and RQ were rather mild, the data suggested that the reduction of food intake mainly contributed to the resistance to diet-induced obesity and diabetes in Mir342 (-/-) mice. There was no difference in the concentrations of miR-342-3p in both isolated exosome and total serum between Mir342 (+/+) fed with HFHS and STD chow (Supplementary Figure 3A). The gene expression of Cidea, Cox7a1, and Pparg was down regulated in brown adipose tissue of Mir342 (-/-) mice fed compared with Mir342 (+/+) mice fed with HFHS chow, while they were not altered in epididymal adipose tissue (Supplementary Figure 3B).




Figure 3 | Food intake of Mir342 (-/-) and Mir342 (+/+) mice fed with high fat-high sucrose (HFHS) or standard (STD) chow. (A) Daily food intake over 3 consecutive days of mice fed with HFHS (n=9) or STD chow (n=8) at 18 weeks of age. (B) Average food intake over 3 days per g body weight of mice fed with HFHS (n=9) or STD chow (n=8). (C) Pair-feeding studies in Mir342 (+/+) and Mir342 (-/-) mice fed with HFHS chow (n=5). Free-feeding mice (n=3 in each group) were used as controls to match the food intake. Data shown as mean ± SD and analyzed by independent t-test or two-way ANOVA with Bonferroni tests (*p < 0.05; **p < 0.01).





Mir342 and Its Host Gene Evl Are Highly Expressed in Neurons Under HFHS Chow

Mir342 is located within an intron of the Evl (Enabled/vasodilator-stimulated phosphoprotein-like) gene, thus Evl is regarded as a host gene of Mir342 (Figure 4A). We further investigated Mir342 and Evl expression in various organs. miR-342-3p was abundantly expressed in spleen, brain and white adipose tissues and they were significantly upregulated in Mir342 (+/+) fed with HFHS compared with STD chow (Figure 4B). We further investigated the distribution of miR-342-3p in hypothalamus and ventral midbrain region, including ventral tegmental area and substantial nigra (Supplementary Figure 3C). miR-342-3p was upregulated by HFHS chow in both brain areas, and it was highly expressed in hypothalamus compared with midbrain region. The similar tissue distributions of Evl were observed and it was also significantly upregulated in brain and white adipose tissues in Mir342 (+/+) mice fed with HFHS chow (Figure 4C). Both expressions of Mir342 and Evl were regulated in parallel and rather accentuated in brain tissues compared with adipose tissues. In Mir342 (-/-) mice, the expression of miR-342-3p was absent in all tissues and mRNA expression of Evl was reduced in brain and adipose tissues compared with Mir342 (+/+) mice fed with HFHS chow without statistical significance (Figures 4B, C). The reduction of protein levels of EVL were confirmed by Western blot analyses using brain samples in Mir342 (-/-) mice fed with HFHS chow (Figure 4D and Supplementary Figure 4).




Figure 4 | Expression of Mir342 and its host gene Evl. (A) Mir342 is an intronic miRNA in Evl (Enabled/Vasodilator-stimulated phosphoprotein) gene. (B, C) In various tissues, the expression of miR-342-3p is normalized by snoRNA202 and snoRNA234, while Evl is normalized by Rplp0 and Rn18s. HFHS Mir342 (+/+) (n=4), HFHS Mir342 (-/-) (n=3), STD Mir342 (+/+) (n=4) and STD Mir342 (-/-) mice (n=4). Bar=100 μm. Data are analyzed by one-way ANOVA with a Tukey test. (D) Western blot analyses and quantification of EVL protein levels of brain tissue normalized by β-actin (ACTB). Data are analyzed by independent t-test. (E–H) In in situ hybridization, the sections of hypothalamus from Mir342 (+/+) mice were hybridized with Mir342 probe (E; Mir342), U6 snRNA probe (F; U6), and Scramble-miR probe (G; Scramble). The inset in (E) is shown in panel (H). Immunostaining of EVL (red) in hypothalamus of Mir342 (+/+) mice (I) and nuclear staining of DAPI (blue) (J) are shown. Bars are 100 and 50 μm in panels (E, H), respectively. Data presented as means ± SD (*p < 0.05; **p < 0.01).



The expression of Evl is mainly regulated by the methylation status of CpG islands (13) and miRNA biogenesis is enhanced by DNA methylation in the regions flanking the miRNA coding sequence (14), we examined the DNA methylation status of 103 CpG sites ranging from the 5’ upstream to 3’UTR regions of the mouse Evl gene. The flanking regions of Mir342 (103,758-103,874 and 115,467-115,543 from TTS of Evl gene) were highly methylated. The immediate upstream (103,758-103,874 from TTS) of Mir342 demonstrated slightly increased methylation by HFHS chow (Supplementary Figure 5 and Supplementary Data) and it may be responsible for the upregulation of Mir342 by HFHS chow. In contrast, all samples of both STD and HFHS groups were demethylated throughout the CpG island located at 293-585 from TTS of Evl gene. The methylation status of CpG island was not responsible for the upregulation of Evl gene by HFHS chow.

Next, we investigated the localization of Mir342 in the cell fractions of epididymal adipose tissues. miR-342-3p was predominantly expressed in stromal vascular fraction (SVF), but lower in mature adipocytes (Supplementary Figure 6A). 3T3-L1 pre-adipocytes were induced to differentiate for 10 days, while Mir342 expression was continuously declined during differentiation (Supplementary Figure 6B). Double immunostaining demonstrated that EVL was colocalized with F4/80, indicating that adipose tissue macrophages express EVL (Supplementary Figures 6C–F). In cerebral cortex, EVL was colocalized with neuron marker (NeuN, neuronal nuclei), but EVL-positive cells were negative for the markers of dopaminergic neurons (TH, tyrosine hydroxylase), astrocytes (GFAP, glial fibrillary acidic protein), microglia (IBA1, ionized calcium binding adaptor molecule 1), and oligodendrocytes (MBP, myeline basic protein) (Supplementary Figure 7). In situ hybridization of Mir342 and immunostaining of EVL demonstrated that they showed similar distribution and their expressions were accentuated in arcuate nuclei in hypothalamus (Figures 4E–J). The data indicated that EVL and its intronic miRNA, Mir342, colocalized in cells and tissues, especially neurons in central nervous system, and their transcriptional activities were coregulated in a parallel manner.



NPY+EVL+ and NPY+pSTAT3+ Neurons Are Reduced in Mir342 (-/-) Mice

An important function of the hypothalamus is to control appetite and satiety. Neuropeptide Y (NPY) and proopiomelanocortin (POMC) neurons are main target of leptin and distribute in hypothalamus. The activation of POMC neurons decreases food intake whereas the activation of NPY neurons increases food intake. The activation of NPY and POMC neurons was investigated after the injection of leptin by double immunostainings of NPY, POMC and phosphorylated signal transducer and activator of transcription 3 (pSTAT3). We identified EVL-positive and EVL-negative NPY and POMC neuron populations in hypothalamus. The percentage of NPY+EVL+ cells in NPY+ neurons were significantly reduced in Mir342 (-/-) mice compared with Mir342 (+/+) mice in both STD and HFHS chow (Figure 5A and Supplementary Figures 8A, 9A). The total number of NPY+EVL+ neurons were significantly reduced in Mir342 (-/-) mice fed with HFHS chow (Figure 5A). Both percentage and number of activated NPY+pSTAT3+ neurons were significantly reduced in Mir342 (-/-) mice fed with HFHS chow (Figure 5B and Supplementary Figure 8B). No significant difference was obtained in the group of STD chow (Supplementary Figure 9B). In contrast, both percentage and total number of POMC+EVL+ were comparable in the two genotypes, and slight elevation was detected in percentage of POMC+pSTAT3+ neurons in Mir342 (-/-) mice (Figures 5C, D and Supplementary Figures 8C, D). However, there were no significant differences in POMC+EVL+ and POMC+pSTAT3+ neurons under STD chow (Supplementary Figures 9C, D). In Mir342 (-/-) mice fed with both STD and HFHS chow, total NPY+ neurons were reduced compared with Mir342 (+/+) mice, while POMC+ neurons were increased in HFHS chow (Figure 5E and Supplementary Figure 9E). Similar to the results of Western blot, EVL-positive cells were reduced in STD and HFHS chow, total pSTAT3+ cells were increased in Mir342 (-/-) mice in HFHS chow (Figure 5F and Supplementary Figure 9F). The results suggested that deficiency of Mir342 links to the reduced population and blunted activation of NPY orexigenic neurons, which result in reduced food intake and amelioration of obesity and diabetes under HFHS chow.




Figure 5 | The activation of neuropeptide Y (NPY) and proopiomelanocortin (POMC) neurons by leptin injection. (A) Representative photographs of NPY (Green) and EVL (Red) double staining in arcuate nuclei from Mir342 (+/+) and Mir342 (-/-) mice fed with HFHS chow (n=5 each). The arrows indicate double-positive cells. The percentage and total numbers of NPY+EVL+ cells are shown. (B) NPY (Green) and pSTAT3 (Red) double staining in the mice fed with HFHS (n=4) after intraperitoneal injection of leptin (1 mg/kg body weight). The percentage and total numbers of NPY+pSTAT3+ cells are shown. (C) Double staining with POMC (Green) and EVL (Red) in Mir342 (+/+) and Mir342 (-/-) mice fed with HFHS chow (n=5). The percentage and total numbers of POMC+EVL+ cells are shown. (D) POMC (Green) and pSTAT3 (Red) double staining in the mice fed with HFHS (n=4) after intraperitoneal injection of leptin (1 mg/kg body weight). The percentage and total numbers of POMC+pSTAT3+ cells are shown. (E) Average cell numbers of NPY+ (n=9) and POMC+ (n=9) cells detected in hypothalamus of the mice fed with HFHS. (F) Average cell numbers of EVL+ (n=10) and pSTAT3+ (n=8) cells detected in hypothalamus of the mice fed with HFHS. Data shown as mean ± SD and analyzed by independent t-test (*p < 0.05; **p < 0.01).





Snap25 Is a Target of miR-342-3p

We further performed mRNA profiling by DNA microarray using total RNAs derived from epididymal fat tissues to identify the target genes (GSE163880). We compared 4 groups of Mir342 (+/+) and Mir342 (-/-) mice fed with STD and HFHS chow (Supplementary Tables 3–5). We selected the predicted target genes of miR-342-3p from TargetScan, miRDB, Pictar and DIANA-microT v5.0 (Supplementary Table 6). The results of gene chip demonstrated that Snap25 (synaptosomal-associated protein, 25kDa) was ranked as top among the genes upregulated in Mir342 (-/-) mice fed with both STD and HFHS chow (Supplementary Table 7). We performed RT-qPCR of top-ranked 3 mRNAs including Snap25, Fat2, and Msi1. In addition, we also check the expression of Nhlh2, since it was reported as hypothalamic basic helix-loop-helix transcription factor and the deletion of Nhlh2 in mice displays adult-onset obesity (15) (Figure 6). We confirmed that Snap25 mRNA increased in both brain and epididymal adipose tissues in Mir342 (-/-) mice fed with STD and HFHS chow (Figure 6A), while other 3 genes were not altered by the deletion of Mir342 in brain tissues (Figure 6D). Western blot analyses further confirmed that protein expression of SNAP25 was reduced in hypothalamus (Figure 6B and Supplementary Figure 4). Finally, luciferase reporter assay demonstrated that the transfection of Mir342 mimic reduced the luciferase activity of pmirGLO-Snap25 WT 3’-UTR. The luciferase activity of pmirGLO-Snap25 MT 3’-UTR was not altered by the co-transfection of Mir342 mimic (Figure 6C).




Figure 6 | The expression and reporter assay of Snap25 (synaptosomal-associated protein, 25kDa). (A) Relative mRNA expression of Snap25 normalized by Rplp0 and Rn18s in brain and epididymal fat tissues detected by RT-qPCR. (B) Western blot analyses and quantification of SNAP25 protein levels in hypothalamus. (C) Dual-luciferase reporter assay. pmirGLO-Snap25 WT 3’-UTR, pmirGLO-Snap25 MT 3’-UTR, and pmirGLO no-insert control plasmids were cotransfected with
Mir342 mimic, Mir342 inhibitor, negative control siRNA (mimic NC), inhibitor negative control (inhibitor NC) into HEK293T cells, respectively. (D) The expression of predicted target genes (Fat2, Msi1 and Nhlh2) in brain. Data are analyzed by independent t-test or one-way ANOVA with a Tukey test. All data are presented as mean ± SD (*p < 0.05; **p <0.01).






Discussion

Mir342 was highly upregulated by HFHS chow in brain in mice, and the striking feature of Mir342 (-/-) mice fed with HFHS is that they were resistant to development of obesity and T2D. The food intake was reduced in Mir342 (-/-) mice fed with HFHS and the STAT3 activation of NPY orexigenic neurons was suppressed. By high throughput sequencing, arcuate and paraventricular nuclei were defined by abundant expression of Mirlet7, Mir7, Mir9, and Mir30 gene families (16), while Mirlet7a, Mir9, Mir30b, Mir100a, and Mir145 were altered by caloric restriction and high-fat diet in hypothalamus (17). The specific knockdown of Mir7 and knockout of Mir17-Mir92 in POMC neurons aggravated diet-induced obesity in females and males, respectively (18). In current investigation, we firstly demonstrate the expression of Mir342 in neurons in arcuate nucleus by in situ hybridization and functional relevance in control of appetite and satiety. Intriguingly, STD chow intake was not altered, while HFHS chow intake was reduced by the genetic deletion of Mir342. It suggested the roles of Mir342 and Evl in the appetite control for the lipid and sugar rich diet by the alter the development and activation of NPY/POMC progenitors (Supplementary Figure 10). We performed RT-qPCR for miR-342-3p in hypothalamus and ventral midbrain region including ventral tegmental area and substantial nigra; however, we did not check the status of dopaminergic neurons in ventral midbrain region in Mir342 (-/-) mice fed with HFHS. To further confirm whether the inhibition of miR-342-3p is a new therapeutic modality to control appetite and satiety in obesity, the experiments with neuron specific Mir342 knockout and transgenic mice, and direct injection of miR-342-3p mimic and antagomir are required.

Another major site of Mir342 expression is adipose tissue. The upregulated expression of Mir342 in white adipose tissue was reported in diet-induced obese mice (19) and ob/ob mice (20) and also in the patients with HIV-induced lipodystrophy (21). miR-342-3p promotes the adipogenesis in mesenchymal stem cells by suppressing CtBP2 and releasing C/EBPα from CtBP2 binding (22). In the female patients with T2D and impaired fasting glucose (IFG), miRNAs including miR-342-3p were upregulated and in silico enrichment analyses suggested the 11 top differentially expressed miRNAs possibly involved in oxidative stress, inflammation and insulin signaling (23). In our study, miR-342-3p was prominently expressed in SVF of epididymal adipose tissue and we were interested in the status of inflammation. However, the gene expression of Il6, Il1b and Tnf were not altered in epididymal adipose tissues.

Epigenetic silencing of MIR342 and its host gene EVL by DNA methylation was reported in colorectal cancer (13, 24, 25), multiple myeloma (26), and B cell lymphoma (27) from the patients. CpG island is located at the promotor region of EVL gene, while the expression of EVL and intronic miR-342-3p is coregulated in parallel. The DNA methylation of CpG island causes the reduction of miR-342-3p, which is resulted in failure to operate tumor suppressor function by inhibiting pro-survival autophagy by targeting MAP1LC3B and DNMT1 in B cell lymphoma (27). In various tissues of Mir342 (+/+) mice fed with HFHS chow, the expression of Evl and miR-342-3p upregulated in parallel and both genes demonstrated tight co-expression. EVL gene is suppressed in colon cancer cells and associated with a dense methylation of CpG island in the 5’-UTR region of EVL, which is known as tumor suppressor gene (13). In contrast to previous studies, genomic DNAs in Mir342 (+/+) mice fed with STD and HFHS were demethylated throughout the CpG island located at 293-585 from TTS of Evl gene. However, the flanking regions of Mir342 were highly methylated. It has been reported that miRNA biogenesis is enhanced by DNA methylation in the regions flanking the miRNA coding sequence (14). It suggested that transcriptional activity of Evl and Mir342 under HFHS chow are differentially regulated by site-specific DNA methylation in the brain. EVL also involves in the actin cytoskeleton formation and multiple actin-dependent process such as axonal morphogenesis and neurites formation (28). One can speculate that the upregulation of Evl in neurons and adipose tissue macrophages may alter the neuronal function and motility of macrophages by facilitating the actin cytoskeletal formation, respectively. However, in current investigation, the Evl expression was maintained in brain and adipose tissues from Mir342 (-/-) mice fed with HFHS chow, the roles of Evl in obesity and T2D remains unexplored.

In current investigation, we identified Snap25 as one of the major target genes of miR-342-3p. Snap25 is an important component of the soluble N-ethylmaleimide-sensitive factor attachment protein (SNARE) complex, contributes formation of 2 out of 4 α helices of the complex, and regulates the membrane fusion during the process of exocytosis (29). The SNARE-mediated fusion such as exocytic fusion and synaptic transmission involved vesicle-associated membrane protein-2 (VAMP2), SNAP25, and syntaxin-1, which are sufficient to fuse membranes in vitro experiments (30). Snap25 is developmentally regulated in neuroendocrine cells and SNAP25a precedes SNAP25b in the development of mouse brain, and SNAP25b becomes major splicing variant at the 2nd postnatal week (31). SNAP25b containing SNARE complexes demonstrate a higher degree of stability associated with increased numbers of pooled and primed vesicles (32). Snap25b deficient mice fed with HFHS diet demonstrated exacerbated hyperglycemia, liver steatosis, adipocyte hypertrophy, and reduced expression of pSTAT3 in hypothalamic samples (33), suggesting reduction of SNARE complex stability tightly linked to the obesity and diabetes phenotypes (29). In human studies, SNAP25 gene single nucleotide polymorphism (SNP, rs362551) associated with severity of metabolic syndrome and type 2 diabetes (34). In addition, SNAP25 interacting protein such as syntaxin-1 SNPs were also associated with obesity (35) and type 2 diabetes (36). Prominent upregulation of miR-342-3p and subsequent reduction of Snap25 expression in neurons in hypothalamus may link to the instability of SNARE complexes and impairment of neurotransmission.

Taken together, upregulation of Mir342 and its host gene Evl in brain and adipose tissues tightly links to the metabolic syndrome phenotype of HFHS chow induced obesity mice. Percentage activated NPY+pSTAT3+ neurons were reduced while POMC+pSTAT3+ neurons increased in Mir342 (-/-) mice, and they demonstrated the reduction of food intake and amelioration of metabolic phenotypes. We also identified that the major target gene of miR-342-3p is Snap25 and the functional impairment of SNARE complexes in arcuate nucleus neurons may link to the excess of food intake under HFHS chow. The future studies are necessary to validate the beneficial effects of miR-342-3p antagomir by proof of concept (POC) study using the disease animal models.


Limitation of Study

In this study, we demonstrated Mir342 and Evl are co-expressed in the central nervous system and adipose tissues, and they were highly upregulated by HFHS chow in C57BL/6JJcl mice. The functional roles of Mir342 in obesity were demonstrated in the study by investigating Mir342 (-/-) mice, however, the expression of Evl was maintained in Mir342 (-/-) mice and role of Evl in obesity and T2D remains elusive. We examined the expression of miR-342-3p in the sera, exosomes, and various tissues, however, inter-organ communication was not clearly demonstrated, since we did not inject the labeled miR-342-3p into the animal model. The transcriptional regulation of miRNAs is not fully understood, and we did not find out the transcription factors which regulated the expression of Mir342 and Evl. We mainly investigated the major mature form of Mir342, i.e., miR-342-3p, however, minor mature form of miR-342-5p may have a role in obesity and T2D.
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Objective

Graves’ disease (GD) related hyperthyroidism (HT) has profound effects on metabolic activity and metabolism of macromolecules affecting energy homeostasis. In this study, we aimed to get a comprehensive understanding of the metabolic changes and their clinical relevance in GD children.



Methods

We investigated serum substances from 30 newly diagnosed GD children and 30 age- and gender-matched healthy controls. We explored the metabolomics using ultra-high-performance liquid chromatography–quadrupole time-of-flight mass spectrometry (UHPLC-QTOF/MS) analysis, and then analyzed the metabolomic data via multivariate statistical analysis.



Results

By untargeted metabolomic analysis, a total of 730 metabolites were identified in all participants, among which 48 differential metabolites between GD and control groups were filtered out, including amino acids, dipeptides, lipids, purines, etc. Among these metabolites, 33 were detected with higher levels, while 15 with lower levels in GD group compared to controls. Pathway analysis showed that HT had a significant impact on aminoacyl-transfer ribonucleic acid (tRNA) biosynthesis, several amino acids metabolism, purine metabolism, and pyrimidine metabolism.



Conclusion

In this study, via untargeted metabolomics analysis, significant variations of serum metabolomic patterns were detected in GD children.





Keywords: Graves’ disease, children, serum metabolomics, untargeted metabolomics, metabolic pathway



Introduction

Graves’ disease (GD) is the most common cause of hyperthyroidism (HT) with an autoimmune origin in children and adults (1–3). The incidence of GD in children is about 0.9-14.1/100,000, peaking in adolescent females (4–6). A trend of surging incidence of juvenile thyrotoxicosis was observed worldwide, with two to three times higher incidence in the Chinese pediatric population compared to the Caucasians (4–6).

It is well known that thyroid hormone regulates metabolic processes essential for normal growth and development in children (7). With excessive thyroid hormone, HT facilitates the metabolism process via elevated resting energy expenditure, weight loss, upregulated lipolysis, and gluconeogenesis, as well as decreased cholesterol levels (8).

Metabolomics is the study of specific small molecule metabolites or their profiles. Untargeted metabolomics provides a global fingerprint of information through the simultaneous identification of as many metabolites as possible within a tissue, biological fluid, or even cell sample (9, 10). Different instrumental platforms, including nuclear magnetic resonance (NMR) spectroscopy, gas chromatography (GC), and liquid chromatography (LC) coupled with mass spectrometry (MS), are used to cover different features of the human metabolome (9, 10). Metabolomics has been used to explore new biomarkers of disease risk in large-scale studies. In smaller studies, metabolomics has been designed to investigate the underlying mechanisms and progression of certain diseases, or to reveal the potential roles of dietary and environmental exposures, as well as gut flora activity in chronic diseases (11, 12). Multiple studies on metabolomic changes in GD adult patients have been reported, which showed that acylcarnitine and polyamine profiles were different between GD patients and healthy controls (13, 14). Metabolic pathways, such as arginine and proline metabolism and aminoacyl-transfer ribonucleic acid (tRNA) biosynthesis have also been altered in GD patients (15). However, the metabolomic alterations of GD in pediatric population have not been fully explored.

In the present study, we used an ultra-high-performance liquid chromatography coupled with the quadruple time-of-fight mass spectrometry (UHPLC-QTOF/MS)-based untargeted metabolomics approach to explore the perturbation of metabolic process in GD children compared to age- and gender- matched healthy normal controls. We aim to extend the current knowledge beyond previously reported targeted metabolite changes by examining the global serum metabolomics profiles of GD, and propose new dietary suggestions which may improve the treatment of GD.



Materials and Methods


Study Design and Participants

Blood samples of 30 newly diagnosed drug-naïve GD patients at Children’s Hospital of Soochow University from March 2017 to May 2018 were collected for our study. Meanwhile, 30 age- and sex-matched healthy controls were enrolled from their annual physical examination. GD was diagnosed according to guidelines (16) and as previously described (17).

All patients and control subjects underwent general physical examination and laboratory evaluation before enrollment. We excluded subjects with liver dysfunction, cardiovascular complications, or other endocrine disorders and immune diseases. Moreover, to avoid the impact of sex hormones on metabolites, we only included prepubertal children in this study, which means only boys and girls at Tanner stage I were recruited in the study.



Sample Collection

Serum levels of thyroid-related hormones, including total thyroxine (TT4), total triiodothyronine (TT3), free thyroxine (FT4), free triiodothyronine (FT3), and thyroid stimulating hormone (TSH), as well as thyroid autoantibodies, containing thyroid peroxidase antibody (TPOAb), thyroglobulin antibody (TGAb), and thyroid stimulating hormone receptor antibodies (TRAb) were measured by electrochemiluminescence immunoassay at the laboratories of our hospital. Serum samples for untargeted metabolomics were taken after 10-12h night fasting from an antecubital venous catheter. Samples were placed on ice, separated within 20min, and stored at -80°C until analysis.



Untargeted Metabolomics Analyzed by UHPLC-QTOF/MS

Samples were thawed at 4°C on ice. Then a 100μL sample was extracted by adding 400μL of extraction solvent (V methanol: V acetonitrile= 1:1, containing internal standard 2 μg/mL), vortexing for 30s, sonicating for 10min at 4°C, and then incubating for 1h at -20°C. The precipitated protein was then centrifuged at 4°C and 12000rpm for 15 min. Subsequently, the 425μL supernatant was dried in a vacuum concentrator without heating, resolved by 100μL extraction solvent (V acetonitrile: V water= 1:1), vortexed for 30s, sonicated for 10min at 4°C, and centrifuged for 15min at 12000rpm, 4°C. Then the supernatant (60μL) was transferred into a LC/MS vial for UHPLC-QTOF/MS analysis. To ensure data quality, 10μL supernatant from different individual serum samples were pooled as a quality control sample.

Metabolomics performed were described in a previous study (14). In brief, LC-MS/MS analyses were performed using a 1290 UHPLC system (Agilent Technologies, Santa Clara, CA, USA) with a UPLC BEH Amide column (1.7μm, 2.1*100mm, Waters) coupled to Triple time-of-flight 6600 (Q-TOF, AB Sciex, Framingham, MA, USA). The injection volume for each sample was 1μL. The mass spectroscopy (MS) data were collected from m/z 50-1200 Da. The MS spectra acquisition was performed using Analyst TF 1.7 software (AB Sciex) based on the information-dependent basis (IDA) mode. In each cycle, 12 precursor ions whose intensity greater than 100 were chosen for fragmentation at collision energy (CE) of 30 eV (15 MS/MS events per 50 ms of product ion accumulation time). The electrospray ionization (ESI) source conditions were set as following: nebulizer pressure, 60 Psi; auxiliary pressure, 60 Psi; curtain gas, 35 Psi; source temperature 650°C; ion spray voltage floating (ISVF) 5000 V or - 4000 V in positive or negative modes, respectively.



Statistical Analysis

The UHPLC-QTOF/MS data analysis was performed as previously described (18).Briefly, MS raw data (.wiff) files were converted to the mzXML format using Proteo Wizard, and processed by R package XCMS (version 3.2). The preprocessing results generated a data matrix that consisted of the retention time (RT), massto-charge ratio (m/z) values, and peak intensity. R package CAMERA was used for peak annotation after XCMS data processing. In-house MS2 database was applied in metabolite identification. The SIMCA 14.1 software package (Unetrics, Umea, Sweden) was used to analyze the metabolites. Both principal component analysis (PCA) and orthogonal partial least squared-discriminant analysis (OPLS-DA) were used for the multivariate data analysis (MVDA). The SPSS 25.0 software (SPSS Inc., Chicago, IL, USA) was used to determine significant differences between GD and normal control groups. The metabolic features with both variable importance in projection (VIP) value > 1.5 and fold change (FC) >1.2 or <0.83 in the OPLA-DA model and values P<0.05 were considered significantly different. The correlations between substances and thyroid function, as well as autoantibodies, were analyzed via Spearman rank correlation and P<0.05 was considered as statistically significant.

When comparing quantitative variables between 2 groups, for normally distributed data, Student’s t-test was used and the results were expressed as means ± standard deviations. For data not normally distributed, Mann-Whitney U-test was used, and the results were expressed as medians (25th-75th percentiles).




Results


Demographics of the Study Population

The baseline clinical and biochemical characteristics of 30 GD patients and 30 age- and gender-matched healthy controls were shown in Table 1. As expected, girls (83.3%) are more susceptible to GD than boys (16.7%). Although all in normal ranges, GD patients had higher alanine aminotransferase (ALT), aspartate aminotranspherase (AST), gamma-glutamyl transpeptidase (GGT), alkaline phosphatase (ALP), direct bilirubin (DBIL), triglyceride (TG), and lower total cholesterol (TCHOL) levels than normal controls.


Table 1 | Clinical and biochemical characteristics of the GD and control groups.





Differential Metabolites Between the GD and Control Groups

A total of 730 metabolites were identified in all participants. PCA score plots showed clustering of the control and HT groups with the cumulative fitness (R2 value) of the PCA model being 0.52 and 0.53, respectively, for positive and negative ion models (Supplemental Figure 1). The OPLS-DA analysis indicated clear separations between the HT and control groups both in positive (R2X=0.178, R2Y=0.895, Q2 = 0.727) and negative (R2X=0.152, R2Y=0.86, Q2 = 0.669) ion models (Supplemental Figure 2).

Based on the selection criteria including VIP > 1.5, P < 0.05, and FC > 1.2 or FC < 0.83, a total of 48 differential metabolites between GD and control groups were filtered out. Among these metabolites, 33 were detected with higher levels, while 15 with lower levels in GD group compared to controls (Table 2).


Table 2 | Significantly changed metabolites of GD children compared to controls.





Differential Pathways Between the GD and Control Groups

By comparing with the KEGG PATHWAY database (https://www.genome.jp/kegg/), the differentially abundant metabolites were cross-referenced with the related pathways. After enrichment and topology analysis, the impact values of each pathway were obtained. Essential pathways with large impacts were labeled in each comparison, with the detailed results of pathway analyses listed in Figure 1 and Table 3. In GD group, the most significant changes were found in aminoacyl-tRNA biosynthesis, nitrogen metabolism, purine metabolism, alanine, aspartate and glutamate metabolism and phenylalanine metabolism.




Figure 1 | Pathway analysis of serum metabolite profiles of the hyperthyroidism group compared to the control group.




Table 3 | Differential pathways between the GD and control groups.





Relationship Between Thyroid Indices and Metabolites in GD Children

The correlations between thyroid indices and differential metabolite levels in GD patients were analyzed via Spearman’s correlation analysis. Correlations with Spearman rank correlation coefficient > 0.4 and P < 0.05 were filtered out and listed in Table 4. We found that three metabolites were associated with TT3, four with TT4, two with FT3, and three with FT4. Among the differential metabolites, three were associated with TPOAb, one with TRAb, two with TGAb, and one with TSH.


Table 4 | Relationship between thyroid indices and metabolites levels in GD children.






Discussion

The present study showed that serum metabolic patterns were significantly different between GD children and healthy controls. A total of 730 metabolites were identified in all participants, among which 48 differential metabolites between GD and control groups were filtered out. To our knowledge, this is the first study analyzing the metabolic changes in GD children via an untargeted metabolomic method.

Amino acids are organic compounds that contain amine (-NH2) and carboxyl (-COOH) functional groups, along with a side chain (R group) specific to each amino acid (19). Amino acids are the monomers that make up human proteins and the second largest component of human muscle and other tissues. Besides, amino acids also actively participate in numerous biological processes, including biosynthesis and neurotransmitter transport (19). In the present study, we found that GD children had more active protein digestion/absorption and nitrogen metabolism. Quite a few amino acids, mostly essential amino acids, had much higher levels in GD children compared with controls. Interestingly, the amino acid pattern changes in GD children are quite different from those of adult patients. For example, significant changes of arginine and proline metabolism pathways were observed in GD adult patients (20), but not the children. This may be explained by the different amino acid metabolism among various age groups (20). Additionally, significantly elevated levels of phenylalanine and tyrosine were observed in GD children, but not in GD adults (20). Most phenylalanine is converted to tyrosine, a key component of thyroxine, through phenylalanine hydroxylase (21). Thus, reduction of phenylalanine intake in GD children, but not adults, may be a potential way to decrease their thyroxine production.

Tryptophan (Trp) is an essential amino acid that serves several important purposes and a precursor of the neurotransmitter serotonin. The tri-iodothyronine (T3) and thyroxine (T4) entry into different cell types depends on the aromatic amino acid transport system T, and there is a counter transportation between T3 and Trp. Thus, Trp supplementation may reduce the T3 uptake of cells (22, 23). Normal Trp metabolism has two main branches: 3-10% of Trp keeps the indole ring intact while producing chemical messengers such as serotonin, while the majority (90%) breaks the indole ring generating the kynurenine path, kynurenine, nicotinic acid, and the nicotinamide adenine dinucleotide (NAD+) (24). Previous studies have reported that thyroxine elevated the conversion ratio of Trp to nicotinamide, not through the kynurenine pathway but via aminocarboxymuconate semialdehyde decarboxylase (25). Our results were consistent with previous studies since no elevation of substrates in the kynurenine pathway was observed. Moreover, elevated 5-hydroy-indoleacetate were detected in the serum of GD children, indicating an intensified conversion of Trp to serotonin. Similar findings have been reported in the brain of adult GD patients, and the elevation of serotonin may contribute to the mood change of GD patients (26). Besides, we found that Trp levels in GD children were negatively correlated with TGAb levels, which may suggest a regulation role of Trp in the autoimmune process of GD. Indeed, previous studies have points to Trp degradation as a potent immunosuppressive mechanism involved in the maintenance of immunological tolerance. Therefore, Trp metabolism is quite important in the pathogenesis of GD, further studies are needed to explore the impact of supplementation and/or deprivation of Trp on GD pathogenesis.

Sphingosine 1-phosphate (S1P), a sphingolipid mediator, regulates various cellular functions via high-affinity G protein-coupled receptors, S1P1-5, and plays an important regulatory role in congenital and adaptive immune responses (27). Sphk1/S1P/S1PR signaling pathway can be used as a target for the treatment of autoimmune diseases (28). For example, the immunosuppressant Fingolimod (FTY720), a sphingosine analogue, is used as an S1PR antagonist in the treatment of multiple sclerosis (29). In addition, S1P lyase inhibitors can alleviate joint inflammation and destruction in rheumatoid arthritis mice (30). In recent years, Cheng Han et al. found that Sphk1/S1P/S1PR1 signal transduction is involved in the development of mice autoimmune thyroiditis (AIT). In AIT mice, the proportions of inflammation-related cell subtypes (such as Th1, Th17 and Tfh) are elevated, while FTY720 administration can decrease the their levels, suggesting that suppression of Sphk1/S1P/S1PR1 signaling pathway may be a potential therapeutic target of AIT (31). In this study, we found that sphinganine decreased, while S1P levels increased in the GD group. Besides, S1P levels positively correlate with TT4 levels. Thus, we suppose that FTY720 is also promising in the treatment of GD.

We detected much higher levels of pregnenolone sulfate in GD patients, which is consistent with previous studies (32). Pregnenolone sulfate is the source of steroid synthesis pathway. More importantly, pregnenolone sulfate regulates the release of multiple neurotransmitters and is crucial to multiple brain functions (33). The elevated pregnenolone sulfate levels may exert important effects on the neurodevelopment of GD children, but further studies are still needed to elucidate the consequences.

Protoporphyrin IX levels were significantly lower in GD children compared to those of controls. This can be easily explained by the fact that protoporphyrin IX is a crucial constituent of thyroid peroxidase (TPO), and more protoporphyrin IX is transported into the thyroid gland in GD patients. Interestingly, exacerbation of erythropoietic protoporphyria and acute intermittent porphyria has been reported in a few patients with HT patients (34, 35). Since these situations are quite rare and a decrease of protoporphyrin IX is observed in otherwise normal GD children, the correlation of HT and porphyria needs further investigation.

Our study has several limitations. Firstly, the sample size was relatively small, and further studies with larger sample size are needed to confirm our findings. Secondly, the main findings need to be validated by a second method. Thirdly, because this study included only local Chinese children, our results may not apply to other populations.

In conclusion, GD children have highly different serum metabolomic patterns compared to healthy controls, which may be induced either by HT or by autoimmunity. Our study is the first study addressing metabolic changes in GD children via untargeted metabolomic analysis. More importantly, our study provides comprehensive insights into the changes of metabolic processes, which is beneficial in improving the understanding and treatment of GD children.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Ethics Statement

The studies involving human participants were reviewed and approved by Ethics Committee of Children’s Hospital affiliated to Suzhou University. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.



Author Contributions

Conceived and designed the experiments: TC; Performed the experiments: QX, WQ, LC, XC, RX, DZ, HW, HS, FW, JL; Analyzed the data: QX, WQ and TC; Wrote the paper: TC, QX, and WQ. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by Suzhou Personnel Planning Project (project code GSWS2019051 and GSWS2020046), and Suzhou Science and Technology Development Project (SS22064) awarded to TC; a National Natural Science Foundation of China (project code 31701251) awarded to JL. This study was also supported by the Department of Pediatrics Clinical Center of Suzhou (Szzx201504).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2021.752496/full#supplementary-material



References

1. Talbot, NB, Sobel, EH, McArthur, JW, and Crawford, JD. Functional Endocrinology:From Birth to Adolescence. Cambridge: Harvard University Press (1952). p. 472.

2. Wilkins, L. The Diagnosis and Treatment of Endocrine Disorders in Childhood and Adolescence. Oxford: Blackwell Scientific Publications (1957). p. 184.

3. Léger, J, and Carel, JC. Hyperthyroidism in Childhood: Causes, When and How to Treat. J Clin Res Pediatr Endocrinol (2013) 5:50. doi: 10.4274/jcrpe.854

4. Williamson, S, and Greene, SA. Incidence of Thyrotoxicosis in Childhood: A National Population Based Study in the UK and Ireland. Clin Endocrinol (Oxf) (2010) 72:358–63. doi: 10.1111/j.1365-2265.2009.03717.x

5. Kjær, RH, Andersen, MS, and Hansen, D. Increasing Incidence of Juvenile Thyrotoxicosis in Denmark: A Nationwide Study, 1998-2012. Horm Res Paediatr (2015) 84:102–7. doi: 10.1159/000430985

6. Wong, GWK, and Cheng, PS. Increasing Incidence of Childhood Graves’ Disease in Hong Kong: A Follow-Up Study. Clin Endocrinol (Oxf) (2001) 54:547–50. doi: 10.1046/j.1365-2265.2001.01252.x

7. Mullur, R, Liu, Y-Y, and Brent, GA. Thyroid Hormone Regulation of Metabolism. Physiol Rev (2014) 94:355–82. doi: 10.1152/physrev.00030.2013

8. Brent, GA. Graves’ Disease. N Engl J Med (2008) 358:2594–605. doi: 10.1056/NEJMcp0801880

9. Brunius, C, Shi, L, and Landberg, R. Metabolomics for Improved Understanding and Prediction of Cardiometabolic Diseases—Recent Findings From Human Studies. Curr Nutr Rep (2015) 4:348–64. doi: 10.1007/s13668-015-0144-4

10. Denoroy, L, Zimmer, L, Renaud, B, and Parrot, S. Ultra High Performance Liquid Chromatography as a Tool for the Discovery and the Analysis of Biomarkers of Diseases: A Review. J Chromatogr B (2013) 927:37–53. doi: 10.1016/j.jchromb.2012.12.005

11. Rappaport, SM, Barupal, DK, Wishart, D, Vineis, P, and Scalbert, A. The Blood Exposome and its Role in Discovering Causes of Disease. Environ Health Perspect (2014) 122:769–74. doi: 10.1289/ehp.1308015

12. Wientzek, A, Tormo Díaz, M-J, Castaño, JMH, Amiano, P, Arriola, L, Overvad, K, et al. Cross-Sectional Associations of Objectively Measured Physical Activity, Cardiorespiratory Fitness and Anthropometry in European Adults. Obesity (2014) 22:E127–34. doi: 10.1002/oby.20530

13. Al-Majdoub, M, Lantz, M, and Spegel, P. Treatment of Swedish Patients With Graves' Hyperthyroidism Is Associated With Changes in Acylcarnitine Levels. Thyroid (2017) 27(9):1109–17. doi: 10.1089/thy.2017.0218

14. Song, J, Shan, Z, Mao, J, and Teng, W. Serum Polyamine Metabolic Profile in Autoimmune Thyroid Disease Patients. Clin Endocrinol (Oxf) (2019) 90(5):727–36. doi: 10.1111/cen.13946

15. Liu, J, Fu, J, Jia, Y, Yang, N, Li, J, and Wang, G. Serum Metabolomic Patterns in Patients With Autoimmune Thyroid Disease. Endocr Pract (2020) 26:82–96. doi: 10.4158/EP-2019-0162

16. Ross, DS, Burch, HB, Cooper, DS, Greenlee, MC, Laurberg, P, Maia, AL, et al. 2016 American Thyroid Association Guidelines for Diagnosis and Management of Hyperthyroidism and Other Causes of Thyrotoxicosis. Thyroid (2016) 26(10):1343–421. doi: 10.1089/thy.2016.0229

17. Chen, T, Chen, L, Song, H, Chen, X, Xie, R, Xia, Q, et al. Clinical Relevance of T Lymphocyte Subsets in Pediatric Graves' Disease. J Pediatr Endocrinol Metab (2020) 33(11):1425–30. doi: 10.1515/jpem-2020-0158

18. Wang, W, Zhao, L, He, Z, Wu, N, Li, Q, Qiu, X, et al. Metabolomics-Based Evidence of the Hypoglycemic Effect of Ge-Gen-Jiao-Tai-Wan in Type 2 Diabetic Rats via UHPLC-QTOF/MS Analysis. J Ethnopharmacol (2018) 219:299–318. doi: 10.1016/j.jep.2018.03.026

19. Boyle, J. “Lehninger Principles of Biochemistry”. In:  D Nelson, and M Cox, editors. Biochem Mol Biol Educ, 4th ed, vol. 33. New York: W.H. Freeman (2005). p. 74–5. doi: 10.1002/bmb.2005.494033010419

20. Timmerman, KL, and Volpi, E. Amino Acid Metabolism and Regulatory Effects in Aging. Curr Opin Clin Nutr Metab Care (2008) 11:45–9. doi: 10.1097/MCO.0b013e3282f2a592

21. Furman, BL. Thyroid Agents.  SJ Enna, and DBBTTCPR Bylund, editors. New York: Elsevier (2007). p. 1. doi: 10.1016/B978-008055232-3.61060-8

22. Zhou, Y, Samson, M, Francon, J, and Blondeau, JP. Thyroid Hormone Concentrative Uptake in Rat Erythrocytes. Involvement of the Tryptophan Transport System T in Countertransport of Tri-Iodothyronine and Aromatic Amino Acids. Biochem J (1992) 281(Pt 1):81–6. doi: 10.1042/bj2810081

23. Centanni, M, Canettieri, G, Viceconti, N, Sibilla, R, Bei, A, and Andreoli, M. Effect of Tryptophan on the Early Tri-Iodothyronine Uptake in Mouse Thymocytes. Eur J Endocrinol (2000) 143:119–23. doi: 10.1530/eje.0.1430119

24. Palego, L, Betti, L, Rossi, A, and Giannaccini, G. Tryptophan Biochemistry: Structural, Nutritional, Metabolic, and Medical Aspects in Humans. J Amino Acids (2016) 2016:8952520. doi: 10.1155/2016/8952520

25. Shibata, K, and Toda, S. Effects of Thyroxine on the Conversion Ratio of Tryptophan to Nicotinamide in Rats. Biosci Biotechnol Biochem (1994) 58:1757–62. doi: 10.1271/bbb.58.1757

26. Bauer, M, Heinz, A, and Whybrow, PC. Thyroid Hormones, Serotonin and Mood: Of Synergy and Significance in the Adult Brain. Mol Psychiatry (2002) 7:140–56. doi: 10.1038/sj.mp.4000963

27. Spiegel, S, and Milstien, S. The Outs and the Ins of Sphingosine-1-Phosphate in Immunity. Nat Rev Immunol (2011) 11(6):403–15. doi: 10.1038/nri2974

28. Tsai, HC, and Han, MH. Sphingosine-1-Phosphate (S1P) and S1P Signaling Pathway: Therapeutic Targets in Autoimmunity and Inflammation. Drugs (2016) 76(11):1067–79. doi: 10.1007/s40265-016-0603-2

29. Chaudhry, BZ, Cohen, JA, and Conway,. Sphingosine 1-Phosphate Receptor Modulators for the Treatment of Multiple Sclerosis. Neurotherapeutics (2017) 14(4):859–73. doi: 10.1007/s13311-017-0565-4

30. Bagdanoff, JT, Donoviel, MS, Nouraldeen, A, Carlsen, M, Jessop, TC, Tarver, J, et al. Inhibition of Sphingosine 1-Phosphate Lyase for the Treatment of Rheumatoid Arthritis. J Med Chem (2010) 53(24):8650–62. doi: 10.1021/jm101183p

31. Han, C, He, X, Xia, X, Guo, J, Liu, A, Liu, X, et al. Sphk1_S1P_S1PR1 Signaling is Involved in the Development of Autoimmune Thyroiditis in Patients and NOD.H-2h4 Mice. Thyroid (2019) 29(5):700–13. doi: 10.1089/thy.2018.0065

32. Tagawa, N, Takano, T, Fukata, S, Kuma, K, Tada, H, Izumi, Y, et al. Serum Concentration of Androstenediol and Androstenediol Sulfate in Patients With Hyperthyroidism and Hypothyroidism. Endocr J (2001) 48(3):345–54. doi: 10.1507/endocrj.48.345

33. Harteneck, C. Pregnenolone Sulfate: From Steroid Metabolite to TRP Channel Ligand. Molecules (2013) 18:12012–28. doi: 10.3390/molecules181012012

34. Minder, EI, Karlaganis, G, and Paumgartner, G. Radioimmunological Determination of Serum 3 Beta-Hydroxy-5-Cholenoic Acid in Normal Subjects and Patients With Liver Disease. J Lipid Res (1979) 20:986–93. doi: 10.1016/S0022-2275(20)40000-8

35. Vithian, K, Samat, A, and Jones, MK. Acute Intermittent Porphyria Associated With Hyperthyroidism. Ann Clin Biochem (2006) 43:414–5. doi: 10.1258/000456306778520061




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.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated 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.

Copyright © 2021 Xia, Qian, Chen, Chen, Xie, Zhang, Wu, Sun, Wang, Liu and Chen. 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.




REVIEW

published: 20 December 2021

doi: 10.3389/fendo.2021.780974

[image: image2]


The Role of Mesenchymal Stromal Cells-Derived Small Extracellular Vesicles in Diabetes and Its Chronic Complications


Fu-Xing-Zi Li 1, Xiao Lin 2, Feng Xu 1, Su-Kang Shan 1, Bei Guo 1, Li-Min Lei 1, Ming-Hui Zheng 1, Yi Wang 1, Qiu-Shuang Xu 1 and Ling-Qing Yuan 1*


1 National Clinical Research Center for Metabolic Disease, Department of Endocrinology and Metabolism, The Second Xiangya Hospital, Central South University, Changsha, China, 2 Department of Radiology, The Second Xiangya Hospital, Central South University, Changsha, China




Edited by: 
Jean-François Tanti, U1065 Centre Méditerranéen de Médecine Moléculaire (INSERM), France

Reviewed by: 

Babak Arjmand, Tehran University of Medical Sciences, Iran

Soazig Le Lay, Institut National de la Santé et de la Recherche Médicale (INSERM), France

*Correspondence: 

Ling-Qing Yuan
 allenylq@csu.edu.cn

Specialty section: 
 This article was submitted to Diabetes: Molecular Mechanisms, a section of the journal Frontiers in Endocrinology


Received: 22 September 2021

Accepted: 29 November 2021

Published: 20 December 2021

Citation:
Li F-X-Z, Lin X, Xu F, Shan S-K, Guo B, Lei L-M, Zheng M-H, Wang Y, Xu Q-S and Yuan L-Q (2021) The Role of Mesenchymal Stromal Cells-Derived Small Extracellular Vesicles in Diabetes and Its Chronic Complications. Front. Endocrinol. 12:780974. doi: 10.3389/fendo.2021.780974



Mesenchymal stromal cells (MSCs) are applied in regenerative medicine of several tissues and organs nowadays by virtue of their self-renewal capabilities, multiple differentiation capacity, potent immunomodulatory properties, and their ability to be favourably cultured and manipulated. With the continuous development of “cell-free therapy” research, MSC-derived small extracellular vesicles (MSC-sEVs) have increasingly become a research hotspot in the treatment of various diseases. Small extracellular vesicles (SEVs) are membrane vesicles with diameters of 30 to 150 nm that mediate signal transduction between adjacent or distal cells or organs by delivering non-coding RNA, protein, and DNA. The contents and effects of sEVs vary depending on the properties of the originating cell. In recent years, MSC-sEVs have been found to play an important role in the occurrence and development of diabetes mellitus as a new way of communication between cells. Diabetes mellitus is a common metabolic disease in clinic. Its complications of the heart, brain, kidney, eyes, and peripheral nerves are a serious threat to human health and has been a hot issue for clinicians. MSC-sEVs could be applied to repair or prevent damage from the complications of diabetes mellitus through anti-inflammatory effects, reduction of endoplasmic reticulum-related protein stress, polarization of M2 macrophages, and increasing autophagy. Therefore, we highly recommend that MSC-sEVs-based therapies to treat diabetes mellitus and its chronic complication be further explored. The analysis of the role and molecular mechanisms of MSC-sEVs in diabetes and its related complications will provide new idea and insights for the prevention and treatment of diabetes.
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Introduction

Diabetes is a group of metabolic diseases characterized by chronic hyperglycemia caused by multiple causes. It is caused by defects in insulin secretion and/or function. By 2045, the number of diabetic patients is predicted to rise to 693 million (1). Diabetes is mainly manifested by absolute or relative deficiency of insulin and decreased sensitivity of target cells to insulin (2). Persistent high blood sugar can cause extensive vascular damage to the cardiovascular system, retina, kidneys, and nerves, which can lead to various complications (3–5). At present, the application of therapeutic insulin and oral hypoglycemic agents is one of the methods to effectively control the blood glucose level of diabetic patients (6, 7). However, the long-term use of insulin and hypoglycemic drugs causes side effects of varying degrees, and exogenous insulin is still not enough to mimic the natural activity of endogenous insulin. There is also a risk of hypoglycaemia (8). In addition, transplantation of pancreatic or islet cells has been widely restricted in clinical applications due to the lack of pancreatic donors, the number and activity of pancreatic cells, allogeneic immune rejection, surgery and post-operation and many other complex factors (9).

Mesenchymal stromal cells (MSCs) have been established as promising candidate sources for cell therapy due to their contributions to tissue and organ homeostasis, repair and support by self-renewal and multi-differentiation, as well as by their anti-inflammatory, anti-proliferative, immunomodulatory, trophic and pro-angiogenic properties (10). Various diseases have been successfully treated by MSCs in animal models and hundreds of clinical trials related to the potential benefits of MSCs are in progress or have concluded satisfactorily (11). MSCs are commonly used in hematopoietic stem cell transplantation, repair of tissue injuries (bone, cartilage, joint, heart, liver, spinal cord, and nervous system diseases), autoimmune diseases, and as vectors for gene therapy (12). MSCs can promote the regeneration of pancreatic β-cells, protect endogenous pancreatic β-cells from apoptosis, and improve the insulin resistance (IR) of peripheral tissues by providing a supportive microenvironment driven by the secretion of paracrine factors or the deposition of extracellular matrix (13, 14). Numerous studies have shown that the therapeutic effects of MSCs are mediated in a paracrine manner, mainly through extracellular vesicles such as small extracellular vesicles (sEVs) (15). Therefore, cell-free therapy technology based on MSC-derived small extracellular vesicles (MSC-sEVs) has gradually become a research direction. Existing studies have shown that MSC-sEVs have a therapeutic effect on diabetes (16, 17). MSC-sEVs also show great potential in the tissue repair of diabetes complications. Therefore, the regenerative and immunomodulatory properties of MSC-sEVs have the potential to treat diabetes and related complications, such as diabetic nephropathy (DN) (18) and central nervous system damage (19). Information has emerged regarding the roles of specific miRNAs and other MSC-sEVs components as mediators of the protective effects of MSCs administration in preclinical diabetes disease models but many remains unknown. Currently, the role of MSC-sEVs in the treatment of diabetes diseases is an area of active preclinical study. This review mainly introduces the research progress of MSC-sEVs in the treatment and pathogenesis of diabetic central and peripheral neuropathy, diabetic vascular disease, diabetic skin disease, and DN in recent years.



Diabetes

Diabetes describes a group of conditions in which blood glucose is not properly regulated. Diabetes mellitus occurs when β-cells fail to secrete the insulin necessary to maintain the homeostasis of glucose in the blood. The most common forms of diabetes are type 1 (T1DM) and type 2 diabetes mellitus (T2DM). T1DM results from a cell-mediated autoimmune destruction of β-cells, whereas in T2DM, IR from peripheral organs is coupled with insulin deficiency resulting from an insufficient β-cell mass or function. Other forms of diabetes include gestational diabetes, latent autoimmune diabetes of adulthood (LADA), and neonatal diabetes mellitus (NMD) and maturity onset diabetes of the young (MODY) in which mutations in key pancreatic genes are found (e.g. Glucokinase, Pdx1, etc.). Over time, diabetes can lead to the development of different long-term complications such as diabetic retinopathy, neuropathy, nephropathy, critical ischemia of the limbs and so on. The pathogenesis of related diabetes complications was shown in Table 1. Currently, diabetes cannot be cured, and the treatment of diabetes consists of handling hyperglycemia by providing an exogenous insulin and medications supply or by islet cell transplantation. However, the inability to achieve tight control of glucose regulation has motivated more efforts to develop other approaches to address diabetes and reduce the burden of existing diabetes complications. Moreover, the diabetes-based existence of a chronic inflammatory state, impaired immune response, impaired coagulation and other related complications could be among the underlying pathophysiological mechanisms contributing to the increased morbidity and mortality of people with diabetes.


Table 1 | Application of MSC-sEVs in diabete diseases.






Mesenchymal Stromal Cell Derived Small Extracellular Vesicles

Extracellular vesicles (EVs) refer to vesicle-like bodies with a double-layer membrane structure that fall off the cell membrane or are secreted by cells. They are widely present in various body fluids and cell supernatants, and stably carry some important signal molecules (46). According to MISEV 2018, they can be divided into 3 subgroups: small EVs (< 100 nm or < 200 nm), medium/large EVs (> 200 nm) (47). EVs are involved in cell communication, cell migration, angiogenesis, tumor cell growth and other processes. They act as new mediators of long-distance cell-to-cell communication and can transfer various biologically active molecules (such as encapsulated cytokines and genetic information) from their parental cells to distant target cells (47).

Exosomes, the smallest EVs with the size range of 30 - 150 nm in diameter,have a bilayer structure and saucer-like morphology (48). In the full text of this article, we all use the exosomes command as sEVs. After fusion with the cell membrane, the contents of the sEVs are released into the extracellular matrix (49) as depicted in Figure 1. Almost all types of cells can secrete sEVs, mainly from body fluids, such as blood (19), urine (39), cerebrospinal fluid (52), saliva (53), and breast milk (54). sEVs apply their effects through targeting their cargos, such as nucleic acids (DNA, mRNA, miRNA, lncRNA and so on), lipids and proteins at the host cells, which leads to a shift in the behaviour of the recipient cells (55, 56). sEVs play an important role in various physiological and pathological processes, such as adipose metabolism, angiogenesis, inflammatory response, tissue regeneration, tumorigenesis, nerve regeneration, islet resistance, and immune regulation (57, 58). The current gold standard for isolating sEVs is ultracentrifugation (59, 60). The main molecular markers of exosomes include tetraspanin (CD9, CD63, CD81) and ESCRT proteins (TSG101, ALIX) (61–64). The methods for identifying sEVs mainly include the use of protein immunoassays. Western blot (WB) is used to detect molecular markers (65). Ultrastructure and particle size are measured by transmission electron microscopy (TEM) (66). Dynamic light scattering (DLS) or nanometer particle tracking analysis (NTA) detects particle size distribution (67).




Figure 1 | Biogenesis of small extracellular vesicles. The formation of sEVs originates from a series of regulation processes of “endocytosis-fusion-efflux”; that is, early endosomes formed after the plasma membrane of the cell is recessed. The envelope of early endosomes keeps invading and selectively accepts biologically active components, such as proteins, nucleic acids, and lipids in the cells, and eventually forms late endosomes. Late endosomes produce multiple intraluminal vesicles in the form of internal budding, which selectively receive cytosolic proteins, nucleic acids, or lipids to form multivesicular bodies (MVB). MVB are divided into exocytic-MVB and degradative-MVB. Exocytic-MVB release the vesicles in the MVB to the outside of the cell in the form of exocytosis through the plasma membrane fusion mediated by Rab27, and the released membranous vesicles are the sEVs. Degradative-MVB are degraded by fusion with lysosomes (50, 51).



MSCs can be isolated from various adult tissues such as bone marrow, umbilical cord, adipose, peripheral blood, liver, and gums (68). It is also favored for its advantages, such as easy collection, low immune rejection, and less ethical controversy (69). It has been used in the repair and regeneration treatment of various tissues and organs. Previous studies have shown that by MSCs being transplanted into damaged tissues and differentiated to replace damaged cells, systemic administration of MSCs can prevent the occurrence of T1DM. However, the proportion of transplanted MSCs reaching the damaged tissue was less than 1%, and most of them were trapped in organs such as liver and lung (70). Even if the transplanted MSCs had tissue repair effects, the transplantation and differentiation of MSCs in the damaged parts was low and short-lived (71), suggesting that MSCs exert the greatest effect through the secretion media. Simple MSCs transplantation may also have the risk of embolism, abnormal differentiation and tumor formation, these factors limit the use of MSCs (72). MSCs are recruited to the damaged tissue and secretes cytokines through paracrine action to change the microenvironment and induce the repair of the tissue structure and function of the damaged organ. In addition to several common modes (endocrine, paracrine, chemical synapse communication between neuron and target cell, autocrine, contact dependent communication between cells), there are other modes of information communication between cells through exosomes. Due to the vesicle structure of sEVs, the way of information exchange between cells is different from the typical mode mentioned above. There are three main ways for sEVs to participate in information exchange between cells, including the direct action of signal molecules on the membrane surface, intracellular regulation of content during membrane fusion and regulation of release of bioactive components. The discovery of sEVs makes the information exchange between cells more precise and comprehensive. The discovery of sEVs reveals the RNA intercellular transfer pathway existing in the body itself, which is expected to become an ideal gene therapy vector in the field of gene therapy due to its safe and effective targeted transport capacity. (73). MSCs are prolific sEVs secretors that shed a higher dose of sEVs compared to other cell types (74, 75). Indeed, most in vitro studies have directed their focus on sEVs derived from MSC subtypes, including adipose-derived stem cells (ADSCs), umbilical cord mesenchymal stem cells (UC-MSCs), bone marrow-derived mesenchymal stem cells (BM-MSCs), and others. The amount of sEVs released from MSCs is strongly associated with their proliferation rate (75). MSC-sEVs seem to be particularly beneficial in enhancing the recovery of various disease models. A recent study found that MSC-sEVs have tissue repair and reconstruction functions similar to MSCs. MSC-sEVs act on target cells such as β-cells, adipose cells, liver cells, macrophages, and skeletal muscle cells, by carrying specific miRNAs, proteins and other substances, thereby participating in the occurrence and development of IR and diabetes. As a new research hotspot, compared with MSCs, MSC-sEVs have the following advantages (76–78): (1) MSC-sEVs do not have the same issues as human cell transplantation, so the risk of immune rejection and aneuploidy is lower, and the safety is higher. There are also no ethical issues. (2) MSC-sEVs is stable in nature, can be stored for a long time at -20 °C, are easy to manage and control, and the type and quantity of its contents can be changed artificially. Also, its contents are not easily degraded (79, 80). (3) MSC-sEVs are small in size and will not block capillaries as easily as MSCs. The dosage of MSC-sEVs can be adjusted as needed. Many of the proteins found in MSC-sEVs are enzymes, which are milder than drugs and may reduce the risk of overdose or under-dose (81, 82). (4) MSC-sEVs have a more direct effect and can target specific organs and damaged parts. MSC-sEVs can cross the blood-brain barrier due to its own structural characteristics and have higher histocompatibility. (5) The production cost of MSC-sEVs is controllable, and MSC-sEVs can be conveniently transported and stored.



Study on the Application of Small Extracellular Vesicles in the Diagnosis of Diabetes


Small Extracellular Vesicles -Related miRNAs

Increasing blood glucose is the main criterion for diagnosing diabetes. Although the detection method is simple and cost-effective, it cannot provide relevant information about the patient’s pathogenesis or disease progression. During the onset and development of diabetes, the morphology and number of circulating sEVs change with the individual’s physiological or pathological conditions, suggesting that it may be used as a new marker (83). Studies have shown that sEVs can be used as carriers to transport miRNAs or other RNAs to neighbouring cells through the binding of receptors and ligands, and as biomarkers to indicate physiological or pathological changes in tissues or organs. miRNA is a type of small single-stranded RNA with a length of 18-25 nucleotides. It can mediate post-transcriptional gene silencing by binding to the 3’-untranslated region or open reading frame region of the target mRNA (84). It plays an important regulatory role in the process of differentiation, migration, and disease occurrence and development. Exosomal miRNA is protected from RNase degradation by the phosphatidic acid molecular layer, which is conducive to the isolation, extraction and storage of exosomal miRNA (85). Garcia-Contreras et al. (86) performed exosomal miRNA chip detection on plasma samples of 12 patients in the T1DM group and 12 healthy person in the control group, and the results demonstrated that there were significant differences between the two groups of 7 miRNAs, and the up-regulated miR-16- 5p, miR-302d-3p, miR-378e, miR-570-3p, miR-574-5p, and miR-579; miR-25-3p were down-regulated. It was verified by RT-qPCR that miR-16-5p and miR-574-5p in the control group were significantly higher than in the T1DM group. This study revealed for the first time that miRNA isolated from patient plasma sEVs was expected to be a potential biomarker for the diagnosis of T1DM. Glutamate decarboxylase-65 antibody, insulin antigen-512 and insulin antibody are the main autoantibodies in patients with T1DM. The sEVs containing autoantibody-positive miRNAs or proteins secreted by pancreatic β-cells can be used for the diagnosis of T1DM potential markers (86, 87). In addition, circulating sEVs in the body fluids of diabetic patients show higher procoagulant activity (88). Compared with the normal healthy group, whether they have microvascular complications or uncomplicated, all patients with T1DM have a significantly higher sEVs level. It can be used as one of the diagnostic basis (89). Meanwhile, Katayama et al. found that exosome-derived extracellular miR-20b-5p, a highly abundant exoRNA in patients with T2DM, is a circulating biomarker associated with T2DM that plays an intracellular role in modulating insulin-stimulated glucose metabolism via AKT signalling (90). Moreover, in peripheral blood microvesicles, among 104 miRNAs in EVs, miR-320-3p is highly expressed in microvesicles of plasma (2.637-fold more than in blood cells), as well as, miR-320-3p has also been associated with the regulation of Glucose-Induced Gene expression in T2DM (91). During the occurrence and development of diabetes, the content or number of sEVs will change abnormally, which suggests the possibility for using sEVs as new markers. In addition, quantitative and stoichiometric analyses of miRNAs content in sEVs highlight the lack of reliable natural sources for miRNA-loaded particles, which necessitates the need for custom sEVs or nanoparticles to efficiently deliver miRNAs closely related to immunity, metabolism, and epigenetics in target cells. However, loading extracellular mature miRNAs into recipient cells comes at a cost, as it at least blocks the dynamic localization of miRNAs in the nucleoli, or leads to inefficient miRNAs delivery due to rapid exonuclease recovery. All of this work requires the design of new bionic vectors and in vivo assessment of miRNA function when delivered by natural or bionic nanoparticles to control metabolic diseases from infancy to adulthood.



Small Extracellular Vesicles-Related Protein

The latest research shows that C-megalin in urinary sEVs is positively correlated with the severity of DN (92). With the increase in urinary albumin, the level of C-megalin in urinary sEVs also increases, which is expected to become a diagnostic marker for DN. Aquaporins (AQPs) are a class of transmembrane proteins that are highly selective to water and have important physiological functions in regulating water metabolism. Polyuria is an early clinical symptom of diabetes. The levels of AQP2 and AQP5 in the urinary sEVs of DN patients are positively correlated with the histological grade of DN (93), indicating that AQPs of sEVs may become biomarkers for early diagnosis and monitoring of DN.




The Role of MSC-sEVs in Diabetes


The Improvement of Pancreatic β-Cell Function

MSC-sEVs improve the function of pancreatic β-cells, which may be one of its mechanisms of treatment of diabetes. After transplantation, MSC-sEVs can specifically chemoattract and migrate to the damaged islets to promote the proliferation of β-cells in the damaged islets, so as to repair and regenerate β-cells and inhibit β-cell apoptosis. Sabry et al. (94) found that injecting MSC-sEVs into streptozotocin (STZ) -induced diabetic rats had a better hypoglycaemic effect and faster effect than MSCs themselves. In the MSC-sEVs group, blood glucose levels decreased, plasma insulin levels increased, islet cell regeneration was enhanced, the number and size of islets increased, fibrosis and inflammation decreased, and the islet regeneration genes insulin, Pdx1, Smad2, Smad3, and Tgf-b were all significantly up-regulated. Another study found that sEVs isolation from menstrual blood-derived-MSCs through homing to the pancreas and pancreatic and duodenal homeobox 1 pathway enhanced the STZ-induced wistar rat β-cell quality and insulin production (95). Chen et al. (96) used the mouse β-cell line βTC-6 and found that the expression of apoptosis-related proteins cleaved caspase 3 and poly ADP-ribose polymerase (PARP) were up-regulated under hypoxia. MSC-sEVs with miRNA-21 reduced endoplasmic reticulum stress-related protein (GRP78, GRP94, p-eIF2α and CHOP) expression and inhibited of p38/MAPK phosphorylation, thereby protecting β-cells from hypoxia-induced apoptosis. MSC-sEVs are as effective as parental MSCs in improving the survival rate and function of islet cells (97). This cytoprotective effect may be mediated by vascular endothelial growth factor (VEGF) in MSC-sEVs (97). Another study by Kordelas et al. (98) demonstrated that MSC-sEVs can also help the angiogenesis and survival of transplanted pancreatic islets, improving the efficiency and success rate of the treatment. Overall, MSC-sEVs can improve the survival and function of the coated islets and benefit diabetic patients.



Amelioration of Insulin Resistance in Peripheral Target Tissues


Regulation of Autophagy

Autophagy is an important regulatory pathway for maintaining cell homeostasis, and maintains normal cell function by affecting the degradation of intracellular substances. The dysregulation of autophagy-related mechanisms after diabetes can lead to a decrease in the number of pancreatic β-cells and dysfunction, resulting in a decrease in insulin secretion (99). The latest study found that MSC-sEVs can promote liver glycolysis, glycogen storage and lipolysis of 0.25mM palmitic acid (PA)-treated LO2 cells and reduce gluconeogenesis (100). They found that the AMPK signaling pathway was activated and induced autophagy in T2DM rats and PA-treated LO2 cells. The formation of autophagosomes in the MSC-sEVs group increased, and the autophagy marker proteins BECN1 and MAP 1LC3B increased. Furthermore, the autophagy inhibitor 3-methyladenine significantly reduced the effect of MSC-sEVs on glucose and lipid metabolism in T2DM rats.



Mechanism of Insulin Resistance in Peripheral Target Tissues

Sun et al. (101) established a T2DM rat model with high-fat diet (HFD) and STZ induction. Through the results of oral glucose tolerance tests (OGTTs), peritoneal insulin tolerance tests (IPITTs), IR index (HOMA-IR) and serum insulin tests, they found that intravenous injection of sEVs from MSCs (hucMSC-sEVs) can effectively alleviate hyperglycemia in T2DM rats. In T2DM rats, hucMSC-sEVs restored the phosphorylation of insulin receptor substrate 1 (IRS-1) and protein kinase B (Akt), and promoted the expression and membrane translocation of glucose transporter 4 (GLUT4) in muscles. The expression level of glycogen synthesis related protein p-GSK3β and glycogen synthase rises, increasing the storage of liver glycogen to maintain glucose homeostasis. At the same time, hucMSC-sEVs inhibited STZ-induced β-cell apoptosis and restored the insulin secretion function of T2DM. The study of Su et al. (102) effectively explained a clinical phenomenon, which is “Why do the elderly often develop IR?” They extracted the sEVs released by BM-MSCs from young and aged mice. They found that the highly enriched miR-29b-3p sEVs released by BM-MSCs can be absorbed by adipocytes, cardiomyocytes and hepatocytes, thereby producing IR in vivo and in vitro. Their research further found that miR-29b-3p could directly target SIRT1. Interestingly, they utilized an aptamer-mediated nanocomplex delivery system, which can specifically target BM-MSCs. Down-regulating/up-regulating the level of miR-29b-3p in BM-MSCs-derived sEVs could significantly ameliorate/increase IR in elderly mice.



Anti-Inflammatory and Immune Regulation Mechanism

Immunity imbalance is one of the key factors in the pathogenesis of diabetes. Generally, inflammatory cells secrete pro-inflammatory cytokines, such as tumor necrosis factor-α (TNF-α) and interleukin 6 (lL-6) (101, 103), which are the main causes of IR in chronic inflammatory tissues. Therefore, timely and effective ameliorate the body’s microenvironment and regulation of immune response through MSC-sEVs is one of the important directions and strategies for diabetes treatment. As we all know, T1DM is an autoimmune disease characterized by permanent destruction of pancreatic β-cells mediated by T cells (104). Recent studies found that the autoimmune response or immune imbalance was closely related to IR and the progressive decline of pancreatic β-cell function during the pathogenesis of T2DM (105). In addition, the incidence of diabetes-related complications is also affected by autoimmune reactions (106). Sun et al. (101) found that, in the STZ-induced rat diabetes model, hucMSC-sEVs injected via the tail vein inhibited the secretion of pro-inflammatory cytokine TNF-α to reverse T2DM IR and indirectly increased the insulin/AKT signaling pathway activation. Zhao et al. (107) introduced ADSCsEVs into mice fed with HFD-Fed, which can significantly reduce systemic IR caused by obesity, attenuation of dsylipiemia, inhibit fat cell hypertrophy. By measuring the area under the glucose tolerance test curve, it was observed that ADSCsEVs can increase the effect of insulin by 27.8%. The transfer of ADSC-sEVs carrying active STAT3 to activate arginase-1 from adipose-derived mesenchymal stem cells to macrophages induces polarization of M2 macrophages and attenuation of WAT inflammation in HFD-Fed Mice. M2 macrophages induced by ADSC–sEVs can express high levels of tyrosine hydroxylase. Also ADSC–sEVs can drive the expression of Arg-1 by transporting STAT3 to promote ADSCs proliferation and lactate production. The Fas/FasL pathway plays an important role in β-cell apoptosis in T1DM, especially under high glucose conditions (108). Human BM-MSCs and their sEVs can deliver siFas and anti-miR-375 together to inhibit the early apoptosis of transplanted human islets (109). Under inflammatory cytokine treatment, after simultaneously silencing Fas and miR-375, pancreatic islet cell apoptosis was markedly inhibited, and insulin release was enhanced. In the humanized NOD scid gamma mouse model, intravenous injection of BM-MSCs and peripheral blood mononuclear cells (PBMC) co-cultured sEVs can further suppress the immune response by inhibiting the proliferation of PBMC and enhancing the function of regulatory T cells (Treg). BM-MSCs and derived sEVs may be an effective method to improve islet function under inflammation as showed in Figure 2.




Figure 2 | The approach of MSC-sEVs to treat diabetes. MSC-sEVs down regulate blood glucose through reverse insulin resistance in insulin target tissues (liver, muscle, adipose tissue) and relieve islet β cells destruction.







The Role of MSC-sEVs in the Complications of Diabetes


Microvascular Disease

Microvessels refer to capillaries and microvessels between tiny arteries and tiny veins with a lumen diameter of less than 100 µm. Microangiopathy is a specific complication of diabetes. Its typical changes are microcirculation disorder and thickening of the microvascular basement membrane. The main risk factors include long duration of diabetes, poor blood sugar control, high blood pressure, dyslipidemia, smoking, and IR. Microvascular disease mainly manifests in the retina, kidney, nerve, and myocardial tissue, among which DN and diabetic retinopathy (DR) are particularly important. Fortunately, MSC-sEVs has been found to have a positive therapeutic effect in these microvascular diseases.


Repair Function of MSC-sEVs in Diabetic Nephropathy

DN occurs in 20% to 40% of diabetic patients (110). DN has become one of the main causes of end-stage renal disease. Diabetes with long-term hyperglycemia infiltration and micro-inflammatory environment can cause substantial kidney damage. Its clinical feature is proteinuria, and its final pathological manifestation is renal fibrosis. Studies have pointed out that sEVs not only participate in the early diagnosis of DN, but also have the ability to repair kidney tissue. Ebrahim et al. (11) found that STZ-induced diabetes rat after tail vein injection of MSC-sEVs can ameliorate kidney injury. A kidney biopsy showed that glomerular and tubular collagen fibre deposition was reduced, glomerular basement membrane thickened and foot process fusion was reduced. Many autophagosomes can be seen in the cytoplasm. RT-qPCR and WB showed that the expression of mTOR was reduced, and the expression of autophagy-related proteins LC3II and Beclin-1 increased. It may be possible to up-regulate the expression of LC3II and Beclin-1 by inhibiting the mTOR signalling pathway to enhance autophagy. In turn, it reduced podocyte apoptosis and collagen fibre deposition and exerted renal protection. In addition, ADSC-sEVs also have a renal protective effect (27). After the tail vein injection of ADSC-sEVs in mice, blood urea nitrogen, serum creatinine, and urine protein decreased, and podocyte apoptosis decreased. The addition of ADSC-sEVs co-cultivation can effectively alleviate the limitation of high glucose culture on the proliferation rate of MPC5 cells. The exosomal miR-486 reduced the expression of Smad1, inhibited the activation of p62/mTOR signalling pathway and caspase3, up-regulated the expression of LC3 and Beclin-1, enhanced autophagy, and reduced podocyte apoptosis to improve kidney injury in db/db mice. Exosomal miR-486 may be a key factor for stem cells to improve DN. MSC-sEVs protect the kidney by regulating autophagy-related factors, providing a new direction for the treatment of DN. Nagaishi et al. (28) found that the treatment of MSCs and MSCs sEVs can inhibit the abnormal infiltration and interstitial fibrosis of BMSCs in the kidney and inhibited inflammatory signals by inhibiting the p38-MAPK pathway and the overexpression of TGF-β. It reversed the severe damage to renal tubular epithelial cells (TECs) caused by high glucose stimulation, inhibited epithelial–mesenchymal transition (EMT), and reduced the damage caused by DN. In addition, in the diabetic rat model induced by STZ, the tail vein injection of human urine stem cell-derived small extracellular vesicles (USC-sEVs) can promote angiogenesis and cell survival by inhibiting the overexpression of caspase-3 protease and reduce podocyte apoptosis (29). Another study by Jiang et al. (18) demonstrated that USCs-sEVs could potentially reduce the urine volume and urinary microalbumin excretion, prevent podocyte and tubular epithelial cell apoptosis, suppress the caspase-3 overexpression, and increase glomerular endothelial cell proliferation in diabetic rats. Other related studies have also found that MSCs and its sEVs also delay the EMT of podocytes and renal tubular interstitial cells induced by high glucose and have anti-fibrotic effects on DN (31, 32). Overall, these findings provide the basis for the future application of MSC-sEVs as a new biological treatment of DN. However, its therapeutic value is currently limited to animal models. If MSC-sEVs treatment is to be applied into the clinic, further clinical trials are needed.



Repair Function of MSC-sEVs in Diabetic Retinopathy

Hyperglycemia can damage the basement membrane, endothelial cells and retinal perivascular cells of the retinal vascular system (111). Early treatment is to strictly control blood sugar and blood pressure to control disease risk factors, and later can be treated by laser photocoagulation, intraocular anti-VEGF, or glucocorticoid drugs (112). However, these treatments have certain complications and related problems, such as unstable efficacy. Therefore, the treatment of MSC-sEVs has become an alternative solution. At present, scholars generally believe that the occurrence of DR is related to retinal cell degeneration (including retinal cell apoptosis, glial cell dysfunction) and retinal microvascular dysfunction (retina no perfusion, changes in vascular permeability, and retinal neovascularization) (113). The results of Zhang et al. (25) showed that MSC-sEVs injection can alleviate the inflammatory response of diabetic rats or human retinal endothelial cells exposed to high glucose by down-regulating the levels of caspase-1, IL-1b, and IL-18. Compared with control MSC-sEVs, overexpression of miR-126 in MSC-sEVs significantly inhibited the HMGB1 signalling pathway in diabetic rats and inhibited inflammation. In vitro, miR-126 overexpression in MSC-sEVs significantly reduced HMGB1 expression and NLRP3 inflammasome activity induced by high glucose. Safwat et al. (24) showed that ADSC-sEVs reduce STZ-induced DR degeneration in rabbits by delivering micRNA-222 to retinal cells. Mathew et al. (23) explained that in the rat model, MSC-sEVs injected into the vitreous humor 24 h after retinal ischemia can significantly enhance functional recovery and reduce neuroinflammation and cell apoptosis. Generally speaking, MSC-sEVs have great potential as a biomaterial for neuroprotection and regeneration therapy of retinal diseases.




Macrovascular Disease

The predisposing factors of atherosclerosis such as obesity, hypertension and dyslipidemia, often occur in people with diabetes (mainly T2DM) (114). The prevalence of atherosclerosis in diabetic patients is higher, and the onset is earlier. The progress is faster. Atherosclerosis mainly invades the aorta, coronary arteries, cerebral arteries, renal arteries and limb arteries, causing coronary heart disease, ischemic cerebrovascular disease, renal arteriosclerosis, and other diseases. Studies have pointed out that sEVs derived from BM-MSCs can treat brain cognitive dysfunction caused by diabetes. Diabetic vascular calcification (VC) is a common pathological basis in diabetic vascular disease, which is characterized by the deposition of calcium phosphate in the cardiovascular structure (115–118). Advanced glycation end products (AGEs) are the main cause of diabetes-related vascular complications, including diabetic vascular smooth muscle cells (VSMCs) calcification, which can cause VSMCs to calcify (119). The thioredoxin-interacting protein (TXNIP) is a member of the α-arrestin family of inhibitory proteins. In a high glucose state, TXNIP can bind to thioredoxin (Trx) and cause its inactivation and activity. The increase in oxygen species and the production of vascular inflammation are closely related to the production of AGEs (120). Wang et al. (26) found that MSC-sEVs contained high levels of miR-146a. When it was co-cultured with VSMCs pretreated AGE modified bovine serum albumin (AGE-BSA), it could be transferred into cells, by targeting to inhibit the production of TXNIP to protect Trx activity, and inhibit reactive oxygen species (ROS) to prevent AGE-BSA-induced calcification. Therefore, MSC-sEVs may be a potential therapeutic target for VC and play an important role in diabetic vascular disease.



Repair Function of MSC-sEVs in Diabetic Central Nervous System Damage

Diabetic neuropathy is divided into central nervous system disease and peripheral nervous system disease. Central nervous system diseases include brain diseases and spinal cord diseases (121). The abnormal glucose metabolism caused by hyperglycemia damages nerve cells and slows down the conduction speed of brain cells, which can be measured by neuroelectrophysiological equipment. Many people with diabetes have worse memory, reaction speed, and thinking and cognitive abilities than people without diabetes (122). The conduction velocity of the spinal nerve is slowed down, and the patient has symmetry deep paresthesias in the lower limbs, such as loss of position sense, unstable walking, and dysuria. The main cause of cognitive impairment in diabetic patients may be damage to hippocampal neurons and astrocytes. In a study published by Nakano et al. (43) intravenous injection of MSC-sEVs easily spreads from blood vessels to the brain parenchyma. It was internalized by astrocytes and neurons, enhancing the ability of astrocytes to resist oxidative stress. At the same time, MSC-sEVs enhanced the ability of astrocytes to remove glutamate from the brain and maintain K+ balance, thereby promoting neuronal function, brain balance and synapse formation and improving cognitive impairment caused by diabetes. Local injection of BM-MSC-sEVs may be an effective drug for the treatment of cognitive impairment caused by diabetes. Xin et al. (44) found that MiR-133b in sEVs released after stroke by MSCs can transfer to astrocytes and regulate the gene expression of middle cerebral artery occlusion (MCAo) rats. miR-133b regulates the expression of Ras homolog gene family member A (RhoA) and connective tissue growth factor (CTGF), thereby promoting neurite remodelling and growth, and promoting the functional recovery of nerve cells. Venkat et al. (19) found that MSC-sEVs treatment of T2DM stroke can increase the expression of tight junction protein ZO-1, reduce blood-brain barrier leakage and bleeding, reduce body weight and reduce the expression of inflammatory factors (MMP-9 and MCP-1). At the same time, it promotes the remodelling of white matter marked by the increase in axon and myelin density to produce the therapeutic effect of nerve function recovery. The therapeutic effect induced by MSC-sEVs may be partly mediated by reducing the expression of miR-9 and up-regulating the ABCA1-IGFR1 pathway. Kubota et al. (45) further found that an enriched environment promoted the up-regulation of miR-146a secreted by endogenous BM-MSC-sEVs and down-regulation of IL-1 receptor-associated kinase 1 (IRAK1) expression, thereby inhibiting the NF-κB pathway and reducing the production of TNF-α, thereby exerting an anti-inflammatory effect on damaged astrocytes and preventing diabetes-induced cognitive impairment. In addition, some scholars have extracted sEVs derived from BM-MSCs of TIDM rats and BM-MSCs of normal rats and injected them into the brains of TIDM stroke rats (123). They found that the former has the ability to remodel the cerebral blood vessels and white matter. The test results showed that the former serum miR-145 expression decreased, while the miR-145 target gene adenosine triphosphate binding cassette transporter 1 and insulin-like long factor 1 receptor expression increased. Studies have further confirmed that the sEVs transfected and knocked out miR-145 affect the degree of nerve growth, indicating that miR-145 plays an important regulatory role in neuroprotection. MSC-sEVs carry a large number of proteins and nucleic acids that protect nerves and nutrient nerves, can regulate related molecular pathways, protect myelin sheath, reshape synapses, repair damaged neurons, and so on to promote neuron growth and functional recovery. The above research results proved that MSC-sEVs treatment was a powerful tool for central nervous system damage in diabetic patients.



The Role of MSC-sEVs in Diabetic Peripheral Neuropathy and Autonomic Neuropathy

Diabetic peripheral neuropathy (DPN) is one of the main complications of diabetes and one of the important causes of the incidence and death of diabetes (124, 125). There is currently no effective treatment for this disease. Fan et al. (42) applied BM-MSC-sEVs to a DPN mouse model. The results showed that, after treatment with sEVs, the expression of TNF-α in nerve tissues was reduced, and the levels of TGF-β, IL-10, and Arg1 increased, indicating that exosome treatment reversed the increase in M1 type macrophages and the decrease in M2 type macrophages caused by diabetes, which is achieved by the polarization of macrophages M2 to reduce inflammation and improve neurovascular function. From these results we know that MSC-sEVs can reduce neurovascular dysfunction and improve the functional recovery of DPN mice by inhibiting the expression of pro-inflammatory genes.

Erectile dysfunction (ED) is a common comorbidity of male diabetes, and its pathogenesis may be caused by dysregulation of corpus cavernosum smooth muscle cells (CCSMCs). According to epidemiological data, about 50% of diabetic male patients develop erectile dysfunction within 10 years after diagnosis (126). Considering the low efficacy of oral phosphodiesterase type 5 inhibitors (PDE5i) in these patients (127, 128), MSC-sEVs therapy is an attractive tool for the treatment of diabetic ED (DED). Zhu et al. (21) showed that ADSC-sEVs contains some pro-angiogenic microRNA (miR-126, miR-130a, and miR-132) and an anti-fibrotic microRNA family (miR-let7b and miR-let7c). ADSC-sEVs have pro-angiogenic properties in vitro. In vivo ADSC-SEVs can induce endothelial cell proliferation, reduce cavernous fibrosis, and restore erectile function. Wang et al. (20) also found that ADSC-sEVs promoted neurovascular function by delivering corin and inhibited the expression of inflammatory factors to restore erectile function in diabetic rats. Huo et al. (22) explained that miR-21-5p delivered by MSC-sEVs can inhibit the expression of PDCD4 in T1DM rats, thereby stimulating the proliferation of corpus caverno-sum smooth muscle cells (CCSMCs), inhibiting CCSMCs apoptosis, and improving DED. These findings may provide new insights into the role of MSC-sEVs in the innovative treatment of DED.



The Role of MSC-sEVs in Diabetic Foot Ulcers and Diabetic Skin Damage

Diabetic foot ulcers (DFU) is a serious complication of diabetes. Although people are increasingly aware of its pathophysiology and cellular and molecular responses, the reason for this pessimistic situation is the lack of effective treatments. DFU is mainly caused by ischemic, neurological, or combined neuroischemic abnormalities (129). It is a slow-healing deep chronic wound and microvascular obstruction. In recent years, multiple studies have reported the potential of MSC-sEVs to treat lower extremity ischemia and ulcers caused by diabetes. MSC-sEVs show stupendous therapeutic potential in the immune regulation and angiogenesis stage of DFU. In the immune regulation stage, MSC-sEVs could secrete miR124a/125b (130) to reduce inflammation, produce leb-7b (36) to regulates macrophage polarization, and secrete miR21 (38, 131, 132) to modulate dendritic cell differentiation. In the angiogenesis stage, MSC-sEVs have the ability to produce NRF2 (37), mmu_circ_0000250 (40), DMBT1 (39), lncRNA H19 (133), OxOband (41), miR126 (134, 135), miR23 (136), and miR21 (38, 131, 132) to promote the process of angiogenesis, granulation tissue formation, and re-epithelialization. The detailed summary of this part can be found in the review by An et al. (137). The exosome-derived miRNA and protein can be better protected by the exosomal membrane structure to avoid degradation, which not only helps to open up new targets for the early treatment of DFU, but also delays or even reverses the disease caused by the DFU process.

Poor healing of diabetic wounds can increase the risk of gangrene, amputation and even death. The main reasons for this complication include hypoxia, impaired angiogenesis, reactive oxygen species injury, and neuropathy (37, 138). At present, the main methods for treating diabetic chronic skin damage are debridement and dressing, but these treatment methods do not bring satisfactory results (139). Studies have shown that MSC-sEVs can carry a variety of anti-inflammatory factors and growth factors, which can regulate the immune response and inflammation (140, 141), promote wound angiogenesis (142, 143), accelerate the proliferation and regeneration of skin cells (142), and activate the collagen secretion of fibroblasts (144), eventually promoting the re-epithelialization of the skin wound. ADSC-sEVs exert an immunosuppressive effect by reducing the secretion of IFN-α, thereby inhibiting the activation of T cells (145). Li et al. (37) found that ADSC-sEVs inhibited the production of ROS and inflammatory factors through the overexpression of Nrf2 in a high glucose environment and prevented the senescence of endothelial cells. In addition, a new method to promote the healing of diabetic wounds has emerged: Shi et al.’s study in diabetic rat skin defect models showed that the combination of sEVs derived from gingival MSCs and chitosan/silk hydrogel can promote the regeneration of extracellular matrix (35). Epithelialization, deposition and remodelling promote angiogenesis and inward growth of neurons, thereby effectively promoting the healing of ulcer wounds in diabetic rats. ADSC-sEVs riched in miRNA-125a and miRNA-31, which can be transferred to vascular endothelial cells to stimulate proliferation, and promote angiogenesis (142, 143). At the same time, ADSC-sEVs can inhibit the expression of angiogenesis inhibitor (DLL4) and the anti-angiogenesis gene HIF1 in vascular endothelial cells, thereby promoting the migration of vascular endothelial cells and enhancing angiogenesis. In the early stage, ADSC-sEVs promote collagen remodelling by synthesizing type I and III collagen and, in the late stage reduce scar formation by inhibiting collagen formation (144). In addition, ADSC-sEVs stimulate the reconstruction of the extracellular matrix by regulating the differentiation and gene expression of fibroblasts, thereby promoting wound healing. Wang et al. (146) found that ADSC-sEVs increased the ratio of transforming growth factor-β3 (TGF-β3) to TGF-β1 in vivo. ADSC-sEVs also increased the expression of MMP3 in skin dermal fibroblasts, which was beneficial to the remodelling of the extracellular matrix (ECM) to reduce scar formation. These evidences prove that MSC-sEVs or its combination with new materials have strong therapeutic potential as depicted in Figure 3.




Figure 3 | The mechanisms of MSC-sEVs in the treatment of complex diabetic complications.






Pharmaceutical Development of MSC-sEVs-Based Therapeutics for Diabetes Diseases

With such promising preclinical findings in various types of disease models, investigators are now tasked with developing safe, feasible and reproducible MSC-sEVs-based therapies. Currently, 93 clinical trials involving exosomes are listed in www.clinicaltrials.gov. The majority of these trials focus on the use of sEVs from several body fluids as early diagnostic tools to predict the outcome of various treatments. MSC-sEVs have been shown in preclinical studies to be safe and scalable to large, clinically relevant doses (147).To date, several clinical applications of MSC-sEVs have been reported (148). A published study demonstrated that increasing dosages of MSC-sEVs in a patient with severe therapy-refractory acute graft versus-host disease (GVHD), was well tolerated and led to a significant and sustainable improvement of symptoms, which remained stable for five months (98). Globally, at least one clinical trial of MSC-derived sEVs for the improvement of β-cell mass in T1DM patients has been reported (https://clinicaltrials.gov/ct2/show/NCT02138331?term=MSC+exosomes&draw=1&rank=1). The first phase I clinical trial was initiated in 2014 with the aim of evaluating the safety of UC-MSC-sEVs in 20 patients with type 1 diabetes. Patients received a systemic injection of sEVs (ranging between 40-180 nm, in a dose of the supernatant produced from (1.22-1.51) × 106/kg/IV) at day 0 and of microvesicles (ranging between 180-1000 nm, in a dose of the supernatant produced from (1.22-1.51) × 106/kg/IV) at day 7. At the end of study (3 months) the following parameters are being evaluated: liver functions tests, kidney functions tests, HbA1c, glucose tolerance test, fasting and 2 h postprandial blood glucose levels, C-peptide chain level, and calculated total daily insulin dose. However, the status of the trial is unknown. More studies of MSC-sEVs-based therapeutics will be initiated in the near future (https://www.clinicaltrials.gov; unique identifier: NCT02138331, NCT03437759, NCT03384433) (98, 149). However, there remain significant challenges to translating this therapy into the clinic.



New Strategy for MSC-sEVs Treatment

The treatment of diabetes and its related complications is a huge economic burden for all countries in the world. At present, the most common way to diagnose diabetes is to measure blood glucose levels. However, before the blood sugar rises, there are potential vascular damage and decreased insulin sensitivity, so it is particularly important to find new alternative treatments. Numerous studies have shown that MSC-sEVs can mimic the biological functions of MSCs. But, MSCs mostly reside in the liver, spleen, and lungs, reaching less than 1% of the injured site. Most of the MSCs that reach the target tissue disappear after a few days, and the fate of most MSCs is anoikis or phagocytosis. Only a small amount of MSCs stayed at the injury site for a long time. In recent years, with the deepening of sEVs research, scholars have proposed sEVs as a new biomarker for early diagnosis of diabetes. Studies have confirmed that injection of therapeutic sEVs can maintain a lasting biological effect within 6 weeks, suggesting that sEVs can transmit lasting signal information between cells (150). Whether or not it is advisable to develop MSC-sEVs therapy since it seems that the miRNAs on their own have a therapeutic effect rather than the MSC-sEVs? Our answer is that it is necessary to develop the treatment of MSC-sEVs. Although current studies on the mechanism of MSC-sEVs have reported that miRNAs play a major role (151), miRNAs will eventually need a vector for gene therapy involving miRNAs (152). Loading of extracellular mature miRNA into recipient cells comes with a cost by at least impeding dynamic localization of miRNAs in nucleoli or inefficient miRNA delivery due to rapid recycling by exonucleases. All these works are calling for the design of new biomimetic vehicles. There have been some reports of genetic drugs/carrier, but they can be eaten up by the immune system and they’re not very stable, they have some immunogenicity (153). SEVs have a transport function and can increase the potency of miRNAs or drugs by modifying aptamer to specifically target tissues (67) and in vivo assessment of miRNA functionality when delivered by natural or biomimetic nanoparticles in order to control metabolic diseases. MSC-sEVs have great potential in cell-free therapy. This therapy is safer and easier to operate than cell therapy. It can circumvent potential tumorigenicity (154–156), untargeted tissue differentiation, undesired immune response in stem cell transplantation (157), low survival rate of transplanted cells (158), heterogeneity of clinical donors, in vitro expansion, cryopreservation methods, poor safety. Moreover, small-size EV preparations that are isolated using protocols including a filtration step through 0.22 µm membranes can be considered as sterile and do not require an additional sterilization step. These advantages make sEVs a safer and more effective alternative to traditional viral vectors (159), and sEVs can be designed as carriers for targeted delivery of molecular therapy (160). Because sEVs can transmit bioactive molecules between cells to affect the insulin sensitivity of target cells, using sEVs as therapeutic agents and carriers to enhance β-cell proliferation and repair also provides a new direction for the treatment of diabetes. With the development of targeted therapy technology, MSC-sEVs have shown great potential as a biomarker for the diagnosis and prognosis of diabetes and related complications (77). MSC-sEVs mediate a variety of signaling pathways in diabetes and its complications, transmit different messages between cells, and regulate pathological activities and physiological functions. Due to different physiological or pathological conditions, sEVs and their contents will undergo corresponding differential changes. If biomarkers are found in them, the detection of body fluid sEVs may become an effective early diagnosis and treatment method for diabetes and its complications. SEVs contain a variety of proteins and biological genetic materials, and sEVs can travel throughout the whole body and even penetrate the blood-brain barrier, so proteins and macromolecular genetic materials can be loaded in the sEVs. If the corresponding drugs are wrapped into the sEVs, and then targeted and absorbed by cells, they will become an effective means of precision treatment. MSC-sEVs will become an ideal solution for cell-free therapy in the field of regenerative medicine. Proteins and miRNAs that help tissue regeneration can be packaged into specially designed MSC-sEVs. The ligands expressed by these packaged MSC-sEVs help to attach to therapeutic targets. Theoretically, injection of these sEVs will allow the drug to be delivered directly to specific target cells. This therapy can be used in patients with diabetic nephropathy or central nervous system damage to stimulate cell regeneration. What’s more, it can also be used as a supportive treatment for islet transplant recipients, prolonging insulin independence and reducing patients’ dependence on immunosuppressive drugs. All the advantages for MSC-sEVs treatment by comparison to MSCs donor cells as showed in Table 2. But the long-term effectiveness and safety of this treatment must first be evaluated. Research on sEVs is still in its early stages. There is no comprehensive clinical trial using MSC-sEVs-based regenerative therapy. Research progress depends on a deeper understanding of sEVs formation and signal transduction mechanisms.


Table 2 | The advantages for MSC-sEVs treatment by comparison to MSCs donor cells.





Challenges

Unfortunately, few experimental studies have compared the efficacy of MSCs and MSC-sEVs in diabetes and its chronic complications. MSC-sEVs therapy prevents abnormal renal function in HFD- and STZ-diabetic mice, similar to MSCs therapy (28). However, MSC-sEVs in HFD-diabetic mice conferred anti-inflammatory and renoprotective effects exceeding those of their parent MSCs (28). The combination of MSCs and MSC-sEVs was more effective to either one alone inhibit further immune response of transplanted islets, suggesting additive effects (109). Both strategies supported the notion that MSC-sEVs recapitulate the salutary effects of MSCs.

Although MSC-sEVs are a good natural carrier, uncertainty remains regarding sEVs fate, safety, isolation, characterization and long-term effects, which might impose important limitations on their path to clinical translation. In translational clinical studies, people have not yet reached a consensus on the dose of sEVs, the quantification of MSC-sEVs is essential to understanding the basic biological relationship between MSC-sEVs and its parent cells and the underlying interpretation of MSC-sEVs signals. Currently, researchers use several different methods to quantify the dose of sEVs, protein concentration and NTA, tunable resistance pulse sensing (TRPS) and flow cytometry, which make it difficult to compare studies with each other (161). Therefore, to help inter-study comparison, we need multiple quantifications using various quantification tools. Next, the route of administration still requires further clarification. Therefore, it is necessary to further research and establish a uniform administration procedure for sEVs.

The storability of MSC-sEVs is an important aspect, both for basic research and for clinical applications. Currently, there is no standardized procedure for the storage of MSC-sEVs. Whether MSC-sEVs is suitable for storage at 4°C, -80°C, -196°C or other temperatures is no standardized procedure (162). It’s still impractical to always use fresh MSC-sEVs preparations. In addition, storage vials can also affect the quality of MSC-sEVs, because MSC-sEVs may accidentally and irreversibly combine with certain materials (163). Due to the lack of data to address the impact of storage time and drugs on the stability and effectiveness of MSC-sEVs, it is necessary to develop a customized agreement for MSC-sEVs.

At present, there are still a series of problems, such as complicated sEVs extraction processes, low purity, expensive reagent supplies and so on (77). It is essential to expand the production of MSC-sEVs to meet the needs of clinical research (164, 165). A standardized sEVs detection platform should be established as soon as possible to accelerate the clinical transformation of large sEVs and big data, and provide a new direction for the diagnosis and treatment of diabetes. Based on the complexity of the biological substances contained in sEVs, the specific mechanisms and signaling pathways of sEVs involved in diabetes coupling still need to be further explored. Therefore, it is necessary to further research and establish a uniform administration procedure for sEVs.



Conclusion and Future Perspective

With a more complete understanding of the mechanisms driving sEVs formation, sEVs could be engineered as vectors for the targeted delivery of molecular therapies injection of these sEVs would, in theory, allow for the discriminate delivery of medicine directly into specific target cells. It could also be of benefit as a supportive treatment for pancreatic islet transplant recipients, lengthening insulin independence and reducing the patients’ dependence on immunosuppressive medication. With great perspective, MSC-sEVs therapy brings a bright future for diabetes treatment. Besides, sEVs from MSCs as well as pre-treatment of MSC-sEVs can be regarded as a key breakthrough to improve therapeutic efficiency.

In conclusion, MSC-sEVs is a therapeutic option for diabetes and its chronic complications in the future. However, long term studies are required to evaluate the efficacy and safety of sEVs therapy to find new and novel strategies for the treatment of diabetes; and further studies in humans are necessary to investigate the results on animal models. In the future, one can hope that sEVs therapy can be used in reduce the blood glucose, restore insulin sensitivity along with other complications treatments and promises a new therapeutic approach in clinical applications. In addition, with rapid advances in bioengineering and cell modification technologies, the next step in the field of sEVs will be the engineering or modification of exosome surfaces and contents, which may be more specific, extending its application to more complex medical fields.
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Background and Aims

To understand the role of microRNAs in muscle atrophy caused by androgen-depletion, we performed microarray analysis of microRNA expression in the skeletal muscles of Sham, orchiectomized (ORX), and androgen-treated ORX mice.



Methods

To clarify role and mechanisms of let-7e-5p in the muscle, the effect of let-7e-5p overexpression or knockdown on the expression of myosin heavy chain, glucose uptake, and mitochondrial function was investigated in C2C12 myotube cells. Moreover, we examined serum let-7e-5p levels among male subjects with type 2 diabetes.



Results

We found that the expression of the miRNA, lethal (let)-7e-5p was significantly lower in ORX mice than that in Sham mice (p = 0.027); however, let-7e-5p expression in androgen-treated ORX mice was higher (p = 0.047). Suppression of let-7e-5p significantly upregulated the expression of myosin heavy chain, glucose uptake, and mitochondrial function. Real-time PCR revealed a possible regulation involving let-7e-5p and Igf2bp2 mRNA and protein in C2C12 cells. The serum let-7e-5p levels were significantly lower, which might be in compensation, in subjects with decreased muscle mass compared to subjects without decreased muscle mass. Let-7e-5p downregulates the expression of Igf2bp2 in myotube cells and inhibits the growth of the myosin heavy chain.



Conclusions

Based on our study, serum level of let-7e-5p may be used as a potential diagnostic marker for muscle atrophy.
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Introduction

Sarcopenia, an aging-related condition characterized by the loss of muscle mass, strength, and function, is an important global health concern (1). Sarcopenia-associated muscular atrophy not only impairs motor function, but also increases the likelihood of falls and fractures, affects daily activities (2, 3), and increases the risk of mortality (4). The pathogenesis of skeletal muscle atrophy includes reduced regenerative capacity of muscle satellite cells, reduced protein synthesis, and accelerated degradation of myotube cells (5). Although the exact mechanism is unknown, reduced androgen production has been implicated in the pathogenesis of skeletal muscle atrophy. Roy et al. reported an association between serum androgen concentration and skeletal muscle mass and strength (6). In addition, Basualto-Alarcón et al. showed that androgen signals induce muscle hypertrophy through the mTOR and androgen receptor pathways (7). However, androgen replacement therapy has been reported to have several adverse effects (8). Therefore, there is an urgent need to develop new therapeutic options to prevent androgen deficiency-induced skeletal muscle atrophy.

Micro RNAs (miRNAs) are short single-stranded non-coding RNAs approximately 19–23 nucleotides in length that regulate gene expression in the post-transcriptional control phase of target messenger RNAs (mRNAs). MiRNA-mediated transcriptional repression is known to play an important role in biological processes such as cell proliferation and differentiation (9), apoptosis (10), metabolism (11), and development (12). MiRNAs bind to their target mRNAs with incomplete homology, thereby destabilizing the target mRNA, and inhibiting protein synthesis (13).

Recent studies have shown that a single miRNA can regulate the expression of multiple genes associated with a single pathology. Abnormal expression of miRNAs in the skeletal and cardiac muscles is associated with muscle damage (14). We previously reported that activation of the Akt-mTOR pathway, caused by miR-23b-3p overexpression-mediated PTEN repression, counteracts skeletal muscle atrophy and has beneficial effects on the skeletal muscles, including increased expression of myosin heavy chain, myoD, and myogenin, and increased glucose uptake and ATP activity (15). In contrast, in this study, using microarray analyses of miRNA in skeletal muscles, we found that the miRNA, lethal (let)-7e-5p, was overexpressed in androgen-treated orchidectomized (ORX) mice, compared to ORX mice. Let-7 family has been reported to be related with muscle atrophy. Muscle biopsy studies found that the expression of let-7b and let-7e was increased in the skeletal muscle in older men with less lean mass compared to young men (16). In another study, in healthy men with 21-days bed rest let-7 in muscle was increased (17). On the other hand, the expression of let-7 was decreased in skeletal muscle at 10-days of bed rest in healthy man (18), and the expression of the let-7 family within atrophied skeletal muscle has been reported in various ways and no clear conclusions have been reached. In this study, we investigated the association between skeletal muscle atrophy and let-7e-5p using murine C2C12 myotube cells. In addition, we examined the relationship between let-7e-5p levels in human serum and muscle atrophy.



Materials and Methods


Animals and Experimental Design

All experimental procedures were approved by the Committee for Animal Research, Kyoto Prefectural University of Medicine (M2020-40). Six-week-old C57BL/6 J male mice were purchased from Shimizu Laboratory Supplies (Kyoto, Japan) and housed in specific pathogen-free controlled environment. The mice were fed a standard diet (SD; 344.9 kcal/100 g, fat kcal 4.6%; CLEA Japan, Tokyo) for 4 weeks starting at 8 weeks of age.

Mice were either orchiectomized (ORX group) or sham-operated (Sham group) at 7 weeks of age. Under isoflurane inhalation anesthesia, the skin of the testicle area is cut by 1 cm, the testicle is removed, and compression hemostasis is applied until obvious bleeding stops. In the sham group, the skin at the testicle area is cut by 1 cm, and the testicle is not removed, and only the skin is sutured. For the androgen-treatment group (ORX+A), 8-week-old ORX mice were treated with testosterone, administered once every 2 days for 4 weeks via subcutaneous injection of androgen enanthate (3.6 μg/g body weight; ISEI, Yamagata, Japan) diluted in sesame oil (19).

When the mice reached 12 weeks of age, mice were sacrificed by the administration of a combination of anesthetics including 0.3 mg/kg medetomidine, 4.0 mg/kg midazolam, and 5.0 mg/kg butorphanol (20). The soleus muscle was obtained, frozen immediately, and stored at -80°C until use. QIAzol Lysis reagent (Qiagen, Hilden, Germany) was used for miRNA extraction.



MiRNA Microarray Analysis

The soleus muscles were obtained from the mice in the ORX, ORX+A, and Sham groups, and subjected to GeneChip miRNA 4.0 Array (cat. #902412, Applied Biosystems, Foster City, CA, USA). The relative abundance of the miRNAs within the groups was evaluated using the weighted average distance (WAD) method using R (21) and paired t-tests. The WAD method ranked the genes based on high expression, high weightage, or fold-change. WAD was found to be an effective method of transcriptome analysis. The data were preprocessed with Robust Multichip Average normalization, and the global miRNA expression was visualized as a volcano plot.



Mouse Skeletal Muscle Cell Culture

C2C12 cells (a mouse myoblast cell line; KAC Co. Ltd., Kyoto, Japan), were plated in 24-well plates and grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 20% fetal bovine serum (day 2). The medium was changed every other day. When the cells reached 80% confluence, they were differentiated in DMEM supplemented with 2% horse serum (differentiation medium) (day 0). At 24 h after the medium change, the cells were transfected with 30 nM let-7e-5p mimic/inhibitor or a scrambled sequence (mirVana ®), which were purchased from Thermo Fisher Scientific, using X-treme Gene siRNA transfection kit (Roche, Mannheim, Germany) according to the manufacturer’s recommendations (day 1). At 96 h (day 5) post-transfection, the myotube cells were evaluated through various experiments.



Gene Expression in C2C12 Cells

Gene expression in the C2C12 cells was analyzed on day 5. Medium was removed and the cells were washed with cold phosphate buffered saline (PBS) twice. Cells were detached from the dish using cell scrapers, homogenized in ice-cold QIAzol Lysis reagent, and total RNA was isolated following the manufacturer’s instructions. Total RNA (0.5 μg) was reverse transcribed into cDNA using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) with oligodT and random hexamer primers according to the manufacturer’s recommendations. The reverse transcription reaction was performed for 120 min at 37°C and the reaction was inactivated for 5 min at 85°C. We chose the let-7e-5p target mRNA, Igf2bp2, for further studies. We used real-time reverse transcription-polymerase chain reaction (RT-PCR) to quantify the mRNA expression of Igf2bp2, Trim63, Fbxo32, and Hdac4, which are involved in muscle atrophy (22). RT-PCR was performed using TaqMan Fast Advanced Master Mix (Applied Biosystems) according to the manufacturer’s instructions. The PCR conditions were as follows: 1 cycle of 2 min at 50°C and 20 s at 95°C, followed by 40 cycles of 1 s at 95°C, and 20 s at 60°C.

The relative expression of each target gene was normalized to the threshold cycle (CT) value of Gapdh quantified using the comparative threshold cycle 2−ΔΔCT method as described previously (23). Signals from the Sham mice were assigned a relative value of 1.0. Six mice were examined in each group, and RT-PCR was performed in triplicate for each sample. Total miRNA was extracted from the soleus muscle using the miRNeasy mini kit (Qiagen, Hilden, Germany).

For the miRNA RT-PCR experiments, cDNA was synthesized from 200 ng of total miRNA using a Taqman miRNA Reverse Transcription kit (Applied Biosystems). U6 was used as an endogenous control. RT-PCR was performed using TaqMan Fast Advanced Master Mix (Applied Biosystems) according to the manufacturer’s instructions. The PCR conditions used were as follows: 1 cycle of 2 min at 50°C and 20 s at 95°C, followed by 40 cycles of 1 s at 95°C, and 20 s at 60°C. We extracted and quantified let-7e-5p and U6 small nucleolar RNA using the 2−ΔΔCT method. Signals from the Sham mice were assigned a relative value of 1.0.



Luciferase Reporter Assay

The putative let-7e-5p targets were predicted using TargetScan Human 6.2 (http://www.targetscan.org/). The putative recognition sites of let-7e-5p in the IGF2BP2 3’-untranslated region (3’-UTR) and its sequences are shown in Supplementary Figure 2. The reporter plasmids containing the wild-type (WT) 3′UTR (pmirGLO3-IGF2BP2-WT-3′UTR) and mutant (MUT) 3′UTR (pmirGLO3-IGF2BP2-MUT-3′UTR) were synthesised (Genecopoeia). C2C12 myotube cells in 96-well plates were transfected with 30 nM scrambled sequence (NC), a combination of let-7e-5p mimicking substrate (Applied Biosystems) and IGF2BP2 reporter vector or pEZX-MT01 control vector, which were purchased from Merk, using an X-treme GENE siRNA transfection kit according to the manufacturer’s instructions. All transfection experiments were performed in triplicate. Luciferase activity was assayed at 48 h after transfection, using a dual-luciferase reporter assay system (Genecopoeia).



Protein Extracts and Western Blot Incubated With Antibodies

Whole C2C12 myotube cell extracts were prepared in a radio immunoprecipitation assay buffer (RIPA, ATTO, Tokyo; 50 mmol/L Tris (pH 8.0), 150 mmol/L NaCl, 0.5% deoxycholate, 0.1% SDS and 1.0% NP-40) containing a protease inhibitor cocktail (BioVision, Milpitas, CA, USA). Protein assays were performed using a BCA protein assay kit (Pierce/Thermo Scientific, Rockford, IL, USA) according with the manufacturer’s instructions. Total protein (20μg) was electrophoresed in 12% SDS-PAGE gels, and western blotting was carried out using standard protocols and proteins detected by ImageQuant LAS 500 (GE Healthcare, Piscataway, NJ, USA).

C2C12 myotube cells were subjected to protein extractions. First, 40–60 μg of protein extraction were incubated with the following primary antibodies; Igf2bp2 (1:1000), MY32 or gapdh (1:1500) diluted with EzBlock Chemi (ATTO, Osaka, Japan) overnight at 4°C, followed by incubation with goat anti-mouse IgG secondary antibodies conjugated to horseradish peroxidase diluted with EzBlock Chemi for 30 minutes at room temperature. All the antibodies listed in this section were obtained from Santa Cruz Biotechnology (Santa Cruz, Dallas, TX, USA).



Immunocytochemistry

C2C12 cells were cultured in 8-well chamber slides and immunocytochemistry was performed on day 5. The cells were fixed in 4% paraformaldehyde and incubated with MY32, a primary monoclonal antibody against myosin heavy chain (Sigma-Aldrich, St. Louis, MO, USA), or F12B, anti-myogenin, (Sigma-Aldrich), diluted in PBS/1% BSA/0.3% TritonTM X-100 (Sigma-Aldrich) overnight at 4°C, and then with Texas-red-conjugated anti-mouse secondary antibody (Jackson ImmunoResearch) diluted in PBS/1% BSA/0.3% TritonTM X-100 overnight at 4°C for 1 h. The nuclei were stained with DAPI (Sigma-Aldrich). Images were captured with a BZ-X710 fluorescence microscope, and the fluorescence intensity of the cells and the nuclei count per image with a 20-fold magnification were analyzed using ImageJ (NIH). In addition, the fusion index was defined and determined according to a previous study (24).



Apoptosis Detection by Flow Cytometry Analysis

C2C12 cells were cultured in 24-well chamber slides and flow cytometry analyses were performed on day 5 with Annexin V-FITC Apoptosis Detection Kit (Nacalai tesque, Kyoto, Japan) according to the manufacturer’s recommendations. FACS Canto II and FlowJo version 10 software were used for obtained data and analyzation.



ATP Activity

C2C12 cells were cultured in 24-well plates, and cellular ATP was extracted on day 5 using an Intracellular ATP assay kit (Toyo-B-Net, Tokyo, Japan) according to the manufacturer’s instructions. The medium was removed, cells were washed twice with cold PBS, and then treated with ATP extraction buffer (400 μL/well) at room temperature for 5 min. The lysate was then dispensed into 96-well plates (on ice) in triplicate and luminescent reagent (100 μL/well) was added. ATP activity was quantitated as a measure of the luminescence using an Orion L microplate luminometer (Berthold Detection Systems, Pforzheim, Germany).



2-Deoxyglucose Uptake by C2C12 Cells

The uptake of [3H]2-deoxyglucose (PerkinElmer, Boston, MA) by C2C12 cells cultured in 24-well plates was measured. Cells were washed twice with serum-free DMEM, incubated in serum-free DMEM for 2 h at 37°C, and washed twice with PBS. Then, Krebs-Ringer-phosphate buffer (10 mM phosphate [pH 7.5], 113 mM NaCl, 5 mM KCl, 1.3 mM CaCl2, 1.2 mM MgSO4, and 1.2 mM KH2PO4 containing 0.3% BSA) was added in the presence or absence of 10 mU/mL bovine insulin for 30 min at 37°C. The uptake of 10 µM [3H]2-deoxyglucose was then measured over a 5-min period. Reactions were terminated by rapidly washing the cells twice with ice-cold Krebs ringer bicarbonate buffer.

Cells were then extracted using 0.2% SDS, and aliquots of the cell extract were counted by liquid scintillation and used to determine the protein concentration. Nonspecific uptake was measured in the presence of 10 µM of cytochalasin-B, and the values were subtracted from those corresponding to specific binding.



Measurement of Cellular Oxygen Consumption Rate (OCR) in C2C12 Cells

OCR of C2C12 cells was determined using a Seahorse Extracellular Flux Analyzer XFp (Agilent Technologies, Santa Clara, CA). C2C12 cells (0.5 × 104 cells/well) were plated and cultured in normal medium in a Seahorse plate, and the experiment was conducted 5 days after changing the cells to differentiation medium. On the day of the measurement, the medium was replaced with XF assay medium supplemented with 10 mM glucose, 2 mM glutamine, and 1 mM pyruvate, and the cell culture plate was placed in a CO2-free incubator for 1 h. OCR was determined using a Seahorse Analyzer in combination with a Cell Mito Stress Test assay kit according to the manufacturer’s instructions. For the Cell Mito Stress Test, 2 μM oligomycin, 2 μM carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), and 1 μM rotenone /antimycin A were subsequently added to the assay medium to monitor different aspects of mitochondrial respiration. Two plates with the same conditions were prepared, one for the experiment and the other for cell counting after stripping the cells with trypsin EDTA, and OCR was normalized to the total number of cells.



Study Population

The present study population was derived from the KAMOGAWA-DM cohort study, which is an ongoing prospective cohort study that began in 2014 (25). Approval for the study was obtained from the research ethics committees of the Kyoto Prefectural University of Medicine and Kameoka Municipal Hospital (E-466), and written informed consent was obtained from all the patients. For the present study, we collected information pertaining to male patients aged ≥ 65 years with type 2 diabetes, all of whom were Japanese, physically active, and KAMOGAWA-DM participants recruited from the outpatient clinic of the Kyoto Prefectural University of Medicine or Kameoka Municipal Hospital between August 2015 and September 2017. Patients with diabetic nephropathy stage 3 or higher (26) and those with inflammatory disease, malignancy, or endocrine disease were excluded from the study. Patients with class NYHA II–IV cardiac insufficiency (27) or severe chronic obstructive pulmonary disease were also excluded (27) as these conditions may influence the patient’s physical activity.

Next, we examined the decrease in muscle mass by determining each patient’s skeletal muscle index (SMI) based on the algorithms proposed by the Asian Working Group for Sarcopenia (28). The body composition of each patient was evaluated using a multifrequency impedance body composition analyzer (InBody 720, InBody Japan, Tokyo) (29), which is well correlated with the dual-energy X-ray absorptiometry (30). We obtained each patient’s body weight (BW, kg), body fat mass (kg), skeletal muscle mass (kg), and appendicular muscle mass (kg) and then calculated the skeletal muscle mass index (SMI) (kg/m2) by dividing the appendicular muscle mass (kg) by the square of the patient’s height (m) (30). The body mass index was defined as weight in kilograms divided by height in meters squared. The cut-off value for SMI was set to < 7.0 kg/m2. In this study, we selected a total of 32 male patients to form two groups of 16 patients with or without decreased muscle mass, matched for age. Approval for the study was obtained from the research ethics committees of the Kyoto Prefectural University of Medicine and Kameoka Municipal Hospital, and written informed consent was obtained from all the patients.



Serum miRNA Extraction

RNA was extracted from serum samples using miRNeasy Serum/Plasma Kit (Qiagen) according to the manufacturer’s instructions. Briefly, 250 μL of serum was thawed on ice and centrifuged at 12,000 g at 4°C for 10 min to remove cellular debris. Thereafter, 200 μL of the supernatant was lysed in 1000 μL of QIAzol Lysis Reagent. After incubation for 5 min, 25 fmol of synthetic cel-miR-39 (Syn-cel-miR-39-3p miScript miRNA Mimic, Qiagen) was added to each sample as an external spiked-in control.

Total RNA, including small RNA, was extracted and eluted in 30 μL of RNase-free water using a QIAcube device (Qiagen). Serum levels of let-7e-5p and cel-miR-39 were examined by real-time PCR. A fixed volume of 2 μL of total RNA was reverse transcribed using Taqman miRNA Reverse Transcription kit (cat. #4366597, Applied Biosystems) in a total volume of 15 μL under the following cycling conditions: 16°C for 30 min, 42°C for 30 min, 85°C for 5 min, and then maintained at 4°C.

Real-time PCR was performed (in duplicate) using MiRNA Assay Kit and TaqMan Universal Master Mix II (no UNG; cat. #4440040, Applied Biosystems) on the StepOne Plus system (Applied Biosystems) under the following cycling conditions: 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. The cycle threshold (Ct) values were calculated using StepOne Software v2.3 (Applied Biosystems). The miRNAs expression levels were normalized to those of cel-miR-39 determined using the 2−ΔΔCt method.



Statistical Analysis

Data were analyzed using JMP ver. 13.0 software (SAS, Cary, NC). Student’s t-test was used to compare the different groups. P = 0.05 was considered significant. Moreover, when necessary, Kruskal-Wallis tests followed by Bonferroni correction of the Mann-Whitney U test were used for multiple comparisons. In addition, the area under the curve (AUC) of serum let-7e-5p levels, for the presence of sarcopenia, was calculated by the receiver operating characteristic curve.




Results


MiRNA Array Analyses of Murine Soleus Muscle

We examined the changes in miRNA expression in the soleus muscle of ORX mice by performing microarray analysis comparing the Sham and ORX mice administered with androgen (ORX+A). The differentially expressed genes in the Sham and ORX mice, and ORX and ORX+A mice were determined using the WAD algorithm, and the full ranking is shown in Supplementary Tables 1 and 2. Top 20 miRNAs were ranked from top to bottom, as shown in Figures 1A, B. Additionally, volcano plots and heatmap of microarrays data displaying the pattern of gene expression values for ORX mice versus sham or ORX+A mice were shown in Supplementary Figures 1A, B and 3. In microarray analyses, the fold change of let-7e 5p expression in ORX mice was 0.73 ± 0.16 compared to that in sham mice, and 0.60 ± 0.12 (p =0.047). In real-time PCR, the expression of let-7e-5p was significantly reduced in the ORX mice, compared to that in Sham mice (p = 0.027), whereas replacement of testosterone restored the expression of let-7e-5p (p = 0.135) (Supplementary Table 3). In addition, the expression of let-7e-5p evaluated by RT-PCR in soleus muscle of ORX mice was significantly decreased, compared to that of sham or ORX+A mice (p =0.001), whereas that of ORX+A mice was restored to the same levels as that of sham mice (p =0.167) (Supplementary Figure 1C).




Figure 1 | Top 20 miRNAs in the soleus muscle ranked using the weighted average difference method. Influence of miRNAs in Sham, ORX, and ORX+A mice was assessed using the weighted average differences method, and the assessed influence of the genera are ranked from top to bottom. Top 20 miRNAs are shown. Differences between these miRNAs were evaluated using paired t‐tests (n = 3). Left, histogram showing the mean fragments per kilobase of exon per million reads mapped (FPKM) of miRNAs (mean + standard deviation); right, 95% confidence interval (CI) of the differences in mean proportion and P‐ value by paired t‐test are shown. (A) Sham vs. ORX mice. (B) ORX vs. ORX+A mice. Sham: red, ORX: blue, ORX+A: green.





Igf2bp2 Is a Potential Target of Let-7e-5p

Putative let-7e-5p targets were predicted using TargetScan Human 6.2 (http://www.targetscan.org/). The putative let-7e-5p recognition sites in the 3’-untranslated region (3’-UTR) of insulin-like growth factor-2 mRNA-binding proteins 2 (Igf2bp2) and their sequences are shown in Supplementary Figure 2. We confirmed that the expression of let-7e-5p in C2C12 cells was significantly increased following transfection of the mimicking substrate, and decreased following transfection of an inhibitor (p = 0.001) (Figure 2A). Expression of Igf2bp2 in C2C12 cells was significantly decreased following transfection with the let-7e-5p mimicking substrate (p = 0.001) (Supplementary Figure 1D). Conversely, the expression of Igf2bp2 in C2C12 cells was significantly increased by the let-7e-5p inhibitor (p = 0.001) (Supplementary Figure 1D). Moreover, in Western blot analyses, the Igf2bp2 protein levels were investigated. The Igf2bp2 protein levels of C2C12 cells transfected with the let-7e-5p inhibitor was higher than those with the let-7e-5p mimicking substrate (Figure 2C). In addition, the luciferase reporter assays using a 3’UTR of Igf2bp2 construct with let-7e-5p or a miR-Control construct expressing C2C12 myotube cells revealed a consistent reduction of luciferase activity in the let-7e-5p transfectants, suggesting that let-7e-5p represses Igf2bp2 directly (Figure 2D). The expression of genes related to muscle atrophy such as Trim63, Fbxo32, and Hdac4, was significantly increased in C2C12 cells transfected with the let-7e-5p mimicking substrate compared to that in cells transfected with the inhibitor (Figure 2B).




Figure 2 | Let-7e-5p inhibits myotube formation in C2C12 cells via repression of Igf2bp2. (A) Let-7e-5p expression in C2C12 cells was assessed after transfection with a let-7e-5p mimic/inhibitor (30 nM) (n = 6). (B) Relative expression of mRNAs of indicated genes in C2C12 cells normalized to Gapdh expression (n = 6). (C) Western blotting to detect the levels of Igf2bp2 and MHC and Gapdh in C2C12 myotube cells transfected with a let-7e-5p mimic/inhibitor (n=6). (D) Target validation study by luciferase assay (n=6). (E) Immunocytochemistry in C2C12 cells (n = 6). Red: Myosin heavy chain. Blue: DAPI. Scale bar, 50 µm. (F) Fluorescence intensity of myosin heavy chain (arbitrary units, a.u.) was compared (n = 6). (G) Fusion indices of C2C12 cells are shown (n = 6). (H) Width of myosin heavy chain are shown (n=6). (I) Representative flow cytometry plots of C2C12 cells Annexin V- PI- live cells, Annexin V+ PI- apoptosis cells, and Annexin V+ PI+ dead cells. (J) The ratio of live cells is shown (n=6). (K) The ratio of apoptosis cells is shown (n=6). (L) The ratio of dead cells is shown (n=6). Data represent the means ± standard deviation (SD). *p = 0.05, **p = 0.01, ***p = 0.001 by one-way ANOVA. Kruskal-Wallis tests followed by Bonferroni correction of the Mann-Whitney U test were used for multiple comparisons. Ctrl: negative control, MHC: myosin heavy chain.





Suppression of Let-7e-5p Upregulated the Expression of Myosin Heavy Chain in C2C12 Cells and Decreased the Apoptosis

In Western blot analyses, the MHC protein levels of C2C12 cells transfected with the let-7e-5p inhibitor was higher than those with the let-7e-5p mimicking substrate (Figure 2C). Next, we immunostained the cells with monoclonal antibodies against myosin heavy chain. Immunostaining revealed induction of growth in myotube cells transfected with the let-7e-5p inhibitor, while cells transfected with the let-7e-5p mimicking substrate atrophied (Figure 2E). In addition, the fluorescence intensity of myosin heavy chain in the C2C12 cells transfected with the let-7e-5p inhibitor was significantly higher than that in the cells transfected with the negative control (p = 0.006), whereas the level in cells transfected with the let-7e-5p mimicking substrate was significantly lower than that in the negative control (p = 0.032) (Figure 2F). The fusion index of the let-7e-5p mimicking substrate was significantly less than that of the negative control (p = 0.041) or the inhibitor (p = 0.001) (Figure 2G). Additionally, myotube width of the C2C12 cells transfected with the let-7e-5p inhibitor was significantly higher than that with the negative control (p = 0.001) (Figure 2H). Moreover, the viability was investigated with Annexin V by flowcytometry. Then, the ratio of apoptosis and dead cells was increased by transfection with the let-7e-5p mimicking substrate, compared to negative control, whereas transfection with the let-7e-5p inhibitor significantly decreased the apoptosis and dead cells (p = 0.001) (Figures 2I–L). In addition, the fluorescence intensity of myogenin in the C2C12 cells transfected with the let-7e-5p inhibitor was significantly higher than that in the cells transfected with the negative control (p = 0.001), whereas the level in cells transfected with the let-7e-5p mimicking substrate was significantly lower than that in the negative control (p = 0.034) (Supplementary Figures 4A, B).



Let-7e-5p Downregulated Glucose Uptake in C2C12 Cells

Glucose uptake in C2C12 cells transfected with let-7e-5p inhibitor was significantly increased (p = 0.002), whereas that in cells transfected with let-7e-5p mimicking substrate was significantly decreased (p = 0.026) compared to the negative control (Figure 3A).




Figure 3 | Let-7e-5p decreases glucose uptake and downregulates mitochondrial function in C2C12 cells. (A) Glucose uptake by C2C12 cells was monitored after transfection with let-7e-5p mimic/inhibitor. Glucose uptake was downregulated by let-7e-5p mimicking substrate and upregulated by let-7e-5p inhibitor, compared to negative control (n = 6). (B) ATP assay following transfection with let-7e-5p mimic/inhibitor. ATP production was downregulated by let-7e-5p mimicking substrate and upregulated by let-7e-5p inhibitor, compared to negative control (n = 6). (C) Raw data of oxygen consumption rate (OCR), (D) basal respiration, (E) ATP-linked respiration (oligomycin-sensitive OCR), (F) proton leak, (G) maximal mitochondrial respiration (FCCP-stimulated OCR), and (H) spare respiratory capacity. OCRs were normalized to the total number of cells. Data represent the means ± SD; *p = 0.05, **p = 0.01, ***p = 0.001 by one-way ANOVA.





Let-7e-5p Downregulated ATP Activity in C2C12 Cells

ATP activity in C2C12 cells transfected with let-7e-5p mimicking substrate was significantly downregulated, compared to that of the negative control (p = 0.001), whereas the ATP activity in cells transfected with let-7e-5p inhibitor was upregulated (p = 0.039) (Figure 3B). Next, we investigated the mitochondrial OCR of C2C12 cells using an extracellular flux analyzer. C2C12 cells transfected with let-7e-5p mimicking substrate showed decreased basal respiration. In addition, C2C12 cells transfected with let-7e-5p mimicking substrate had significantly decreased ATP production, proton leak, maximal respiration, and spare respiratory capacity, compared to negative control and cells transfected with let-7e-5p inhibitor. On the contrary, their mitochondrial function was upregulated by the inhibition of let-7e-5p (Figures 3C–H).



Expression of Let-7e-5p in Serum of Patients With Muscle Atrophy Was Significantly Lower Than That in Patients Without Muscle Atrophy

Since let-7e-5p was suggested to have an effect on skeletal muscle in animal and cell experiments, we investigated serum let-7e-5p levels to test whether it is a biomarker for sarcopenia in our human studies. The characteristics of the 32 male patients with diabetes (with and without muscle atrophy) are summarized in Table 1. We investigated the differences in the expression of let-7e-5p in the serum between the two groups. Serum let-7e-5p expression in patients with muscle atrophy was significantly lower than that in patients without muscle atrophy (p = 0.028) (Figure 4A). Serum let-7e-5p level of 1.302 was identified as the cut-off for the presence of sarcopenia in the patients with diabetes (Figure 4B). Serum let-7e-5p level was found to be negatively associated with the presence of muscle atrophy in both univariate logistic regression analysis (OR of 1-unit increment: 0.70, 95% confidence interval (CI): 0.50–0.99, p = 0.011) and multivariate logistic regression analysis after adjusting for covariates (OR of 1-unit increment: 0.68, 95% CI: 048–0.99, p = 0.009) (Table 2).


Table 1 | Characteristics of the study patients with and without muscle atrophy.






Figure 4 | Decreased levels of serum circulating let-7e-5p in patients with muscle atrophy compared to patients without muscle atrophy. (A) Relative expression of serum circulating let-7e-5p normalized to miR-39 in the patients with and without muscle atrophy is shown. Serum let-7e-5p expression in patients without muscle atrophy (7.1 ± 10.1) was significantly higher than that in patients with muscle atrophy (2.0 ± 1.8) (p = 0.028). Data represent the means ± SD. (B) Optimal cut-off point for serum circulating let-7e-5p level, for the presence of sarcopenia, is 1.302 (AUC 0.767, 95% CI, 0.600–0.934, sensitivity = 0.933, specificity = 0.500, p = 0.001). *p = 0.05 by Pearson’s chi-square test.




Table 2 | Logistic regression analyses for muscle atrophy.






Discussion

Androgen deficiency is known to be associated not only with muscle atrophy (31), but also with insulin resistance, type 2 diabetes, metabolic syndrome, and visceral fat accumulation (32, 33). In the present study, the expression of the miRNA, let-7e-5p, was found to be decreased in the soleus muscle of ORX mice compared to that in Sham mice, whereas replacement of testosterone restored the expression of let-7e-5p. Furthermore, let-7e-5p was found to promote muscle atrophy by inhibiting the function of Igf2bp2, thereby reducing glucose uptake by myotube cells, and thus impairing mitochondrial function. In addition, serum let-7e-5p levels were significantly lower in patients with muscle atrophy than in those without. In this study, we also identified that the cut-off value of serum let-7e-5p level in patients with diabetes, for the presence of muscle atrophy, was 1.302.

The lethal-7 (let-7) gene was first discovered as an important developmental regulator in Caenorhabditis elegans. Let-7e-5p inhibits proliferation and metastasis of glioma stem cells (34) and colorectal cancer (35), and its functions are being intensively investigated in the field of oncology. Several target genes of let-7e-5p have been identified. In this study, we focused on Igf2bp2 and found that let-7e-5p regulates Igf2bp2. Igf2bps 1, 2, and 3 belong to a highly conserved family of RNA-binding proteins that influence the fate of transcripts (36–38). In contrast to Igf2bp1 and Igf2bp3, which are expressed during development, Igf2bp2 is widely expressed in many adult tissues, including the gut, muscles, and brain. In these organs, small quantitative differences in Igf2bp2 expression subtly affects processes such as food uptake, metabolism, feeding behavior, or more complex behavioral features that affects physical activity and, ultimately, the lifetime risk of developing obesity and diabetes (39). In their study of the relationship between IGFBP2 and skeletal muscle, Caron et al. (40) demonstrated that overexpression of high mobility group A2, an upstream target of Igf2bp2, enhanced myogenesis and myosin heavy chain expression in embryonic stem cells. Furthermore, since the muscle atrophy-related genes investigated in this study, such as A, B, and C, do not share a common binding site with let-7e-5p, we hypothesized that the gene expression of IGF2BP2 indirectly alters the expression of these muscle atrophy-related genes. Moreover, Igf2bp2 promotes translation of IGF2 through internal ribosomal entry and downstream PI3K/Akt signaling (41), which inhibits FOXO1 and MURF1, and suppresses muscle atrophy (42). A previous study has shown that Igf2bp2 functions as a key regulator of satellite cell activation and skeletal muscle development (43). Adjusting the expression of let-7e-5p altered the expression of myogenin, one of the differentiation markers of myotubular cells (44), suggesting that let-7e-5p may also be involved in muscle differentiation through the regulation of IGF2BP2 expression. In addition, the other previous study reported that postnatal Igf2bp2 inactivation in mouse skeletal muscles reduces muscle mass accompanied by a reduction in overall protein synthesis due to reduced autocrine production of IGF2 and impaired activation of Akt1, Gsk3α, and eIF2Bϵ (45). In this study, suppression of let-7e-5p in C2C12 cells significantly increased the expression of Igf2bp2, which resulted in muscle hypertrophy. Furthermore, Igf2bp2 promotes the transport of mRNAs into the vicinity of mitochondria, and subsequent translation and mediation of cellular functions (46). In contrast, the suppression of Igf2bp2 reduces the OCR (47). In fact, in our study, mitochondrial function was enhanced by the suppression of let-7e-5p in C2C12 cells.

Serum let-7e-5p levels were significantly lower in diabetic patients with sarcopenia compared to that in patients without sarcopenia. This suggests that serum let-7e-5p level can be used as a diagnostic marker for sarcopenia. We hypothesize that serum let-7e-5p levels in patients were lower to reduce atrophy of skeletal muscles caused by deficiency in androgen. However, it is difficult to derive a causal relationship from this cross-sectional analysis. Therefore, we intend to perform longitudinal analyses to understand this relationship further in future studies.

Our study has the following limitation. The effects of let-7e-5p on skeletal muscles was only demonstrated through cellular experiments in this study. In the future, we intend to examine the influence of impaired glucose tolerance on skeletal muscles in animal experiments using conditional knockout mice. In addition, the possibility of mRNA-miRNA interaction needed to be evaluated not only by dual-luciferase assay but also by ribonucleoprotein immunoprecipitation.

In conclusion, this study revealed that the overexpression of Igf2bp2 in C2C12 cells using a let-7e-5p inhibitor improves sarcopenia mainly via suppression of genes associated with muscle atrophy and enhanced mitochondrial function. Therefore, inhibition of let-7e-5p in skeletal muscles represents a potential therapeutic target for sarcopenia. Additionally, serum let-7e-5p level may be used as a marker for sarcopenia.



Data Availability Statement

The data that support the findings of this study are available from the corresponding author upon reasonable request.



Ethics Statement

The studies involving human participants were reviewed and approved by the research ethics committees of the Kyoto Prefectural University of Medicine and Kameoka Municipal Hospital. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by the Committee for Animal Research, Kyoto Prefectural University of Medicine.



Author Contributions

TO originated and designed the study, researched the data, and wrote the manuscript. HO and YH originated and designed the study, researched the data, and reviewed the manuscript. HO, YH, and MH researched the data and contributed to the discussion. MF originated and designed the study, researched the data, and reviewed and edited the manuscript. MF is the guarantor of this work and, as such, had full access to all of the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis. All authors were involved in the writing of the manuscript and approved the final version of this article.



Funding

This work was supported by KAKENHI, Grant-in-Aid for Young Scientists (19K17966).



Acknowledgments

We thank all of the staff members of the Kyoto Prefectural University of Medicine. We would like to thank Editage (www.editage.com) for English language editing.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2021.791363/full#supplementary-material



References

1. Chen, LK, Woo, J, Assantachai, P, Auyeung, TW, Chou, MY, Iijima, K, et al. Asian Working Group for Sarcopenia: 2019 Consensus Update on Sarcopenia Diagnosis and Treatment. J Am Med Dir Assoc (2020) 21:300–7.e2. doi: 10.1016/j.jamda.2019.12.012

2. Delmonico, MJ, Harris, TB, Lee, J-S, Visser, M, Nevitt, M, Kritchevsky, SB, et al. Health, Aging and Body Composition Study. Alternative Definitions of Sarcopenia, Lower Extremity Performance, and Functional Impairment With Aging in Older Men and Women. J Am Geriatr Soc (2007) 55:769–74. doi: 10.1111/j.1532-5415.2007.01140.x

3. Goodpaster, BH, Park, SW, Harris, TB, Kritchevsky, SB, Nevitt, M, Schwartz, A v, et al. The Loss of Skeletal Muscle Strength, Mass, and Quality in Older Adults: The Health, Aging and Body Composition Study. J Gerontol Ser A Biol Sci Med Sci (2006) 61:1059–64. doi: 10.1093/gerona/61.10.1059

4. Cruz-Jentoft, AJ, Baeyens, JP, Bauer, JM, Boirie, Y, Cederholm, T, Landi, F, et al. Sarcopenia: European Consensus on Definition and Diagnosis: Report of the European Working Group on Sarcopenia in Older People. Age Ageing (2010) 39:412–23. doi: 10.1093/ageing/afq034

5. le Grand, F, and Rudnicki, MA. Skeletal Muscle Satellite Cells and Adult Myogenesis. Curr Opin Cell Biol (2007) 19:628–33. doi: 10.1016/j.ceb.2007.09.012

6. Roy, TA, Blackman, MR, Harman, SM, Tobin, JD, Schrager, M, and Metter, EJ. Interrelationships of Serum Testosterone and Free Testosterone Index With FFM and Strength in Aging Men. Am J Physiol Endocrinol Metab (2002) 283:E284–94. doi: 10.1152/ajpendo.00334.2001

7. Basualto-Alarcón, C, Jorquera, G, Altamirano, F, Jaimovich, E, and Estrada, M. Testosterone Signals Through mTOR and Androgen Receptor to Induce Muscle Hypertrophy. Med Sci Sports Exercise (2013) 45:1712–20. doi: 10.1249/MSS.0b013e31828cf5f3

8. Grech, A, Breck, J, and Heidelbaugh, J. Adverse Effects of Testosterone Replacement Therapy: An Update on the Evidence and Controversy. Ther Adv Drug Saf (2014) 5:190–200. doi: 10.1177/2042098614548680

9. Hwang, HW, and Mendell, JT. MicroRNAs in Cell Proliferation, Cell Death, and Tumorigenesis. Br J Cancer (2006) 94:776–80. doi: 10.1038/sj.bjc.6603023

10. Pileczki, V, Cojocneanu-Petric, R, Maralani, M, Neagoe, IB, and Sandulescu, R. MicroRNAs as Regulators of Apoptosis Mechanisms in Cancer. Clujul Med (2016) 89:50–5. doi: 10.15386/cjmed-512

11. Rottiers, V, and Näär, AM. MicroRNAs in Metabolism and Metabolic Disorders. Nat Rev Mol Cell Biol (2012) 13:239–51. doi: 10.1038/nrm3313

12. Alvarez-Garcia, I, and Miska, EA. MicroRNA Functions in Animal Development and Human Disease. Development (2005) 132:4653–62. doi: 10.1242/dev.02073

13. Esteller, M. Non-Coding RNAs in Human Disease. Nat Rev Genet (2011) 12:861–74. doi: 10.1038/nrg3074

14. Eisenberg, I, Alexander, MS, and Kunkel, LM. miRNAS in Normal and Diseased Skeletal Muscle. J Cell Mol Med (2009) 13:2–11. doi: 10.1111/j.1582-4934.2008.00524.x

15. Okamura, T, Hashimoto, Y, Osaka, T, Senmaru, T, Fukuda, T, Hamaguchi, M, et al. MiR-23b-3p Acts as a Counter-Response Against Skeletal Muscle Atrophy. J Endocrinol (2020) 244:535–47. doi: 10.1530/JOE-19-0425

16. Drummond, MJ, McCarthy, JJ, Sinha, M, Spratt, HM, Volpi, E, Esser, KA, et al. Aging and microRNA Expression in Human Skeletal Muscle: A Microarray and Bioinformatics Analysis. Physiol Genomics (2011) 43:595–603. doi: 10.1152/physiolgenomics.00148.2010

17. Rullman, E, Mekjavic, IB, Fischer, H, and Eiken, O. PlanHab (Planetary Habitat Simulation): The Combined and Separate Effects of 21 Days Bed Rest and Hypoxic Confinement on Human Skeletal Muscle miRNA Expression. Physiol Rep (2016) 4:e12753. doi: 10.14814/phy2.12753

18. Režen, T, Kovanda, A, Eiken, O, Mekjavic, IB, and Rogelj, B. Expression Changes in Human Skeletal Muscle miRNAs Following 10 Days of Bed Rest in Young Healthy Males. Acta Physiol (2014) 210:655–66. doi: 10.1111/apha.12228

19. Senmaru, T, Fukui, M, Okada, H, Mineoka, Y, Yamazaki, M, Tsujikawa, M, et al. Testosterone Deficiency Induces Markedly Decreased Serum Triglycerides, Increased Small Dense LDL, and Hepatic Steatosis Mediated by Dysregulation of Lipid Assembly and Secretion in Mice Fed a High-Fat Diet. Metabolism (2013) 62:851–60. doi: 10.1016/j.metabol.2012.12.007

20. Kawai, S, Takagi, Y, Kaneko, S, and Kurosawa, T. Effect of Three Types of Mixed Anesthetic Agents Alternate to Ketamine in Mice. Exp Anim (2011) 60:481–7. doi: 10.1538/expanim.60.481

21. Kadota, K, Nakai, Y, and Shimizu, K. A Weighted Average Difference Method for Detecting Differentially Expressed Genes From Microarray Data. Algorithms Mol Biol (2008) 3:8. doi: 10.1186/1748-7188-3-8

22. Castets, P, Rion, N, Théodore, M, Falcetta, D, Lin, S, Reischl, M, et al. Mtorc1 and PKB/Akt Control the Muscle Response to Denervation by Regulating Autophagy and HDAC4. Nat Commun (2019) 10:3187. doi: 10.1038/s41467-019-11227-4

23. Livak, KJ, and Schmittgen, TD. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods (San Diego Calif) (2001) 25:402–8. doi: 10.1006/meth.2001.1262

24. Yamaguchi, T, Suzuki, T, Arai, H, Tanabe, S, and Atomi, Y. Continuous Mild Heat Stress Induces Differentiation of Mammalian Myoblasts, Shifting Fiber Type From Fast to Slow. Am J Physiol Cell Physiol (2010) 298:C140–8. doi: 10.1152/ajpcell.00050.2009

25. Sakai, R, Hashimoto, Y, Ushigome, E, Miki, A, Okamura, T, Matsugasumi, M, et al. Late-Night-Dinner Is Associated With Poor Glycemic Control in People With Type 2 Diabetes: The KAMOGAWA-DM Cohort Study. Endocr J (2018) 65:395–402. doi: 10.1507/endocrj.EJ17-0414

26. Haneda, M, Utsunomiya, K, Koya, D, Babazono, T, Moriya, T, Makino, H, et al. A New Classification of Diabetic Nephropathy 2014: A Report From Joint Committee on Diabetic Nephropathy. J Diabetes Invest (2015) 6:242–6. doi: 10.1111/jdi.12319

27. Fulster, S, Tacke, M, Sandek, A, Ebner, N, Tschope, C, Doehner, W, et al. Muscle Wasting in Patients With Chronic Heart Failure: Results From the Studies Investigating Co-Morbidities Aggravating Heart Failure (SICA-Hf). Eur Heart J (2013) 34:512–9. doi: 10.1093/eurheartj/ehs381

28. Chen, L-K, Liu, L-K, Woo, J, Assantachai, P, Auyeung, T-W, Bahyah, KS, et al. Sarcopenia in Asia: Consensus Report of the Asian Working Group for Sarcopenia. J Am Med Dir Assoc (2014) 15:95–101. doi: 10.1016/j.jamda.2013.11.025

29. Okamura, T, Miki, A, Hashimoto, Y, Kaji, A, Sakai, R, Osaka, T, et al. Shortage of Energy Intake Rather Than Protein Intake Is Associated With Sarcopenia in Elderly Patients With Type 2 Diabetes: A Cross-Sectional Study of the KAMOGAWA-DM Cohort. J Diabetes (2019) 11:477–83. doi: 10.1111/1753-0407.12874

30. Kim, M, Shinkai, S, Murayama, H, and Mori, S. Comparison of Segmental Multifrequency Bioelectrical Impedance Analysis With Dual-Energy X-Ray Absorptiometry for the Assessment of Body Composition in a Community-Dwelling Older Population. Geriatr Gerontol Int (2015) 15:1013–22. doi: 10.1111/ggi.12384

31. Axell, A-M, MacLean, HE, Plant, DR, Harcourt, LJ, Davis, JA, Jimenez, M, et al. Continuous Testosterone Administration Prevents Skeletal Muscle Atrophy and Enhances Resistance to Fatigue in Orchidectomized Male Mice. Am J Physiol Endocrinol Metab (2006) 291:E506–16. doi: 10.1152/ajpendo.00058.2006

32. Traish, AM, Saad, F, and Guay, A. The Dark Side of Testosterone Deficiency: II. Type 2 Diabetes and Insulin Resistance. J Androl (2008) 30:23–32. doi: 10.2164/jandrol.108.005751

33. Fukui, M, Kitagawa, Y, Ose, H, Hasegawa, G, Yoshikawa, T, and Nakamura, N. Role of Endogenous Androgen Against Insulin Resistance and Athero-Sclerosis in Men With Type 2 Diabetes. Curr Diabetes Rev (2007) 3:25–31. doi: 10.2174/157339907779802094

34. Gong, W, Zheng, J, Liu, X, Ma, J, Liu, Y, and Xue, Y. Knockdown of NEAT1 Restrained the Malignant Progression of Glioma Stem Cells by Activating microRNA Let-7e. Oncotarget (2016) 7:62208–23. doi: 10.18632/oncotarget.11403

35. Shan, Y, Liu, Y, Zhao, L, Liu, B, Li, Y, and Jia, L. MicroRNA-33a and Let-7e Inhibit Human Colorectal Cancer Progression by Targeting ST8SIA1. Int J Biochem Cell Biol (2017) 90:48–58. doi: 10.1016/j.biocel.2017.07.016

36. Oleynikov, Y, and Singer, RH. Real-Time Visualization of ZBP1 Association With β-Actin mRNA During Transcription and Localization. Curr Biol (2003) 13:199–207. doi: 10.1016/S0960-9822(03)00044-7

37. Hüttelmaier, S, Zenklusen, D, Lederer, M, Dictenberg, J, Lorenz, M, Meng, XH, et al. Spatial Regulation of β-Actin Translation by Src-Dependent Phosphorylation of ZBP1. Nature (2005) 438:512–5. doi: 10.1038/nature04115

38. Pan, F, Hüttelmaier, S, Singer, RH, and Gu, W. ZBP2 Facilitates Binding of ZBP1 to β-Actin mRNA During Transcription. Mol Cell Biol (2007) 27:8340–51. doi: 10.1128/mcb.00972-07

39. Christiansen, J, Kolte, AM, Hansen, TVO, and Nielsen, FC. IGF2 mRNA-Binding Protein 2: Biological Function and Putative Role in Type 2 Diabetes. J Mol Endocrinol (2009) 43:187–95. doi: 10.1677/JME-09-0016

40. Caron, L, Bost, F, Prot, M, Hofman, P, and Binétruy, B. A New Role for the Oncogenic High-Mobility Group A2 Transcription Factor in Myogenesis of Embryonic Stem Cells. Oncogene (2005) 24:6281–91. doi: 10.1038/sj.onc.1208781

41. Mu, Q, Wang, L, Yu, F, Gao, H, Lei, T, Li, P, et al. Imp2 Regulates GBM Progression by Activating IGF2/PI3K/Akt Pathway. Cancer Biol Ther (2015) 16:623–33. doi: 10.1080/15384047.2015.1019185

42. Stitt, TN, Drujan, D, Clarke, BA, Panaro, F, Timofeyva, Y, Kline, WO, et al. The IGF-1/PI3K/Akt Pathway Prevents Expression of Muscle Atrophy-Induced Ubiquitin Ligases by Inhibiting FOXO Transcription Factors. Mol Cell (2004) 14:395–403. doi: 10.1016/S1097-2765(04)00211-4

43. Li, Z, Gilbert, JA, Zhang, Y, Zhang, M, Qiu, Q, Ramanujan, K, et al. An HMGA2-IGF2BP2 Axis Regulates Myoblast Proliferation and Myogenesis. Dev Cell (2012) 23:1176–88. doi: 10.1016/j.devcel.2012.10.019

44. Brunetti, A, and Goldfine, ID. Differential Effects of Fibroblast Growth Factor on Insulin Receptor and Muscle Specific Protein Gene Expression in Bc3h-1 Myocytes. Mol Endocrinol (1990) 4:880–5. doi: 10.1210/MEND-4-6-880

45. Regué, L, Ji, F, Flicker, D, Kramer, D, Pierce, W, Davidoff, T, et al. IMP2 Increases Mouse Skeletal Muscle Mass and Voluntary Activity by Enhancing Autocrine Insulin-Like Growth Factor 2 Production and Optimizing Muscle Metabolism. Mol Cell Biol (2019) 39. doi: 10.1128/mcb.00528-18

46. Janiszewska, M, Suvà, ML, Riggi, N, Houtkooper, RH, Auwerx, J, Clément-Schatlo, V, et al. Imp2 Controls Oxidative Phosphorylation and Is Crucial for Preservin Glioblastoma Cancer Stem Cells. Genes Dev (2012) 26:1926–44. doi: 10.1101/gad.188292.112

47. Fujii, Y, Kishi, Y, and Gotoh, Y. IMP2 Regulates Differentiation Potentials of Mouse Neocortical Neural Precursor Cells. Genes  Cells (2013) 18:79–89. doi: 10.1111/gtc.12024




Conflict of Interest: YH has received grants from Asahi Kasei Pharma, personal fees from Daiichi Sankyo Co., Ltd., personal fees from Mitsubishi Tanabe Pharma Corp., personal fees from Sanofi K.K., personal fees from Novo Nordisk Pharma Ltd., outside the submitted work. TS has received personal fees from Ono Pharma Co., Ltd., Mitsubishi Tanabe Pharma Co, Astellas Pharma Inc., Kyowa Hakko Kirin Co., Ltd., Sanofi K.K., MSD K.K., Kowa Pharma Co., Ltd., Taisho Toyama Pharma Co., Ltd., Takeda Pharma Co., Ltd., Kissei Pharma Co., Ltd., Novo Nordisk Pharma Ltd., Eli Lilly Japan K.K. outside the submitted work. EU has received grants from the Japanese Study Group for Physiology and Management of Blood Pressure, the Astellas Foundation for Research on Metabolic Disorders (Grant number: 4024). Donated Fund Laboratory of Diabetes therapeutics is an endowment department, supported with an unrestricted grant from Ono Pharmaceutical Co., Ltd., and received personal fees from AstraZeneca plc, Astellas Pharma Inc., Daiichi Sankyo Co., Ltd., Kyowa Hakko Kirin Company Ltd., Kowa Pharmaceutical Co., Ltd., MSD K.K., Mitsubishi Tanabe Pharma Corp., Novo Nordisk Pharma Ltd., Taisho Toyama Pharmaceutical Co., Ltd., Takeda Pharmaceutical Co., Ltd., Nippon Boehringer Ingelheim Co., Ltd., and Sumitomo Dainippon Pharma Co., Ltd., outside the submitted work. MH has received grants from Asahi Kasei Pharma, Nippon Boehringer Ingelheim Co., Ltd., Mitsubishi Tanabe Pharma Corporation, Daiichi Sankyo Co., Ltd., Sanofi K.K., Takeda Pharmaceutical Company Limited, Astellas Pharma Inc., Kyowa Kirin Co., Ltd., Sumitomo Dainippon Pharma Co., Ltd., Novo Nordisk Pharma Ltd., and Eli Lilly Japan K.K., outside the submitted work. MA received personal fees from Novo Nordisk Pharma Ltd., Abbott Japan Co., Ltd., AstraZeneca plc, Kowa Pharmaceutical Co., Ltd., Ono Pharmaceutical Co., Ltd., Takeda Pharmaceutical Co., Ltd., outside the submitted work. MY reports personal fees from MSD K.K., Sumitomo Dainippon Pharma Co., Ltd., Kowa Company, Limited, AstraZeneca PLC, Takeda Pharmaceutical Company Limited, Kyowa Hakko Kirin Co., Ltd., Daiichi Sankyo Co., Ltd., Kowa Pharmaceutical Co., Ltd., Ono Pharma Co., Ltd., outside the submitted work. MF has received grants from Nippon Boehringer Ingelheim Co., Ltd., Kissei Pharma Co., Ltd., Mitsubishi Tanabe Pharma Co, Daiichi Sankyo Co., Ltd., Sanofi K.K., Takeda Pharma Co., Ltd., Astellas Pharma Inc., MSD K.K., Kyowa Hakko Kirin Co., Ltd., Sumitomo Dainippon Pharma Co., Ltd., Kowa Pharmaceutical Co., Ltd., Novo Nordisk Pharma Ltd., Ono Pharma Co., Ltd., Sanwa Kagaku Kenkyusho Co., Ltd. Eli Lilly Japan K.K., Taisho Pharma Co., Ltd., Terumo Co., Teijin Pharma Ltd., Nippon Chemiphar Co., Ltd., and Johnson & Johnson K.K. Medical Co., Abbott Japan Co., Ltd., and received personal fees from Nippon Boehringer Ingelheim Co., Ltd., Kissei Pharma Co., Ltd., Mitsubishi Tanabe Pharma Corp., Daiichi Sankyo Co., Ltd., Sanofi K.K., Takeda Pharma Co., Ltd., Astellas Pharma Inc., MSD K.K., Kyowa Kirin Co., Ltd., Sumitomo Dainippon Pharma Co., Ltd., Kowa Pharma Co., Ltd., Novo Nordisk Pharma Ltd., Ono Pharma Co., Ltd., Sanwa Kagaku Kenkyusho Co., Ltd., Eli Lilly Japan K.K., Taisho Pharma Co., Ltd., Bayer Yakuhin, Ltd., AstraZeneca K.K., Mochida Pharma Co., Ltd., Abbott Japan Co., Ltd., Medtronic Japan Co., Ltd., Arkley Inc., Teijin Pharma Ltd. and Nipro Cor., outside the submitted work.

The remaining 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.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated 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.

Copyright © 2021 Okamura, Okada, Hashimoto, Majima, Senmaru, Nakanishi, Asano, Yamazaki, Hamaguchi and Fukui. 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.




ORIGINAL RESEARCH

published: 24 December 2021

doi: 10.3389/fendo.2021.809916

[image: image2]


Maternal Glucose and LDL-Cholesterol Levels Are Related to Placental Leptin Gene Methylation, and, Together With Nutritional Factors, Largely Explain a Higher Methylation Level Among Ethnic South Asians


Line Sletner 1,2*, Aina E. F. Moen 2,3,4, Chittaranjan S. Yajnik 5, Nadezhda Lekanova 3, Christine Sommer 6, Kåre I. Birkeland 7, Anne K. Jenum 8 and Yvonne Böttcher 2,3


1 Department of Pediatric and Adolescents Medicine, Akershus University Hospital, Lørenskog, Norway, 2 Institute of Clinical Medicine, University of Oslo, Lørenskog, Norway, 3 Department of Clinical Molecular Biology, Akershus University Hospital, Lørenskog, Norway, 4 Division of Infection Control and Environmental Health, The Norwegian Institute of Public Health, Oslo, Norway, 5 Diabetes Unit, King Edward Memorial (KEM) Hospital and Research Centre, Pune, India, 6 Department of Endocrinology, Morbid Obesity and Preventive Medicine, Oslo University Hospital, Oslo, Norway, 7 Institute of Clinical Medicine, University of Oslo, Oslo, Norway, 8 General Practice Research Unit, Department of General Practice, Institute of Health and Society, Faculty of Medicine, University of Oslo, Oslo, Norway




Edited by: 

GianLuca Colussi, University of Udine, Italy

Reviewed by: 

Judit Bassols, Institute of Biomedical Research of Girona, Spain

Marion Ouidir, National Institutes of Health (NIH), United States

*Correspondence: 

Line Sletner
 line.sletner@medisin.uio.no

Specialty section: 
 This article was submitted to Translational Endocrinology, a section of the journal Frontiers in Endocrinology


Received: 05 November 2021

Accepted: 06 December 2021

Published: 24 December 2021

Citation:
Sletner L, Moen AEF, Yajnik CS, Lekanova N, Sommer C, Birkeland KI, Jenum AK and Böttcher Y (2021) Maternal Glucose and LDL-Cholesterol Levels Are Related to Placental Leptin Gene Methylation, and, Together With Nutritional Factors, Largely Explain a Higher Methylation Level Among Ethnic South Asians. Front. Endocrinol. 12:809916. doi: 10.3389/fendo.2021.809916




Background

Leptin, mainly secreted by fat cells, plays a core role in the regulation of appetite and body weight, and has been proposed as a mediator of metabolic programming. During pregnancy leptin is also secreted by the placenta, as well as being a key regulatory cytokine for the development, homeostatic regulation and nutrient transport within the placenta. South Asians have a high burden of type 2 diabetes, partly attributed to a “thin-fat-phenotype”.



Objective

Our aim was to investigate how maternal ethnicity, adiposity and glucose- and lipid/cholesterol levels in pregnancy are related to placental leptin gene (LEP) DNA methylation.



Methods

We performed DNA methylation analyses of 13 placental LEP CpG sites in 40 ethnic Europeans and 40 ethnic South Asians participating in the STORK-Groruddalen cohort.



Results

South Asian ethnicity and gestational diabetes (GDM) were associated with higher placental LEP methylation. The largest ethnic difference was found for CpG11 [5.8% (95% CI: 2.4, 9.2), p<0.001], and the strongest associations with GDM was seen for CpG5 [5.2% (1.4, 9.0), p=0.008]. Higher maternal LDL-cholesterol was associated with lower placental LEP methylation, in particular for CpG11 [-3.6% (-5.5, -1.4) per one mmol/L increase in LDL, p<0.001]. After adjustments, including for nutritional factors involved in the one-carbon-metabolism cycle (vitamin D, B12 and folate levels), ethnic differences in placental LEP methylation were strongly attenuated, while associations with glucose and LDL-cholesterol persisted.



Conclusions

Maternal glucose and lipid metabolism is related to placental LEP methylation, whilst metabolic and nutritional factors largely explain a higher methylation level among ethnic South Asians.





Keywords: Leptin, placenta, methylation, cholesterol, ethnicity, gestational diabetes



Background

During normal pregnancy, physiological changes in maternal body composition and glucose and lipid metabolism occur to ensure appropriate supply of nutrients to the growing fetus (1). After an initial small decrease in insulin resistance, fasting glucose and lipid levels in early pregnancy, there is a progressive increase in insulin resistance, triglycerides, high-density lipoprotein (HDL) cholesterol and low-density lipoprotein (LDL) cholesterol as pregnancy progress (2). Glucose is the major nutrient required for fetal growth and is primarily sourced from the maternal circulation and transported across placenta by facilitated diffusion (1). Triglycerides are hydrolysed by lipases on the maternal side of the placental syncytiotrophoblast, and free fatty acids are released and taken up by the placenta. Cholesterol is important for placental and fetal growth and maturation and necessary for steroid hormone synthesis, including estrogen. Cholesterol is probably mainly delivered to the placenta by LDL-cholesterol, taken up by endocytosis (3).

Leptin is a peptide hormone central for energy homeostasis. It is secreted mainly by the adipose tissue, regulating energy balance by inhibiting hunger (4). During pregnancy leptin is also secreted from the placenta, and the maternal circulating leptin levels increase substantially with increasing gestation (5, 6). Within the placenta leptin has physiological effects on placenta development including angiogenesis, growth and immunomodulation, and there is support for it’s role in the regulation of placental nutrient transport (e.g. glucose and amino-acids), by up-regulating specific placental nutrient transporter isoforms (5, 7). Expression of the leptin gene (LEP) is regulated in parts by epigenetic mechanisms. Several CpG islands are found in the LEP promoter region and methylation in these regions will affect the LEP expression (7–11).

Across the life span, ethnic South Asians have a high burden of type 2 diabetes and are diagnosed at a younger age and at a lower BMI than ethnic Europeans (12, 13). The increased risk is thought to be partly explained by South Asians being smaller and thinner at birth, but with relatively more adiposity, a phenotype that persists throughout life (14). This “thin-fat-phenotype” has been partly related to “the double burden of malnutrition”, defined as the simultaneous manifestation of both undernutrition (primarily micronutrient deficiencies) and overnutrition (increased adiposity, hyperlipidemia and hyperglycemia), also during pregnancy (15). It is likely that the placenta plays an important role for these relationships.

Studies of maternal obesity and diabetes have reported inconsistent findings of methylation or gene expression in placental tissue (16, 17). Most studies exploring epigenetic mechanisms in placenta have been performed in Caucasian populations, and some suggest that maternal obesity and hyperglycemia are associated with hyper-methylation and hypo-expression of the LEP gene in placenta (8, 10, 17). Few studies have examined relations with maternal lipid concentrations or micronutrient levels. Leptin has been proposed as a mediator of metabolic programming. Given the differences in body composition, as well as different exposures to socioeconomic and nutritional factors across the life course, studying relations between maternal adiposity, glucose and lipid metabolism and placental LEP methylation in ethnic South Asian and European mothers living in Europe could thus shed light on mechanisms involved in developmental programming of metabolic diseases.

We therefore investigated the relationships of maternal ethnicity (European vs. South Asian), adiposity, hyperglycemia and lipid levels with placental DNA methylation in LEP, also taking nutritional factors into account, in a well characterized Norwegian cohort of pregnant women.



Materials and Methods


Population and Design

Data are from a population-based cohort study of 823 presumably healthy pregnant women attending the Child Health Clinics in three city districts in Groruddalen, Oslo, Norway, for primary antenatal care from May 2008 to May 2010. The study design has been presented in detail elsewhere (18). The women were included at <20 weeks’ gestation (Mean=15, standard deviation (s.d.)=3) and reexamined at 28 ± 2 weeks’ gestation. All women were given oral and written information about the Stork Groruddalen project when attending the Child Health Clinics for antenatal care and invited to participate. The women who chose to participate gave informed written consent at inclusion, on behalf of themselves and their offspring.

The women were eligible if they were: (1) living in one of the three city districts, (2) would give birth at the study hospitals, (3) in gestational week < 20, (4) not suffering from diseases necessitating intensive hospital follow-up during pregnancy, (5) not already included in the study with a previous pregnancy lasting > 22 weeks, (6) could communicate (orally) in Norwegian or one of the other eight languages, and (7) were able to provide informed written consent. Overall participation rate was 74% and the study cohort was representative for women attending the Child Health Clinics with respect to ethnicity and age, and fairly representative with respect to parity. Questionnaire data (through interview) and fasting blood samples were collected at both visits by specially trained study midwifes, supported by a professional interpreter and translated material when needed. At birth the weight of the baby was measured on calibrated electronic scales and umbilical cord serum was collected and frozen directly on -80°C.



Maternal Factors

The participants’ ethnic origin was defined by her country of birth. If the participant’s mother was born outside Europe or North America, country of origin was defined by the participant’s mother’s country of birth (18). All women with non-European ancestry were either born or had mothers born outside Europe.

Maternal height was measured at enrollment to the nearest 0.1 cm with a fixed stadiometer (18). Body weight and estimated body fat were measured with a bioelectrical impedance analysis (BIA) scale (Tanita-BC 418 MA, Tanita Corporation, Tokyo, Japan) at both visits with light clothing and without shoes. Pre-pregnant body mass index (BMI, weight (kg)/height (m)2) was calculated using pre-pregnant weight (self-reported at inclusion), to the nearest kg, and measured height.

Parity was categorized as “primiparous” or “parous” (at least one previous pregnancy lasting more than 22 weeks). Maternal age was recorded in years at enrolment. Maternal present socioeconomic position was a score derived from a principal components analysis (PCA) of 11 different demographic variables (19). The variables contributing most to the score, were individual level data about education, occupational class and employment status, and household variables as own or renting tenure and rooms per person in the household. This score was normally distributed (mean=0, median=0.1, SD=1 range:-2.91 to 2.59). Maternal childhood socioeconomic position was derived from a separate PCA of three sociodemographic variables (family occupational class (highest of mother and father), rooms per person in household and family ownership of car, all referring to maternal age of 10 years), and was also normally distributed.



Biochemical Analyses

A standard 75 g oral glucose tolerance test (OGTT) was performed at Visit 2 at 28 ± 2 weeks’ gestation. Women were diagnosed with gestational diabetes (GDM) according to the criteria recommended by the World Health Organization (WHO) between 1999-2013 (fasting plasma glucose >7 mmol/L or 2-hour glucose >7.8nmol/L) and given life style advise or specialist follow-up according to guidelines. However, for the present study we have defined GDM by the WHO 2013 criteria (fasting glucose ≥5.1 mmol/l or 2-h glucose ≥8.5 mmol/l) (20).

Fasting triglycerides, HDL- and total cholesterol (all measured in mmol/L) were analysed in serum, consecutively at each study visit, with a colorimetric method (Vitros 5.1 FS, Ortho clinical diagnostic at the routine laboratory at Akershus University Hospital). Serum 25-OH vitamin D was analysed by competitive RIA (Dia-Sorin) at the Hormone Laboratory, Oslo University Hospital. LDL-cholesterol was calculated using Friedewald`s formula (21) as follows: LDL-cholesterol = total cholesterol – HDL-cholesterol – (0.45 x triglycerides) mmol/L, which correlate well with directly measured LDL both early and late in pregnancy (r=0.97) (22). No women used lipid-lowering agents at any visit. Maternal and umbilical cord S-leptin (pg/ml) was analyzed in 2012 from biobanked (-80°C) material with the Luminex xMAP technology (Millipore Corporation, Billerica, MA, USA) at the Hormone Laboratory, Oslo University Hospital. Serum vitamin B12 and folate were measured from biobanked material in 2016, using electrochemiluminescence (ECLIA) assays, Roche, at Medical Biochemistry, Oslo University Hospital.



Placental Macroscopic Examinations and Processing

Placentas were refrigerated immediately after birth. The next working day placentas were macroscopically examined by a placental pathologist according to a standardized protocol, including weight before and after removal of membranes and cord, length (largest diameter), width (smallest diameter), thickness (central) and description of pathological changes. Further, section samples from the umbilical cord, membranes and two cross sections from macroscopic normal looking placental tissue in the central part of the disc, cross sections from pathological looking tissue and additional sections from the maternal plate, were taken. Tissue sections were fixed in buffered formalin and routinely processed and paraffin embedded (FFPE). For this study, FFPE tissue from the cross-sections of central normal looking placenta were used.



Placental Tissue Sample Preparation

DNA and RNA were purified using the Allprep DNA/RNA FFPE Kit (Qiagen, Hilden, Germany) according to manufacturer’s instructions. In the present study only DNA was further analyzed. DNA quantity was obtained using Qubit™ dsDNA HS Assay Kit (Invitrogen,Thermo Fisher Scientific, Waltham, MA, USA). Samples were stored at -20°C until further processed. Bisulfite conversion was performed using the EpiTect Fast DNA Bisulfite Kit (Qiagen) according to manufacturer’s instructions. In total, 500 ng of DNA was bisulfite converted for subsequent pyrosequencing analyses, with exception of samples where purified DNA concentrations were less than 20 ng/µl, where 300 ng of DNA was used.



Pyrosequencing

DNA methylation analyses of LEP and 13 CpG sites were performed as described by Bekkering et al. (23) The CpG annotation is also according to Bekkering et al. and the CpG site locations relative to LEP transcription start site (TSS) and nucleotide position are given in Table 1. Briefly, the PCR and sequencing primers were ordered using PyroMark Custom Assay (Qiagen). PCR amplification of the bisulfite converted DNA was performed using the PyroMark PCR Kit (Qiagen) and 1µl bisulfite template, and cycling conditions as described in the PyroMark PCR Kit protocol.


Table 1 | The CpG site location relative to LEP transcription start site (TSS) and nucleotide position.



Pyrosequencing was performed using the PyroMarkQ48 Autoprep (Qiagen) according to manufacturer’s instructions. All reactions were conducted in duplicates and for each sequencing run three controls, non-template (RNase-free water), unmethylated DNA and methylated DNA, were included. The two latter from the EpiTect PCR Control DNA Set (Qiagen). All duplicates were restricted to a minimum difference in % methylation of < 5%. If the criteria were not met the samples were re-run. The mean percentage DNA methylation was used per sample. The sequencing data for all 13 CpG sites in LEP were quality control checked by the PyroMarkQ48 Autoprep software and the percentage of DNA methylation were calculated. For samples where CpG site(s) did not pass quality control, analyses were repeated until satisfactory results were obtained. Two samples were excluded as they repeatedly failed quality control.



Statistical Methods

Descriptives are given as mean (SD), median (IQR) and n (%) as appropriate. We examined the correlation between the methylation of the different CpGs using scatterplots and the Pearson’s correlation coefficient. Univariate linear regression analyses were first used to explore associations of maternal factors, placental characteristics and circulating leptin with LEP methylation (CpG 1-13). Based on these results we further performed multivariate general linear model analyses to explore the independent effects of the maternal factors of most interest according to our aim (ethnicity, GDM, LDL-cholesterol and fat mass) onLEP methylation, adjusting for clinically important covariates; age, parity, socioeconomic status and height. In a final model we also adjusted for maternal vitamin B12, folate and 25-OH vitamin D levels. We assessed potential interactions with ethnicity by examining scatterplots and by performing our analyses stratified by ethnic group; first univariate and then in the fully adjusted models. We also entered interaction terms between ethnicity*GDM or ethnicity*LDL-cholesterol, one by one into the fully adjusted models. In sensitivity analyses we replaced “total fat mass at enrollment” as the measure of maternal adiposity with either pre-pregnant BMI, total fat mass at 28 weeks’ gestation or maternal sum of skinfolds, with similar results.

A priori, we planned to draw conclusions based on effect estimates and their CIs, rather than statistical tests using an arbitrary P-value cut-off. Nevertheless, in tables p-values <0.05 are written in bold and in figures the point estimates are marked with * reflecting the precision of the estimate (* when p<0.05 but >0.01, ** when p ≤ 0.01 but >0.001 and *** when p<0.001). All P-values given are uncorrected for multiple testing, i.e. we did not take into account the number of CpG sites tested (N=13).




Results


Sample Characteristics

Eligible for the present study were ethnic Western European and South Asian mothers participating in the STORK-Groruddalen cohort, with singleton pregnancies, gestational age ≥35 weeks and a valid weight at birth, a macroscopic placenta examination performed, and data regarding GDM from an oral glucose tolerance test (OGTT), offered to all study participants (Figure S1, Flow chart). From these we randomly chose 80 placentas, 40 European (36 with Norwegian and 4 with other Western European background) and 40 South Asian (26 with Pakistani and 14 with Sri Lankan or Indian background), with similar numbers of boys and girls in both groups.

Characteristics of the study participants are presented in Table 2. South Asian mothers were slightly younger, had a lower early life and present socioeconomic position and were shorter. They also had lower levels of vitamin B12, folate and 25-OH vitamin D in early pregnancy. Mean body fat did not differ significantly, while 2-hour glucose levels from the OGTT at 28 weeks’ gestation was slightly higher and LDL-cholesterol was lower in the South Asians. Differences between the two ethnic groups reflected the differences previously reported in the total cohort (n=823) (6, 19, 20). +(Waage,et. al. submitted) South Asian mothers also had smaller placentas, represented by a lower weight and smaller length and width, but a similar thickness, and birthweight of the offspring was lower (Table 2).


Table 2 | Maternal and placental characteristics.





Associations Between Maternal Factors and Placental LEP Methylation

The mean LEP methylation level in the placental tissue differed considerably between the 13 LEP CpGs, ranging between 8% (CpG3) and 63% (CpG11) (Table S1). The methylation of the different CpGs were highly correlated with each other (Pearson’s correlation coefficient >0.8), except for CpG11, which was less correlated with CpG 1, 2, 3, 4, 7, 9 and 10, and for CpG5, which was less correlated with CpG 2 and 3 (correlation coefficients between 0.5-0.7) (data not shown). For all CpGs, the mean placental methylation level was numerically higher in South Asians than in Europeans, and the differences were significant for 10 out of 13 CpGs (Figure 1 and Tables S2A–E). The largest difference was observed for CpG11 (mean difference: 5.8% (95% CI: 2.4, 9.2), p<0.001), followed by CpG5 (5.0% (1.3, 8.8), p=0.01).




Figure 1 | Mean placental LEP methylation (95% CI) in ethnic European and South Asian women.



Measures of placental size (weight, length, width or thickness) were not consistently associated with LEP methylation (Tables S2A–E). We also found no associations with any of the measures of maternal adiposity (total fat mass at enrollment, pre-pregnant BMI, total fat mass at 28 weeks’ gestation or maternal sum of skinfolds), or with circulating s-leptin in maternal nor umbilical cord venous blood (Tables S2A–E), in any of the two ethnic groups (data not shown).

In univariate analyses GDM was associated with higher placental LEP methylation, with higher levels for 8 out of 13 CpGs (Tables S2A–E). The strongest association was seen for CpG5 (5.2% (1.4, 9.0), p=0.008, Table S2B), followed by CpG12 (4.6 (1.6, 7.5), p=0.003, Table S2D). However, while univariate nominal associations with GDM were observed for 11 out of 13 CpGs in South Asians, only smaller, non-significant trends were seen in Europeans (Table 3). Exploration of scatteplots and univariate analyses did not indicate similar differential effects of LDL-cholesterol in the two ethnic groups.


Table 3 | Mean % placental LEP methylation (95% CI) of CpG 1-13 in ethnic European and South Asian women with and without GDM.



Regarding maternal lipids, higher fasting LDL-cholesterol levels at 28 weeks’ gestation was associated with lower placental LEP methylation in 12 out of 13 CpGs (Tables S2A–E). The strongest association was seen for CpG11, where one mmol/L increase in LDL-cholesterol was associated with 3.6% (-5.5, -1.4) lower methylation (p<0.001, Table S2D), followed by CpG5 (-3.2% (-5.3, -1.2, p=0.003), Table S2B). HDL-cholesterol was not consistently associated with LEP methylation, although nominally negatively associated with CpG11 methylation (p=0.03). For fasting triglycerides, we observed no significant associations with DNA methylation for any of the 13 CpG sites in LEP.

Using multivariate linear models we further examined the independent effects of ethnicity and metabolic factors on placental LEP methylation. As the strongest associations with ethnicity were found for CpG11, 5 and 13, results from multivariate are shown for these three CpGs in Tables 4A–C. However, similar results are shown for all CpGs in Table S3. As described above, South Asian ethnic origin and GDM were positively and LDL-cholesterol negatively associated with the LEP methylation level in univariate analyses. After mutual adjustments, and adjustments for maternal age, height, early life socioeconomic position and parity, GDM and LDL-cholesterol remained significantly associated with the methylation level, while the effect estimate for ethnicity was attenuated and no longer significant (Table 4, Model 1). When further adjusting for maternal vitamin D, B12 and folate status, the association with ethnicity disappeared (Table 4, Model 2), the association with GDM was somewhat attenuated and only borderline significant while the association with LDL-cholesterol remained significant. In fully adjusted models higher maternal folate was associated with higher LEP metylation.


Table 4 | Associations between maternal factors and placental LEP CpG5, CpG11 and CpG13 methylation.



Last, we checked for interactions with ethnicity, by entering interaction terms ethnicity* GDM or ethnicity*LDL-cholesterol one by one into the fully adjusted models. No significant interactions were observed (p>0.3 for all, and >0.7 for CpG5 and CpG11). We also performed multivariate analyses stratified by ethnic group. Although not significant in all, effect estimates for GDM, LDL-cholesterol, adiposity and nutritional factors were similar across the two ethnic groups (data not shown). In supplementary analyses, exchanging GDM with maternal fasting or 2-hour glucose as explanatory factors, we found similar results as when using GDM (Tables S4A–C).




Discussion

As far as we are aware, this is the first study exploring ethnic differences in placental LEP methylation, and relationships with both maternal glycaemia, lipid levels and adiposity. We found that South Asian ethnic origin and maternal GDM were associated with higher placental LEP methylation, while higher LDL-cholesterol was associated with lower LEP methylation. The strongest associations with these three maternal factors were found for CpG11 and CpG5, which are known binding sites for important transcription factors. Ethnic differences were, however, strongly attenuated and no longer significant when adjusting for metabolic factors and vitamin status. In contrast, measures of placental size, maternal adiposity or circulating leptin levels were not associated with placental LEP methylation.

Leptin is involved in the regulation of multiple aspects of maternal metabolic homeostasis (7). Furthermore, leptin has been shown to also be important for placentation and maternal–fetal exchange processes (5). We did not find any associations between maternal or fetal circulating levels of leptin and placental LEP methylation. Hence, placental LEP methylation seems to be related to other factors than maternal and offspring leptin levels.

To the best of our knowledge, no other studies have so far investigated variations in placental LEP methylation across different ethnic groups. Limited information also exists from other tissues. A study from US comparing whole blood LEP methylation in adults and children with Northern European vs Vietnamese (East Asian) origin showed a lower methylation level in ethnic Vietnamese participants (24). Interestingly, in line with our data they also found the largest difference in the CpG-site that corresponds to our CpG11. However, the relationship to ethnicity was in the opposite direction compared to our findings in placentas from South Asian mothers. We can only speculate as to whether this merely reflects that methylation is tissue-specific, or whether it could be related to differences between these two Asian sub-groups.

Consistently, higher DNA methylation levels in South Asians were observed across all CpG sites investigated in the present study, suggesting a general hypermethylation of LEP in placentas of South Asians compared with individuals of European descent. The mechanistic background remains elusive, but could partly be due to genetic factors, as genetic variation may partly influence DNA methylation, e.g. by SNP markers introducing or deleting CpG sites (25, 26). However, people belonging to different ethnic groups may also differ on several other environmental factors not captured by genetic ancestry. For example, changes in the methylation of LEP have been observed in blood cells in adults exposed to famine when in-utero (27). In our study, 90% of the women with South Asian ancestry were born in Pakistan, India or Sri Lanka, classified as low or middle income countries, and had a lower socioeconomic position in childhood, compared with women of European origin. Although we did not find significant associations with maternal height or early life socioeconomic position, this could potentially have induced adaptive effects on regulatory mechanisms within the placenta.

In our cohort of pregnant women with expected normal pregnancies, all women were offered screening for GDM, and the majority hence had a relatively mild GDM (20). Nevertheless, we found that GDM was associated with higher LEP methylation. This is in line with some previous studies (17, 28). One study by Lesseur et al., obtaining GDM status from medical charts, found that placentas from mothers with GDM had 2.5% higher LEP methylation levels than in mothers not diagnosed with GDM (28). This effect estimate was slightly smaller than in our study. In another study by Bouchard et al. they found that in women with impaired glucose tolerance, placental leptin gene DNA methylation levels were associated with maternal 2-h glucose levels. However, this association depended on the placental site the tissue was sampled from (10). The different methodology makes direct comparison with our findings difficult and illustrates the complexity involved in these relationships.

In contrast to our findings, Lesseur et al. reported an association between maternal obesity and placental LEP methylation, and that this was largely mediated through an effect on GDM (28). Further, a study from France observed placental hypermethylation and hypoexpression of LEP in relation with maternal obesity (8), while a study from Spain did not find any obesity-related changes in placental LEP expression (29). We found no differences in placental LEP methylation across various levels of maternal adiposity. These findings were similar in the two ethnic groups and across different measures of adiposity, suggesting that adiposity is not the primary explanation for the observed associations with ethnicity and glucose- and lipid metabolism.

We have not been able to find any previous studies exploring associations between maternal lipid/lipoprotein levels and placental LEP methylation. A study by Houde et al. did show that in severely obese non-pregnant adults, LDL-cholesterol levels were positively associated with LEP methylation levels both in whole blood and in adipose tissue, suggesting that LDL-cholesterol might be involved in the epigenetic regulation of leptin (30). However, the positive associations were, in contrast to the negative association observed in placental tissue in our study. LDL-cholesterol is possibly the most important source of cholesterol for the fetus (3). A recent Norwegian in vivo study showed that fetal cholesterol uptake was related to the uteroplacental uptake of cholesterol from LDL-cholesterol, suggesting that the placenta influences maternal-fetal cholesterol transfer (31). Some previous studies have indicated that leptin plays a role in the regulation of placental glucose and amino-acid transport, by up-regulating specific placental nutrient transporter isoforms (5). From our finding we could thus speculate that placental leptin may also be involved in the regulation of LDL-cholesterol transport in the placenta.

Interestingly, in the study by Houde et al., as in our study, the strongest associations with LDL cholesterol were found for the two CpG sites that corresponds to our CpG11 and CpG5. In our study the strongest relations with ethnicity and GDM were also seen for CpG11 and CpG5. Methylation of these two CpGs, and in particular CpG11, were less correlated with the metylation of other CpGs. These two CpGs are located at binding sites for known transcription factors (32). CpG5 is located at the binding site for the specificity protein 1 (SP1), known to be involved in the LEP gene expression regulation in adipocytes (32, 33), especially in the induction of leptin by insulin-stimulated glucose metabolism as reported by Moreno-Aliaga et al. (34) Further, CpG11 is located at a binding site for CCAAT/enhancer binding protein-α (CEBPA). The gene coding for CEBPA is considered a core regulatory gene in the control of adipogenesis (11). Binding of CEBPA at this site highly activates the transcription of LEP, and methylation of this site has been shown to repress transcription of the LEP gene (32, 35). Our results support that also in placental tissue it is likely that these sites are subject to regulatory mechanisms and changes in gene expression affected by maternal glucose metabolism, and thus could have important functions during pregnancy beyond its accepted action on maturation of adipocytes for energy storage (7). However, our findings further suggest that the regulation of LEP expression in placental tissue differs from blood and adipose tissue.

In univariate stratified analyses we found that effect estimates for the association between GDM and placental LEP methylation were nominally larger, and only significant for South Asians. We could speculate that this finding reflect that GDM in South Asians to a larger extent represent pre-gestational dysglycemia and hence more “severe” GDM. We had limited statistical power to do formal interaction analyses and to test direct vs. indirect effects of the different exposures. However, interaction analyses and stratified analyses in fully adjusted models did not suggest that the effects of GDM, LDL-cholesterol and nutritional factors differed between the two ethnic groups. This indicate that the suggested stronger effect of GDM in South Asians from univariate analyses are mainly related to differences in other covariates.

In our study, South Asian mothers had lower levels of vitamin D, B12 and folate than ethnic European mothers in early pregnancy. Folate and vitamin B12 are key factors in generating methionine that represents a major source of S-adenosylmethionine (SAM), the major methyl-donating substrate for DNA methylation, and hence strongly influences DNA methylation levels (36). Also, vitamin D has effects on genome wide DNA methylation levels and was recently reported to influence long-chain polyunsaturated fatty acids and oxidative stress in the placenta via one-carbon metabolism (37). The relations between nutritional factors and the methylation of regulatory cytokines in placenta is likely very complicated, where not only the level of each nutritional factor itself, but also the combination of different factors may be important (38, 39). Differences in vitamin levels could also be proxy measures of other complex life-style factors. Nevertheless, our findings suggest that nutritional factors may be involved in the regulation of key placental cytokines also in generally well-nourished multi-ethnic European populations.

The present study has several strengths. First, we have studied relationships with LEP methylation in two distinct ethnic groups, known to have different metabolic phenotypes, participating in the same cohort study, ruling out methodological issues to explain observed ethnic differences. Second, this cohort of pregnant women were followed from early pregnancy, and we have an extensive maternal dataset, including information about early life socioeconomic conditions, lipids/lipoproteins, glucose data from universal screening of GDM, different measures of adiposity and micronutrient status, specifically vitamins known to be involved in the one-carbon metabolism cycle, and more. Nevertheless, there are also important limitations to the study. We had a relatively small sample size, which limited our power; e.g. for interaction analyses and to test direct vs. indirect effects. Although transversal tissue sections from the central placenta will mainly consist of tissue from the fetal compartment (chorionic plate, villi), it could possibly also contain smaller amounts of tissue of maternal origin (intervillous space and basal plate). Moreover, even within fetal tissue different cell types may be present. As methylation is cell-type specific, this could have implications for our results. However, in our study such differences between placental samples should occur completely at random, and would thus not explain the observed associations with ethnicity or lipid and glucose levels. As we observed similar patterns of associations with ethnicity, GDM and LDL-cholesterol across all CpGs, and we consider this study as exploratory and hypothesis generating, we did not correct the p-values for multiple testing, i.e. we did not take into account the number of CpG sites tested (N=13). If we had applied Bonferroni correction for association analyses, the study-specific significance threshold for the analyses would have been lowered to P=0.0038 (0.05/13). Some of the observed associations would hence still be significant.



Conclusions

The relationships between maternal factors, placental function and fetal development are probably mediated through a complex system likely affected by genomic differences and adaptive processes. Leptin is considered a key regulatory cytokine within the placenta. Our findings suggest that maternal glucose and cholesterol metabolism in pregnancy can alter placental LEP metylation, in particular at some CpG sites which are known as binding sites for important transcription factors. Further, our results indicate that differences in maternal metabolism and nutritional status between ethnic Europeans and South Asians could explain most of the ethnic variation in placental LEP methylation. Understanding the impact of maternal metabolic and nutritional factors on placental epigenetic marks is particularly important given the current rise in prevalence of obesity, GDM and type 2 diabetes, not least in the South Asian population, and the possible consequences on later-life disease susceptibility.
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MicroRNAs expressed in adipocytes are involved in transcriptional regulation of target mRNAs in obesity, but miRNAs critically involved in this process is not well characterized. Here, we identified upregulation of miR-221-3p and miR-222-3p in the white adipose tissues in C57BL/6 mice fed with high fat-high sucrose (HFHS) chow by RNA sequencing. Mir221 and Mir222 are paralogous genes and share the common seed sequence and Mir221/222AdipoKO mice fed with HFHS chow demonstrated resistance to the development of obesity compared with Mir221/222flox/y. Ddit4 is a direct target of Mir221 and Mir222, and the upregulation of Ddit4 in Mir221/222AdipoKO was associated with the suppression of TSC2 (tuberous sclerosis complex 2)/mammalian target of rapamycin complex 1 (mTORC1)/S6K (ribosomal protein S6 kinase) pathway. The overexpression of  miR-222-3p linked to enhanced adipogenesis, and it may be a potential candidate for miRNA-based therapy.
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Introduction

In obesity, the excess and ectopic accumulation of adipose tissue leads to the clusters of metabolic disorders such as low-grade inflammation, type 2 diabetes (T2D), dyslipidemia, hypertension, nonalcoholic fatty liver disorder (NAFLD), cardiovascular diseases (CVDs), chronic kidney disease (CKD) and cancer. As an endocrine organ, the adipose tissue communicates with other tissues by secreting peptide hormones, inflammatory cytokines, signaling lipids and miRNAs packed in exosomes (1). The alteration of expression profile of miRNA both in cytoplasm and extracellular vesicles leads to changes in the transcriptional and translational activities of the genes, which control inflammation, whole body insulin sensitivity, lipid metabolism, adipogenesis of white, beige, and brown adipose tissues (2). For instance, miR-34a secreted by mature adipocytes in exosomes were transported into macrophages, suppresses M2 polarization, and stimulates inflammatory responses by repressing Krüppel-like factor 4 (3). Lentivirus-mediated suppression of miR-34a increased the beige and brown fat formation in diet-induced obese mice by increasing fibroblast growth factor 21 and sirtuin 1 (4). The genetic ablation of miR-128-1 in mouse metabolic disease models resulted in increased energy expenditure, amelioration of diet-induced obesity and enhanced insulin sensitivity (5). In lipid metabolism, miR-425 overexpression in mice resulted in the promotion of diet-induced obesity and overexpression of miR-425 in 3T3-L1 cells accelerated adipogenesis and lipogenesis, while knock down of miR-425 remarkably enhanced lipolysis and lipid oxidation (6).

We also attempted to identify specific miRNAs critically involved in the process of obesity, we surveyed expression profile of miRNAs in liver, muscle, white adipose tissues (WATs), and sera of C57BL/6JJcl mice fed with standard (STD) and high fat-high sucrose (HFHS) chow by RNA sequencing (GSE61959) (7). miR-221-3p and miR-222-3p are highly up-regulated in epididymal adipose tissues in mice fed with high fat high sucrose (HFHS). miR-221 and miR-222 both locate in the close proximity on the X chromosome and share the identical seed sequence (8). In meta-analysis, circulating miR-221-3p was reduced in T2D, while miR-222-3p was elevated in obesity and T2D (9). Although miR-221-3p and miR-222-3p are differentially expressed in sera and adipose tissues, the functional in vivo experiments to elucidate the roles of Mir221 and Mir222 in obesity has not been reported. Here, we investigated the adipocyte specific Mir221 and Mir222 knockout (Mir221/222AdipoKO) mice fed with HFHS chow, and they were protected from the development of obesity by targeting DDIT4 (DNA damage inducible transcript 4)/TSC2 (tuberous sclerosis complex 2)/S6K (ribosomal protein S6 kinase) pathway.



Materials And Methods


Animal Models

We obtained Mir 221 KO cond (Mir221tm2; EMMA ID, EM:05507) from EMMA (the European Mouse Mutant Archive) and Helmholz Zentrum München (Neuherberg, Germany). The targeting vector cassette composed of Neo flanked by FRT and distal loxP sites was inserted outside the genomic region encoding Mir221 and Mir222 precursors. Neo was removed by Flp in the conditional KO allele of Mir 221 KO cond. The conditional KO allele was confirmed by primer pair; 1544_29 (5’- GCT CTG TTT TCC TAA GTG ATG G-3’) and 1544_30 (5’-CTG ACA GGA AGT AAA TCA TCT TAG C-3’). The expected fragments were 265 bp in wild and 384 bp in conditional KO allele. We also used B6.FVB-Tg (Adipoq-cre)1Evdr/J to produce Mir221/222AdipoKO mice by crossing to Mir 221 KO cond. Adipoq-cre transgene was screened by primers, Forward (5'-AGC GAT GGA TTT CCG TCT CT-3') and Reverse (5'-CAC CAG CTT GCA TGA TCT CC-3'). The primers, oIMR7338 (5’-CTA GGC CAC AGA ATT GAA AGA TCT-3’) and oIMR7339 (5’-GTA GGT GGA AAT TCT AGC ATC ATC C-3’), were used for internal positive control. The expected sizes for transgene and internal positive control were 200 bp and 324 bp, respectively. By crossing male Tg (Adipoq-cre) and female Mir221tm2/y C57BL/6JJcl mice, we generated male Mir221/222flox/y and male Mir221/222AdipoKO littermates.

Five-week-old mice were randomly assigned to standard diet (STD) group (MF, Oriental Yeast, Japan) or high fat high sucrose diet (HFHS) group (D12331, Research Diets, New Brunswick, NJ). The detailed formulation of STD (10) (https://www.oyc.co.jp/bio/LAD-equipment/LAD/ingredient.html and https://www.oyc.co.jp/bio/LAD-equipment/LAD/rodents.html) and HFHS (https://www.eptrading.co.jp/service/researchdiets/pdf/D12328-D12331.pdf) diets are shown in Supplementary Table 1. At 22 weeks of age, we obtained various organs and they were subjected to following experiments.



3T3-L1 Cell Cultures

3T3-L1 pre-adipocytes were cultured in Dulbecco’s modified eagle’s medium (DMEM, 2124951, Gibco). On day 0, the cells were treated with the differentiation media; DMEM supplemented with 10% FBS, 10 µg/ml insulin (I1882, Sigma), 1 µM DEX (D2915, Sigma) and 0.5 mM IBMX (I5879, Sigma). Then, the media were changed to DMEM supplemented with 10 µg/ml insulin and 10% FBS on day 2 and cultured for 10 or 20 days. Undifferentiated 3T3-L1 cells were subjected to Lentiviral miRNA expression, Lentiviral miRNA inhibition studies, and luciferase reporter assays.



Human Serum Samples

Human serum samples were collected from 69 patients with type 2 diabetes in Okayama University Hospital and 45 subjects with normal fasting glucose (NGT).



Insulin Tolerance Test and Glucose Tolerance Test (ITT and GTT)

The 13-week-old mice were fasted for 16 hours in GTT and for 3 hours in ITT. They were then intraperitoneally injected with glucose solution (1 mg/g body weight) and human insulin (1 unit/kg in HFHS groups and 0.75 unit/kg in STD groups) for GTT and ITT, respectively.



Basal Metabolic Rate, Locomotor Activity, and Food Intake

At 18 weeks of age, O2/CO2 metabolism measuring system (MK-5000, Muromachi Kikai, Tokyo, Japan) were used to quantify oxygen consumption rate and carbon dioxide production for the estimation of V̇O2 and respiratory quotient (RQ). The locomotor activity was recorded for 24 hours by the frequency of interrupting an infrared sensor (ACTIMO-100, Shinfactory, Fukuoka, Japan). Daily food intake was measured and calculated; daily food intake [g/day/body weight (BW)] = [initial food weight (g) – leftover food weight (g)]/measurement period (days)/BW (g). The 6-10 mice in each experimental group were examined.



Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR)

RNAs were extracted from frozen tissues and cultured 3T3-L1 cells with RNeasy Mini kit (74106, Qiagen). The QIAamp Circulating Nucleic Acid Kit (Qiagen) were used for the isolation of total RNAs from serum. For gene expression analyses, cDNAs were prepared with High-Capacity RNA-to-cDNA Kit (Thermo Fisher Scientific). TaqMan gene expression primers, Ddit4 (Mm00512504_g1), Rplp0 (Mm00725448_s1), Rn18s (Mm03928990_g1), Adipoq (Mm00456425_m1), Lep (Mm00434759_m1), Lpl (Mm01345523_m1), Srebf1 (Mm00550338_m1), Cebpa (Mm00514283_s1), Fabp4 (Mm00445878_m1), Pparg (Mm01184322_m1), Lipe (Mm00495359_m1), Pnpla2 (Mm00503040_m1), Ucp1 (Mm01244861_m1), Cox8b (Mm00432648_m1), Prdm16 (Mm00712556_m1), Cidea (Mm00432554_m1), Ppargc1a (Mm01208835_m1), G6pc (Mm00839363_m1), Gck (Mm00439129_m1), Fasn (Mm00662319_m1), Ppara (Mm00440939_m1), Il6 (Mm00446190_m1), Ifng (Mm01168134_m1), Tnf (Mm00443258_m1), Il1b (Mm01336189_m1) were used (Thermo Fisher Scientific). For miRNA expression studies, cDNAs were prepared from total RNAs by TaqMan MicroRNA Reverse Transcription Kit (Life Technologies). MicroRNA primers, mmu-miR-222-3p (CTAAJ3), hsa-miR-221-3p (000524), hsa-miR-222-3p (002276), snoRNA202 (001232), snoRNA234 (001234), and cel-miR-39 (000200) were used (Thermo Fisher Scientific). Rplp0, Rn18s, snoRNA202, snoRNA234, and cel-miR-39 were served as the invariant controls. The RT-qPCR was performed using TaqMan Universal PCR Master mix II (no UNG) at a StepOne Plus Real-Time PCR system. The quantification was performed by the 2−ΔΔCT analysis method.



Cloning of Mir221 Host Gene (Mir221hg)

Long non-coding RNA, Mir221hg, was cloned using SMARTer RACE 5’/3’ Kit (634858, Clontech). 5’- and 3’-RACE-Ready cDNAs from epididymal adipose tissues poly A+ RNA were prepared by SMARTScribe Reverse Transcriptase. 5’- and 3’-RACE-Ready cDNAs were amplified by PCR using 5’ GSP (5’-GAT TAC GCC AAG CTT CCA GCA GAC AAT GTA GC TGT TGC-3’) and 3’ GSP (5’-GAT TAC GCC AAG CTT TCC AGG TCT GGG GCA TGA ACC TG-3’), respectively. Furthermore, nested PCR was performed using 5’ NGSP (5’-GAT TAC GCC AAG CTT GTA TGC CAG GTT CAT GCC CCA GAC-3’) and 3’ NGSP (5’-GAT TAC GCC AAG CTT GCA ACA GCT ACA TTG TCT GCT GG-3’). PCR products were analyzed by agarose/EtBr gel and purified by NucleoSpin Gel and PCR Clean-Up Kit. The purified RACE products were subcloned into pRACE vector by In-Fusion Cloning (Clontech). Independent 4 clones of both 5’- and 3’-RACE were sequenced.



Western Blot Analysis

The epididymal fat tissues from 22-week-old mice and cultured 3T3-L1 cells were homogenized in RIPA lysis buffer (radioimmunoprecipitation buffer) plus protease inhibitors. The samples were boiled in SDS-PAGE loading buffer, separated on 12% Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad), and transferred to a PVDF Blotting Membrane (cytiva). After blocking with 5% nonfat milk for 1 hour at room temperature (RT), the blots were incubated with REDD-1/DDIT4 Antibody, rabbit polyclonal (ab106356, RRID: AB_10864294), C/EBPα Antibody, rabbit polyclonal (2295, RRID: AB_10692506), PPARγ (D69) Antibody, rabbit polyclonal (2430, RRID: AB_823599), mTOR (7C10) Rabbit mAb (2983, RRID: AB_2105622), Phospho-mTOR (Ser2448) (D9C2) XP Rabbit mAb (5536, RRID: AB_10691552), Akt Antibody, rabbit polyclonal (9272, RRID: AB_329827), Phospho-Akt (Thr308) Antibody, rabbit polyclonal (9275, RRID: AB_329828), p70 S6 Kinase (49D7) Rabbit mAb (2708, RRID: AB_390722), Phospho-p70 S6 Kinase (Thr389) Antibody, rabbit polyclonal (9205, RRID: AB_330944), Tuberin/TSC2 Antibody, rabbit polyclonal (3612, RRID: AB_2207804), Phospho-Tuberin/TSC2 (Thr1462) Antibody, rabbit polyclonal (3611, RRID: AB_329855, Cell Signaling Technology) overnight at 4°C. GAPDH (D16H11) XP Rabbit mAb (HRP Conjugate) (8884, RRID: AB_11129865) was used as a loading control (Cell Signaling Technology). After washing three times with Tris-buffered saline (TBS), the blots were incubated with ECL Donkey Anti-Rabbit IgG, HRP-Conjugated Antibodies (NA934V, GE healthcare Life science, 1:10000) at RT for 1 hour. The blots were developed with Pierce ECL Western Blotting Substrate (TE261327, Thermo Fisher Scientific). The chemiluminescence was analyzed using ImageQuant LAS-4000 mini (FUJIFILM).



Morphometric Analysis for Adipocyte Size

Epidydimal adipose tissues were fixed by 10% formalin, embedded with paraffin. The 5-μm paraffin sections were prepared and stained with PAS. The images were captured using an Olympus BX51 microscope. The size of the adipocytes was analyzed by Keyence Hybrid cell count software. Epidydimal adipose tissues were taken from 3-5 individual animals from each experimental group.



Isolation of Stromal Vascular Fraction (SVF) From White Adipose Tissues

SVF was isolated from epididymal adipose tissue of 24-week-old mice. Briefly, fresh mouse epididymal fat pads were minced and digested with collagenase type 1 (CLSS1, Worthington) in HBSS containing 10% FBS for 45 minutes at 37°C. The mixture was filtered through a nylon mesh (100 μm), then centrifuged at 400 g for 1 minute. The adipocyte fraction was obtained from the supernatant, they were again centrifuged at 800 g for 10 minutes, and the SVF was obtained from the pellet.



Identification of Mir221/222 Target mRNAs

The mRNA microarray was performed by GeneChip Mouse Gene 2.0 array using total RNA of epidydimal fat obtained from 16-week-old mice (1 animal from each group) and analyzed by Filgen (Nagoya, Japan). The raw data are available in Gene Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/) (GSE163921). TargetScan (http://www.targetscan.org/vert_72/), miRDB (http://www.mirdb.org/), and DIANA-microT v5.0 (https://bio.tools/DIANA-microT) and were used to identify potential target genes for Mir221/222.



Lentiviral miRNA Expression and Lentiviral miRNA Inhibitor

Lentiviral transduction using pLV-miRNA and pLV-miR-Locker system to 3T3-L1 cells were performed according to the manufacturer’s manual (Biosettia). After transformation to E. coli JM109 cells, pLV-[mmu-mir-221] plasmid (mir-p177m, Biosettia), pLV-[mmu-mir-222] plasmid (mir-p178m, Biosettia), pLV-[mmu-mir-221-3p] locker plasmid (mir-mp0337, Biosettia), pLV-[mmu-mir-222-3p] locker plasmid (mir-mp0339, Biosettia), pLV-[mir-control] plasmid (mir-p000, Biosettia), pLV-miR-locker control plasmid (mir-locker-ctrl, Biosettia), pMDLg/pRRE (12251, Addgene), pRSV/Rev (12253, Addgene), and pMD2.G (12259, Addgene) were isolated with EndoFree Plasmid Maxi Kit (12362, Qiagen). 293T cells (10 × 107/5 mL) were transfected with each pLV plasmid, pMDLg/pRRE, pRSV/Rev, pMD2.G, Lipofectamine LTX, and 1.5 mL Opti-MEM. The supernatants were collected after 48 hours after transfection. 3T3-L1 cells were transduced with lentivirus stock in complete media containing 10 μg/mL polybrene for 12 hours, replaced with fresh complete medium



Luciferase Reporter Assay

To quantitatively evaluate miRNA activity on cloned miRNA target sequence from 3’-untranslated region (3’-UTR) of Ddit4, pmirGLO dual luciferase miRNA Target expression vector (E1330, Promega) was used. Firstly, the pmirGLO plasmid was linearized by double digestion with XhoI and SalI. The cDNA of Ddit4 wild type (WT) 3′-UTR was amplified by PCR and ligated with CIP treated pmirGLO Vector. The primers are Forward-XhoI-3’UTR-Ddit4: 5’-GGG GGG CTC GAG CAG CTG CTC ATT GAA GAG TG-3′, and Reverse-SalI-3’UTR-Ddit4: 5’-GGG GGG GTCGAC CAA ACC AAC AGA GGA GAC AG-3′. pmirGLO-Ddit4 MT 3’-UTR was prepared by site directed mutagenesis by PCR using primers; Forward-MT-Seed-Ddit4: 5’-CTG GAT GTG TAT CTG CAT GTA C-3’ and Reverse-MT-Seed-Ddit4: 5’-GTA CAT GCA GAT ACA CAT CCA G-3’. The seed sequence “CGATGTA” was mutated to “CGTCTA”. After transformation to E. coli JM109 cells, pmirGLO-Ddit4 WT 3’-UTR, pmirGLO-Ddit4 MT 3’-UTR, and pmirGLO no-insert control plasmids were isolated with EndoFree Plasmid Maxi Kit (12362, Qiagen). 3T3-L1 cells were seeded at a density of 120,000 cells/mL, then co-transfected with Syn-mmu-miR-221-3p (MIMAT0000669, Qiagen), Syn-mmu-miR-222-3p (MIMAT0000670, Qiagen), negative control siRNA (1027280, Qiagen), inhibitor negative control (1027271, Qiagen), pmirGLO-Ddit4 WT 3’-UTR, pmirGLO-Ddit4 MT 3’-UTR, and pmirGLO no-insert control plasmids. Twenty-four hours after transfection, the cells were analyzed to measure luciferase activities using the Dual-Glo Luciferase Assay System and a GloMax 20/20 luminometer (Promega).



Statistical Analysis

All values were represented as the mean ± standard deviation (SD). Statistical analyses were conducted using IBM SPSS Statistics 23 and GraphPad Prism (version 8.0). Independent t-test, Mann-Whitney’s U test, and one-way ANOVA with Tukey test was used to determine the differences. For correlation, non-parametric Spearman r coefficient was used. p<0.05 was considered statistically significant.




Results


Mir221/222AdipoKO Mice Are Resistant to Diet-Induced Obesity

To identify miRNAs critically involved in the disease process of obesity and type 2 diabetes (T2D), we performed miRNA profiling of serum, liver and epididymal fat tissues in C57BL/6JJcl mice fed with standard (STD) and high fat-high sucrose (HFHS) chow. The Illumina RNA sequencing data (Gene Expression Omnibus number GSE61959) demonstrated that the read numbers of Mir221 and Mir222 were 5.7 and 8.2-fold up-regulated in epididymal adipose tissues in HFHS group compared with STD group (Supplementary Table 2). Mir221 and Mir222 are paralog genes located in proximity on X chromosome and they share identical seed sequence. To further investigate the role of Mir221/222 in obesity and diabetes, we crossed male Tg (Adipoq-cre) mice and female Mir221tm2/y C57BL/6JJcl mice and generated male Mir221/222flox/y and male Mir221/222AdipoKO littermates.

Body weight of Mir221/222AdipoKO mice fed with HFHS chow was significantly reduced compared with Mir221/222flox/y mice (Figure 1A). The weight of epididymal, mesenteric, subdermal, and brown fat was also reduced in Mir221/222AdipoKO mice (Figure 1B). The Mir221/222flox/y and Mir221/222AdipoKO mice fed with STD chow demonstrated no significant differences in their body and tissue weight (Figures 1A, B). The average size of adipocytes in epididymal adipose tissues derived from Mir221/222AdipoKO mice fed with HFHS chow was smaller compared with Mir221/222flox/y mice (Figure 1C). To investigate glucose homeostasis, we performed insulin tolerance test (ITT) and glucose tolerance test (GTT). The blood glucose levels of Mir221/222AdipoKO mice fed with HFHS chow were reduced in GTT and ITT compared with Mir221/222flox/y, but they did not reach significant differences (Figure 1D). The serum insulin concentrations of Mir221/222AdipoKO mice were significantly lower than Mir221/222flox/y, suggesting the improvement of insulin sensitivity in Mir221/222AdipoKO mice (Figure 1D). To investigate whether reduced adiposity in Mir221/222AdipoKO mice was due to changes in energy expenditure or energy intake, we measured basal metabolic rates, locomotor activity and food intake. Basal metabolic rate such as respiratory quotient and oxygen consumption were not altered between Mir221/222flox/y and Mir221/222AdipoKO mice fed with HFHS chow (Supplementary Figures 1A, B). The locomotor activity was recorded for 24 hours, most of the activities were observed during the dark phase. Increased activity was observed in Mir221/222AdipoKO mice under HFHS chow compared with Mir221/222flox/y during light (0.944 ± 0.309 vs 1.60 ± 0.764 counts/min, p=0.036) and dark (6.67 ± 4.38 vs 7.94 ± 4.38 counts/min, p=0.497) periods (Supplementary Figure 1C). Food consumptions were not altered in Mir221/222AdipoKO and Mir221/222flox/y fed with HFHS (Supplementary Figure 1D). Under HFHS chow, serum leptin concentrations were significantly reduced in Mir221/222AdipoKO compared with Mir221/222flox/y (24.5 ± 2.35 vs 21.5 ± 1.85 ng/ml, p=0.043), while serum adiponectin concentrations were not altered (Supplementary Figures 1E, F). In quantitative RT-PCR in epididymal adipose tissues, mRNA expression of Lep was significantly reduced in Mir221/222AdipoKO. The genes related to adipogenesis, such as Pparg, Cebpa, Ppargc1 and Prdm16, were not altered in Mir221/222AdipoKO (Supplementary Figure 2).




Figure 1 | The metabolic phenotypes of Mir221/222flox/y and Mir221/222AdipoKO male mice fed with high fat high sucrose (HFHS) or standard (STD) chow. (A) Body weight of Mir221/222flox/y and Mir221/222AdipoKO mice fed with HFHS (n=7) or STD chow (n=6), respectively. (B) Tissue weight of Mir221/222flox/y and Mir221/222AdipoKO mice fed with HFHS or STD chow at 24 weeks of age. (Epi, epididymal; Mes, mesenteric; Sub, inguinal; Brown, Brown adipose tissues) (C) Adipocyte area in epididymal adipose tissues of Mir221/222flox/y (n=3) and Mir221/222AdipoKO (n=5) mice fed with HFHS or STD. Quantitative analyses were carried out on PAS-stained paraffin sections. (D) Insulin tolerance test (ITT) in Mir221/222flox/y (n=7) and Mir221/222AdipoKO (n=6). Glucose tolerance test (GTT) in Mir221/222flox/y fed with HFHS (n=13) or STD chow (n=7) and Mir221/222AdipoKO fed with HFHS (n=16) or STD chow (n=6). Data shown as mean ± SD and analyzed by one-way ANOVA with Tukey test in (A, B), and Mann-Whitney’s U test in (C, D) (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).





Expression Mir221 and Mir222 Are Highly Induced by HFHS Chow Feeding in Mature Adipocytes From Epidydimal Adipose Tissue

We investigated the expression of Mir221 and Mir222 in various organs. Both miR-221-3p and miR-222-3p were abundantly expressed in brain, kidney, and lung in Mir221/222flox/y and they were down-regulated or not altered by the HFHS feeding compared with STD chow. In contrast, both miR-221-3p and miR-222-3p were significantly upregulated in the epidydimal fat tissues, and such upregulation was canceled in the epidydimal fat tissues of Mir221/222AdipoKO fed with HFHS chow (Figures 2A, B). Next, we investigated the localization of Mir221 and Mir222 in the cell fractions of epididymal adipose tissues. Both miR-221-3p and miR-222-3p were significantly induced by HFHS chow in mature adipocytes of Mir221/222flox/y, while the upregulation was significantly reversed in the mature adipocyte of Mir221/222AdipoKO fed with HFHS chow. In contrast, miR-221-3p and miR-222-3p were not significantly upregulated in the stromal vascular fraction (SVF) from Mir221/222flox/y fed with HFHS chow (Figure 2C). We also assessed the expression of miR-221-3p and miR-222-3p during 3T3-L1 adipocyte differentiation. Both miR-221-3p and miR-222-3p continuously down-regulated after the induction of adipocyte differentiation (Supplementary Figure 3A). Finally, we assessed the serum concentrations of mmu-miR-221-3p and mmu-miR-222-3p by quantitative PCR and they were not altered in Mir221/222flox/y and Mir221/222AdipoKO fed with STD and HFHS chow, suggesting serum mature forms of Mir221 and Mir222 were derived from various organs but not exclusively from adipose tissues (Supplementary Figure 4A). In human samples from the subjects with normal glucose tolerance (NGT, n=45) and impaired glucose tolerance (IGT, n=69), hsa-miR-221-3p and hsa-miR-222-3p demonstrated negative (R2 = 0.1311, p<0.0001) and positive correlations (R2 = 0.03841, p=0.0441) with HbA1c levels, respectively (Supplementary Figures 4B, C).




Figure 2 | Expression of Mir221 and Mir222 in Mir221/222flox/y and Mir221/222AdipoKO male mice fed with high fat high sucrose (HFHS) or standard (STD) chow. (A, B) In various tissues, the expression of miR-221-3p and miR-222-3p is normalized by snoRNA202 and snoRNA234. The HFHS-induced up-regulation of miR-221-3p and miR-222-3p in epididymal adipose tissues was reversed in Mir221/222AdipoKO (red asterisks). (Epi, epididymal; Mes, mesenteric; Sub, inguinal; Brown, Brown adipose tissues) (C) Serum concentration of miR-221-3p and miR-222-3p. HFHS Mir221/222flox/y (n=3), HFHS Mir221/222AdipoKO (n=5), STD Mir221/222flox/y (n=5) and STD Mir221/222AdipoKO mice (n=6). Data shown as mean ± SD and analyzed by one-way ANOVA with Tukey test (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).





Identification of Mir221hg and Its Expression

The miRNA genes are classified as intergenic and intragenic miRNAs, and the intragenic miRNAs and related host genes share the common transcriptional regulation. The long non-coding RNA (lncRNA), namely mir-221 host gene (MIR221HG), has been reported in bovine, which inhibits the adipocyte differentiation in cultured cells (11). Thus, we performed 5’ and 3’ rapid amplification of cDNA ends (5’/3’RACE) using poly A+ RNA purified from epidydimal fat tissues of C57BL/6JJcl mice and cloned 1537 bp single exon lncRNA (Mir221hg, MW581002) which overlap Mir221 (Supplementary Figure 5A). Next, we designed primers for quantitative PCR of Mir221hg and evaluated gene expression in various tissue. Mir221hg was abundantly expressed in brain in Mir221/222flox/y and they were upregulated in brain, heart, liver, intestine, spleen by the HFHS feeding compared with STD chow. The expression of Mir221hg was rather low in various adipose tissues and its lncRNA expression was not changed in Mir221/222AdipoKO fed with STD and HFHS chow (Supplementary Figures 5B, C). Although Mir221hg lncRNA may be functional as a reservoir for miR-221-3p, the role of Mir221hg lncRNA in adipose tissues was limited in our experiments.



miR-221-3p and miR-222-3p Target Ddit4

To investigate the mechanism for the resistance to diet-induced obesity in Mir221/222AdipoKO, we attempted to identify the potential target genes for miR-221-3p and miR-222-3p. We performed mRNA profiling by GeneChip Mouse Gene 2.0 array using total RNA purified from epidydimal fat tissues of Mir221/222flox/y fed with STD or HFHS, Mir221/222AdipoKO fed with STD or HFHS chow (Supplementary Tables 3–5). Then, we made the list of 355 target genes commonly predicted by TargetScan, miRDB, and DIANA-microT, and their seed sequences were conserved in both human and mouse genome (Supplementary Table 6). By searching upregulated genes in Mir221/222AdipoKO compared with Mir221/222flox/y in both STD and HFHS fed groups, we identified that DNA-damage-inducible transcript 4 (Ddit4) demonstrated 1.9-fold and 2.58-fold upregulation in Mir221/222AdipoKO fed with HFHS and STD chow, respectively (Supplementary Table 7). To evaluate miRNA activity of miR-221-3p and miR-222-3p by the binding to 3’-untranslated region (3’-UTR) of Ddit4, we performed luciferase reporter assay in 3T3-L1 cells. We cloned 3’-UTR regions of Ddit4 gene and prepared the wild-type reporter vector, pmirGLO-Ddit4 WT 3’-UTR, and the mutant vector, pmirGLO-Ddit4 MT 3’-UTR, in which mutagenesis was induced on the seed sequence binding site (Figure 3A). The luciferase reporter vectors were co-transfected with Syn-mmu-miR-221-3p or Syn-mmu-miR-222-3p or negative control siRNA in 3T3-L1 cells. As a result, reporter activity of pmirGLO-Ddit4 WT 3’-UTR were significantly inhibited in the presence of both Syn-mmu-miR-221-3p and Syn-mmu-miR-222-3p. In contrast, Syn-mmu-miR-221-3p or Syn-mmu-miR-222-3p had almost no effect on the reporter activity of pmirGLO-Ddit4 MT 3’-UTR (Figure 3A). Next, we checked the expression of Ddit4 in the epidydimal adipose tissues of Mir221/222flox/y and Mir221/222AdipoKO fed with HFHS by quantitative PCR and Western blot. Although the mRNA expression of Ddit4 was increased in Mir221/222AdipoKO without statistical significance, DDIT4 protein expression was significantly upregulated in the Mir221/222AdipoKO compared with Mir221/222flox/y (Figure 3B), suggesting the possible involvement of translational repression by miR-221-3p and miR-222-3p.




Figure 3 | Dual-luciferase reporter assay for Ddit4 3’UTR and expression of Ddit4 in mice. (A) Dual-luciferase reporter assay using pmirGLO-Ddit4 WT 3’-UTR, pmirGLO-Ddit4 MT 3’-UTR, and pmirGLO no-insert control plasmids. 3T3-L1 cells were co-transfected with Syn-mmu-miR-221-3p (n=4), Syn-mmu-miR-222-3p (n=4), negative control siRNA (n=8). (ns, not significant). (B) Quantitative RT-PCR for Ddit4 in epididymal adipose tissues of Mir221/222flox/y (n=4) and Mir221/222AdipoKO (n=8) mice fed with high fat high sucrose (HFHS). Western blot analyses for DDIT4 and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) in epididymal adipose tissues of Mir221/222flox/y (n=3) and Mir221/222AdipoKO (n=7) mice fed with high fat high sucrose (HFHS). Data shown as mean ± SD and analyzed by Mann-Whitney’s U test (*p<0.05; **p<0.01).





Mir221/Mir222 Promotes Adipogenesis by DDIT4-Mediated Inhibition of mTORC1

DDIT4 is known to activate tuberous sclerosis complex 1 (TSC1)/TSC2 complex by the inhibition of AKT (protein kinase B) and the release of 14-3-3 from TSC2 (12). It further negatively regulates mammalian target of rapamycin complex 1 (mTORC1) (13). Increased activity of the mTORC1 signaling has been associated with obesity (14), and the knockout mice for the mTORC1 downstream ribosomal protein S6 kinase (S6K) are protected against diet-induced-obesity (15). Thus, we further checked the inactivated form of p-TSC2 (Thr-1462) and activated form of p-S6K (16) in the epidydimal adipose tissues of Mir221/222flox/y and Mir221/222AdipoKO. After overnight fasting, the mice were injected intraperitoneally with insulin and the epidydimal fat tissues were harvested at 7 min after insulin injection. In Mir221/222AdipoKO mice, both p-AKT and p-TSC2 (Thr-1462) were significantly reduced, and accordingly p-S6K was also significantly reduced (Figures 4A, B). p-mTOR was reduced in Mir221/222AdipoKO mice, however, it did not reach the statistically significant differences (Figures 4A, B).




Figure 4 | Western blot analyses. (A) Western blot analyses for AKT (protein kinase B), TSC2 (tuberous sclerosis complex 2), mTOR (mammalian target of rapamycin) and S6K (ribosomal protein S6 kinase) in Mir221/222flox/y (n=3) and in epididymal adipose tissues of Mir221/222AdipoKO (n=5) male mice fed with high fat high sucrose (HFHS). Activated form of p-AKT and Inactivated form of p-TSC2 (Thr-1462) and activated form of p-S6K are shown. (B) Densitometric analyses of Western blots. Data shown as mean ± SD and analyzed by Mann-Whitney’s U test (*p<0.05).



Since mTOR has been shown to positively regulate adipogenesis and lipogenesis while inhibiting lipolysis, fatty acid oxidation and ketogenesis (17), we performed adipogenesis and glycerol assays in 3T3-L1 adipocytes. We constructed lentiviral vector expressing miRNA inhibitors (pLV-locker 221, pLV-locker 222, pLV-locker control) and miRNA mimics (pLV 221, pLV 222, pLV control). The efficiency for inhibitors and mimics was confirmed in 3T3-L1 cells at 3-7 days after the transduction (Supplementary Figures 3B, C). Lentiviral vectors were transduced to 3T3-L1 cells at 2 days before the induction of differentiation and cultured for 7 days. The pLV-locker 221, pLV-locker 222, and pLV-locker 221/222 did not alter the accumulation of lipid droplets demonstrated by oil red O staining measured by absorbance at 490 nm (Figure 5A). Similarly, pLV 221, pLV 222, and pLV221/222 only show slight increase in the accumulation of lipid droplets in 3T3-L1 cells without statistical significance (Figure 5B). Western blot analysis demonstrated that the expression of C/EBPα and PPARγ were not changed by pLV-locker 221 and pLV-locker 222 (Figure 5C), while they
were significantly up-regulated by treatment with pLV 222 (Figure 5D). To investigate lipolysis, lentiviral vectors were transduced to the fully differentiated 3T3-L1 adipocyte and we performed glycerol assay 7 days after lentiviral transduction. pLV-locker 221/222 and pLV 221/222 did not alter the glycerol release (Figure 5E).




Figure 5 | Adipogenesis, lipogenesis and lipolysis in 3T3-L1 cells. Lentiviral vectors were transduced to 3T3-L1 cells at 2 days before the induction of differentiation and cultured for 7 days. (A) Oil-red O staining of differentiated 3T3-L1 cells treated with pLV-locker control, pLV-locker 221, pLV-locker 222, and pLV-locker 221/222. (B) Oil-red O staining of differentiated 3T3-L1 cells treated with pVL control, pLV 221, pLV 222, and pLV221/222. (C) Western blot analysis of PPARγ in differentiated 3T3-L1 cells treated with pLV-locker control, pLV-locker 221, pLV-locker 222, and pLV-locker 221/222. (D) Western blot analysis of PPARγ in differentiated 3T3-L1 cells treated with pVL control, pLV 221, pLV 222, and pLV221/222. (E) Lipolysis assay in 3T3-L1 cells stimulated with isoproterenol. Differentiated 3T3-L1 cells were treated with pLV-locker 221/222 and pLV 221/222. Data shown as mean ± SD and analyzed by one-way ANOVA with Tukey test (*p<0.05; **p<0.01).






Discussion

The adipocyte-specific inhibition of Mir221/Mir222 expression protected the mice fed with HFHS chow from the obesity. We demonstrated that the direct target of miR-221-3p and miR-222-3p was Ddit4 and the inhibition of Mir221/Mir222 expression resulted in upregulation of DDIT4, inactivation of AKT, activation of TSC2 and subsequent inactivation of S6K, the latter is a major target of mTORC1. The lentivirus-mediated transfer of Mir222 gene promoted the adipogenesis demonstrated by up-regulation of C/EBPα and PPARγ in differentiated 3T3-L1 cells. We concluded that the inhibition of miR-221-3p and miR-222-3p and DDIT4-mediated inhibition of mTORC1 signaling is one of the major mechanisms for the protection from diet-induced obesity. The role of Mir221 in adipogenesis has been focused by series of investigation and Ahonen et al. reported miR-221-3p overexpression in Simpson-Golabi-Behmel syndrome (SGBS) preadipocytes inhibited de novo lipogenesis and adipogenesis (18). In our investigation, overexpression by pLV 221 did not alter the lipogenesis and adipogenesis in 3T3-L1 cells; however, pLV 222 enhanced the adipogenesis. In bovine adipocyte differentiation, long non-coding RNA (lncRNA), MIR221HG, significantly increased adipocyte differentiation associated with dramatic increment of PPARγ (11). We also cloned mouse Mir221hg with 1,537 bp and identified that 1,054 bp of 5’-flanking region was deleted in Mir221/222AdipoKO mice. The expression of Mir221hg is barely detected in brown and WATs in wild type mice and we speculated that the influence of deletion of Mir221hg is minimal in Mir221/222AdipoKO mice. Although the functional studies to elucidate the role of Mir222 in adipogenesis and lipogenesis were not reported in cultured adipocytes in previously published studies, we demonstrated that Mir222 expression was upregulated in WATs of obese mice and in serum of obese patients. The importance of Mir222 in the pathogenesis of obesity is supported by the analysis of adipose tissue-specific Dicer knockout mice, in which gonadal adipose tissue was the main source of serum exosomal miR-222 (19). The exosome-packed Mir222 influenced remote organs, and overexpression of Mir222 inhibits the expression of IRS-1 by directly binding to untranslated regions in the muscle (20) and liver (21). In current investigation, we firstly demonstrated that overexpression of Mir222 promoted the adipogenesis in 3T3-L1 cells.

Under the presence of amino acids, mTORC1 is activated by GTP-bound Rheb. In the upstream of the Rheb, AKT inhibits TSC2 and TBC1D7 (TBC1 Domain Family Member 7) complex, which further inhibits the activation of mTORC1 by acting as a GTPase-activating protein. mTORC1 promotes the lipid synthesis and storage and adipogenesis, while it inhibits the lipolysis, β-oxidation and ketogenesis. SREBP (sterol regulatory element-binding protein) processing and activation is promoted by mTORC1 by the activation of S6K and lipin 1 leading to transcriptional activation of SREPB1, SREBP2, and many other lipogenic genes. mTORC1 also committed mesenchymal stem cells to adipocyte lineage by the activation of S6K, promotes the initial step of adipocyte differentiation by inhibiting 4E-BP1/2 (eIF4E-binding protein 1/2), and completes the final differentiation by the activation of PPARγ (22). Many researchers screened the agents or intrinsic factors to inhibit mTORC1 signaling and lipogenesis for the treatment of obesity. Lee et al. reported that ezetimibe reduced lipid accumulation by inhibiting mTORC1 signaling, leading to the downregulation of lipogenesis-related genes (23). Shi et al. reported that the inhibition of miR-196b-5p blocked adipogenesis and lipogenesis by directly targeting TSC1 and TGFBR1 (transforming growth factor-β receptor 1) (24). We demonstrated that the inhibition of miR-221-3p and miR-222-3p and subsequent DDIT4-mediated inhibition of mTORC1 signaling is a therapeutic target for the treatment of obesity.

The activation of mTORC1 links to various pathological processes in adipose tissues such as inflammation, beige adipogenesis and angiogenesis. mTORC1 loss and gain of function studies in macrophages resulted in amelioration and exacerbation of inflammatory response, as well as macrophage polarization to both M1 and M2 profiles (25). miR-221 mediates M1 macrophage polarization (26, 27), while suppression of miR-222 alleviate the inflammatory response (28, 29). However, we did not observe the apparent changes in gene expression of cytokines such as Il1b, Il6, Ifng, and Tnf in adipose tissues in Mir221/222AdipoKO mice (Supplementary Figure 2). The phenotyping of T cells and macrophages in WATs should be performed in the future investigation. In beige adipogenesis, the adipose-specific deletion of Raptor, a key component of mTORC1, promoted beige adipogenesis by inhibiting prostaglandins (PGs) synthesized by cyclooxygenase-2 (COX-2) (30). Supporting this notion, ketoprofen alleviated diet-induced obesity and promotes the fat browning by the COX-2 and mTORC1-p38 signaling pathway (31). In our investigation, the genes related to beige adipogenesis such as Ppargc1 and Prdm16 tended to be upregulated in WATs without statistical differences. However, in WATs in Mir221/222AdipoKO mice, apparent beige adipogenesis was not observed by histological examinations. In tumor microenvironment and angiogenesis, mTORC1 under a hypoxic condition promotes the translation of hypoxia-inducible factor (HIF) 1-2, which lead to the expression of angiogenic growth factors such as vascular endothelial growth factor (VEGF), TGF-α, and platelet-derived growth factor β (PDGF-β) (32). Mir221 and Mir222 demonstrated the angiogenic activities in vascular cells (33) and cancers (34), however, we did not observe the angiogenesis activities in WATs in Mir221/222AdipoKO mice.



Limitation of Study

We hypothesized that circulating miR-221-3p and miR-222-3p play important roles in both mouse obese models and the patients with obesity and T2D. However, the circulating levels of miR-221-3p and miR-222-3p were not altered in Mir221/222flox/y and Mir221/222AdipoKO mice fed with STD and HFHS. In addition, the human serum levels of miR-221-3p and miR-222-3p showed correlations with HbA1c, however, they did not show significant correlations with body weight and BMI. Although we show the roles of miR-221-3p and miR-222-3p in the adipocytes, we did not clearly demonstrate the role of circulating miR-221-3p and miR-222-3p in the pathogenesis of obesity. Another limitation is that it is still unknown why Mir221/222AdipoKO mice did not show significant improvement of insulin sensitivity although the body weight was significantly reduced compared with Mir221/222flox/y fed with HFHS. Finally, the micronutrient composition is not matched between the STD and HFHS diets and it may possibly impact the observed outcomes. Ideally, a matched diet should be used for mineral and vitamin mix.
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Long noncoding RNAs (lncRNAs) have been reported to have multiple functions and can be used as markers of various diseases, including diabetes. This study was conducted to determine the lncRNA profile in leukocytes from patients with type 2 diabetes (T2D). Differential expression of lncRNAs in T2D and type 1 diabetes (T1D) was also examined. RNA sequencing was performed in a critically grouped sample of leukocytes from T2D patients and healthy persons. A total of 845 significantly differentially expressed lncRNAs were identified, with 260 downregulated and 585 upregulated lncRNAs in T2D. The analysis of functions of DE-lncRNA and constructed co-expression networks (CNC) showed that 21 lncRNAs and 117 mRNAs harbored more than 10 related genes in CNC. Fourteen of 21 lncRNAs were confirmed to be significantly differentially expressed was detected by qPCR between the T2D and control validation cohorts. We also identified a panel of 4 lncRNAs showing significant differences in expression between T1D and T2D. Collectively, hundreds of novel DE-lncRNAs we identified in leukocytes from T2D patients will aid in epigenetic mechanism studies. Fourteen confirmed DE-lncRNAs can be regarded as diagnostic markers or regulators of T2D, including 4 lncRNAs that chould distinguish T1D and T2D in clinical practice to avoid misdiagnosis.
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Introduction

Diabetes mellitus (DM) is one of the most widespread chronic diseases, creating a burden for both patients and their families. DM is always divided into four main types, among which patients with type 2 diabetes (T2D) account for over 90% and type 1 diabetes (T1D) with approximately 10% of all cases (1). Genetic and environmental factors are important causes of T2D. Although the characteristics of type 1 and 2 diabetes differ, quickly or easily distinguishing these types is difficult in clinical practice. Additionally, as the age of T2D patients decreases, it becomes difficult to distinguish type 1 and 2 diabetes in patients 20–30 years old (1). Thus, T1D patients may be misdiagnosed as having T2D, resulting in incorrect treatment. Diagnosing different types of diabetes mellitus still remains a challenge. Therefore, new markers or therapy targets are urgently needed for T2D. Also, simple, convenient, and efficient molecular technological methods that aid in the diagnoses of different types of diabetes are needed as well.

Long noncoding RNAs (lncRNAs) are a class of RNAs with transcripts longer than 200 nucleotides and limited protein coding potential (2). Studies have demonstrated that lncRNAs are involved in a wide range of biological processes (3). A growing mass of literature has revealed that lncRNAs are useful markers of disease status and in diagnosis (4). Few previous studies have investigated lncRNAs in diabetes (5). Most reports of lncRNAs in diabetes have mainly focused on the lncRNA profile in pancreatic beta cells and regulation of glucose homeostasis (6), diabetes with vascular complications (7), nephropathy (8), obesity (9), and retinopathy (10). Researchers have established a connection between lincRNA transcriptome of human monocyte-derived macrophages and cardiometabolic disorders (11). However, studies aimed at identifying lncRNAs involved in T2D in circulating leukocytes are rare. Systemic low-grade inflammation is a hallmark of T2D and contributes to the pathogenesis of several associated complications (12). Activation of monocytes and macrophages plays an important role in inflammatory processes needed for the protection against invading pathogens or toxins (13). We predicted that lncRNA in peripheral blood cells may play a regulatory role in the pathogenesis of T2D. Wang et al. performed microarray analysis to screen out differential expressed mRNAs and lncRNAs between T2D patients and healthy control (14). Marpadga et al. revealed downregulation of anti-inflammatory cytokines and antiproliferative genes, along with several lncRNAs, may promote chronic inflammation in T2D with RNA sequencing (15). Whether lncRNAs are involved blood cells or if they can be used to distinguish type 1 and 2 diabetes has not been explored. Therefore, we identified differentially expressed lncRNAs in leukocytes, the most nucleated cells in circulation, and explored novel lncRNAs as diagnostic markers and potential regulators for T2D. We also evaluated lncRNAs that can discriminate type 2 and type 1 diabetes by analyzing the present data and our previous data (GEO accession number GSE130279).



Materials and Methods


Subjects

Human blood samples collected from the Department of Endocrinology, Chinese PLA General Hospital, were grouped into healthy control (CTR, n = 5), and T2D (n = 11, 6 with family history and 5 without family history) as discovery cohort by clinical examination. The expanded validation cohort were grouped by healthy control (CTR, n = 36), T2D (n = 56), and T1D (n = 11). The information of these T2D participants in discovery cohort and validation cohort are showed in Table S1. All consenting adult subjects (18–65 years old) with no past medical history were consecutively enrolled between March 2017 and January 2018. Blood samples were subsequently collected in the morning after an overnight fast of 10 to 12 h. The study was approved by the Ethics Committee of the Chinese PLA General Hospital (Permitted No. S2016-147-03) and all patients gave informed consent before participation in the study.



Detailed Information of Type 2 Diabetes Diagnosed Criteria and Excluded Requirements

The individuals in this study either suffered from T2D, T1D or were healthy controls, as part of discovery or validation cohorts. The subjects in the T2D or T1D group were involved based on criteria including: 1) diagnosed with T2D or T1D according the World Health Organization (WHO) screening criteria; 2) aged 18–65 years without a gender limit; 3) with normal triglyceride serum level; 4) no complications occurred; and 5) with the approval of the participants themselves or their guardian. Patients with family history were defined as such by the existence of a parent and grandparent also diagnosed as having T2D. The subjects in the healthy control group were included based on the following criteria: 1) healthy with a negative diagnosis of T2D and T1D according the World Health Organization (WHO) screening diabetes criteria and confirmed with normal blood biochemical indexes, free from all endocrine disease and infectious disease by consulting; 2) aged 18–65 years without a gender limit; 3) with the approval of the participants themselves or their guardian. Exclusion criteria were: 1) severe disease or tumors in the heart, brain, liver, kidney currently or previously; 2) severe gastrointestinal disease; 3) presenting with other conditions such as severe infection or active tuberculosis and applying multiple antibiotics; 4) pregnant or lactating women; 5) with a history of or alcohol and/or drug abuse currently; 6) with a history of mental illness or with family history; and 7) stressful life incidents having occurred within one year. The information of healthy control was gained by consulting.



Total RNA Extraction and Purification From Leukocytes

Total RNA was extracted from leukocytes isolated from peripheral blood. Briefly, approximately 2.5 ml of blood from each subject was static settlement for less than 4 h, followed by centrifugation for 10 min at 3,000×g. The cell pellets were then incubated with 1 ml red blood cell lysate (Solarbio Technology Co., Ltd.) and the resultant lysate was centrifuged for 3 min at 3,000×g. After that, the supernatant was removed and the above steps were repeated three times. Total RNA was extracted using TRIzol, as per the manufacturer’s instructions (Invitrogen). Ribosomal RNA was removed using the Ribo Zero Magnetic Gold kit (MRZG126, Illumina). Quality and integrity of the isolated RNA was verified by NanoDrop (Thermo scientific) and Bioanalyzer (Agilent). OD260/280 ratio ranged between 1.9 and 2.1 and RIN >7.0.



RNA-Sequencing and Analysis

RNA sequencing was performed by Annoroad Gene Tech. Co., Ltd. Sequence libraries were prepared using the NEB Next Ultra Directional RNA LibraryPrep Kit for Illumina (NEB, Ispawich, USA) selection in order to include all the lncRNA transcripts that were not polyadenylated. Libraries were sequenced on the Illumina HiSeq X Ten with 150 bp paired-end reads. The paired-end reads from the samples were mapped to the hg19 reference genome by HISAT (v2.0.5). Ab initio transcript reconstruction was performed using String Tie, version 1.3.2d, with the reference genome download from the ENSEMBL. Novel transcripts were filtered for having at least 2 exons. Read counts were then calculated per gene from the alignment bam files using HTSeq (v0.6.0) and FPKM (Fragments Per Kilobase Millon Mapped Reads) were then calculated to represent the expression level of genes in each sample. The protein-coding potential of transcripts was evaluated using the CNCI, CPC, PFAM, and CPAT analysis. Novel lncRNAs were identified as non-coding RNA in all four analyses. Conservative analysis of the identified novel lncRNAs was performed by PhastCons. RefSeq gene counts were normalized by trimmed mean of M value (TMM) method. DEGs were identified using Bioconductor package edgeR using criteria of fold change ≥2, FDR <0.05, and average coverage ≥1 in at least 1 sample. Empirical Bayes moderated statistics and corresponding p values were computed for comparisons and p-values were adjusted for multiple comparisons using the Benjamini–Hochberg procedure. Genes with an adjusted p-value of <0.05 were considered differentially expressed and defined as optimized data. The DE-lncRNA and mRNA between T1D and T2D were analyzed by the present data and our previous data.



Construction of the Coding Non-Coding Gene Co-Expression Network and Correlation Analysis

To explore the association between lncRNAs and target mRNAs, a coding non-coding co-expression (CNC) network was constructed based on correlation analysis between DE-lncRNAs and mRNAs. Target mRNAs were selected with High Spearman correlation Coefficient (p ≥0.9) or with distance less than 50 kb. The network was constructed with Cytoscape (http://www.cytoscape.org) and STRING (https://string-db.org).

To obtain DE-lncRNA associated protein-coding genes, correlation analysis was performed by R studio (v1.2.1335). The expression level of fourteen DE-lncRNAs and all mRNAs were calculated the correlation co-efficient. Pearson’s correlations ranging from 0.3 to 0.5, 0.5 to 0.7 or >0.7 are classified as weak, moderate, and strong, respectively. P-value is less than 0.05.



GO Term and KEGG Pathway Analysis

Differentially expression genes (DEGs) between T2D and healthy control were set to the Gene Ontology (GO) database to analyze the potential functions of lncRNAs and their associated mRNAs. The terms were supplied as annotation to genes and gene products. In this study, we mainly focused on the biological process (BP), cellular component (CC), and molecular function (MF) domains and a P-value of <0.05 was considered statistically significant. KEGG pathway analysis of DEGs was performed using the KOBAS online analysis database (available online: http://kobas.cbi.pku.edu.cn/). We analyzed the significantly differentially expressed co-expression mRNAs of lncRNAs as determined from CNC network.



qPCR for Validation of Differential lncRNA in Expanded Cohort

A total of 21 lncRNAs were chosen to be validated further by qPCR in independently expanded samples of CTL (n = 36), T2D (n = 56), respectively. These 21 candidate lncRNAs were chosen based on the following criteria: 1) the biotype of both the lncRNA or antisense-lncRNA was included; 2) lncRNAs with no significant different expression between T2D and control were randomly selected; 3) both novel and known lncRNAs were included; 4) both up and downregulated DE-lncRNAs were included; and 5) the lncRNAs in the CNC network were chosen. After primer design and optimization of PCR conditions, 21 lncRNAs were tested and the information is presented in Table S2. The 9 DE-lncRNA between T1D and T2D were tested by 56 T2D and 11 T1D samples as well. cDNA was reverse transcribed by 5× All-In-One MasterMix (with AccuRT Genomic DNA Removal Kit) (Applied Biological Materials Inc., Canada) according to the manufacturer’s instructions. The qPCR was performed using EvaGreen 2× qPCR MasteMix—No dye (SYBR Green) (Applied Biological Materials Inc., Canada) and samples were amplified using the CFX Connect qPCR System (Biorad, Hercules, CA, USA). All experiments were conducted in triplicate and these triplicates were repeated three times. The 2−ΔΔCT method was used to quantify the relative expression of each lncRNA, and β-actin was used as an internal control.



Statistical Analysis

Statistical analysis was performed using SPSS 19.0 software (SPSS Inc., USA). All values were expressed as the mean ± SEM. Differences were considered statistically significant at p <0.05. Differential expression levels of lncRNA in the expanded samples were evaluated with the Mann–Whitney U test. Differences were considered statistically significant at p <0.05.




Results


Transcriptomic Profiles in Patients With Type 2 Diabetes

To determine the transcriptomic profiles of T2D patients, we evaluated 11 patients diagnosed T2D and 5 healthy volunteers as controls. The data process flow chart shown in Figure 1A. The information about the T2D participants is shown in Table 1, which demonstrates that most clinical characteristics in the discovery cohort and expanded cohort were not significantly different. Thus, the lncRNAs selected in the discovery cohort could be reliably validated in the expanded cohort.




Figure 1 | Transcriptomic landscape of T2D-lncRNAs. (A) A schematic illustration of the procedure used to identify and define lncRNAs in the leukocytes of patients with type 2 diabetes and to discover lncRNAs different between type 1 diabetes and type 2 diabetes. (B) Pie chart representations show the proportion of type 2 diabetes associated lncRNAs that are transcribed as antisense, intergenic, sense-overlapping, and sense-intronic lncRNAs, analyzed post-optimization. (C) Differential lncRNA expression profiles were hierarchical cluster analyzed and shown as a heatmap. (D) Principal component analysis shows similar results also presented as a heatmap. (E) The different classes of T2D-lncRNAs with significant differential expression derived from coding genes classified into intergenic, antisense, sense-overlapping, and sense-intronic lncRNAs according biotype. (F) The ratio of different classes T2D-lncRNA with significant co-expression mRNAs.




Table 1 | Clinical characteristics of included patients of type 2 diabetes in discovery cohorts (n=11) and in validation cohorts (n=56).



We first described the transcriptomic profiles of T2D to identify critical genes and lncRNAs in the T2D patients. In total, 14,503 lncRNAs and 17,487 mRNAs (8,331 upregulated and 9,156 downregulated) were detected in leukocytes from T2D patients. Of these, 8,706 lncRNAs have been registered in databases (defined as known), namely, 4,821 upregulated and 3,885 downregulated lncRNAs. Additionally, 5,797 lncRNAs were identified for the first time (defined as novel) with 3,663 upregulated and 2,134 downregulated. After optimization using an adjusted p-value (threshold of p <0.05), we identified 845 significantly differentially expressed (DE) lncRNAs (T2D-lncRNAs) (Table S3), among which 260 were downregulated and 585 were upregulated (Figure S1A). The top 20 lncRNAs are shown in Table 2. Further, 1,305 mRNAs (T2D-mRNAs) were found in T2D by similar optimization, with 559 downregulated and 746 upregulated (Figure S1A). Of the DE-lncRNAs, 350 (41.4%) were antisense, 443 (52.4%) were intergenic (lincRNA), and 52 belonged to sense-overlapping (5.09%), and sense-intronic (1.06%) lncRNAs (Figure 1B and Table S3). Both T2D-lncRNA and T2D-mRNA were clearly distinguished in T2D patients and healthy controls by hierarchical clustering (Figure 1C and Figure S1A) and principal content analysis (Figure 1D and Figure S1B). Taken together, the difference between healthy controls and T2D patients was significantly reflected by both the expression of protein coding genes and hundreds of lncRNAs in the leukocytes.


Table 2 | The top 20 lncRNA with significantly differential expression in white blood cell from type 2 diabetes (T2D) and health control (C).



We further analyzed the different classes of T2D-lncRNAs derived from coding genes. In the T2D-lncRNAs dataset, 302 lncRNAs were localized with their mRNAs, but only 131 of lncRNAs showed significantly altered expression levels of their localized mRNA. The biotype of the 302 lncRNA including intergenic (159 lncRNAs), antisense (128 lncRNAs), sense-overlapping (4 lncRNAs), and sense-intronic (11 lncRNAs) are shown in Figure 1E. Sense-overlapping lncRNAs showed the highest ratio (100%, 4/4) of significant co-expression in each biotype group (Figure 1F).



Features of Novel lncRNAs Identified in Patients With Type 2 Diabetes

The characteristics of 9,114 transcripts (some lncRNAs have more than one transcript) identified in T2D patients were first disentangled as novel lncRNAs. Most novel lncRNA transcripts harbored 2 exons (7,106/9,114, 77.97%) (Figure 2A). The lengths of most novel lncRNAs (6,570/9,114, 72.09%) were less than 2,000 bp (Figure 2B). The results of conservation analysis of the novel lncRNAs in humans indicated that more than half (5,587/9,114, 61.3%) had low conservation scores (CS less than 0.1) (Figure 2C) and 6.77% of lncRNA transcripts (617/9,114) had CS less than 0.01 between human and other species. Analysis of the distribution of transcripts on chromosomes demonstrated that novel lncRNAs were mainly distributed on chr1, chr2, chr3, chr5, chr6, and chr7 and that most lncRNAs with low CS in humans were from the same chromosome (Figure S2).




Figure 2 | The features of novel lncRNAs in T2D patients compared with healthy controls. (A) The transcripts of novel lncRNAs were mainly distributed in 2, 3, and 4 exons. (B) The largest amount of novel lncRNA transcripts distributed as the length less than 2,500 nt. (C) The transcripts of novel lncRNAs distributed at the conservation score range. The ratio of transcript with conservation scores less than 0.1 was 61.3%.





CNC Network of lncRNAs and mRNAs in Type 2 Diabetes

We structured co-expression networks to determine if lncRNAs are associated with one to dozens of lncRNAs and mRNAs. There were 1,076 genes involved in our co-expression networks consisting of 618 lncRNAs and 458 mRNAs (Figure S3A). In total, 21 lncRNAs and 117 mRNAs harbored more than 10 related genes in the CNC network. The top 10 lncRNAs and mRNAs with the number of genes to which they were related are shown in Table 3. The lncRNAs used for further validation and their CNC network are shown in Figures 3A–F. LncRNA MSTRG.172533 was the top-ranking lncRNA harboring 57 genes in its network, among which RACK1 (16), SLC9A8 (17), and others have been reported as related to diabetes. The mRNA RAC1 harbored 37 genes and ranked first in CNC analysis, which has been explored in diabetes (18), diabetic retinopathy (19), and so on. We also performed correlation analysis to obtain DE-lncRNA associated protein-coding genes. As shown in Figure 3G, Pearson’s correlations ranging from 0.3 to 0.5, 0.5 to 0.7 or >0.7 are classified as weak, moderate, and strong, respectively. P-value is less than 0.05.


Table 3 | The top 10 lncRNAs and mRNAs with numbers of related genes in co-expression network.






Figure 3 | (A–F) The co-expression network of 6 lncRNAs validated in expanded cohort which selected from top 10 lncRNA with most related mRNA. (G) Correlation analysis was performed to obtain DE-lncRNA associated protein-coding genes. Pearson’s correlations ranging from 0.3 to 0.5, 0.5 to 0.7 or >0.7 are classified as weak, moderate and strong, respectively. P-value is less than 0.05.



Taken together, these results confirm that lncRNA and mRNA in leukocytes are important in type 2 diabetes and these association between lncRNAs and their related genes should be further investigated.



GO and KEGG Pathway Analyses

We further applied the Gene Ontology (GO) enrichment analysis to classify the DE-lncRNAs associated-mRNAs of T2D into three main categories, namely, biological process, molecular function, and cellular component (Figures 4A, B). In the biological process group, the DEGs were mainly enriched in metabolic process, response to stimulus, cell communication, nitrogen compound metabolic process and immune system process are among the top 15 items (Figure 4A). Under the molecular function category, ion binding, catalytic activity, nucleic acid binding, and organic cyclic compound binding showed the highest percentages (Figure 4A). Next, we compared 6 T2D patients with family histories and 5 samples without family histories to 5 healthy controls, respectively. Their overlapped genes were undertaken GO analysis. It was very similar to the previous one (Figure S3). These data indicate that genetic factors (e.g., family history) may not have important impacts on lncRNA functions in T2D. We further performed KEGG pathway analysis. As shown in Figure 4B, the DEgene-enriched pathway included the metabolic pathways, Rap1 signaling pathway, Toll-like receptor signaling pathway, MAPK pathway and PI3K-Akt signaling pathway. Among them, 9 DEGs were enriched in MAPK pathway, which participate in the development of pathological traits resulting from excessive caloric intake and obesity that cause metabolic syndrome and type 2 diabetes (Figure 4C).




Figure 4 | Bioinformation analysis by enrichment analysis of pathways and GO terms for T2D-lncRNA and T2D-mRNA using optimized data. (A) Gene ontology analysis of lncRNA-associated mRNAs of T2D in biological processes, molecular functions, and cellular components. (B) KEGG pathway analysis of lncRNA-associated mRNAs of T2D. (C) Differentially expressed DEGs enriched in MAPK signaling pathway.





Measurement of Chosen lncRNAs in Validation Groups

To further confirm the DE-lncRNAs, we independently measured 21 lncRNAs in the validation groups of T2D patients (n = 56) and healthy controls (n = 36) by qPCR. The expression levels of these lncRNAs in the validation cohort are shown in Figure 5. Fourteen of 21 (66.67%) lncRNAs displayed obviously different expression levels between T2D and healthy control groups; 4 lncRNAs were downregulated and the others were upregulated in T2D. Ten novel lncRNAs and 4 known lncRNAs were confirmed as positive in the expanded cohort. Among them, 8 lncRNAs belonged to the lincRNA, whereas 5 lncRNAs belonged to the antisense (Table 4). We then compared the validation results and sequencing data, which showed that most lncRNAs (85.71%, 18/21) in the expanded group displayed similar trends as the sequencing data (Figure 6). Particularly, 9 lncRNAs exhibited the same significantly positive results as observed in the sequencing data. Furthermore, we compared the validation positive ratio by categorizing these lncRNAs with their features (Table 4). The results demonstrated that 4 of 8 lncRNAs (50%) without significant differences in the sequenced data were significantly different in the validation test. The validation-positive ratios of the known- and novel-lncRNAs were 57.14 and 71.43%, respectively, in the validation cohorts (Table 4). Six known and 7 novel lncRNAs with significant differences in the sequencing data demonstrated positive ratios of 50 and 85.71%, respectively (Table 4). Only 1 of 2 lncRNAs with no expression in either the control or T2D group in the sequencing data displayed significant differences in the expanded cohort (Table 4). When validation-positive lncRNAs were analyzed by biotype, the results showed that the positive ratios in lincRNA and antisense lncRNA were 61.54% (8/13) vs. 71.43% (5/7). The positive ratios in the lncRNAs with and without predicted mRNAs were 88.89% (8/9) and 50% (6/12), respectively (Table 4).




Figure 5 | Results of 21 lncRNAs further confirmed in the validation cohorts by qPCR. There are 14 lncRNAs that showed significant difference in expression levels between T2D patients (n = 56) and healthy controls (n = 36). NS, no significant difference; “*” indicated significant difference with p < 0.05, “**” indicated p < 0.01 and "***" indicated p < 0.001.




Table 4 | The results of analysis by the categorical features of 21 lncRNAs which were chosen in validation cohorts. “*” marked the validation positive lncRNA.






Figure 6 | Comparisons of trends between RNA sequencing data and further confirmation of 21 lncRNAs in the validation cohorts by qPCR. “*” indicated significant difference in RNA sequencing data or validation cohorts by qPCR.



We also sought to identify potential orthologs of 21 lncRNAs by comparing their sequences with previously identified murine lncRNAs. Based on pairwise genomic alignments, we found that 11 lncRNA sequences (52.38%) harbored orthologs in mouse genomic sequences without annotation, whereas the other 10 lncRNAs were had no orthologs in mice (Table 5). Of the 14 validation-positive lncRNA, 5 (35.71%) exhibited orthologous sequences in the mouse genome (Table 5). Thus, the validated lncRNAs exhibited evolutionary conservation in humans and should be further investigated to determine their relationship with the human T2D epigenetic mechanism or as biomarkers.


Table 5 | The information of 14 lncRNAs positively validated in the expanding cohort in present study and their potential orthologous sequences comparing with mouse data.





DE-lncRNA Between Type 1 and 2 Diabetes

To further screen for lncRNAs differentially expressed in T1D and T2D with potential as diagnostic markers for distinguishing T1D and T2D, the transcriptome sequencing cohort comprised of 11 patients diagnosed with T2D and 6 patients diagnosed with T1D (Accession number: GSE130279) was analyzed. Only 10 lncRNAs showed significant difference between the two groups, with 7 upregulated and 3 downregulated lncRNAs (Table S5); 15 mRNAs with 6 upregulated and 9 downregulated mRNAs (Table S6). We independently measured 9 lncRNAs (4 showed significant differences in sequencing data, Table S7) by qPCR in validating T1D (n = 11), and T2D (n = 56). We found 4 lncRNAs (MSTRG.128697, MSTRG.74858, MSTRG.63013, and ENSG00000269902) showed significantly differential expression between T1D and T2D. Their expression levels in the discovery cohort and validation cohort are shown in Figure 7. Thus, this panel of 4 lncRNAs may be valuable as diagnostically distinguishable markers in T1D and T2D.




Figure 7 | The 9 lncRNAs tested in T1D (n = 11), and T2D (n = 56) using qPCR, of which 4 lncRNAs with significant difference and 6 with non-significant difference. NS, no significant difference; “*” indicated significant difference with p < 0.05 and “***” indicated p < 0.001.






Discussion

LncRNAs participate in the epigenetic regulation of various diseases by altering the expression of lncRNA target genes and displaying clear clinical significance (20). An increasing number of studies have demonstrated that causal variants of diabetes-related lncRNA are significantly enriched in the islet regions and transcription factor-binding sites (21). However, studies aimed at identifying lncRNAs involved in T2D in circulating leukocytes are very limited. A very recent report showed that circulating lncRNAs were aberrantly expressed in T2D by microarray analysis, indicating their potential roles in chronic inflammation and insulin resistance (14). We predicted that in addition to islet beta cells, lncRNAs may play a regulatory role in peripheral blood cells such as leukocytes and alter cellular phenotypes and disease risk. In the present study, we determined the full profile of circulating lncRNA and mRNA in T2D patients to describe their characteristics and differential expression compared to healthy controls. In total, 14,503 lncRNAs were identified in T2D leukocytes and 5,797 lncRNAs were defined as novel lncRNAs. Adjusted data showed that 845 lncRNAs were significantly different between T2D patients and healthy controls. We report more data than in previous studies in which the peripheral blood of patients with diabetes was screened for associated lncRNAs by microarrays (14), but fewer than those reported by transcriptomic sequencing or microarrays in beta cells (6). Here, we constructed DE-lncRNA and DE-mRNA networks to explore the biological functions of lncRNAs during the development of diabetes mellitus. There were 1,076 genes involved in our CNC results, among which 21 lncRNAs and 117 mRNAs harbored more than 10 related genes. Further analysis indicated that the top lncRNA (MSTRG.172533) harbored 57 genes in its network. Genes in this network such as RACK1 (16), SLC9A8 (17), PPIA (22), and others have been explored in diabetes. These results strongly support that circulating leukocytes from T2D harbor enriched lncRNAs and may represent important targets for further diabetes research. Newly obtained data of lncRNAs and mRNAs in our study may extend the knowledge of molecular alterations in the T2D transcriptome.

Murine disease models are often chosen as the first alternative to avoid highly heterogeneous human genetic backgrounds and low RNA integrity from cadaveric islets in exploring the role of lncRNAs (21). However, considering that the evolutional conservation of lncRNA is much lower than that of mRNA between mice and humans, it is important to evaluate whether mouse models are useful in this case. In fact, notable species differences in lncRNA expression have been reported in comparisons of the transcriptional landscape of mouse and human beta cells (23). It was reported that most adipose-enriched lincRNAs (~85%) were not conserved in mice, and as few as 15% of human lincRNA loci contain syntenic non-coding transcripts expressed in mouse (24). It has putatively been confirmed that there are mouse orthologues for 70% of human lncRNAs but only 47% have been confirmed by RNA-seq (6). Approximately 85% of human macrophage lincRNAs are not expressed in mice, and only 24% show significant sequence conservation between humans and mice (11). These studies indicate that although mouse diabetic models and their lncRNAs are convenient for research, there are some clear barriers and limitations to the conclusions that can be drawn from these data because of the lack of sequence conservation. In the current study, we analyzed the evolutionary conservation of novel lncRNAs and 14 positively validation lncRNAs. Among the novel lncRNAs, 61.3% had a conservation score of less than 0.1, indicating that they exhibited high evolutionary conservation in humans. Of the set of validated 14 lncRNAs, only 35.71% (5 lncRNAs) had orthologs in mice with no further annotation. Thus, these validated 14 lncRNAs can be used directly in clinical research without considering the conservation problem. Therefore, the large amounts of lncRNAs and mRNAs obtained from convenient circulating leukocytes of T2D patients in the present study contribute valuable information based on an urgent need for human data.

To confirm and understand lncRNAs in T2D more detail, we validated 21 lncRNAs, 14 lncRNAs (14/21, 66.67%) displayed expression levels that were significantly different between T2D patients and healthy controls. Compared to the identification of lncRNAs in osteoarthritis chondrocytes (11/16, 68.75%) (25), in human coronary artery smooth muscle and endothelial cells (21/31, 67.74%) (26), and in blood samples from patients with diabetic neuropathy (2/6, 33.33%) (27), the detection rate we describe here is comparable. We found that the positive validation ratio of lncRNAs with predicted mRNAs (77.78%) in CNC was higher than those without predicted mRNAs (58.33%). The novel lncRNAs showed a higher positive validation ratio than known lncRNAs. These results indicate that candidate lncRNAs for validation can be chosen from a wider range, particularly from lncRNAs in the CNC.

LncRNAs can be classified into two large groups: lincRNAs with no direct relationship with protein-coding genes or those partially overlapping the protein coding sequences as sense- or antisense transcripts (28). When choosing candidate lncRNAs, the analysis of antisense-lncRNAs in peripheral blood mononuclear cells and the spinal cord have been prioritized (29). LincRNAs were first characterized to play important roles in macrophage activation in cardiometabolic diseases in human genetic studies (11). We found that lincRNAs exhibited lower validation positive ratios (61.54%) than antisense lncRNAs (71.43%). Nevertheless, both were comparable. Thus, our work is a reminder that it would be a better choice to investigate T2D in terms of both lincRNA and antisense-lncRNAs, as T2D has been considerably understudied compared to lncRNAs in general. In the 14 positively validated lncRNAs, 7 lncRNAs had predicted mRNA targets related to 144 genes (Table S8); of these, many genes have been confirmed as related to diabetes. For instance, in the network of lncRNA MSTRG.63013, 24 related genes, including G3BP2 (30), and others may affect diabetes development. The rest 7 lncRNAs lacked predicted mRNA targets, which may be because of our currently limited understanding of the human genome (or those of other animals). As a pioneering study, our results can be used to investigate the regulatory function of these lncRNAs in T2D in the future.

LncRNAs have been reported as disease biomarkers in diagnosis, prognosis, or therapeutic targeting because of their sensitivity and convenience (31). As the most common diabetes subtypes, type 1 and 2 diabetes are difficult to diagnose in many cases. Current methods include evaluation of clinical symptoms, C-peptide, and antibodies or other auto-immunobiomarkers related T1D. However, these indicators are not sufficiently specific and sensitive to meet the diagnosis requirement. Therefore, exploring new molecular biomarkers for accurately diagnosing type 1 and 2 diabetes is urgent. In fact, it was reported that lncRNAs are modulated during the development of T1D (32). Thus, we identified lncRNAs showing differential expression between type 1 and 2 diabetes which may be useful as distinguishing markers. We screened 4 lncRNAs that were significantly different expressed in circulating leukocytes from patients with type 1 and 2 diabetes. This panel may be used to develop a convenient and efficient molecular method for distinguishing type 1 and 2 diabetes in clinical practice.

There were several limitations to this study. First, the expanded cohort number was limited, particularly the number of T1D patients. This is because we grouped the samples very critically and collected samples without any treatment over a short term. Second, leukocytes may not completely represent the circulating conditions. Therefore, we plan to screen lncRNAs in circulating exosomes, which are extracellular vesicles that may play more important roles in regulating diabetes; these results will be compared to the lncRNAs identified in leukocytes in the current study. Finally, we did not investigate the relationship of lncRNAs and their regulatory or predicted mRNAs, although some lncRNAs and mRNAs were in the CNC. These regulatory relationships should be further analyzed.

In conclusion, the present RNA sequencing work identified thousands of lncRNAs and mapped their expression profiles in T2D. The many novel non-coding RNAs identified may function as key modulators of T2D. Importantly, the leukocyte specificity found for the 14 lncRNAs identified (together with other data presented) may be useful for future functional studies, and a set of 4 DE-lncRNAs may aid in accurately diagnosing type 1 and 2 diabetes.
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Supplementary Figure 1 | (A) Differentially expressed lncRNAs (T2D-lncRNAs) and type 2 diabetes mRNA were identified from a Volcano plot showing data from type 2 diabetes patient relative to healthy controls. The vertical black lines correspond to 2-fold up and downregulations, respectively; and the horizontal black line represents a p-value of 0.05. The red and green points in the plots represent the differentially expressed genes with statistical significance for upregulation and downregulation of lncRNA and mRNA, respectively. (B) Differential mRNA expression profiles were hierarchical cluster analyzed and shown as a heatmap. (C) Principal component analysis showed similar results as presented in heatmap.

Supplementary Figure 2 | The conservation of novel lncRNAs on chromosomes.

Supplementary Figure 3 | (A) Co-expression networks of lncRNA-mRNA involved 1076 genes, consisted by 618 lncRNAs and 458 mRNAs. Venn plot for the differentially expressed lncRNAs (B) and mRNAs (C) between T2DM with- and without- family history samples. (D) Go analysis for the overlapped genes of T2DM with- and without family history samples.
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Aims

Prevalence of prediabetes and type 2 diabetes mellitus(T2DM) are increasing worldwide. Key lncRNAs were detected to provide a reference for searching potential biomarkers of prediabetes and T2DM in hypertriglyceridemia patients.



Methods

The study included 18 hypertriglyceridemia patients: 6 newly diagnosed type 2 diabetes patients, 6 samples with prediabetes and 6 samples with normal blood glucose. Weighted gene co-expression network analysis (WGCNA) was conducted to construct co‐expression network and obtain modules related to blood glucose, thus detecting key lncRNAs.



Results

The green, yellow and yellow module was significantly related to blood glucose in T2DM versus normal controls, T2DM versus prediabetes, prediabetes versus normal controls, respectively. ENST00000503273, ENST00000462720, ENST00000480633 and ENST00000485392 were detected as key lncRNAs for the above three groups, respectively.



Conclusions

For hypertriglyceridemia patients with different blood glucose levels, ENST00000503273, ENST00000462720 and ENST00000480633 could be potential biomarkers of T2DM.





Keywords: diabetes, lncRNAs, qRT-PCR, WGCNA, hypertriglyceridemia



Introduction

Hyperglycemia promotes a variety of reactions, including oxidative stress and the formation of advanced glycosylated end products, which have been associated with structural and functional changes in blood vessels that eventually cause dysfunction of several organs, especially the heart, nerves, eyes, and kidneys (1). Prevalence of prediabetes is increasing worldwide and more than 470 million people will have prediabetes by 2030 (2). Previous studies indicated that prediabetes was associated with an increased risk of coronary heart disease, stroke, and all-cause mortality (3). Meanwhile, it is estimated that the number of patients with diabetes were expected to increase to 693 million by 2045. Type 2 diabetes mellitus accounts for about 90%-95% of patients with diabetes (4). Compared with people who do not have diabetes, T2DM patients have a 15% increased risk of all-cause mortality (5). Specially, hypertriglyceridemia can reduce peripheral insulin sensitivity. Meanwhile, insulin resistance leads to the occurrence of hypertriglyceridemia. Therefore, a vicious circle is established (6). Furthermore, T2DM patients with hypertriglyceridemia usually have a higher prevalence of diabetic complications (7). Therefore, whether from a public health perspective or a clinical perspective, prediabetes and T2DM patients with high triglycerides should be paid more attention.

Current research is still searching for novel reliable non-invasive biomarkers to replace the invasive sampling methods for the diagnostic protocols (8, 9). Meanwhile, healthy individuals release exosomes with a cargo of different RNA, DNA, and protein contents into the circulation. Therefore, the above molecules can be measured non-invasively as biomarkers of healthy and diseased states (10). Long noncoding RNAs (lncRNAs) represent a class of transcripts longer than 200 nucleotides with limited protein-coding potential (11). Increasing evidence indicated that lncRNAs could interfere with gene expressions and signaling pathways at various stages, play important roles in the regulation of tissue homeostasis and pathophysiological conditions (12). Existing research have indicated that lncRNA were involved in the entire prediabetes biological process (13). Therefore, as a biomarker, lncRNA plays an important role in the prediction and diagnosis of diseases. Li et al. reported that lncRNA ENST00000550337.1 could be a potential diagnostic biomarker for prediabetes (14). In addition, studies have shown that lncRNAs were related to T2DM via producing a complex regulatory network through interactions with transcription factors (15). The abnormal expression of lncRNA NONRATT021972 participates in the occurrence and progression of T2DM, in which it was a potential clinical biomarker (16). The emerging evidence indicated that the role of MALAT1 in diabetes complications is both pro-inflammatory and apoptosis in different cell types (17). However, conventional method only focuses on the role of the single gene, the external sample traits cannot be combined (18). Fortunately, weighted gene co-expression network analysis (WGCNA) could solve the problem.

WGCNA was a method of scale-free network analysis proposed by Peter Langfelder and Steve Horvath in 2008. WGCNA can be used for detecting modules of highly correlated genes, and summarizing such modules via the module eigengene or an intramodular hub gene, and relating modules to one another and to external sample traits (18). Meanwhile, WGCNA also alleviates the multiple testing problems inherent in microarray data analysis (19). In addition, WGCNA focused on the whole genome information to overview of the signature of gene networks in phenotypes which can avoid bias and subject judgement (20). Based on the above characteristics of WGCNA, we used it to construct a co‐expression network and obtain modules related to blood glucose, thus detecting key genes, and providing a reference for searching potential biomarkers of prediabetes and T2DM in hypertriglyceridemia patients. We present the following article in accordance with the STROBE reporting checklist.



Materials and Methods


Participants

The study included 18 hypertriglyceridemia patients: six newly diagnosed type 2 diabetes patients, six samples with prediabetes and six samples with normal blood glucose. All participants were Han Chinese aged 40-65 years and were recruited at the First Hospital of Jilin University from July to September 2020. Patients were diagnosed based on the guidelines for the prevention and control of type 2 diabetes in China (2017 Edition): Patients with type 2 diabetes were defined as fasting plasma glucose (FPG)≥7.0 mmol/L or oral glucose tolerance test (OGTT) two-hour blood glucose ≥11.1 mmol/L. The range of FPG from 6.1-7.0 or the range of OGTT from 7.8-11.1 were regarded as patients with prediabetes. Besides, FPG<6.1 mmol/L and OGTT<7.8 mmol/L could be regarded as the normal controls. Meanwhile, the level of triglycerides (TG) in all participants was >1.7 mmol/L based on the guidelines for prevention and treatment of dyslipidemia in China(2016 Edition). Additionally, all participants had not controlled their blood glucose through drugs or other treatments previously. Meanwhile, all patients with the history of coronary artery disease (CAD), hypertension, atrial fibrillation, myocardial infarction, tumor, acute infectious disease, immune disease, and hematological disease were excluded from the study. All participants have written informed consent and the study was approved by Ethics Committee of the Public Health of the Jilin University, and the privacy of the participants are strictly confidential.



Blood Sample Collection and RNA Sequencing

For each sample, 9 ml trizol (TAKARA BIO INC., CA, Japan) was added into the whole blood immediately after the blood samples (3 ml) were collected. The ratio of trizol to whole blood is 3:1. And total RNA was isolated and purified using total RNA extraction kit. NanoPhotometer® spectrophotometer (IMPLEN, CA, USA) was used to detect the RNA purity. Meanwhile, RNA integrity was evaluated using the RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100 system (Agilent Technologies, CA, USA). The chain-specific library was constructed by removing the ribosomal RNA. After the library was qualified, Illumina PE150 sequencing was performed according to pooling of the effective concentration of the library and the data output requirements. Followed by the sequencing, we removed reads with adapter and N (N means that the nucleobase information cannot be determined) ≥ 0.002, and low-quality reads from raw data. Meanwhile, Q20, Q30, and GC content were calculated. Finally, we obtained the clean reads. All analyses in the study were based on the clean data.



Weighted Gene Co-Expression Network Analysis

We used R version 4.0.4 and the package ‘WGCNA’ for data analysis. The WGCNA R software package is a comprehensive collection of R functions for performing various aspects of weighted correlation network analysis (18). We selected the 5000 genes using the Median Absolute Deviation (MAD) algorithm to ensure heterogeneity and accuracy of bioinformatics for co‐expression network analysis (21). Then, to make the constructed network more consistent with the characteristics of scale‐free network and amplify the correlation between genes, an appropriate soft threshold β is selected (20, 22). Subsequently, we converted the adjacency matrix into a topological overlap matrix (TOM) to evaluate gene connectivity in the network. Finally, an average linkage hierarchical clustering was performed based on TOM‐based dissimilarity, with a gene dendrogram>30 and cutting height < 0.25 to construct module dendrograms for further analysis (21, 23).



Screening for Key Modules and Differentially Expressed LncRNAs

The principal component analysis was performed for module eigengenes (ME). Meanwhile, we can assess the relation between MEs and blood glucose and determine the T2DM-related module by combining the clinical data of participants. Meanwhile, the limma R package, based on empirical Bayes methods and linear models, was used to get differentially expressed lncRNAs. The threshold was P<0.05 (22).



Identification of Key lncRNAs and Functional Enrichment Analysis

We take the intersection of all genes in T2DM-related module and differentially expressed lncRNAs to obtain key lncRNAs. Subsequently, these key lncRNAs were mapped to the DAVID (Database for Annotation, Visualization, and Integrated Discovery) dataset (https://david.ncifcrf.gov/) to convert gene symbol to gene ID. Then, we used KOBAS 3.0 (http://kobas.cbi.pku.edu.cn/) to conduct the Functional Enrichment Analysis.



Quantitative Real‐Time Polymerase Chain Reaction

The blood samples in qRT-PCR experiment were from a cross-sectional survey in Jilin Province. There were 125 T2DM patients and prediabetes who met the inclusion criteria, respectively. Meanwhile, based on the matching of gender and age, we selected the corresponding control blood samples. The total RNA was extracted using the MolPure® Blood RNA Kit (19241ES50, YEASEN) based on the manufacturer’s instructions. Subsequently, we used lnRcute lncRNA First-Strand cDNA Kit (KR202, TIANGEN) to conduct reverse transcription. The cDNA was then analyzed by qRT-PCR using lnRcute lncRNA qPCR Kit (FP402, TIANGEN) on QuantStudio 3 system (Applied Biosystems). The PCR amplification was performed with one cycle at 95°C for 3 min, followed by 40 cycles at 95°C for 5 sec, at 55°C for 10 sec, and at 72°C for 15 sec. The following PCR primers were used: ENST00000503273 primers, forward: 5′- CCTGCCCGCTATGTGACCAATG -3′, reverse: 5′- ACTCCAGCCTGTATCTTCCTCCATC -3′; ENST00000462720 primers, forward: 5′- CTGTGCTTCTGCTTGACTGAGGATC -3′, reverse: 5′-AGGGTGACTGTGAGAGGGTGATG -3′; ENST00000480633 primers, forward: 5′- GAGCCTCGTTCACGGTTCTATGC -3′, reverse: 5′- CAGCCAGCTTGCAGTGACCTTC -3′; ENST00000485392 primers, forward: 5′- TGACGATGAGGTGGCGGTAA -3′, reverse: 5′- GCTCTCGCTGAAACCAGTCC -3′. Expression data were normalized to the expression of β-actin with the 2−ΔΔCt method.



Statistical Analysis

All statistical analyses were performed by IBM SPSS 24.0 and R version 4.0.4. The package ‘WGCNA’ was used to construct a weighted gene co-expression network. Mean and standard deviation were used to describe the normal continues variables, and the analysis of variance (ANOVA) was performed for the comparison. Meanwhile, median and quartiles were calculated to describe the skewed continues variables, and the Kruskal-Wallis test was used for the comparison. Moreover, Chi-square tests were used to compare categorical variables. A 2-sided P value less than 0.05 was considered significant.




Results


Basic Situation of the Transcriptome Data and the Determination of Soft Threshold

Basic information of six newly diagnosed type 2 diabetes patients, six samples with prediabetes and six normal controls was shown in Table 1. And the transcriptome data were used to perform the study. To ensure the quality of analysis, the cleaned data were used after eliminating low-quality data. The detailed situation was shown in Table 2. In order to assess the effect of lncRNA in people with different blood glucose levels, we performed pairwise analysis on the three group: type 2 diabetes versus normal controls, type 2 diabetes versus prediabetes, and prediabetes versus normal controls. Meanwhile, the appropriate soft threshold β were ·determined based on the selected criteria of power value, which was 16, 18 and 16, respectively (Figures S1–S3).


Table 1 | Basic Situation of Participants in the Study.




Table 2 | Summary of data from RNA sequencing.





Type 2 Diabetes Versus Normal Controls

Eight models (black, blue, brown, green, grey, red, turquoise, yellow) were obtained through constructing co-expression networks (Figure 1A). The number of genes in different modules was shown in Table 3. Specially, the genes classified in grey model indicated that they were not assigned to any module. The correlation between genes was displayed in Figures 2A, B indicated the correlation between different modules. Meanwhile, by combining clinical data (gender, age, blood glucose and BMI) of T2DM patients and normal controls, we could get the relevant modules and corresponding genes. Based on the aims of the study, modules that are highly related to blood glucose have received attention. As shown in Figure 3A, the green module (r=0.7, P=0.01) was significantly related to blood glucose. Additionally, the results of differentially expressed lncRNAs between T2DM patients and normal controls were shown in Figures 4A, B, which revealing that 528 lncRNAs were up-regulated and 622 lncRNAs were down-regulated. Subsequently, we take the intersection of all genes in green module and differentially expressed lncRNAs to obtain key lncRNAs (Table S1). Then, the pathway analysis to the target genes corresponding to these lncRNAs was performed. Figure 5A indicated that Glycolysis/Gluconeogenesis, Metabolic pathways, Type II diabetes mellitus and other signaling pathway were enriched. We found hexokinase-3(HK3) was involved in all above pathways. The corresponding lncRNA of HK3 was ENST00000503273. All enriched signaling pathways of HK3 were displayed in Tables S2 and S5.




Figure 1 | Hierarchical clustering dendrograms of identified co-expressed genes in modules in (A) T2DM versus normal controls, (B) T2DM versus prediabetes and (C) prediabetes versus normal controls (different colors represent different modules).




Table 3 | Number of lncRNAs contained in different modules.






Figure 2 | Module preservation analysis. Visualization of the WGCNA network using a heatmap plot in (A) T2DM versus normal controls, (C) T2DM versus prediabetes and (E) prediabetes versus normal controls (The heatmap depicts the topological overlap matrix (TOM) among all genes included in the analysis). (B, D, F) represented the heatmap plot of the adjacencies of modules in T2DM versus normal controls, T2DM versus prediabetes and prediabetes versus normal controls, respectively.






Figure 3 | Correlation analysis of the modules and clinical traits in (A) T2DM versus normal controls, (B) T2DM versus prediabetes and (C) prediabetes versus normal controls (Each cell contained the corresponding correlation and P value).






Figure 4 | Differentially expressed lncRNAs in (A) T2DM versus normal controls, (C) T2DM versus prediabetes and (E) prediabetes versus normal controls with volcano plot, and (B, D, F) represented the heatmap plot for above groups, respectively.






Figure 5 | KEGG pathway analyses of important lncRNAs (intersection of all genes in selected module and differentially expressed lncRNAs) in (A) T2DM versus normal controls, (B) T2DM versus prediabetes and (C) prediabetes versus normal controls.





Type 2 Diabetes Versus Prediabetes

By constructing co-expression networks, eleven models (black, blue, brown, green, grey, magenta, pink, purple, red, turquoise, yellow) were obtained (Figure 1B). The number of genes in different modules was shown in Table 3. The correlation between genes was shown in Figures 2C, D indicated the correlation between different modules. Meanwhile, we could get the blood glucose related modules and corresponding genes via combining clinical data of T2DM and prediabetes patients. As shown in Figure 3B, the yellow module (r=0.69, P=0.01) was significantly related to blood glucose. Additionally, the results of differentially expressed lncRNAs between T2DM and prediabetes patients were displayed in Figures 4C, D, which containing 807 up-regulated lncRNAs and 809 down-regulated lncRNAs. Similarly, we take the intersection of all genes in yellow module and differentially expressed lncRNAs to obtain key lncRNAs (Table S1), and the pathway analysis was performed. Figure 5B indicated that Type II diabetes mellitus, Insulin resistance, Fc gamma R-mediated phagocytosis, Inflammatory mediator regulation of TRP channels and other signaling pathway were enriched. Protein kinase C-epsilon (PRKCE) was involved in all above pathways and corresponding lncRNA was ENST00000462720 and ENST00000480633. All enriched signaling pathways of PRKCE were shown in Tables S3 and S5.



Prediabetes Versus Normal Controls

Eight models were obtained by using WGCNA (Figure 1C). The number of genes in each module was shown in Table 3. The correlation between genes was shown in Figures 2E, F shown the correlation between different modules. Similarly, as shown in Figure 3C, the yellow module (r=-0.61, P=0.03) was significantly related to blood glucose. And the results of differentially expressed lncRNAs between prediabetes and Normal Controls were shown in Figures 4E, F. Subsequently, we used the same method to obtain key lncRNAs and conducted the pathway analysis (Table S1). Figure 5C indicated that PI3K-Akt signaling pathway, Cortisol synthesis and secretion, TNF signaling pathway and other signaling pathway were enriched. Activating transcription factor 6-β (ATF6B) was enriched in all above pathways and the corresponding lncRNA was ENST00000485392. All enriched signaling pathways of ATF6B were displayed in Tables S4 and S5.



Validation via qRT‐PCR, GEO Data Set and ROC Curve

As shown in Figure 6A, there were significant differences for ENST00000503273 between the T2DM patients and normal controls via the validation of qRT‐PCR (z=-2.472, P=0.013). Meanwhile, significant differences for ENST00000462720(z=-2.389, P=0.017) and ENST00000480633(z=-5.477, P<0.001) were observed between the T2DM and prediabetes patients based on Figures 6B, C, respectively. However, no significant difference was found for ENST00000485392 between the prediabetes and normal controls based on qRT‐PCR. Meanwhile, the corresponding genes of above lncRNAs were verified via GSE 130991 data set. 74 T2DM, 23 prediabetes patients and 112 controls were selected from the data set. However, the corresponding gene of ENST00000485392 was not detected in this array. The p-value and log2 fold change of all genes were shown in Table S6. Moreover, the ROC curve was used to evaluate the diagnostic power of above lncRNAs. Detailed situation was shown in Table 4 and Figure 7.




Figure 6 | (A) represented relative expression of lncRNAs for ENST00000503273 between T2DM and normal controls. (B, C) represented relative expression of lncRNAs for ENST00000462720 and ENST00000480633 between T2DM and prediabetes, respectively.




Table 4 | The Diagnostic Values of LncRNAs (ROC curve).






Figure 7 | (A) showed ROC curve for ENST00000503273 between T2DM and normal controls. (B, C) showed ROC curve for ENST00000462720 and ENST00000480633 between T2DM and prediabetes, respectively.






Discussion

The prevalence of diabetes in adults aged 18–99 years was estimated to be 8.4% in 2017 and predicted to rise to 9.9% in 2045. Meanwhile, there were 374 million people, equaling 7.7% of the world population, who have impaired glucose tolerance. Based on this, the healthcare expenditure due to hyperglycemia has brought a large social, financial and health system burden to the world (4). We used WGCNA to find the key lncRNA was ENST00000503273 and the corresponding mRNA was HK3 between T2DM patients and normal controls. Similarly, the key lncRNAs were ENST00000462720 and ENST00000480633, and the corresponding mRNA was PRKCE between T2DM and prediabetes patients. Moreover, the key lncRNA was ENST00000485392 and the corresponding mRNA was ATF6B between prediabetes and normal controls.

Hexokinase was involved in phosphorylation of glucose to produce glucose-6-phosphate, the initial step in glycolysis and most glucose metabolism pathways (24). When hungry, the body mobilizes stored fat to decompose and oxidize to produce large amounts of acetyl-CoA, which can be condensed with oxaloacetic acid to form citric acid to reduce glycolysis. Meanwhile, under fed conditions, glycolytic substrates appear to contribute at most 50% of the acetyl-CoA requirements for oxidation to fat (25). Previous studies have indicated that PRKCE could regulate Protein kinase C-delta (PRKCD), and PRKCD is related to the accumulation of triglycerides and the production of lipogenic enzymes in liver for mouse (26). Meanwhile, existing researches have shown that along with increased triglyceride and FFA levels, ATF6 protein was elevated after infusion (27). Therefore, these genes seem to be related to triglycerides or lipids.

Glycolysis pathway is one of the most critical pathways of glucose metabolism, and it is also a pathway that links the metabolism of glucose, fat and amino acids. For diabetes, the activities of hexokinase and glycogen synthase in the liver and skeletal muscle are reduced, resulting in hepatic glycogen increased and glycogen synthesis decreased, thus promoting blood glucose. Meanwhile, for patients with T2DM, insulin is relatively insufficient due to decreased insulin sensitivity in the liver, leading to the synthesis of glycolysis-related enzyme reduced and glycolysis weakened. Subsequently, the ability to metabolize glucose is lessened. Finally, it has a certain impact on the blood glucose balance (28, 29). Notably, there are a number of genes are related to insulin sensitivity. For example, an increase in HK3 could contribute to the improvement of insulin sensitivity (30). Meanwhile, previous studies have indicated that some synthase appears to stimulate HK3 expression to improve insulin sensitivity (31). Therefore, through the glycolysis pathway, the mechanism of HK3 affecting the development of T2DM could be improving insulin sensitivity.

Early study found that overexpression of PRKCE could be associated with the development of insulin resistance by decreasing the insulin receptors in animals (32). The current literature indicated that increased PRKCE activation was related to marked increases TG in liver, which further led to insulin resistance (33). Meanwhile, PRKCE could also impairs insulin signaling and its ability to activate glycogen synthesis and inhibit neoglucogenesis, resulting in insulin resistance (34). It is well known that insulin resistance is a core defect in T2DM (35). Besides, PRKCE is a critical gene in steatosis for NAFLD patients, and NAFLD is a risk factor for T2DM (36, 37). Moreover, the association of PRKCE with insulin granules is essential for insulin secretion (38). Therefore, it seems that PRKCE can cause the further development of T2DM through a variety of ways. Meanwhile, the activation of protein kinase C (PKC) is considered to be one of the ways that hyperglycemia leads to the development of diabetic vascular complications and other diabetic complications (39, 40).

PI3K-Akt signaling pathway is related to endoplasmic reticulum (ER) stress (41). ER stress is a key phenomenon in the obesity- and T2DM-associated adverse metabolic outcomes, including insulin resistance in key metabolic organs (42). Studies have indicated that ATF6 is a key transcription factor regulating ER stress (43). Mammals express two homologous ATF6(ATF6α and ATF6β), and ATF6β contributes to adipogenic processes (44). Correspondingly, PI3K-AKT signaling pathway promotes lipid biosynthesis and inhibits lipolysis (45). Therefore, ATF6β could promote the production of adipocytokines, and then the adipocytokines lead to insulin resistance via blocking PI3K-AKT-mediated inhibition of lipolysis attenuating the capacity of glucose utilization (45). Meanwhile, ATF6 could increase expression of TNF-α and other inflammatory cytokines in response to ER stress (46). The inflammatory cytokines enhance lipolysis by reducing perilipin and fat-specific protein 27 levels, and then the hepatic insulin-AKT signaling was impaired (47–49). Therefore, ATF6β could involve in insulin resistance through PI3K-Akt signaling pathway, which also included the role of TNF-α. and in turn, insulin resistance aggravates the PI3K-AKT pathway, forming a vicious circle (45). Specially, literatures have indicated that the genetic variation in ATF6 is related to prediabetes in the Chinese Han population (50). However, no significant difference was found for its corresponding lncRNA based on qRT‐PCR in our study, more sample was needed in the future.

This research has some limitations. In order to get reliable results, a larger sample size will be needed. Moreover, although we have used qRT-PCR to verify the key lncRNA, more molecular biology experiments and functional studies are required to help validate our findings in the future.



Conclusion

For hypertriglyceridemia patients with different blood glucose levels, ENST00000503273, ENST00000462720 and ENST00000480633 could be potential biomarkers of T2DM.
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Papillary thyroid carcinoma (PTC) is a miscellaneous disease with a variety of histological variants, each with its own mutational profile, and clinical and prognostic characteristics. Identification of microRNA (miRNA) expression profiles represents an important benchmark for understanding the molecular mechanisms underlying the biological behavior of these unique PTC subtypes in order that they be better characterized. We considered a series of 35 PTC samples with a histological diagnosis of either hobnail (17 cases) or classical variant (nine cases) and with a specific BRAF p.K601E mutation (nine cases). We determined the overall miRNA expression profile with NanoString technology, and both quantitative reverse transcription–PCR and in situ hybridization were used to confirm selected miRNAs. The miRNA signature was found to consistently differentiate specific histotypes and mutational profiles. In contrast to the BRAF p.K601E mutation and classic PTCs, three miRNAs (miR-21-5p, miR-146b-5p, and miR-205-5p) were substantially overexpressed in the hobnail variant. The current study found that different miRNA signature profiles were linked to unique histological variants and BRAF mutations in PTC. Further studies focusing on the downstream pathogenetic functions of mRNAs in thyroid neoplasms are warranted.




Keywords: microRNA, papillary thyroid cancer, histological variant, miR-205, miR-146, miR-21, hobnail, BRAF



Introduction

Papillary thyroid carcinoma (PTC) is the most common thyroid malignancy, accounting for 80%–90% of all tumors affecting this gland, and predominantly affects women (1, 2). Despite the prognosis of PTC being excellent (10-year survival is up to 90%) (3), a rise in mortality has been mainly linked to local tumor persistence or recurrence (10-year survival is from 49% to 68%) or distant metastases (10-year survival between 25% and 42%) (3). Therefore, it is fundamental to identify those patients who have an increased risk of recurrence and, therefore, who need more extensive surgery or a targeted postsurgical follow-up. Several factors have already been identified to be prognostic in the assessment of tumor aggressiveness such as age, gender, tumor size, pTNM, stage, and extrathyroid extension. Recently, of these prognostic factors, interest has focused on two particular variables: histological variants and molecular features.

In addition to the classic morphology of PTC, more than 10 different histologic variants have been described. Some of these can be distinguished solely based on a peculiar microscopic appearance, whereas others appear to have distinct clinical and prognostic characteristics. The latter group includes the follicular variant, characterized by a favorable prognosis (to the point where some capsulated variants have been renamed noninvasive follicular thyroid neoplasm with papillary-like nuclear features or “NIFTP” (4)). Other variants have been characterized by more aggressive behavior: tall cells, columnar, and hobnail. In particular, hobnail PTC (HoV-PTC) has been recently identified as a rare but aggressive histological variant (about 0.2% of all PTCs). It typically is found at an advanced stage at the time of diagnosis and tends to develop in lymph nodes as distant metastases. The hobnail variant shows a significant mortality rate, and its disease-specific survival rate is approximately 46%–66% (5–7). BRAF p.V600E is the most common mutation in these tumors, which is present in 50%–65% of HoV-PTC cases, followed by TP53 (56%). Recent studies have also reported RET/PTC1 rearrangements and TERT promoter mutations in HoV-PTC (8, 9). Because of its low incidence and recent identification, further studies are needed to clearly define this variant from molecular, histological, and clinical points of view.

To date, with regard to molecular features of thyroid tumors, BRAF and TERT promoters have been the genes most investigated as possible outcome indicators. BRAF p.V600E mutations are considered reliable preoperative prognostic factors with regard to optimizing the choice of surgical treatment. In fact, this mutation is very frequent in PTC, varying from 14% to 64% of cases (10). BRAF p.V600E is more frequent in classic and tall-cell variants (11), while the p.K601E mutation is peculiar to the follicular variant (BRAF p.K601E FV-PTC), and seems to be a favorable prognostic factor (12). Although numerous studies have correlated the p.V600E mutation with well-known prognostic factors, such as extrathyroid extension and advanced stages at diagnosis, a significant correlation with an outcome has not yet been demonstrated (13). Therefore, the identification of a new marker associated with BRAF-mutated tumors and a poor prognosis is required and may be used as a new therapeutic target and follow-up marker in PTC.

In response to this necessity, a new class of molecules has been studied during the last decade: microRNAs (miRNAs). MiRNAs are small noncoding single-stranded RNA filaments that act as negative regulators of gene expression at the posttranscriptional level. MiRNAs bind the untranslated region (UTR) of target mRNAs and block their translation or degradation, regulating the downstream cascade (14, 15). The role of miRNAs has therefore proved to be crucial when researching regulatory mechanisms of the main genes involved in neoplastic development, becoming both therapeutic targets and diagnostic and prognostic markers. In recent literature, several miRNAs, including miR-222, miR-221, and miR-21, have been found to be overexpressed in PTC tissues compared to normal thyroid tissue (16). These results suggest that distinct miRNA profiles are correlated with PTC tumorigenesis, progression, and prognosis (17).

In light of these data, we wanted to undertake a pilot study to test whether there was an association between rare histological variants of PTC with more aggressive clinicopathological features or conversely with more benign course between core genetic mutations of PTC and between miRNA signatures. For these reasons, we decided to trace the miRNA expression profiles of representative samples of p.K601E-PTC, hobnail, and classic variants of PTC, which had been previously investigated for BRAF p.V600E, with the aim of identifying new markers associated with the characteristic biological behavior of this type of carcinoma.



Materials and Methods


Study Population

All patients underwent a total thyroidectomy or lobectomy between 2008 and 2016 at the University Hospital of Padua, with a histological diagnosis of PTC. Patient material was collected from the archives of the Surgical Pathology Unit at Padua University Hospital (Padua, Italy). Hematoxylin and eosin-stained slides from formalin-fixed paraffin-embedded tissues were reviewed by two pathologists (GP and FG).

All cases of HoV-PTC and p.K601E-PTC were selected. Nine CV-PTC cases were included as a control cohort. In all patients, a fine-needle aspiration biopsy was performed on a suspicious node at each ultrasound examination and part of the biopsied material was used for the molecular evaluation of the mutational status of BRAF.

All patients involved in the study gave their written informed consent, and the study was approved by the Center’s Ethics Committee of the University Hospital of Padua. All experiments were performed in accordance with relevant guidelines and regulations.



BRAF Mutational Profiling

The genetic material necessary for the molecular analysis of the BRAF gene was extracted from the primary tumor of all study patients. Since each sample was initially fixed in formalin and embedded in paraffin for storage, a deparaffining process was carried out for DNA extraction using a “DNeasy Blood & Tissue Handbook” according to the manufacturer’s instructions. After this procedure, qualitative control of the extracted DNA and the determination of its concentration were performed.



DNA Amplification by PCR and Sequencing

Once the DNA was extracted, the specific sequences encoding the gene under study were amplified by PCR. Each amplification reaction was verified by electrophoresis through a 2% (P/V) agarose gel in Tris-acetate-EDTA (50×). Using Millipore Microcon columns (centrifugal filter device), the amplification products were separated from primers, proteins, salts, and resins. Direct sequencing of the aforementioned exons was performed using a Big-dye Terminator protocol according to the manufacturer’s instructions. Subsequently, each product was purified using Autoseq G-50 Dye Terminator Removal Kit (GE Healthcare, Little Chalfont, UK) columns and then processed by an automatic sequencer ABI PRISM (Applied Biosystems, Bedford, MA, USA).



NanoString nCounter® and Bioinformatics Analysis

Total RNA extraction was performed using an Ambion Recover All Isolation Kit (Life Technologies, Carlsbad, CA, USA), according to the manufacturer’s instructions. The purity and quality of the extracted RNA were determined by Bio-Analyser (Agilent Technologies, Santa Clara, CA, USA).

MiRNA expression was analyzed using an nCounter® Human v2 miR Expression Assay Kit (NanoString, Seattle, WA, USA) as previously described (18).

This assay detects 800 endogenous miRNAs, five housekeeping transcripts plus six positive and six negative controls. About 150 ng of each total RNA sample was used as input into the nCounter Human miRNA sample preparation. Hybridization was conducted for 16 h at 65°C. Subsequently, the strip tubes were placed into the nCounter Prep Station for automated sample purification and subsequent reporter capture. Each sample was scanned for 555 fields of view on an nCounter® Digital Analyzer (NanoString). Data were extracted using an nCounter® RCC Collector (NanoString). Six samples (three HoV-PTC and three p.K601E-PTC) failed quality control and were excluded from further analysis. Raw data, which were proportional to copy number, were log-transformed and normalized by the quantile method after application of a manufacturer-supplied correction factor for several miRNAs (19). Data were filtered to exclude relatively invariant features (interquartile range = 0.5) and features below the detection threshold defined for each sample by a cutoff corresponding to Δ2 standard deviations of negative control probes plus their mean in at least half of the samples. After the preprocessing steps described above, we plotted relative differences in transcriptional profile between the samples using a multidimensional scaling plot. Using R/Bioconductor and the filtered dataset, limma data analysis were employed with a contrast matrix for the comparisons of interest (19, 20). P-values were used to rank miRNAs of interest, and a correction for multiple comparisons was performed using the Benjamini–Hochberg method (21). Raw data that were above background, as well as the corresponding quantile-normalized data, were imported into MultiExperiment Viewer (http://mev.tm4.org/) for visual inspection. Only miRNAs with a P-value <0.01 were included in heatmaps. The color red indicates the strong expression of a miRNA, whereas a green point mirrors a reduced level of a determined miRNA.



Quantitative Real-Time Polymerase Chain Reaction Analysis

Expression of three of the most important dysregulated miRNAs detected using NanoString nCounter® Analysis (hsa-miR-21-5p, hsa-miR-146b-5p, hsa-miR-205-5p) was investigated by quantitative reverse transcription (qRT)–PCR.

For qRT–PCR analysis, an NCodeTM miRNA qRT–PCR kit was used (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions with the following primers:

- hsa-miR-21-5p (primer: 5′-cgg tag ctt atc aga ctg atg ttg a-3′)

- hsa-miR-146b-5p (primer: 5′-ggg tga gaa ctg aat tcc a-3′)

- hsa-miR-205-5p (primer: 5′-ggt cct tca ttc cac cg-3′)

Results were normalized relative to the values of RNU6B nuclear RNA expression (5′-gtt ggc tct ggt gca gg gcc tcc gag gta ttc gca-3′). Reactions were performed in a LightCycler 480 Real Time PCR cycler System (Roche, Milan, Italy). All qRT–PCR reactions were conducted in duplicate, and the results were calculated according to the comparative CT method. This method uses the equation 2-dCt, where Ct is the threshold cycle (i.e., the number of cycles at which the fluorescence generated in one reaction exceeds a given threshold), and dCt is the difference between the mean Ct of the gene sample and the mean Ct of the RNU6B probe.



MiR-21 and MiR-205 In Situ Hybridization Analysis

In situ hybridization (ISH) was conducted on tissues of all samples under examination. The ISH was performed using a signal amplification system (GenPointTMCatalyzed Signal Amplification System; DakoCytomation, Carpinteria, CA, USA) following the protocol provided by the manufacturer and modifications made by Yamamichi et al. (22).

The sections on slides were incubated at 60°C for 30 min, deparaffinized, and subsequently treated with proteinase K (DakoCytomation) for 30 min at room temperature. After gentle rinsing in distilled water and immersion in a 95% ethanol solution for 10 s, sections were air-dried. They were then prehybridized at 49°C–56°C for 1 h with RNA ISH buffer (Ambion, Carlsbad, CA, USA). They were subsequently incubated overnight at 49°C–56°C in RNA ISH buffer containing miRCURYTM LNA probes and labeled with biotin for the detection of hsa-miR-21 (Exiqon, Woburn, MA, USA). As a control, a probe (U6, Exiqon) was used at a final concentration of 200 nM. The slides were then washed in TBST and then GenPointTM stringent wash solution (at 54°C for 30 min). The slides were exposed to a fixative containing H2O2 (DakoCytomation) for 20 min and then a further solution fixative (DakoCytomation) for 30 min. The slides were then exposed to primary streptavidin-horseradish peroxidase antibody, a biotinylated tiamide, a streptavidin-labeled secondary antibody, and a solution chromogen nitroblue tetrazolium, according to the manufacturer’s instructions. The sections were then mildly counterstained with hematoxylin and washed with TBST and water before assembly.



Statistical Analysis

The t-test was used to assess the differences in miRNA expression levels, obtained by qRT–PCR, between Hobnail variant–PTCs, BRAF K601E mutation FV-PTCs, and classic variant–PTCs or in different subgroups classified by BRAF V600E status. Statistical analyses were performed using MedCalc Statistical Software version 16.4.3 (MedCalc Software bvba, Ostend, Belgium; https://www.medcalc.org; 2016). A P < 0.05 was considered statistically significant.




Results


Clinicopathological Features

Of the original 32 patients recruited with a histological and molecular diagnosis of HoV-PTC and p.K601E-PTC, 26 patients were included in our study (six patients were excluded from the analysis, and details are shown in Figure 1). Nine classic variant (CV)-PTC cases were included as a control cohort. All cases of p.K601E-PTC resulted in a follicular variant (BRAF p.K601E FV-PTC). Clinicopathological features are summarized in Table 1.




Figure 1 | Overview of the study. ISH, in situ hybridization; PTC, papillary thyroid carcinoma; RT–PCR, reverse transcription–PCR.




Table 1 | Clinicopathological features of patients included in this study.





BRAF p.V600E Mutation Analysis

A BRAF p.V600E mutation was found in 8/17 (47%) of HoV-PTC cases and in 4/9 (44%) of CV-PTC cases. A p.V600E mutation was not found in any patient with p.K601E, as previously detected in cytological specimens. All BRAF p.K601E mutations were identified in histological samples.



Identification of MiRNAs Associated With Histological and Mutational Features

In order to define miRNAs that distinguished between patients with characteristic histological variants and mutational profiles, we performed miRNA expression analysis in a cohort of 17 HoV-PTC cases, nine BRAF p.K601E FV-PTC cases, and in a randomly selected cohort of nine CV-PTC cases.

Forty-six miRNAs were deregulated (P < 0.05) in a comparison between HoV-PTC and BRAF p.K601E FV-PTC cases (regardless of other BRAF mutations; Figure 2A). Table 2 shows 14 deregulated miRNAs with a P-value <0.01; seven of these were upregulated in HoV-PTC, while the remaining seven were downregulated.




Figure 2 | (A, B) Heatmap showing miRNA expression in all PTC subgroups. The miRs with a P-value <0.01 are shown (A). Plot showing miR-21-5p, miR-146b-5p, and miR-205-5p expression in subgroups divided for a BRAF p.V600E mutation (left panel) and in hobnail papillary thyroid carcinoma (HoV-PTC) vs. BRAF p.K601E FV-PTC and classic variant (CV)-PTC (right panel). All qRT–PCR reactions were conducted in duplicate, and the results were calculated according to the comparative CT method. (B) wt, wild-type. *P < 0.01, **P < 0.001, ***P < 0.0001.




Table 2 | List of miRNAs deregulated in the comparison of HoV-PTCs vs. p.K601E-PTCs (P < 0.01).



Dividing the cohort of HoV-PTC cases based on the results of BRAF p.V600E analysis, we noted that a set of 127 miRNAs was deregulated between the two subgroups (P < 0.01). If we compare only the HoV-PTC p.V600E mutated subgroup with BRAF p.K601E FV-PTC cases, a large set of 324 miRNAs were significantly deregulated.

When HoV-PTC and CV-PTC samples were compared, 40 miRNAs were found to be downregulated in HoV-PTC patients, while 14 were overexpressed (P < 0.05). Table 3 shows deregulated miRNAs with a P-value <0.01.


Table 3 | List of miRNAs deregulated in the comparison of HoV-PTCs vs. CV-PTCs.



When the analysis focused on BRAF status, 14 miRNAs were deregulated in p.V600E HoV-PTC compared to p.V600E CV-PTC cases (seven were downregulated and seven upregulated; P < 0.01). Instead, comparing p.V600E CV-PTC to HoV-PTC wild type (wt), 43 miRNAs showed statistically significant differences in expression levels.

When the analysis compared BRAF p.K601E FV-PTC and CV-PTC samples, a set of 153 miRNAs were found to be deregulated (P < 0.05); in particular, only 14 were overexpressed in BRAF p.K601E FV-PTC patients, while the others were downregulated. Table 4 shows the deregulated miRNAs with a P-value <0.01.


Table 4 | List of miRNAs deregulated in the comparison of BRAF p.K601E FV-PTC vs. CV-PTCs (P < 0.01).



Dividing the cohort of CV-PTC cases on the basis of a BRAF p.V600E analysis, we noted that a set of 65 miRNAs was deregulated between the two subgroups. In particular, only three miRNAs were upregulated in a BRAF p.K601E FV-PTC compared to p.V600E CV-PTC cohort, while all the others were downregulated (P < 0.05).



Validation of MiRNAs Found to Be Deregulated in the Investigated Cohorts

For the validation of miRNAs associated with the histological and molecular features of PTC, we focused on miRNAs upregulated in a comparison of hobnail variant of PTC vs. p.K601E mutation and the classic variant of PTC based on the following observations: (1) since the hobnail variant is associated with a worse prognosis than those of patients with the classic variant and BRAF p.K601E mutation, miRNAs overexpressed in these samples might be important in determining the biological behavior of disease; (2) overexpressed rather than silenced miRNAs might be easier to detect in tissues and biological fluids. The expression of the three miRNAs (miR-21-5p, miR-146b-5p, and miR-205) deregulated in HoV-PTC vs. BRAF p.K601E FV-PTC and CV-PTC detected in the cohorts by nCounter® was confirmed in the same cohorts (n = 35) using qRT–PCR. All three miRNAs were shown to be significantly upregulated in HoV-PTC patients (Table 5). Moreover, when the three miRNAs were analyzed in the subgroups divided for the BRAF p.V600E mutation, two of them (miR-146b and miR-21) were found to be overexpressed in all BRAF wt samples, while miR-205 was overexpressed in CV-PTC wt vs. CV-PTC p.V600E but downregulated in HoV-PTC wt vs. HoV-PTC p.V600E (Figure 2B).


Table 5 | MiRNA expression determined by qRT–PCR in investigated cohort.





MiR-21 and MiR-205 In Situ Hybridization Results

To further confirm nCounter® and qRT–PCR findings, miR-21 and miR-205 expressions were investigated in all samples (n = 35) by ISH analysis. The expression of miR-21 and miR-205 was identifiable as a granular blue cytoplasmic stain that was scored according to a three-tiered scale (score 0, no cytoplasmic staining; score 1, faint cytoplasmic staining; score 2, strong cytoplasmic staining). In HoV-PTC, miR-21 was significantly overexpressed: all (9/9) wt HoV-PTC cases were given a score of 2; 63% (5/8) of p.V600E HoV-PTC cases were scored 2, and 37% (3/8) were scored 1 (by comparison with adjacent normal thyroid tissue). Instead, all BRAF p.K601E FV-PTC cases were given a score of 0; all (5/5) wt CV-PTC cases and 75% (3/4) of p.V600E CV-PTC cases were given a score of 1, while 25% (1/4) of p.V600E CV-PTC cases were given a score of 2 (by comparison with adjacent normal thyroid tissue; Figure 3). Also, miR-205 was significantly overexpressed in HoV-PTC cases (14/17 scored 2); instead, all BRAF p.K601E FV-PTC cases were negative (score 0) for the stain. CV-PTC cases were principally given a score of 1 (7/9; Figure 3).




Figure 3 | MiR-21 and miR-205 in situ hybridization in HoV-PTC, CV-PTC, and BRAF p.K601E FV-PTC. The first column represents hobnail papillary thyroid carcinoma (HoV-PTC), classic variant (CV)-PTC, and BRAF p.K601E FV-PTC tissues stained with hematoxylin and eosin. The expression of miRs was detectable as a grainy blue cytoplasmic stain. Significant overexpression of miR-21 and miR-205 (score 2) was observed in HoV. In CV-PTC samples, faint miR-21 and miR-205 (score 1) staining was observed. Positive cytoplasmic staining for miR-21 and miR-205 in BRAF p.K601E FV-PTC tissue compared with adjacent normal thyroid tissue was not observed (×200 and ×100 original magnification).






Discussion

PTC is a heterogeneous neoplasia comprising several histological variants that are associated with specific mutational profiles with distinct clinical and prognostic features. Therefore, novel markers are being studied in order to better characterize these particular subtypes of PTC and to achieve targeted follow-up and treatments.

For this purpose, we used an innovative method that can simultaneously analyze a wide range of miRNAs, generating a “miRnoma” of the cancer. Researchers have demonstrated the value of the automated platform, NanoString Technologies nCounter®, in several publications, with results derived from a variety of tissues and in different biological settings, including cancer development, neurobiology, and immunology. Through NanoString, it is possible to analyze up to 800 miRNAs for each single sample—thanks to a hybridization system using fluorescent barcodes. The main advantages of using this platform concern the high sensitivity and reproducibility of the results even with samples that are usually difficult to analyze, such as formalin-fixed paraffin-embedded tissues (23).

In our series, we decided to compare forms of PTC with completely different clinical behavior, obviously considering them from a histological but also a molecular point of view, taking into consideration the particular variant with the p.K601E BRAF mutation. The latter is identified almost exclusively in the follicular histological variant of PTC, as we reported in our series, and usually also distinguishes capsulated forms of the follicular variant, therefore with even less aggressive characteristics (24). We preferred to go beyond the concept of the histological variant of PTC by including in the categorization also molecular information to further stratify the neoplastic behavior.

Our analysis revealed significant differences in terms of a miRNA expression profile between the different cohorts analyzed. In particular, 46 miRNAs were deregulated in a comparison of HoV-PTCs and BRAF p.K601E FV-PTCs. A set of 153 miRNAs were found to be deregulated between BRAF p.K601E FV-PTC and CV-PTC samples. And in a comparison between HoV-PTC and CV-PTC samples, 54 miRNAs were deregulated (P < 0.05). After a subdivision of the two cohorts (HoV-PTC and CV-PTC) according to molecular results for BRAF p.V600E, a statistically significant difference was found in the expression profile of the same cohorts (for example, p.V600E HoV-PTC vs. wt HoV-PTC) and between different cohorts (for example, p.V600E HoV-PTC vs. p.V600E CV-PTC). Among the more deregulated miRNAs, three miRNAs primarily emerged: miR-21-5p, miR 146b-5p, and miR-205-5p. Validation analysis (RT–PCR and ISH) confirmed these results.

The miRNA, miR-21-5p, is a crucial oncomir that has been found to be linked to proliferation, apoptosis, invasion, and migration of malignant cell lines (25). Thus, miR-21-5p plays a fundamental role in malignant behavior and transformation. In thyroid carcinogenesis and specifically in PTC, the deregulation of miR-21-5p has been demonstrated (26). The role of miR-21-5p lies in its specific targeting of the three prime UTR (3′-UTR) of PDCD4, which negatively regulates protein expression and is a well-known tumor suppressor. The importance of this molecular pathway (which might not necessarily be the sole one) in regulation by miR-21-5p is supported by the finding that miR-21-5p upregulation consistently parallels programmed cell death 4 protein downregulation (27).

The second miRNA, miR-146-5p, has a regulatory role in several tumors by acting on invasiveness and metastasis. For example, it has been shown that breast cancer metastasis-suppressor 1 (BRMS1) affects mir-146 (28). Nuclear factor-κB (NF-κB), which is regulated by BRMS1 and mir-146, is involved in the development of cancer by influencing the proliferative and antiapoptotic signals of thyroid carcinomas (29). NF-κB is implicated in anaplastic thyroid carcinoma through the overexpression of mir-146a. It has been shown that the upregulation of mir-146b reduces the growth of primary brain tumors as gliomas. Several studies have shown that transforming growth factor (TGF)-β1 regulates specific miRNAs, such as mir-146b-5p, in normal cells and cancer. Because TGF-β1 also regulates epithelial–mesenchymal transition in PTC, this growth factor has important roles in the expression of specific miRNAs for the progression of thyroid cancer (30–32). Inactivating miR-146b has been considered as a promising strategy also in thyroid cancer therapy. For example, Santa-Inez et al. (33) targeted miR-146b in an experimental model conducted on anaplastic thyroid cancer cell line using Clustered Regularly Interspaced Short Palindromic Repeats / Cas9n (CRISPR/Cas9n) editing system. Also in follicular thyroid cancer (FTC), miR-146b was found to be associated with the process of cancerization and increased aggressiveness of the neoplasm. In particular, Knyazeva et al. (34) analyzed a series of 84 follicular lesions with different histological diagnosis and found a correlation with miR-146b dysregulation and follicular cell malignant transformation and follicular thyroid cancer progression. miR-146b has also been proposed as a circulating marker of PTC, both diagnostically and prognostically, but future studies will be necessary for this application (35).

In particular, the overexpression of miR-205-5p in the hobnail variant vs. p.K601E-PTC is noteworthy. Importantly, miR-205 is a driver miRNA whose deregulation may induce cancer development and progression (36, 37). Moreover, miR-205 has a double function: i) it can play a role as an oncogene in several cancers (for example, lung, bladder, cervical, and head/neck malignancies); and ii) it can be downregulated in breast cancer, prostatic cancer, and glioma (38, 39). The only previous study that investigated miR-205 expression in thyroid neoplasia suggested that miR-205 overexpression might have a potential tumor suppressive role, which could be exerted through miR-205 binding to 3-UTR of vascular endothelial growth factor A (VEGFA) protein in thyroid cancer. That the overexpression of this miRNA has been found in cases of aggressive variant PTC, such as hobnail-PTC, underlies the hypothesis that the regulatory mechanism of this miRNA is more complex and, therefore, requires further investigation to be clearly understood.

In conclusion, PTC is a heterogeneous neoplasm from both morphological and molecular points of view. The present study highlights this by demonstrating how the different histological variants and specific BRAF mutations, which are associated with a different prognosis, are characterized by different miRNA expression profiles. The miRNAs, miR-21-5p, miR-146b-5p, and miR-205-5p, were the most significantly overexpressed miRNAs in the analyzed cohorts. In light of these data, although results are preliminary, these markers appear to play a role in PTC carcinogenesis and, in particular, seem to correlate with its different biological behavior. This is a seminal study that will be deepened considering the most relevant emerged miRNAs in large series for each of the groups. One of the limitations of this study is the low number of analyzed samples mainly due to the rarity of the categories considered such as the p.K601E BRAF mutation and the hobnail variant. Further studies are necessary in order to validate these results in a wider population-based cohort and to understand the exact mechanism of action of these miRNAs.
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Background

Organochlorine pesticides (OCPs) have been long linked to type 2 diabetes mellitus (T2DM); however, this relation at the molecular level has not been explored yet. Endoplasmic reticulum (ER) stress and pro-inflammatory pathways are considered vital ones in the pathogenesis of T2DM. We aimed to investigate the existence of any association between OCPs, ER stress, and pro-inflammatory pathways in subjects with known T2DM.



Methods

Seventy subjects each with T2DM and normal glucose tolerance were recruited from the surgery department. Their visceral adipose tissue was collected intraoperatively. OCP concentration, ER stress, and pro-inflammatory markers were analyzed and compared between two study groups.



Results

We found 18 OCPs and their metabolites in visceral adipose tissue samples of study participants. The levels of δ-HCH, heptachlor, endrin, and p,p′DDT were significantly higher in the T2DM group and were also positively correlated with fasting and postprandial plasma glucose levels (p < 0.01). We observed a positive association of δ-HCH (p < 0.01), heptachlor (p < 0.05), and endrin (p < 0.05) with central adiposity and ER stress markers. However, we failed to establish the correlation of OCPs with any of the pro-inflammatory markers.



Conclusion

The existence and simultaneous complex correlation of OCPs with ER stress may explain their role in the pathogenesis of T2DM, revealing the persistence of the gene–environment interaction in the etiology of T2DM.





Keywords: OCP, T2DM, normal glucose tolerance, inflammation, ER stress, visceral adipose tissue



Introduction

Exposure to environmental toxicants such as organochlorine pesticides (OCPs) has been strongly associated with type 2 diabetes mellitus (T2DM) (1–6). Their property of persistence and bioaccumulation in the environment has generated a surge of global interest (7). Due to their lipophilic nature, they remain stored in the adipose tissue without disintegration for a long time (8); in consequence, even a minimal continuous exposure over time can still lead to potential health hazards (9). OCPs are the most investigated insecticides linked with obesity in humans (10). India is among one of the top producers and consumers of OCPs (11, 12), and their exposure might be a possible risk factor for higher vulnerability for developing T2DM (3).

Adipose tissue, which is considered an energy storage site, has also been associated with several adverse metabolic consequences, providing visceral adipose tissue more physiological relevance, as it is a leading determinant of insulin resistance and excessive inflammatory state (13). With the development of obesity, the adipose tissue undergoes some molecular and cellular adaptations with a significant generation of pro-inflammatory molecules such as tumor necrosis factor α (TNFα) and interleukin 6 (IL-6) (14). Chronic inflammation may be a consequence of endoplasmic reticulum (ER) stress and/or trigger the same (15), which ensures a self-perpetuating cycle. Chronic ER stress, which is considered to be a vital one in diabetes pathogenesis (16, 17), leads to a self-protective mechanism to maintain cellular viability and function by reducing misfolded and unfolded protein load by unfolded protein response (UPR) (18). Upregulated ER stress has been observed in the adipose tissue of various obese and lean insulin-resistant animals and humans (19–21).

In spite of major advancements in the acknowledgement of the pathophysiology of T2DM, the mechanisms are still incompletely understood and its susceptibility might be explained by the complex gene–environment interaction (22). Although the previous literature supports the evidence for the complex interplay of ER stress and inflammation in chronic metabolic disorders, there is a dearth of studies showing the interconnectivity of these environmental contaminants with such cellular stress mechanisms. Hence, the present study was conducted in order to evaluate the possible synergy of OCP compounds with pro-survival and pro-apoptotic ER stress and inflammatory pathways at the molecular level in human subjects with T2DM.



Methodology

This was a case–control study carried out in the Department of Surgery and Biochemistry, University College of Medical Sciences (UCMS), and Guru Teg Bahadur (GTB) Hospital, Delhi. Ethical clearance (certificate no. IHEC-UCMS 08112015) was obtained from the Institutional Ethics Committee for Human Research, UCMS, and GTB Hospital, Delhi, before initiating the study. The patient information sheet was explained to each subject, and their written consent was obtained. The study was conducted between the periods of January 2016 to January 2020.


Study Subjects

The study included 70 subjects each with known T2DM and normal glucose tolerance (NGT) subjects attending the OPD of the surgery department for their elective abdominal surgeries for clinical conditions such as cholecystectomy, appendectomy, and hernia. Subjects with life-threatening cardiovascular disease, known pancreatic disease, and Cushing syndrome as well as females with pregnancy and known polycystic ovarian syndrome were excluded from the study.

The T2DM subjects were categorized based on clinical guidelines set by the American Diabetes Association (ADA) (23), while a standardized 75-g oral glucose tolerance test was performed for identifying subjects with NGT (23). Both the groups were matched based on their gender, age, and BMI.



Anthropometric Measurements

A detailed questionnaire was used to record the demographical and clinical characteristics of the recruited subjects. Demographical characteristics including age, gender, body mass index (weight (kg)/height (m2)), pulse rate, blood pressure, diet pattern, socioeconomic status (24), and any other medical history were documented for each subject.



Sample Collection and Storage

The visceral adipose tissue sample weighing about 5 g was collected intraoperatively in a sterile container and cryopreserved in liquid nitrogen followed by their storage at -80°C for estimation of OCP levels and gene expression levels. Also, blood samples were collected for the estimation of fasting and postprandial plasma glucose.



Organochlorine Pesticide Analysis

Pesticide extraction for each sample was done in triplicates by using the method given by Bush et al. (25). Briefly, 1 g of finely chopped visceral adipose tissue was shaken in a flask with 1:2 parts of acetone (Merck, Kenilworth, NJ, USA) and n-hexane (Merck, USA) at 100–120 rpm at room temperature for 4 to 5 h on a mechanical shaker. The solvent was collected and the extraction procedure was repeated twice using the same process, and the fractions were added to the previous solvent fractions. The cleanup of the collected solvent fraction was done by adsorption column chromatography using heat-activated Florisil (SRL, Mumbai, India) and anhydrous sodium sulfate (SRL, India). The collected n-hexane was evaporated by a vacuum rotary evaporator and reconstituted in n-hexane to 1-ml quantity. Quantification of organochlorine residue levels was done using a gas chromatograph (PerkinElmer Clarus 500) equipped with a Ni63 electron capture detector. The sample (1 µl) was automated injected at 170°C with a hold of 1 min. The temperature was raised at the rate of 5°C/min to 225°C and the time for the hold was 5 min, and then to 275°C at the rate of 6°C/min with a 15-min hold. Nitrogen gas with a flow rate of 35 ml/min was used as a carrier. The limit of detection for each pesticide was 4 pg/ml. The adipose tissue samples were analyzed for the following organochlorine residues: α-hexachlorocyclohexane (α-HCH), β-HCH, γ-HCH, δ-HCH, heptachlor, aldrin, heptachlor epoxide B (HTEB), heptachlor epoxide A (HTEA), endosulfan I, endosulfan II, dieldrin, endrin, methoxychlor, o,p′-dichlorodiphenyldichloroethylene (o,p′-DDE), p,p′-DDE, p,p′-dichlorodiphenyldichloroethane (p,p′-DDD), o,p′-dichlorodiphenyltrichloroethane (o,p′-DDT), and p,p′-DDT. A quantitative analysis of pesticide residues in each sample was done by comparing the peak area with those obtained from a chromatogram of a mixed OCP standard (AccuStandard, New Haven, CT, USA) of known concentrations. The concentration of OCPs in samples has been presented in ng/gm (ppb) wet weight.



Gene Expression Analysis at the Transcriptional Level

The mRNA expression of protein kinase R-like ER kinase (PERK), activating transcription factor (ATF-4), C/EBP homologous protein (CHOP), inositol-requiring enzyme-1α (IRE-1α), X box-binding protein (spliced) (XBP-1s), glucose-regulated protein-78 (GRP-78), TNFα, and IL-6 were analyzed by quantitative real-time PCR (qPCR) in triplicates along with negative control.

Total RNA extraction from visceral adipose tissue was done by using the TRIzol reagent (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) standard method as per the manufacturer’s protocol. The quality and concentration of total RNA were measured spectrophotometrically on a NanoDrop spectrophotometer (ND2000, Thermo Fisher Scientific, USA). Total RNA (1 µg) was used for complementary DNA synthesis using an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA) as per the manufacturer’s protocol. The NCBI tool, Primer BLAST, was used to design the primers of genes of interest. The Sso EvaGreen Supermix (Bio-Rad, USA) (dNTPs, Sso7d fusion polymerase, MgCl2, EvaGreen dye, stabilizers) was used for the reaction mixture of qPCR. The concentration of 10 pmol of primer was used for each qPCR reaction (primer sequences presented in Table 1). The PCR amplification was performed on a CFX Connect Real-Time PCR Detection System (Bio-Rad, USA). The amplification cycle included initial denaturation at 95°C for 1 min followed by 40 cycles of denaturation at 95°C for 30 s and annealing at 60°C for 45 s and lastly extension at 72°C for 30 s. β-Actin was used as the gene normalizer. The gene expression was determined by the 2-ΔΔCt method (26).


Table 1 | Primer sequences of specific genes.





Gene Expression Analysis at the Translational Level

The total proteins from 100 mg visceral adipose tissue samples were isolated by radioimmunoprecipitation buffer (G-Biosciences, St. Louis, MO, USA) followed by their quantification using a bicinchoninic acid protein assay kit (G-Biosciences, USA). In brief, 30 µg denatured protein was resolved on 10% Tris–glycine gel and transferred to a polyvinylidene fluoride membrane (Bio-Rad, USA). The non-specific binding sites on the membrane were blocked with 5% skimmed milk. The membrane was incubated with corresponding primary antibodies (Abbkine, USA) at 1:700 dilutions overnight at 4°C, and after washing the membrane was treated with an HRP-conjugated secondary antibody (Abbkine, USA) for 2 h. The detection of signals was recorded by the use of an ECL Reagent Kit (Thermo Fisher Scientific, USA) in the gel imaging system (Thermo Fisher Scientific ECL Imager). The protein band density was measured and compared using the ImageJ software.



Statistical Analysis

The data for continuous variables were expressed as mean ± standard deviation. Different variables between cases and controls were compared by the independent t-test. The Mann–Whitney U test was used to compare the pesticide level between cases and controls. The adjusted odds ratio (OR) with 95% confidence interval was calculated for defining the risk of T2DM by OCPs. The Spearman correlation matrix was used to analyze data for biochemical variables with pesticides, and gene–environment interaction. p values <0.05 were considered statistically significant. Collected data were analyzed using IBM SPSS software (version 21).




Results


Demographic Characteristics of Study Groups

The demographic characteristics of the study subjects are presented in Table 2. The study subjects in both T2DM and NGT groups shared similar anthropometric characteristics with a comparable proportion of males and females (p = 0.856). The two groups did not share a significant age difference (p = 0.409). There were no significant differences in BMI (p = 0.291) between the study groups; however, their waist circumference differs significantly (p ≤ 0.001). There was no significant difference observed in blood pressure between the groups (p = 0.102). The case group shared a higher history of familial diabetes (p = 0.003) as compared to controls. The socioeconomic status also differed significantly between the two groups (0.018); the subjects with T2DM belonged to a higher socioeconomic group compared to subjects of the control group.


Table 2 | Demographic characteristics of the T2DM and NGT groups.





Organochlorine Pesticide Analysis

The analysis of visceral adipose tissue samples disclosed the presence of various OCPs and their metabolites. By comparing the OCP levels, we found that every pesticide concentration was higher in the T2DM group as compared to the NGT group (Table 3); however, δ-HCH (p ≤ 0.001), heptachlor (p ≤ 0.001), endrin (p ≤ 0.001), and p,p′-DDT (p = 0.002) levels were significantly higher in T2DM patients (Figure 1). Multivariable binary logistic regression, adjusted for confounding factors such as age, gender, BMI, and family history of T2DM, revealed that of these four pesticides, δ-HCH (p = 0.003) and endrin (p ≤ 0.001) were positively associated with the risk of T2DM (Table 4).


Table 3 | Comparison of visceral adipose tissue OCP levels between the T2DM and NGT groups.






Figure 1 | Comparison of OCP levels (ng/gm) in the T2DM (N = 70) and NGT (N = 70) groups. **p ≤ 0.01; ***p ≤ 0.001.




Table 4 | The risk of development of T2DM with visceral adipose tissue accumulation of OCPs.





The Correlation of Glycemic and Anthropometric Markers With OCP Levels

The correlation analysis also revealed the significant positive correlation of fasting and postprandial plasma glucose with δ-HCH, heptachlor, endrin, and p,p′-DDT (Figure 2). The waist circumference was also found to be positively correlated with δ-HCH (r = 0.242, p = 0.004), heptachlor (r = 0.207, p = 0.014), and endrin (r = 0.211, p = 0.012).




Figure 2 | Correlation of OCPs with plasma glucose indices. Positive correlation of fasting plasma glucose with d-HCH (A), endrin (C), heptachlor (E), and p,p’DDT (G). Positive correlation of postprandial plasma glucose with d-HCH (B), endrin (D), heptachlor (F), and p,p’DDT (H).





ER Stress and Pro-Inflammatory Marker Gene Expression

The parallel transcriptional and translational gene expression analysis revealed that all the ER stress markers except PERK were upregulated in visceral adipose tissue of T2DM patients as compared to NGT. A higher expression of both the pro-inflammatory markers was also observed in the T2DM group. The mRNA expressions of ATF-4, CHOP, IRE-1α, XBP-1s, and GRP-78 were 2.6-, 2.4-, 5.5-, 3.8-, 2.3-fold upregulated respectively in the T2DM group compared with the NGT group, whereas PERK was found to be 3.5-fold downregulated. Similarly, the mRNA expression of IL-6 and TNFα was found to be 4.6- and 1.9-fold significantly higher in T2DM subjects compared to NGT subjects, respectively. The protein expression of the respective genes was found to be in synchronization with their transcriptional expression (Figure 3).




Figure 3 | Relative gene expression of ER stress and pro-inflammatory genes between thetwo groups. (A) Relative change in transcriptional expression of the genes. (B) Relative change in translational expression of the genes. (C) Western blot images of the genes. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.





The Gene–Gene Interaction

Interestingly, the mRNA expression of all the ER stress markers significantly and positively correlated among themselves and with both the pro-inflammatory markers (Table 5).


Table 5 | Correlation matrix showing the gene–gene interaction among ER stress and pro-inflammatory markers in visceral adipose tissue.





The Correlation of Glycemic and Anthropometric Markers With ER Stress and Pro-Inflammatory Gene Expression

By correlating the studied genes with fasting and postprandial plasma glucose, all genes except PERK and TNFα were found to be significantly positively correlated with plasma glucose indices. Interestingly, the weight of the study subjects was found to be positively correlated with mRNA expressions of CHOP and GRP-78. Waist circumference showed a significant positive correlation with ATF-4, CHOP and GRP-78, and BP (systolic and diastolic) with IRE-1α, and XBP-1s (Table 6).


Table 6 | Correlation matrix showing the association of mRNA expression of ER stress and pro-inflammatory genes with anthropometric and clinical variables.





The Gene–Environment Interaction

A significant positive correlation between transcriptional ER stress expression and OCPs was observed in this study. δ-HCH was positively correlated with the expression of ATF-4 (p = 0.010), IRE-1α (p = 0.030), and XBP-1s (p = 0.038) genes. Heptachlor was found to be positively correlated with IRE-1α (p = 0.044) and XBP-1s (p = 0.006) genes, whereas endrin was positively correlated with ATF-4 (p = 0.025), CHOP (p = 0.017), IRE-1α (p = 0.039), XBP-1s (p = 0.003), and GRP-78 (p = 0.020) genes (Table 7). However, a significant correlation of genes with p,p′-DDT was not observed in our study.


Table 7 | Correlation matrix showing gene–environment interaction between ER stress markers and OCPs.






Discussion

Our study demonstrated the presence of several OCPs and their metabolites in the visceral adipose tissue, of which δ-HCH, heptachlor, endrin, and p,p′-DDT were found to be significantly higher in the T2DM group as compared to the NGT group. These pesticides were positively associated with central adiposity, linking their obesogenic role in the etiology of T2DM. Nevertheless, the odds ratios of δ-HCH and endrin were significantly associated with the occurrence of T2DM. Our study is the first to show the interplay of ER stress with OCP compounds in T2DM and establish the possible cross talk between genetics and the environment. We found endrin to be correlated with all ER stress genetic markers except the PERK gene; however, we failed to establish the synergistic relation between pro-inflammatory markers and OCPs.

Upregulation of ER stress and pro-inflammatory markers in the visceral adipose tissue and their significant positive correlation with fasting and postprandial plasma glucose have been found in our study, which indicates that both of these pathways might be considered as an attractive target for T2DM.

Discussing the part of OCPs in diabetes, numerous epidemiological studies have associated OCP exposure with increased risks of obesity and/or T2DM (27–30). Due to their lipophilic nature, many pesticides tend to get accumulated in adipose tissue depots and therefore may interrupt the function of adipose tissue and promote obesity and T2DM (30, 31). The role of OCPs as endocrine-disrupting chemicals is also well known (32). In this study, we detected various OCP compounds in the visceral adipose tissue, but only four pesticides, δ-HCH, heptachlor, endrin, and p,p′-DDT, had a mean concentration significantly higher in T2DM subjects as compared to the NGT group. Of these four OCPs, δ-HCH and endrin were found to have a significantly higher relative risk associated with T2DM. These results have never been reported previously in an epidemiological study. However, as per the previous literature, β-HCH was strongly associated with T2DM (2), but δ-HCH has not been linked to T2DM yet, to the best of our knowledge. Heptachlor has been reported to increase the gluconeogenic enzymatic activity in the liver, which in turn upregulates the glucose synthesis from glycogen (33). Kamel et al. uncovered the cumulative effect of heptachlor in the pathogenesis of diabetes (34, 35). Higher serum endrin levels were observed in children with type 1 diabetes (36). Endrin was also found to stimulate lipid accumulation in adipocytes in an in vitro study (37). DDT and its metabolites being ubiquitous in the environment have long been linked to endocrine disruption; however, the actual mechanism remains unclear (38). A significant association of visceral adipose tissue levels of DDT with T2DM has also been reported (39). In vitro and in vivo studies have shown the inhibition of insulin-dependent glucose uptake when treated with an OCP mixture (40).

By the correlation matrix findings, we brought to light the positive correlation of δ-HCH, heptachlor, endrin, and p,p’-DDT with fasting and postprandial plasma glucose. The levels of serum p,p′-DDE were reported to be positively correlated with fasting and postprandial plasma glucose and glycated hemoglobin as well (41). Al-Othman also reported the strong correlation of HCH with homeostatic model assessment for insulin resistance (HOMA-IR) (42); likewise, β-HCH serum levels were found to be elevated in patients with high serum glucose levels (5). Discussing the molecular axis in T2DM, accruing evidence revealed the increased unfolded protein response (UPR)-initiating molecules, PERK and IRE1α, in the adipose tissue of obese humans (19, 20, 43), and human islet cells from T2DM subjects as well (44). Nakatani et al. also showed that ER stress plays a crucial role in the insulin resistance found in diabetes and thus could be a potential therapeutic target for diabetes (45). Our results were consistent with the literature as the markers of the IRE-1α-XBP1-GRP-78 pathway, an early trigger of UPR, were overexpressed in the visceral adipose tissue of T2DM subjects. IRE-1α, a proximal ER stress sensor and central mediator of UPR, upregulates the expression of genes for GRP-78, an ER chaperon via splicing of a transcription activator, XBP-1, that ultimately facilitate cellular recovery. GRP-78 also acts as a central regulator for ER stress owing to its role in the induction of stress via three transmembrane ER stress sensors through a binding-release mechanism (46).

Considering the PERK-ATF-4-GRP-78 pathway, PERK was found to be downregulated in T2DM subjects in our study, which might be explained by the fact that, during acute or chronic gluco-lipotoxic stresses in secretory cells, pancreatic β cells, and adipocytes, in particular, excessive demand of protein synthesis arises (47). The increased frequency of transcription and translation was observed for the pathway’s downstream markers, ATF-4, mainly responsible for the induction of a pro-apoptotic molecule, CHOP, indicating their activation in the visceral adipose tissue of T2DM subjects. CHOP usually remains expressed at lower levels in unstressed cells; however, under irredeemable ER stress, its expression raises significantly (48) but at the same time its pro-apoptotic effect may be dependent on the corresponding expression of other components of the UPR (49).

ER stress has been positively associated with chronic inflammation in humans as shown in many studies. A study by Lenin et al. in PBMC of T2DM patients as a surrogate cell model demonstrated the elevated ER stress markers and association of these stress molecules with pro-inflammatory markers, TNFα and IL-6 (50). Our results were consistent with previous results as gene expression levels of these two pro-inflammatory markers in the visceral adipose tissue of T2DM subjects were significantly positively correlated with all ER stress markers.

Focusing on the gene expression correlation with blood glucose indices, our study results were consistent with the previously existing data as significant positive correlations between fasting and postprandial plasma glucose and ER stress markers (ATF-4, CHOP, IRE-1α, XBP-1, and GRP-78) and IL-6 were observed. Lenin et al. reported the positive correlations of ATF-4, CHOP, IRE-1α, XBP-1, and GRP-78 with glycated hemoglobin; also later, three markers were closely linked to fasting plasma sugar (50). The serum IL-6 levels have been associated with T2DM by many authors (51, 52), and elevation of this cytokine caused a direct influence on insulin signal intensity (53). However, any considerable association of PERK and TNFα was not found with plasma glucose levels. Being a well-recognized molecular link between obesity, declining insulin action, and eventually the development of T2DM, ER stress enacts in a complex way (54). Early experiments using cell culture and mouse models have demonstrated that excessive adiposity results in chronic ER stress, particularly in the liver and adipose tissue (21). The present study demonstrated the strong correlation of CHOP and GRP-78 with the body weight and waist circumference of the study subjects. Besides, ATF-4 was also significantly correlated with waist circumference. Recent studies have provided evidence that moderate weight loss promotes the amelioration of ER stress in the adipose tissue (20, 55).

Addressing the gene–environment interaction, only a few studies have reported the correlation between several types of insecticides and ER stress. An in-vitro study reported the GRP-78 upregulation by endosulfan treatment (56). The existence of a correlation between transcriptional ER stress markers and OCPs in our study suggests some interplay between the two. The results indicate that upregulation of these genes may occur in the presence of a higher concentration of OCP levels in the adipose tissue or its reverse may also be true. Our results demonstrated a positive correlation of δ-HCH with ATF-4, IRE-1α, and XBP-1s, heptachlor with IRE-1α, and XBP-1s, whereas endrin correlated with all ER stress markers except PERK. We did not observe any significant association of OCPs with any of the pro-inflammatory markers. Taken together, these data demonstrate that there might be considerable cross talk between the environmental signaling and cellular pathways. Obesogenic effects of OCPs may contribute to the development of cellular stress which in the long run may be responsible for the pathogenesis of T2DM.

Although there are inadequate data on the underlying mechanisms of OCP toxicity in relation to disease etiology, multiple factors for pollutant exposure and physiological responses also cause some limitations to the study. Concurrently, because of the cross-sectional nature of our work, the study could not reveal any causal relationship between ER stress and T2DM, and for this, we need prospective follow-up studies. In addition, further studies using a larger sample size are needed to identify the association between ER stress and other toxic compounds and confirm their role in the etiology of T2DM.



Conclusion

The existence of the correlation between OCPs and ER stress markers suggests some interplay between genetics and the environmental factors. The upregulation of genes involved in ER stress may occur in the presence of higher concentration of OCPs levels in the visceral adipose tissue. The study shows the potential role of OCPs in the development of T2DM via disrupting the ER stress pathway.
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Objective

Osteoporosis is associated with an impaired balance between bone resorption and formation, which in turn leads to bone loss and fractures. Many recent studies have underlined the regulatory role of microRNAs (miRNAs) in bone remodeling processes and their potential as biomarkers of osteoporosis. The purpose of this study was to prospectively examine the association of circulating miRNAs and bone biomarkers with estrogen status in women before and after oophorectomy, as well as in oophorectomized women on estrogen therapy.



Methods

In this prospective study, we included 11 women before oophorectomy and hysterectomy and at 201 ± 24 days after the surgery. Another 11 women were evaluated 508 ± 127 days after oophorectomy and hysterectomy and after an additional 203 ± 71 days of estradiol treatment. Serum miRNAs were profiled by sequencing. Estrogen status and biomarkers of bone metabolism were quantified. Bone mineral density was assessed in the lumbar spine.



Results

Our analysis revealed 17 miRNAs associated with estrogen levels. Of those miRNAs that were upregulated with estrogen deficiency and downregulated after estrogen therapy, miR-422a correlated with serum beta-carboxy-terminal type I collagen crosslinks (β-CTX) and procollagen 1 N-terminal propeptide (P1NP); and miR-1278 correlated with serum β-CTX, P1NP, osteocalcin, sclerostin, and Dickkopf-1(Dkk1). In contrast, we found an inverse association of miR-24-1-5p with estrogen status and a negative correlation with serum β-CTX, P1NP, osteoprotegerin, and sclerostin levels.



Conclusion

The reported miRNAs associated with estrogen status and bone metabolism could be potential biomarkers of bone pathophysiology and would facilitate studies on the prevention of postmenopausal osteoporosis. Our findings require validation in an extended cohort.





Keywords: estrogen, circulating miRNA, bone remodeling, oophorectomy, osteoporosis prevention and control



Introduction

Osteoporosis is a skeletal disease characterized by low bone mass and microarchitectural deterioration, which are related to unbalanced bone resorption and bone formation (1), leading to bone fragility and susceptibility to fracture (2). The consequences of osteoporosis substantially increase the consumption of medical and economic resources worldwide (3). Until now, many expression profiling studies have revealed that bone remodeling processes are well-tuned at the transcriptional level and controlled by noncoding RNAs, especially long non-coding RNAs and microRNAs (miRNAs) (4–6).

MiRNAs are short RNAs of typically 18-22 nucleotides that operate as post-transcriptional regulators of protein-coding genes and the non-coding genome (7). They regulate many developmental and functional pathways, and their aberrant expression has been associated with various disorders (8), including osteoporosis (7, 9). In particular, several miRNAs with distinguishable expression profiles have been identified in bone samples from patients with osteoporosis and those with low impact fractures in most studies (10–15). Generally, during the bone remodeling process, miRNAs regulate differentiation of osteoblast and osteoclast and bone formation by targeting the regulators of osteogenesis or osteoclastogenesis, namely, transcription factors and signaling pathways (7, 16, 17). MiRNAs can escape from tissues into the bloodstream and become circulating miRNAs, providing additional information related to bone metabolism (7). The existing literature has mainly assessed the profiles of circulating miRNAs in patients with established osteoporosis and low-impact fractures. Recent research has drawn attention to the association of circulating miRNAs with bone remodeling in menstrual cessation (18). In the early postmenopausal period, the bone mineral density is not decreased but the bone resorption rate excessively exceeds new bone formation, posing a possible osteoporosis risk (19). The purpose of this study was to prospectively examine the association of circulating miRNAs and bone biomarkers with estrogen status in women before and after oophorectomy, as well as in oophorectomized women on estrogen therapy.



Patients and Methods


Patients

Between July 2018 and May 2019, 22 women who had been consecutively referred for bone status assessment through the Department of Obstetrics and Gynecology, General University Hospital in Prague, and had hysterectomy and bilateral oophorectomy before menopause were included in the present study. Surgery was indicated for benign gynecological diseases, including leiomyoma (14), metrorrhagia (3), breast cancer gene mutation (3), dysplasia of the cervix (1), and benign ovarian cyst (1). Of these subjects, 11 women were evaluated 18 ± 10 days before oophorectomy and hysterectomy and 201 ± 24 days after the surgery. None of these women received hormone therapy after surgery. The other 11 women who had previously undergone oophorectomy and hysterectomy were evaluated at baseline 508 ± 127 days after the surgery. Hormone treatment was initiated by their gynecologist. A check-up was performed after 203 ± 71 days of oral hormonal treatment, corresponding to 1 mg of estradiol per day.

Complete medical histories and dietary questionnaires were obtained from all subjects. No subject had bone- or calcium-related metabolic disease or received medications that are known to affect bone or calcium metabolism. No woman had a history of alcohol abuse, diabetes mellitus, active neoplastic disease, liver disease, known endocrine and rheumatologic disease, immunosuppressive treatment, treatment with corticosteroids, aromatase inhibitors, anti-osteoporotic drugs, anticonvulsants, or a history of fragility fractures or had previously received hormone replacement therapy. Subjects were advised to maintain their usual physical activity and dietary pattern throughout the study.

The study was approved by the Institutional Review Board at the Institute of Rheumatology, Prague, Czech Republic. All participants signed written informed consent forms to participate and agreed to DXA and blood tests. All study procedures were carried out in compliance with the laws and regulations governing the use of human subjects (Declaration of Helsinki) (20).



Blood Collection

Venous blood samples were obtained after an overnight fast from each subject at baseline and follow-up visits for laboratory analyses. To separate the serum, whole blood was collected into commercially available collection tubes. After one hour of clotting, the blood was centrifuged at 2000xg for 20 minutes. Serum (supernatant) was transferred into a new tube and frozen at -70°C until further processing.



MiRNA Isolation

MiRNAs were extracted from 200 µL of blood serum using NucleoSpin miRNA Plasma (Macherey-Nagel) according to the manufacturer’s protocol. Isolated miRNAs were not quantified since concentrations were below the detection limits of the NanoDrop 2000. Follow-up procedures were conducted with undiluted samples.



Massively Parallel Sequencing


Library Preparation

Libraries for massively parallel sequencing (MPS) were prepared from 10.5 µL of isolated miRNAs using Kit v3 (Bioo Scientific) according to the manufacturer’s protocol. Fragments after the amplification step were analyzed using a Fragment Analyzer (Advanced Analytical), and fragments of the miRNA library (145 bp) were quantified. Samples were pooled in equal concentrations of miRNA library fragments, which were isolated using the Pippin Prep system with 3% agarose (Sage Science) before sequencing. The isolated fragments were quantified using a Qubit 2.0 fluorometer (Thermo Fisher Scientific) and were used for sequencing on a NextSeq 500 (Illumina) according to the manufacturer’s protocol.




Bioinformatics Analyses

Adaptor sequences in MPS data were identified and removed with Cutadapt (v2.5) software (21). Only high-quality reads with a length between 16 and 28 bp after adapter trimming were retained as potential miRNA reads. The quality of both raw and processed reads was evaluated using FastQC software (22).

Count-based miRNA expression data were generated by the Chimira tool (23) from FASTQ files. All sequences were adapter trimmed and mapped against miRBase v22 (24), allowing up to two mismatches per sequence. All samples were evaluated for differential expression using DESeq2 (25). Further analyses were performed using R/Bioconductor packages. Raw data and annotated sequences of the small RNA libraries were uploaded to the GEO database.

DESeq2 computed the normalized miRNA-read count, dispersion, and base mean (the average of the normalized count values, divided by the size factors, taken over all samples). The dispersion can be understood as a squared coefficient of variation and the mean dispersion value of 26.04 represents the coefficient of variation of 4.49. miRNAs with a base mean < 10 were indistinguishable from the sampling noise and were filtered out of the dataset.



Bone Densitometry

The areal bone mineral density (aBMD) of the lumbar spine (LS-BMD) was evaluated using dual-energy X-ray absorptiometry (DXA) (GE Healthcare Lunar software version 14.1) and expressed in grams/cm2 and T-score. The T-score was calculated using the National Health and Nutrition Examination Survey (NHANES) of young women as a reference. Quality control assurance measurements were performed following the manufacturer’s recommendations. The short-term in vivo precision error for the lumbar spine (L1–L4) was 0.7%; the long-term in vivo precision error was 0.31%. Trained examiners with extensive experience conducted the measurements.



Biochemical Analysis

The concentrations of total serum calcium, phosphate, glucose, total alkaline phosphatase, γ-glutamyltransferase (GGT), thyroid-stimulating hormone (TSH), 1-84 amino acid fragment of parathyroid hormone (intact PTH), 25(OH)D, beta-carboxy-terminal type I collagen crosslinks (β-CTX), procollagen 1 N-terminal propeptide (P1NP), osteocalcin, estradiol, and FSH were determined using the Beckman Coulter AU 680 (Beckman Coulter, USA), Roche cobas e601 (Roche, Switzerland), and Liaison XL (Diasorin, Italy) analytical systems. The plasma estradiol measuring range was 18.4-11,000 pmol/l with intra- and interassay CV < 12%. The plasma FSH measuring range was 0.1-200 IU/l with intra- and interassay CV < 6%. The serum β-CTX measuring range was 0.01-6 µg/l with intra- and interassay CV < 6%. The serum PINP measuring range was 5-1200 µg/l with intra- and interassay CV < 6%. The estimated glomerular filtration rate (eGFR) was calculated (26). Serum sclerostin was assessed using the Bioactive Sclerostin ELISA (Biomedica, Austria), and the measuring range was 10-320 pmol/l with intra- and interassay CV < 5%. Serum Dickkopf-1 (DKK1) was analyzed using the DKK-1 ELISA (Biomedica, Austria), and the measuring range was 10-160 pmol/l with intra- and interassay CV < 3%. Serum osteoprotegerin was measured using the Human Osteoprotegerin ELISA (Biovendor, Czech Republic), and the measuring range was 1.5-60 pmol/l with intra- and interassay CV < 7%.



Biostatistical Analyses

Characteristics of the population were computed using SigmaPlot version 14.0, Systat Software, San Jose, CA, USA. The Kolmogorov–Smirnov test was applied to assess the normality of the data. Data with a normal distribution are presented as the mean ± SD, while nonparametric data are presented as the median and quartiles. The paired t-test was used to compare biochemical variables, depending on the normality of the variables. Univariate analysis with Pearson correlation was used. Statistical significance was defined as a p-value < 0.05.

DESeq2 algorithm provided a matrix of normalized read counts, which were analyzed with RStudio software and relevant packages (27, 28). Since miRNAs had normalized read count equal to zero in several samples, we employed glmmTMB R package (28), in which we can specify fixed and random effects models for the conditional and zero-inflated components of the model with negative binomial assumption. Using this R extension, we fitted a GLMM-NB, using the normalized read count of miRNAs as the outcome variable, with fixed effects of the level of estrogen (or the biomarker of bone metabolism) and follicle-stimulating hormone (FSH) as a confounding variable. We also fitted a random-effects structure, which includes a random intercept for patient ID. To test differential miRNA expression between patients with optimal and low estrogen levels (estrogen status) or the association with the biomarkers of bone remodelling (adjusted with FSH level and a random intercept for patient ID), the following model was used:

	

	

where i - the miRNA; j – patients ID; β – regression coefficient; γ – random parameter; and ϵ – error. The effect of estrogen level was represented as the incidence rate ratio (IRR), which means that the number of expected observations on the miRNAs’ count changes by the value of IRR if the estrogen level changes from optimal to low. The association of the bone modelling biomarkers is represented as the slope, which is the change of normalized read counts if the value of the biomarkers changes by one unit. The adjusted p-value was calculated using Benjamini-Hochberg (BH) method (29) and indicated in Supplementary Tables.




Results


Demographic and Clinical Characteristics

At baseline, no differences were observed in age, body mass index (BMI), serum 1-84 amino acid fragment of parathyroid hormone (intact PTH), creatinine, glucose, thyroid stimulating hormone (TSH), or creatinine clearance between women before and after oophorectomy (Groups A and C, Table 1). At follow-up 201 days after oophorectomy (Group B), lumbar spine bone mineral density (LS BMD) and serum estradiol decreased significantly, while serum follicle-stimulating hormone (FSH), type 1 collagen crosslinked C-telopeptide (β-CTX), intact amino-terminal propeptide of type I procollagen (P1NP), alkaline phosphatase, osteocalcin, sclerostin, calcium, and phosphate significantly increased compared to values before oophorectomy (Group A). Similar differences were observed between the variables before oophorectomy (Group A) and 508 days after oophorectomy (Group C), except for sclerostin. In women on oral hormonal therapy for 203 days (from 508 days, Group C, to 711 days after oophorectomy, Group D), LS-BMD and serum estradiol increased significantly, while serum FSH, β-CTX, P1NP, alkaline phosphatase, osteocalcin, sclerostin, osteoprotegerin, calcium, phosphate, and PTH decreased. Dkk1and OPG serum levels did not correlate with bone remodeling markers (β-CTX and P1NP), while levels of β-CTX and P1NP were highly correlated (Table 2; Figure 1).


Table 1 | Characteristics of 11 untreated women prior to oophorectomy (A) and 201 days after oophorectomy (B) and 11 untreated women 508 days after oophorectomy (C) and then after 203 days of estradiol treatment (D).




Table 2 | Association of changes in 17 miRNAs with disparate concentrations between sufficient and low estrogen levels in serum with biomarkers in 11 untreated women before oophorectomy and 201 days after, and in 11 women initially untreated for 508 days and then treated with estradiol for 203 days.






Figure 1 | Correlations of bone remodeling biomarkers – (A) Correlations between serum βCTX and P1NP in 11 women before oophorectomy, Group A (•) and untreated after surgery, Group B (o) (solid line), and in 11 oophorectomized women untreated, Group C (Δ) and treated with estradiol, Group D (▲). (B) Correlation matrix of selected the bone remodelling biomarkers in the Group A and B. The matrix included Pearson’s correlation coefficients and p-value in the bracket below. The color indicates the strength and direction of the coefficient. (C) Correlation matrix of selected the bone remodelling biomarkers in the Group C and D. The matrix included Pearson’s correlation coefficients and p-value in the bracket below. The color indicates the strength and direction of the coefficient.



Of the 48 sequenced samples, 22 samples were paired up as having sufficient and low levels of estrogen. The four remaining samples were additional measurements to four paired samples and were thus discarded.



MiRNome Profiling in Patient Serum – Sequencing Study

Sequencing revealed a median coverage of over 10 million unprocessed reads per sample, but after trimming and aligning to miRBase v22, we found that the median was 4.9 million reads per sample with a balanced distribution (SD = 0.043).

After alignment, we found 1305 unique miRNA sequences. Since low-read count miRNAs with high dispersion might be indistinguishable from sampling noise and increase the false-positive rate, we filtered out all miRNAs with a base mean of > 10 and found 439 miRNAs.

Since patients were paired up, we employed generalized linear mixed-effects modeling with the negative binomial assumption (GLMM-NB) and patients as the random effect. The first analysis focused on changes in miRNA concentrations in serum with sufficient and low levels of estrogen, and we found 17 miRNAs with p < 0.05 and a difference in fold change of > 50%. To affirm their connection to osteoporosis, we examined their relationship to lumbar spine BMD, biomarkers and hormones associated with bone metabolism, and biomarkers of low-grade inflammation. Significant associations are given in Table 2 and Tables S1, S2 in detail.

The concentrations of 14 miRNAs showed an inverse association with changes in estrogen status (Table 2). Serum concentrations of miR-422a were positively associated with serum β-CTX and P1NP levels (Figure 2). The amount of miR-1278 was positively associated with serum β-CTX, P1NP, sclerostin, osteocalcin, and Dkk1 levels. Increased miR-422a levels were associated with increased serum β-CTX and P1NP levels (Table 2).




Figure 2 | Selected miRNAs associated with estrogen status and biomarkers of bone metabolism or inflammation. (A) MiRNA concentrations between groups, with error bars representing 95% confidence intervals and estimated means (filled circles). Samples from the same patient are connected with grey lines. The plots at the top are visualizations of the 95% confidence intervals with IRR (filled circles), where values > 1 indicate increased concentrations in samples with low estrogen levels and vice versa. The vertical dashed line indicates IRR equal to 1 (= no difference). p values denoting the statistical significance between the groups are specified above the slope and were computed using GLMM-NB. (B) The association of selected miRNAs with levels of biomarkers. The violet line is the regression line computed using GLMM-NB. The plots at the top are visualizations of 95% confidence intervals with the slope (β) (filled circles), where a positive value indicates a positive association of the miRNA with the biomarker and vice versa. The vertical dashed line indicates a slope equal to 0 (= no difference). p values denoting the statistical significance of the association are specified above the slope and were computed using GLMM-NB.



In contrast, the levels of miR-132-5p, miR-24-1-5p, and miR-619-5p showed a positive association with estrogen status (Figure 2). Of these, miR-24-1-5p was negatively associated with β-CTX, PINP, osteoprotegerin, and sclerostin levels. The remaining miRNAs were not associated with any biomarker of bone metabolism or inflammation. Furthermore, the associations between miRNA concentrations and lumbar spine BMD were not significant.



MiRNome Profiling in Patient Serum – osteomiR®

An association between osteoporosis and circulating miRNA profiles can be assessed using commercially available kits, such as osteomiR® (TAmiRNA, Austria). This complete kit includes materials for miRNA isolation, reverse transcription, and qRT–PCR with LNA probes. In addition to quality control (QC) probes, this kit screened ten miRNAs connected to osteoporosis. However, in most of our samples, these miRNAs were below the detection limit of qRT–PCR (CT > 30), and the QC probes indicated low concentrations after isolation. We verified these results by additional miRNA isolation from serum and quantification by TaqMan Advanced miRNA assays (Thermo).

All ten miRNAs included in the osteomiR® kit were detected in our miRNA-Seq analysis, and their relation to estrogen levels and biomarkers was assessed using GLMM-NB with patients as a random effect and FSH as a confounding variable. Nonetheless, no miRNA was significantly different between samples with sufficient and low estrogen levels (Table S3), but we found an association of miR-375 with β-CTX and P1NP (Table S4).




Discussion

In this study, we screened the profile of circulating miRNAs in women before and after oophorectomy, as well as in oophorectomized women on estrogen therapy. We identified 17 miRNAs, which were different in sera with either sufficient or low estrogen levels. Of the 14 miRNAs upregulated after oophorectomy and downregulated with estrogen therapy, miR-1278, miR-24-1-5p, and miR-422awere associated with biomarkers of bone metabolism, suggesting their role in the pathogenesis of osteoporosis (11, 30–33).

The expression of miR-422a was previously detected in monocytes and was considered a potential biomarker for postmenopausal osteoporosis (34). We observed a decrease in miR-422a levels after estradiol treatment, and a positive correlation of miR-422a levels with β-CTX and PINP but not with sclerostin levels. These findings support the role of miR-422a expression in bone remodeling associated with estrogen status (35–39).

The linkage of miR-1278 to bone metabolism was not explored previously, but we found associations of miR-1278 with serum levels of bone remodeling biomarkers (β-CTX, P1NP, and osteocalcin). In addition, miR-1278 was positively associated with sclerostin and Dkk1, which are inhibitors of the WNT signaling pathway. These associations are in concordance with previous studies on the association between inhibitors of the WNT signaling pathway and estrogen status (40–44). The Wnt/β-catenin pathway activation enhances bone mass not only by stimulating osteoblastogenesis but, at least to some extent, also by inhibiting osteoclastogenesis as well (44).

In contrast, estrogen deficiency in our patients was associated with decreased serum levels of miR-24-1-5p and increased serum levels of β-CTX, P1NP, and sclerostin compared to those of women with sufficient estrogen status. Similarly, postmenopausal women treated with teriparatide had a significant and inverse correlation of miR-24-3p at 3 months with P1NP at 3 and 12 months and with β-CTX at 12 months (45). However, Seeliger et al. observed an upregulated miR-24-3p concentration in sera and bone tissue of osteoporotic patients (11), while another study did not find any differences in the relative expression of miR-24-3p between healthy, osteoporotic, and sarcopenic postmenopausal women (14). The discrepancy observed among these studies might arise from the quantification of different isoforms of this miRNA.

In this study, levels of β-CTX and P1NP were highly correlated, reflecting the coupling of bone resorption and bone formation (46). The early phase after oophorectomy is characterized by the prevalence of bone resorption over bone formation; following initiation of estrogen treatment, a decrease in markers of bone resorption is later followed by a decrease in markers of bone formation (47). Compared with women before oophorectomy and women treated with estrogen, untreated oophorectomized women showed higher serum β-CTX, PINP, and osteocalcin, but also higher sclerostin, Dkk1, and OPG, and levels. Our sclerostin data correspond with a negative correlation of sclerostin levels with the free estradiol index in postmenopausal women (48), with significantly higher serum sclerostin levels in postmenopausal women than premenopausal women (49), and with a decrease in serum (42, 50) and bone mRNA sclerostin levels (43) after the administration of estrogen. DKK1 expression in bone was enhanced after ovariectomy in mice, and DKK1 antisense oligonucleotide treatment reduced the promoting effect of estrogen deficiency on DKK1 (51). Postmenopausal women with significantly increased serum DKK1 had more significant osteoporosis (51). Osteoprotegerin levels are higher in postmenopausal osteoporotic women, compared with controls (52), and the inverse relationship between serum OPG and serum oestradiol levels was demonstrated in females (53). Serum OPG levels measured after 3 months and 1 year of HT decreased significantly compared to baseline (54).

In this study, while miR-1278, miR-24-1-5p, and miR-422a correlated with markers of bone remodeling (β-CTX and P1NP), only miR-1278 and miR-24-1-5p correlated with serum sclerostin levels. Both in our untreated and treated women, serum levels of inhibitors of bone formation (sclerostin and Dkk1), and bone resorption (OPG), were not correlated with markers of bone remodeling. Interestingly, circulating sclerostin levels do not decrease in postmenopausal women on antiresorptive therapy with bisphosphonates (55). Taken together, in agreement with previous data (49, 54), our results indicate that changes in serum sclerostin, Dkk1 and OPG levels may represent a compensatory response of the osteocyte functional activity reflecting acute estrogen deficiency and/or estrogen replete state, rather than changes in remodeling of bone.

Above all, the amount of miR-200a-3p was elevated in our patients with low estrogen levels and downregulated in women with high estrogen. Physiologically, miR-200s are overexpressed in several clinical conditions related to estrogen status, such as in the mammary glands during mammary gland development, pregnancy, and lactation (56), as well as in estrogen-dependent cancers (57). In humans, miR-200a-3p was associated with osteoporosis (4), albeit not significantly expressed in patients with osteoporotic bone fractures (11, 13), whereas our GLMM-NB analysis did not reveal any pertinence of miR-200a-3p to lumbar spine BMD or biomarkers. This particular miRNA is notable due to its substantial increase in our patients with low estrogen levels and its apparent relevance to osteoporosis.

Our study did not aim to establish an association of miRNAs with the probability of osteoporosis and low impact fractures. To assess osteoporosis in our cohort, we used the commercially available kit osteomiR® (TamiRNA) (58). However, the screening failed due to an insufficient amount of miRNAs after isolation, and we speculate that our serum samples contained insufficient levels of miRNA for qRT–PCR. Fortunately, our well-designed MPS could detect miRNAs at low concentrations, so we were able to quantify all miRNAs included in osteomiR®. This underlines the importance of sample processing and highlights the advantage of MPS.

Although our study is informative, there are several limitations. First, several lifestyle factors that can influence estrogen levels, such as nutritional status and exercise, were not addressed. Second, the miRNAs of interest had zero counts in several samples; however, we employed a statistical approach, which should resolve this problem. Third, the cohort of 22 pairs of samples might be insufficient for a proper statistical analysis, but recruitment of such a uniform cohort is complicated and time-consuming. Fourth, the duration of our study was relatively short, as it was an exploratory study. Given the short duration of the study and the low number of cases, changes in BMD should be interpreted with caution. Fifth, the ovariectomized women in this study were treated with 1 mg of estradiol. Bone remodeling is dose-dependently regulated by estrogen (59, 60). Estradiol at follicular to periovulatory levels is needed to suppress a mildly activated immune system responsible for increased postmenopausal bone resorption (59). However, women in this study were referred for bone status assessment, and the estrogen therapy was prescribed by their gynecologists. Sixth, the MPS results were not validated by qRT–PCR due to the low miRNA concentration in sera. Seventh, as smoking was reported by only one woman treated with estrogen after oophorectomy, the effects of smoking on the liver metabolism of sex hormones were not taken into consideration in the analyses. Further significant limitations include seasonal variability, vitamin D status, and the effects of PTH on osteocytic sclerostin production (61, 62). In our patients treated with estrogen, no significant correlation was observed between serum sclerostin, serum vitamin D and PTH. Six out of 11 women before oophorectomy were vitamin D insufficient. They were supplemented with 800 IU vitamin D. Previously, such a supplementation did not significantly change sclerostin levels in women (63). In patients with vitamin D severe deficiency (25- hydroxyvitamin D level ≤ 20 ng/mL) receiving a monthly intramuscular injection of 300,000 IU of cholecalciferol, serum sclerostin levels decreased (64). In our untreated patients, after oophorectomy, an increase in serum 25- hydroxyvitamin D was correlated with the increase in sclerostin levels. Finally, this study is descriptive, and our results warrant further validation by additional research.

To our knowledge, this is the first prospective study to compare the associations between changes in estrogen status and relative serum levels of circulating miRNAs with BMD and biomarkers of both bone metabolism in women before and after ovariectomy as well as in ovariectomized women after estrogen treatment. The design of this study eliminates the confounding effects of age on the association between the levels of circulating miRNAs, estradiol, follicle-stimulating hormone, and bone variables (65, 66). The present findings corroborate a few previous studies on the expression of miRNAs during treatment with anti-osteoporotic agents (45), as well as studies comparing profiles in postmenopausal osteoporotic and healthy premenopausal women (66, 67). Although this study reported substantial changes in several miRNAs (let-7d-3p, miR-1278, miR-24-1-5p, miR-422a, and miR-619-5p) that regulate osteoblast and osteoclast differentiation in association with estrogen status, these results require further research and validation in an extended cohort.

In summary, of the 14 miRNAs that showed upregulation with estrogen deficiency and downregulation after estrogen therapy, miR-422a correlated with serum β-CTX and P1NP and miR-1278 correlated with serum β-CTX, P1NP, osteocalcin, sclerostin, and Dkk1. Of the 3 miRNAs showing downregulation with estrogen deficiency and upregulation after estrogen therapy, miR-24-1-5p showed a negative correlation with serum β-CTX, P1NP, osteoprotegerin, and sclerostin levels. These miRNAs represent promising biomarkers in bone pathophysiology in studies on the prevention of postmenopausal osteoporosis and the mechanism of antiresorptive therapies. Future prospective studies are required to validate the potential clinical application of our findings.
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Context

There is growing evidence of the role of epigenetic regulation of growth, and miRNAs potentially play a role.



Objective

The aim of this study is to identify changes in circulating miRNAs following GH treatment in subjects with isolated idiopathic GH deficiency (IIGHD) after the first 3 months of treatment, and verify whether these early changes can predict growth response.



Design and Methods

The expression profiles of 384 miRNAs were analyzed in serum in 10 prepubertal patients with IIGHD (5 M, 5 F) at two time points before starting GH treatment (t−3, t0), and at 3 months on treatment (t+3). MiRNAs with a fold change  (FC) >+1.5 or <-1.5 at t+3 were considered as differentially expressed. In silico analysis of target genes and pathways led to a validation step on 8 miRNAs in 25 patients. Clinical and biochemical parameters were collected at baseline, and at 6 and 12 months. Simple linear regression analysis and multiple stepwise linear regression models were used to explain the growth response.



Results

Sixteen miRNAs were upregulated and 2 were downregulated at t+3 months. MiR-199a-5p (p = 0.020), miR-335-5p (p = 0.001), and miR-494-3p (p = 0.026) were confirmed to be upregulated at t+3. Changes were independent of GH peak values at testing, and levels stabilized after 12 months. The predicted growth response at 12 months was considerably improved compared with models using the common clinical and biochemical parameters.



Conclusions

MiR-199a-5p, miR-335-5p, and miR-494-3p changed after 3 months of GH treatment and likely reflected both the degree of GH deficiency and the sensitivity to treatment. Furthermore, they were of considerable importance to predict growth response.





Keywords: miR-199a-5p, miR-335-5p, miR-494-3p, growth, GH deficiency, GH treatment



1 Introduction

During the last decade, knowledge on epigenetics has increased, and in this context, microRNAs (miRNAs) have attracted the interest of researchers given their role as key regulators of multiple biological processes. MiRNAs are endogenous small non-coding RNAs that act as transcriptional (1, 2) and post-transcriptional regulators (3). Multiple changes in miRNA abundance can occur, where simultaneously up- and downregulated miRNAs can target the same gene with a range of predicted effects and, vice versa, a single miRNA can regulate several target genes (4). To date, the miRNA network is considered of fundamental importance for the regulation of gene expression (5). MiRNAs are key regulators of metabolic pathways (6–9), and are currently studied as biomarkers of disease and response to drug administration (10, 11). Evidence on longitudinal growth regulation by miRNAs has been reported in different in vitro and animal models (12, 13) and miRNAs have been described to contribute to the regulation of the hypothalamic–pituitary–IGF axis and to growth plate function (12). Currently, only one study has shown that miRNAs change under conditions of dysregulated growth hormone (GH) levels in humans (14). One in vitro study highlighted that the GH receptor can be regulated by specific miRNAs, suggesting that this regulatory system could be of importance for the GH axis (15). Finally, one recent study described that circulating miRNAs in adult patients and mice with congenital GH deficiency were regulated in relationship with aging (16). However, so far, no studies have investigated the changes in miRNA circulating levels in response to GH treatment in childhood.

The growth response in patients on GH treatment is variable depending both on the patient’s basal conditions and on personal innate sensitivity to therapy (17). Often, the measured growth rate does not coincide with the expected one and the degree of correlation between clinical–auxological parameters and dose and GH peak vary enormously, both inter- and intra-individually during treatment. In this context, some patients run the risk of receiving an excessively low or high GH dose (18–20). Currently, in the attempt to improve the growth response, some medical devices on web platforms have become available in clinical practice (21). However, these interactive tools use universal algorithms based on growth prediction models built by collecting clinical data stored in international databases, and they can be used only after the first year of treatment.

This study aimed to identify changes in circulating miRNAs following GH treatment in children with isolated idiopathic GH deficiency (IIGHD) after the first 3 months of treatment, to explore their associations with clinical and biochemical parameters during the first 12 months of therapy, and to test the ability of early changes in these selected miRNAs to predict the clinical outcome in terms of growth on GH treatment.



2 Patients and Methods


2.1 Patients

Ten prepubertal children at diagnosis of idiopathic isolated GH deficiency were enrolled for a preliminary profiling step [chronological age (CA): 8.80 ± 2.60 years; 5 male patients (M) and 5 female patients (F)]. Twenty-five prepubertal patients were included in the following validation step (CA: 9.08 ± 3.05 years); the main characteristics of the study cohort at diagnosis are reported in Table 1. All subjects were diagnosed with isolated idiopathic growth hormone deficiency (IIGHD) according to the official indications (22) and remained prepubertal throughout this 12-month study. At diagnosis, 24 subjects underwent an arginine stimulation test, and 1 underwent a clonidine stimulation test as the first test. Nineteen underwent a glucagon stimulation test and six underwent a clonidine stimulation test as the second test. All the subjects underwent a magnetic resonance imaging (MRI) scan of the hypothalamus and pituitary gland. Patients were enrolled at the pediatric endocrine centers in Reggio Emilia and Modena. Patients with ascertained or probable genetic syndromes (e.g., skeletal dysplasia, Silver-Russell syndrome) and/or obesity were excluded to further reduce the chances of confounding factors. The patients were treated with GH, according to the indications of the Italian Regulatory Agency (AIFA Note 39) and underwent routine practice for treatment. Both biosimilar and recombinant human GH were used.


Table 1 | Auxological and biochemical features of patients at baseline, and at 6 and 12 months of GH treatment.



For the purpose of analyses, patients were also subdivided according to GH peak concentrations (highest peak > or < 5 ng/ml) at testing, and based on response to GH treatment [change in height (Ht) SDS after 12 months on treatment > or < +0.3 SDS, defined as responders and non-responders, respectively) (23).

The study was approved by the local Ethical Committee (Study title: “Role of miRNAs as predictors of response to growth hormone (GH) in patients with GH deficiency” Prot no. 2016/0002409) at the Institutions. Written informed consent was obtained from all participants and their parents as appropriate.

The general workflow of the study is described in Figure 1.




Figure 1 | Study workflow. In the discovery step, a profiling approach was used, and all those miRNAs showing spontaneous variations independent of treatment (−3 and 0 months) were excluded from further analyses. Eighteen miRNAs were found to show changes at +3 months. Based on their function, 8 miRNAs were selected out of this initial pool of 18. The validation phase used TaqMan Real-Time qRT-PCR approach and studied the response of these 8 miRNAs at 3 months on GH treatment in 25 patients. Three specific miRNAs were found to change significantly on treatment, and were included, together with other clinical and biochemical variables, to contribute to explain growth after 1 year of treatment. To further understand miRNA changes on treatment, these were further measured in serum at 12 months. Green stars in the figure represent time points in which clinical and biochemical data have been recorded (t0, t+6, t+12). BA, bone age; CA, chronological age; F, females; GH, growth hormone; M, males; n, number; pts, patients; yr, years. Created with BioRender.com.





2.2 Sample Processing and Total RNA Isolation

Whole blood was drawn in BD Vacutainer Serum Separator Tubes, and it was processed within 2 h from collection and after overnight fasting, between 7:30 and 8:30 a.m. Whole blood was then centrifuged at 2,000 g for 10 min at 4°C. Serum was aliquoted in 1.5-ml sterile RNase-free tubes and further centrifuged at 2,500 g for 10 min at 4°C to remove any contaminant cells and debris. Serum was then collected in sterile RNase-free tubes and stored at −80°C until use. Blood samples were collected at two time points before the beginning of treatment (3 months before, t−3, and just before the treatment, t0), and at 3 and 12 months after the beginning of the treatment (t+3 and t+12) in the context of routine controls. Total RNA was isolated from 400 μl of serum using the miRVana PARIS kit (Invitrogen Cat No. AM1556) according to the manufacturer’s protocol and the eluate was stored at −80°C. RNA was reverse-transcribed using the TaqMan™ Advanced miRNA cDNA Synthesis Kit (Applied Biosystems Cat No. A28007) following the manufacturer’s instructions.



2.3 Discovery Step: miRNA Expression Profiling

The expression profiles of 384 miRNAs were analyzed in 10 patients, of which 5 were male patients and 5 were female patients (10 samples collected at t−3, 10 samples at t0, and 10 samples at t+3) to avoid gender-specific miRNAs, using TaqMan Advanced miRNA Human A Cards (Applied Biosystems Cat No. A34714) that contain 384 miRNA assays. Briefly, 2 μl of RNA eluate was reverse-transcribed to cDNA, using the TaqMan Advanced miRNA cDNA synthesis kit (Applied Biosystems Cat No. A28007) following the manufacturer’s instructions in the Thermal Cycler T100 (Bio-Rad). The cDNA was loaded into the TaqMan Advanced miRNA array Card A and run in a 7900HT Fast PCR system (Applied Biosystems). Array data were normalized using the standard internal reference hsa-miR-16-5p (Assay ID: 477860_mir) as endogenous control (24); to be sure about its validity, we selected hsa-miR-16-5p after assessment of its stability in our study cohort and further review of the literature (24). The data were analyzed using the 2−ΔΔCt method and miRNAs with Ct > 35 were considered as not expressed and excluded from further analysis. Moreover, those miRNAs changing significantly (p-value at paired Student’s t-test ≤0.05) in the two time points before starting treatment (t−3 and t0) were excluded in order to not consider those miRNAs changing for other causes independent of treatment. Considering the exploratory purpose of the study and based on the number of subjects analyzed, we did not perform FDR correction. The miRNAs having a fold change (FC) (log22−ΔΔCt) >+1.5 or FC (log22−ΔΔCt) < −1.5 between baseline and 3 months on treatment were considered as differentially expressed.

An in silico analysis was performed to identify the validated target genes and pathways for each differentially expressed miRNA in order to select those expected to be involved with growth. In particular, the network that represents miRNA target interactions and highlights the most impacted pathways was obtained from the miRNet v 2.0 online tool (25). This tool collects data from three well-annotated databases, miRTarBase v8.0, TarBase v8.0, and miRecords. The significance was set at a p-value of 0.05.



2.4 Validation of the Profiling Results by Real-Time qRT-PCR

MiRNAs for the validation step were chosen based on FC (>+1.5 or <−1.5) between baseline and 3 months on treatment, and based on miRNA target gene analysis. Eight miRNAs were selected and evaluated by TaqMan Advanced miRNA assays (Applied Biosystems): hsa-miR-22-3p (Assay ID: 477985_mir), hsa-miR-30c-5p (Assay ID: 478008_mir), hsa-miR-106a-5p (Assay ID: 478225_mir), hsa-miR-140-5p (Assay ID: 477909_mir), hsa-miR-199a-5p (Assay ID: 478231_mir), hsa-miR-335-5p (Assay ID: 478324_mir), hsa-miR-340-5p (Assay ID: 478042_mir), and hsa-miR-494-3p (Assay ID: 478135_mir). cDNA was prepared as described above (Section 2.3), and miRNA expression was evaluated according to the manufacturer’s protocol and run in triplicate in a 7900HT Fast PCR system (Applied Biosystems). Data were normalized using hsa-miR-16-5p (Assay ID: 477860_mir) as endogenous control (24). The validation analysis was performed at two time points t0 and t+3. In addition, miRNA levels were analyzed at 12 months on treatment (t+12).



2.5 Auxological Parameters and Bone Age

A full auxological assessment was done at baseline, 6 months, and 12 months on treatment and medical history was taken. Body mass index (BMI), calculated as weight/height2 (kg/m2), and weight were converted to standard deviation scores (SDS) using the references of Cole et al. (26). Height (Ht) and target height (THt) were recorded and expressed as SDS, using the Tanner reference data (27). Height velocity SDS was calculated using Tanner’s references (27). Bone age was assessed according to the Greulich and Pyle Atlas reference (28). Puberty in all subjects was staged according to the criteria of Marshall and Tanner (29, 30).



2.6 Biochemical Parameters

Alkaline phosphatase and blood glucose were measured using Atellica CH Alkaline Phosphatase Concentrated (ref. 11097600) and Atellica CH Glucose Hexokinase 3 (ref. 11097592) assays on the Atellica CH Analyzer, respectively. HbA1c was assayed by HPLC on the D-100 System (Bio-Rad). Insulin, GH, and IGF-I levels were measured using chemiluminescence methods: LIAISON Insulin (Ref. 310360), LIAISON hGH (ref. 310340), and LIAISON IGF-I (ref. 313231) immunoassays, respectively, on the LIAISON Analyzer Diasorin. IGF-I concentrations were converted to SDS based on the reference values provided by the manufacturer.



2.7 Statistical Analysis

Paired Student’s t-test (p ≤ 0.05) was used to identify miRNAs that were differentially expressed after 3 months of GH treatment with respect to the baseline (t0, t+3). Moreover, paired Student’s t-test was used to evaluate differences between baseline patient’s characteristics and after 6 and 12 months of treatment. These comparisons were made only on the standardized parameters.

The associations of miRNA values at baseline, at 3 months and their change during this time frame (delta 0–3 months) with baseline clinical features, and with 6- and 12-month recorded clinical and biochemical data were analyzed. In addition, the associations of 12-month miRNA levels with clinical and biochemical parameters at 12 months were investigated by means of simple linear regression analysis. The distribution of height SDS and growth rate SDS at baseline and at 6 and 12 months were also analyzed (Figure 2) in order to select the meaningful time horizon for measuring the two outcomes.




Figure 2 | Height and growth velocity over time. Height and growth velocity are represented with respect to the previous 6 months. Height and growth velocity (GV) were standardized according to Tanner’s standards. SDS, standard deviation score. *p < 0.0001 versus baseline at paired Student’s t-test.



Multiple linear regression models were performed in order to investigate the major determinants of height variations between 0 and 6 months and between 0 and 12 months, and the variance of growth rate variation between 0 and 6 months. A set of models that considered only auxological parameters at baseline were estimated: the first one included only auxological parameters; the other models were estimated by adding, one by one, as independent variables, GH peaks at testing, GH dose at the beginning of treatment, IGF-I SDS at baseline, the difference between CA and bone age at baseline, and baseline levels and change in miRNA levels during the first 3 months of treatment. Finally, the models were estimated with a backward stepwise selection estimation method with significance level for removal from the model set to 0.2 considering the following as independent variables: sex, CA at the beginning of treatment, genetic target SDS, treatment dose (mg/kg/day), height SDS at baseline, weight SDS at baseline, peak at first GH stimulation test (ng/ml), peak at second GH simulation test (ng/ml), IGF-I SDS (t0), difference between CA and bone age at baseline, miR-199a-5p (t0), delta (0–3) miR-199a-5p, miR-355-5p (t0), delta (0–3) miR-335-5p, miR-494-3p (t0), and delta (0–3) miR-494-3p.

To define the degree of accuracy or predictive effectiveness of the model, leave-one-out cross-validation analysis was performed for each model. Specifically, we reported the variations in adjusted R2, meaning the percentage of variance in the outcome explained by the variable included in the model adjusted for the number of degrees of freedom spent by the model parameters, and R2 CV as a measure of the variance, explained by the models corrected with the cross-validation method. In this way, we built 25 models excluding patients one by one, and we predicted the growth parameter of the excluded patient with the parameters estimated by the model. The best models obtained are reported in the text. For the associations explored in these models, we did not perform a formal statistical test of hypothesis, and p-values should be interpreted as continuous variables without any threshold. Furthermore, p-values should be interpreted cautiously because there is an issue of multiple testing, but no easy solutions for false discovery rate adjustments were identified since it is not possible to determine the total set of independent comparisons. Comparison of miRNA expression levels in responders vs. non responders was also performed, as well as a comparison according to GH peak concentrations as specified above. Statistical analyses were performed using STATA v16.0 (STATA Corp., College Station, TX, USA).




3 Results


3.1 Growth and Biochemical Outcomes During the First Year of Treatment

All clinical and biochemical characteristics of the subjects are summarized in Table 1. Height SDS both at 6 months and at 1 months on treatment was significantly increased with respect to baseline (-1.92 ± 0.37 vs. −1.61 ± 0.39, p < 0.0001, and −1.92 ± 0.37 vs. −1.48 ± 0.39, p < 0.0001, respectively) (Figure 2). Although BMI SDS decreased on treatment, no significant change was observed. Growth velocity (GV) SDS after 6 months (−1.60 ± 1.04 vs. 2.78 ± 1.99, p < 0.0001) and 12 months on treatment was significantly increased with respect to pre-treatment growth velocity, but decreased during the second 6 months on GH (2.78 ± 1.99 vs. 1.82 ± 2.40) (Figure 2). IGF-I SDS increased after 6 months on treatment with respect to baseline (0.88 ± 0.76 vs. −0.03 ± 0.59, p < 0.0001), remaining almost stable in the following 6 months on treatment. Alkaline phosphatase increased on treatment but changes were not statistically significant, whereas fasting blood glucose and HbA1c remained stable.



3.2 Discovery miRNA Profiling Step

The profiling step was preliminarily performed in order to select a pool of miRNAs of interest for the following analyses. Among the miRNAs analyzed, 186 were detectable and measured in the serum of patients. Those miRNAs changing significantly (p < 0.05 at paired Student’s t-test) between the two time points before starting treatment (t−3; t0) were excluded, as changes were considered to be independent of treatment. Sixteen miRNAs (hsa-let-7a-5p, hsa-let-7e-5p, hsa-miR-30c-5p, hsa-miR-34a-5p, hsa-miR-132-3p, hsa-miR-140-5p, hsa-miR-199a-5p, hsa-miR-330-3p, hsa-miR-335-5p, hsa-miR-340-5p, hsa-miR-369-3p, hsa-miR-375, hsa-miR-450a-5p, hsa-miR-494-3p, hsa-miR-582-5p, and hsa-miR-421) had an FC >+1.5 and were considered as upregulated after 3 months of treatment with respect to baseline; two miRNAs (hsa-miR-22-3p and hsa-miR-106a-5p) had an FC < −1.5 and were considered to be downregulated after 3 months of GH treatment with respect to baseline.



3.3 Pathway Enrichment Analysis

Pathway enrichment analysis of these 18 miRNAs evidenced that they were significantly involved in the regulation of 100 different pathways (p < 0.05). Among these 18 miRNAs (Table 2), those predicted to be involved in the regulation of longitudinal growth and bone development were selected for the validation step, namely, miR-22-3p, miR-30c-5p, miR-106a-5p, miR-140-5p, miR-199a-5p, miR-335-5p, miR-340-5p, and miR-494-3p (Figure 3). These miRNAs were predicted to regulate genes involved in Wnt-β-catenin signaling, Notch signaling, PI3K/AKT, and TGF-β signaling that are relevant for growth (Figure 3).


Table 2 | Differentially expressed miRNAs after 3 months of GH treatment with respect to the baseline in 10 prepubertal patients with IIGHD.






Figure 3 | The 8 selected miRNAs regulated genes and pathways that are important for growth. Analyses were carried out using miRNet v 2.0 and only significantly predicted pathways (p < 0.05) were selected to generate the figure.





3.4 miRNA Validation Step

MiR-22-3p, miR-30c-5p, miR-106a-5p, miR-140-5p, miR-199a-5p, miR-335-5p, miR-340-5p, and miR-494-3p were selected to be validated in single assay, at baseline, and at 3 months on treatment, in the larger group of patients (Table 2). This study highlighted that miR-199a-5p (p = 0.020), miR-335-5p (p = 0.001), and miR-494-3p (p = 0.026) were upregulated after 3 months with respect to baseline (Figure 4). The measurements at 12 months of treatment showed that the circulating levels of these specific miRNAs were more stable and that the inter-individual variance was smaller than that observed at the other two time points (Figures 5A, C, E, S1).




Figure 4 | MiR-199a-5p, miR-335-5p and miR-494-3p are upregulated after 3 months of GH treatment with respect to the baseline. MiRNA levels are expressed as –ΔCt where ΔCt is calculated as: Ct miRNA − Ct miR-16-5p. p-value ≤ 0.05 at paired Student’s t-test.






Figure 5 | Distributions of miR-199a-5p (A), miR-335-5p (C), and miR-494-3p (E) at baseline, and after 3 and 12 months of treatment. The distribution of the same miRNAs in responders and non-responders to GH treatment are reported at the same time points in panels (B, D, F). MiRNA levels are expressed as –ΔCt where ΔCt is calculated as: Ct miRNA − Ct miR-16-5p. p-value ≤ 0.05 at paired Student’s t-test.



Based on the GH peaks (highest peak > or < 5 ng/ml), no differences in miRNA levels were observed at baseline or at 3 and 12 months, nor was there any difference in the change at 3 months versus baseline. MiRNA levels were more variable in the non-responder patients with respect to responders (< or > +0.3 SDS) (Figures 5B, D, F). No differences in miRNA levels were observed based on the type of GH used for treatment (biosimilar vs. rhGH).



3.5 Simple Linear Regression Analysis and Multiple Stepwise Linear Regression Models to Explain Growth Response

All possible associations between baseline characteristics and miRNA values at baseline, at 3 months of treatment, and miRNA variations during the first 3 months (ΔΔCt 0–3 months) were analyzed in order to evaluate whether a variable could be critical for the building of a model (Tables 3A–C) . Several models starting from auxological parameters at baseline, GH peaks at testing, and GH dose at the beginning of treatment, IGF-I SDS at baseline, bone age and difference between CA and bone age, baseline levels, and change in miRNA levels during the first 3 months of treatment were used to explain the change in height SDS over the first 6 and 12 months of treatment, and growth velocity during the first 6 months of treatment (Tables 4A–C). Change in growth velocity from 0 to 12 months after treatment was not included, since the change in growth velocity was not constant during the period as shown in Figure 2.


Table 3 | Associations between baseline characteristics, miR-199a-5p (A), miR-335-5p (B), and miR-494-3p (C) levels at baseline, their change between baseline and 3 months (delta), and after 3 months of treatment.




Table 4 | Multiple regression models to predict the change in height SDS during the first 6 months (A) and 12 months (B) of treatment, and growth velocity during the first 6 months of treatment (C).



With regard to the change in HtSDS (0–6 months), each single miRNA gave a contribution to the model comparable to that given by IGF-I SDS and the peak GH value, without a substantial improvement in the model that used auxological parameters only. The difference between chronological age and bone age substantially increased the ability of the model to predict the outcome. The final model, obtained with a stepwise procedure, included miR-335-5p and miR-494-3p together with the other variables (Table 4A).

Considering the outcome delta HtSDS (0–12 months), miR-199a-5p was the miRNA that most improved the model containing the auxological parameters only, and its contribution was more important than that of IGF-I SDS and peak GH values. The difference between chronological age and bone age was the single best predictor, whereas the stepwise procedure identified a model including miR-335-5p, miR-494-3p, sex, CA, target height SDS, GH dose, and the difference between chronological age and bone age as the best highly predictive model (Table 4B).

With regard to growth velocity SDS (0–6 months), only one miRNA (miR-199a-5p) contributed to the model when the miRNAs were included one by one. The variance was explained better by this miRNA than by IGF-I SDS at baseline, GH peak values, and the difference between chronological age and bone age. The stepwise procedure identified a highly predictive model including miR-335-5p, miR-199a-5p, sex, CA, weight SDS, target height SDS, GH dose, peak GH values at testing, and the difference between chronological age and bone age (Table 4C).




4 Discussion

Using an miRNA profiling approach, 18 miRNAs were found to change after the first 3 months of GH treatment in IIGHD prepubertal patients. The subsequent validation phase in a larger group of patients showed that miR-335-5p, miR-199a-5p, and miR-494-3p were significantly upregulated at 3 months, and both the baseline circulating levels and their change (0–3 months) contributed to explain growth at 12 months of treatment improving the growth prediction substantially based on baseline clinical features, and GH peaks during the stimulation tests at diagnosis.

To the best of our knowledge, this is the first study that analyzes the change in circulating miRNA levels in response to GH treatment. This study considered only prepubertal subjects with IIGHD in order to reduce confounding factors. In fact, as the miRNA network is a key modulator of gene expression, it changes throughout life (13, 31, 32), and is also dependent on body weight (33).

A previous paper by Kelly et al. (15) considered miRNA expression levels as potential markers of GH administration in humans to evaluate whether they could detect doping in sports. In particular, this study involved a total of 20 subjects subdivided into three groups (6 individuals receiving replacement doses of GH, 11 acromegalic patients, and 3 individuals with no abnormalities in GH secretion); miRNA microarray analyses were performed on a subgroup of 4 acromegalic patients, 3 rhGH users, and 2 individuals with no known pituitary disorders evidencing that miR-2861, miR-663, miR-3152, and miR-3185 were reduced when rhGH was administered (15). A previous in vitro study reported that the GH receptor was regulated by specific miRNAs that inhibited GH receptor expression (16), suggesting that this regulatory system was of importance for the GH axis. We recently reviewed the regulation by miRNAs not only at the GH receptor level but also on the GH signaling pathway, on IGFs, and IGF1 receptor signaling in different in vitro and animal models highlighting their importance for growth (13). Interestingly, the miRNAs we found to be differentially expressed in the current study have not been investigated previously in the context of GH secretion, signaling, and the IGF system. These findings suggest that further relationships between miRNAs, the GH/IGF-1 axis, and the IGF system will be disclosed in the near future. With regard to the function of the specific miRNAs, miR-199a-5p and miR-335-5p, they play a role in bone formation and osteoblast differentiation in vitro. In particular, miR-199a-5p is involved in osteoblast differentiation, and its upregulation increases alkaline phosphatase (ALP) activity, calcification, and the expression of osteoblast differentiation markers such as Runx2, Osterix, and Osteocalcin in human bone marrow stem cells (34). The overexpression of miR-335-5p has been reported to promote bone formation and regeneration in a transgenic mouse model (35). A previous study from this same group highlighted that miR-335-5p reduced the expression of DKK1, an inhibitor of the Wnt signaling pathway, which is pivotal for bone development (36). Moreover, miR-335-5p overexpression has been shown to promote chondrogenic differentiation of mesenchymal stem cells (37). MiR-494-3p has not been studied yet in the context of bone or growth plate development; however, it has been reported to promote PI3K/AKT pathway hyperactivation in hepatocellular carcinoma by targeting PTEN (38). The PI3K/AKT pathway is known to control hypertrophic chondrocyte differentiation and to be involved in endochondral bone growth (39), and promotes osteoblast differentiation (40).

Our findings also suggest that early changes in these three specific miRNAs could reflect both sensitivity to GH treatment as well as the degree of GH deficiency at diagnosis. In support of this, we observed little difference in the levels among single subjects after 12 months of treatment, whereas a clear change occurred during the first 3 months that could depend both on the initial degree of GH deficiency and on the sensitivity to the GH being administered for treatment: in fact, different doses are often needed in different subjects. Interestingly, in the growth prediction models, the GH dose was selected among the variables that gave substantial contribution to the explanation of variance in growth. The changes in the miRNA levels were found to be independent of GH peak levels in response to stimulation tests, possibly confirming that GH peaks do not reflect the degree of GH deficiency, consistent with the well-known fact that the response to tests is variable (41). Furthermore, the degree of response to treatment did not seem to affect their change during the first 3 months of treatment.

Finally, in our series, these miRNAs proved to considerably increase the capacity to predict growth response compared with the use of clinical parameters only and compared to current models (21). Some previous good prediction models have been published but have never been used routinely in clinical practice because they are too complicated. Among these, one model considered markers of bone metabolism in 24-h urine collections at different time points besides auxological parameters (42). Stepwise prediction models that had height SDS 0–6 months, height SDS 0–12 months, and growth velocity 0–6 months as outcomes selected both the baseline levels and the change (0–3 months) in the levels of the three miRNAs we validated. Whereas predicted height SDS at 6 months was not significantly improved by the new model with respect to the use of auxological parameters alone; height prediction at 12 months and growth rate at 6 months were highly explained. These latter models also included the GH dose, anticipating the possibility that these models should be further studied for potential use for personalized and optimized treatment. We are aware that the small number of patients could have influenced the findings, and the data need to be confirmed in a much larger dataset; however, we should keep in mind that this type of patient cohort was quite difficult to collect. Further studies are needed to verify whether these miRNAs change or not at puberty, and whether they could be used in growth prediction models in other conditions having GH treatment as an indication. A further use could be hypothesized for the diagnosis of GH deficiency. It is of interest that the value of the information contained in the three miRNA levels and their early variation in predicting growth was greater than that contained in IGF-I serum levels (43, 44), suggesting that miRNAs could effectively be of value for further research.

In conclusion, this exploratory study has shown that miRNAs change on GH treatment, and has led to the identification of three miRNAs that show significant changes in the early period of treatment and contribute to predict the growth response after 12 months. These results are promising and suggest that including miRNAs in the set of variables used to predict treatment response could substantially improve timeliness of correct treatment and contribute to personalized therapy. However, we are aware that these results should be validated in a larger independent cohort of patients and further studies will be required to corroborate miRNA efficacy in the prediction of treatment response. A control group of healthy subjects would also be useful to compare results. In addition, the results suggest that we need to explore these miRNAs as possible identifiers of GH deficiency and finally their potential implication as a cause of idiopathic short stature.
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Objective

Diabetic retinopathy (DR) is a common diabetic microvascular complication and a major cause of acquired vision loss. Finding effective biomarkers for the early identification and diagnosis of DR is crucial. This study aimed to comprehensively evaluate the accuracy of microRNAs (miRNAs) in the diagnosis of DR via a meta-analysis of previously published diagnostic studies. This study has been registered on the PROSPERO website, with the number CRD42022323238.



Methods

We searched PubMed, Cochrane Library, Embase, Web of Science, China Wanfang database, and China Knowledge Network database to identify relevant articles published from the time of database creation to April 10, 2022. Stata 14.0 software was used to calculate the pooled sensitivity, specificity, positive likelihood ratio (PLR), negative likelihood ratio (NLR), diagnostic ratio (DOR), and area under the summary receiver operating characteristic (ROC) curve to assess the accuracy of miRNAs in the diagnosis of DR. Heterogeneity between studies was assessed using Cochran-Q test and I2 statistic for quantitative analysis. The random-effect model was selected due to significant heterogeneity. Subgroup analysis and regression analysis were also performed to determine the potential sources of heterogeneity.



Results

We included 25 articles detailing 52 studies with 1987 patients with DR and 1771 non-DR controls. The findings demonstrated overall sensitivity (0.82, 95% CI: 0.78 ~ 0.85), specificity (0.84, 95% CI: 0.81 ~ 0.86), PLR (5.0, 95% CI: 4.2 ~ 5.9), NLR (0.22, 95% CI: 0.18 ~ 0.26), and the area under the summary ROC curve (0.90, 95% CI: 0.87 ~ 0.92). Furthermore, we performed subgroup analysis and found that panels of multiple miRNAs could enhance the pooled sensitivity (sensitivity, specificity, and AUC values were 0.89, 0.87, and 0.94, respectively).



Conclusion

The meta-analysis showed that miRNAs can be used as potential diagnostic markers for DR, with high accuracy of diagnoses observed with the detection of miRNAs in plasma and serum.
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Introduction

Diabetic retinopathy (DR) is a diabetic microvascular complication (1) and an important cause of visual impairment and blindness in adults worldwide (2). Among individuals with diabetes, the global prevalence of DR is 22.27%. In 2020, the number of adults diagnosed with DR was estimated to be 103.12 million (3), and this number is expected to increase to 160.5 million by 2045 (4). The early stages of DR have no conscious symptoms, and as the extent of the disease progresses vision loss can occur to varying degrees, and if untreated progresses to the proliferative stage, irreversible vision loss can result, therefore, it is critical to prevent progression from the early stages of DR (5, 6). Fundus fluorescein angiography is the gold standard for the diagnosis of DR (7, 8), and fundoscopy, fundus photography, and optical coherence tomography have emerged in the clinical setting (8). However, because fluorescein angiography is invasive, time-consuming, and risky, and in addition, interpretation of fundoscopic examinations and photographic reports requires physicians with expertise and skills in diabetes-related eye diseases (9), these methods are not applicable to the routine screening of DR in clinical practice. In recent years, miRNAs have been shown to play an important role in various diabetic complications (10, 11). The application of circulating miRNAs as biomarkers of DR has garnered significant interest (12, 13). Therefore, the construction of circulating markers for early diagnosis of DR and timely treatment are fundamental goals to improve its diagnosis and treatment.

MicroRNAs (miRNAs) are a group of endogenous non-coding single-stranded small molecule RNAs of 19-24 nucleotides in length (14), which are involved in the post-transcriptional regulation of gene expression and are closely associated with various pathophysiological processes in the human body (15–17). Since abnormal alterations in miRNA expression precedes the expression of the corresponding regulated proteins, the abnormal expression of miRNAs may already be present when patients with diabetes have not yet developed retinal microvascular damage, or when the damage has not yet affected visual function (18). miRNAs are not only widely present in a variety of human tissues and cells, but can also bind to Argonaute proteins (19), which, in turn, prevents the degradation of RNA enzymes, allowing miRNAs to be stably expressed in serum, plasma, and other body fluids (20). This stability, ubiquity, high specificity, high sensitivity, and recent advances in the detection and analysis methods render miRNAs potentially useful novel biomarkers for DR diagnosis (21).

However, there is little consistency in previous studies; hence, no reliable conclusions can be drawn regarding the relationship between miRNAs and DR. In addition, most of the available data are derived from retrospective studies with a small sample size lacking quantitative criteria. Therefore, we performed a diagnostic meta-analysis for the first time to determine the potential diagnostic value of miRNAs in patients with DR.



Materials and Methods

We have registered our protocol on PROSPERO (CRD42022323238) and can be found at: https://www.crd.york.ac.uk/prospero/. This meta-analysis follows the PRISMA statement of preferred reporting items for systematic evaluation and meta-analysis (Supplementary Table 1).


Search Strategy

We searched PubMed, Cochrane Library, Embase, Web of Science, China Wanfang database, and China Knowledge Network (CNKI) database to identify relevant articles published from the time of database creation to April 10, 2022, without restricting the language of publication. A search strategy for diagnostic DR of circulating microRNAs was developed based on PICOS principles. We obtained all the medical subject headings (MeSH) and entry words on the National Center for Biotechnology Information (NCBI) website, and search terms included “Diabetic Retinopathy” OR “Diabetic Retinopathies” OR “Retinopathies, Diabetic” OR “Retinopathy, Diabetic” AND “MicroRNAs” OR “MicroRNA” OR “miRNAs” OR “Micro RNA” OR “RNA, Micro” OR “Primary MicroRNA” OR “MicroRNA, Primary” OR “Primary miRNA” OR “pri-miRNA” OR “pri miRNA” OR “RNA, Small Temporal” OR “Temporal RNA, Small” OR “stRNA” OR “Small Temporal RNA” OR “pre-miRNA” OR “pre miRNA” AND “sensitiv*” OR “sensitivity and specificity” OR “predictive” OR “value*” OR “accuracy*”. We searched PubMed using the following strategy:((((Diabetic Retinopathy[Title/Abstract]) OR (Diabetic Retinopathies[Title/Abstract])) OR (Retinopathies, Diabetic[Title/Abstract])) AND ((((((MicroRNAs[Title/Abstract]) OR (miRNA[Title/Abstract])) OR (Micro RNA[Title/Abstract])) OR (pri-miRNA[Title/Abstract])) OR (stRNA[Title/Abstract])) OR (miR[Title/Abstract]))) AND (sensitiv*[Title/Abstract] OR sensitivity and specificity[MeSH Terms] OR (predictive[Title/Abstract] AND value*[Title/Abstract]) OR predictive value of tests[MeSH Term] OR accuracy*[Title/Abstract]).



Eligibility Criteria and Quality Assessment

Subjects were recruited with the following inclusion criteria: (1) all patients in the case group were diagnosed following clinically recognized diagnostic criteria; (2) the intervention was characterized by the diagnosis of DR performed using miRNA examination; (3) false positive (FP), true positive (TP), false negative (FN), and true negative (TN) could be derived directly or calculated from the literature. The exclusion criteria were set as follows: (1) non-human trials; (2) non-case-control studies; (3) reviews, letters, or conference proceedings; (4) insufficient data.

Two investigators used the Quality Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2) (22) tool to independently assess the risk of bias and clinical applicability of included studies. The tool comprised four main components: selection of cases, trials to be evaluated, gold standard, and case flow and progression. Disagreements were resolved by agreement between the two investigators through negotiation or by involving a third reviewer.



Data Extraction

Data and information were extracted independently by two investigators from eligible studies, including first author, year of publication, country, miRNAs, number of samples, internal reference, cut-off values, control source, sample source, assay method, miRNAs expression, AUC with 95% confidence intervals (CIs), sensitivity, specificity, TP, FP, FN, and TN.



Statistical Analysis

We extracted TP, FP, FN, and TN values to calculate pooled sensitivity, specificity, positive likelihood ratio (PLR), negative likelihood ratio (NLR), diagnostic ratio (DOR), and corresponding 95% confidence interval (CI). Summary receiver operating characteristic (SROC) curves were plotted to calculate the area under the curve (AUC) to test the pooled diagnostic value of miRNAs. We used the chi-square test and I2 test to assess the heterogeneity between studies. Heterogeneity between studies was assessed using Cochran-Q test and I2 statistic for quantitative analysis, with P-value was less than 0.05 for Cochran-Q test and I2>50%, indicating significant heterogeneity between studies and selection of random-effect model (23, 24). We performed subgroup analysis and regression analysis to determine the source of heterogeneity. Sensitivity analysis was performed to determine the robustness of the meta-analysis results. Deeks’ funnel plots were used to examine publication bias. In addition, Fagan′s nomogram was drawn to further assess the diagnostic efficacy of miRNAs. Review Manager 5.3 was used to evaluate the quality of the literature, and Stata 14.0 was used to analyze all data. A P-value < 0.05 was considered statistically significant.




Results


Literature Search and Study Characteristics

We searched 423 records in PubMed, Cochrane Library, Embase, Web of Science, China Wanfang database, and CNKI database. Of these, 296 duplicate studies were excluded. Subsequently, based on the titles and abstracts, 246 irrelevant studies, reviews, conference proceedings, and commentaries were excluded, and we evaluated 50 full-text articles and excluded 25 studies based on the exclusion criteria, including 16 studies with insufficient data and six reviews and three studies that were not related to miRNAs. The remaining 25 documents were included in the meta-analysis. The screening flow chart is shown in Figure 1.




Figure 1 | Flow diagram showing selection of studies for meta-analysis.



In total, 25 documents (spanning years 2014 to 2022) included in this meta-analysis involved 52 studies (11, 18, 20, 25–46) (Table 1), all of which were case-control studies that included a total of 1987 patients with DR and 1771 non-DR controls, with the source of controls being diabetic patients not diagnosed with DR, healthy population, and patients with cataract. Among these 52 studies, 41 studies reported a single miRNA, and 11 studies discussed a panel of miRNAs. A total of 38 studies detected miRNAs in serum, 10 studies extracted miRNAs in plasma, and four studies extracted miRNAs from the aqueous humor. A total of four studies were conducted in Africa, two studies were conducted in Europe, and the remaining studies were conducted in Asian populations. In addition, 7 of the included studies involved the examination of miRNA-21, and miRNA-20b, miRNA-93, and miRNA-15 were examined in five studies.


Table 1 | Characteristics of the included studies.





Quality Assessment

The quality of the included studies was evaluated using the QUADAS-2, and the results were analyzed by applying Review Manager 5.3. The results are shown in Figure 2. Most of the studies included in our meta-analysis were continuous and time scaled. Given that all patients with DR included in the study were diagnosed by clinically recognized diagnostic criteria, all trials involved case-control studies, introducing high or unclear risks in the selection field.




Figure 2 | Quality Assessment of Diagnostic Accuracy Studies (QUADAS)-2 assessment for risk of bias and applicability. Red, yellow and green indicate high, unclear and low risk respectively.





Diagnostic Accuracy of MiRNAs in DR

The sensitivity and specificity of miRNAs in diagnosing DR are shown in Figure 3. Forest plots of pooled data showed I2 = 85.11% for sensitivity and I2 = 76.96% for specificity, suggesting a large heterogeneity between studies, and a random effects model was used to estimate the diagnostic performance of miRNAs in DR. The results for diagnostic accuracy of miRNA for DR were as follows: sensitivity, 0.82 (95% CI: 0.78-0.85); specificity, 0.84 (95% CI: 0.81-0.86); NLR, 0.22 (95% CI: 0.18 -0.26); PLR, 5.0 (95% CI: 4.2-5.9), and DOR, 23 (95% CI: 17-31). In addition, we plotted the SROC curve to assess the diagnostic accuracy (Figure 4). The AUC was 0.90 (95% CI: 0.87-0.92), which indicated a strong overall accuracy of miRNAs in the diagnosis of DR. Aiding in the process of clinical decision during diagnosis is an important value of biomarkers. Therefore, we plotted a graph (Figure 5) based on the combination of PLR and NLR to determine their clinical applicability. PLR >10 and NLR <0.1 represent high diagnostic accuracy. We observed superior diagnostic efficacy of miRNAs in two studies in the articles by Yin et al. and Ji et al. (25, 37). Therefore, miR-3197 and miR-210 may be promising miRNAs and should be further examined in future studies (Figure 5A). MiRNAs with high diagnostic accuracy were also confirmed by Fagan′s nomogram, with post-test probabilities of 0.56 and 0.5 for PLR and NLR, respectively, when the pre-test probability was set at 20% (Figure 5B).




Figure 3 | Forest plots of studies examining microRNAs used in the diagnosis of diabetic retinopathy.






Figure 4 | Summary receiver operator characteristic (SROC) curve examining the overall accuracy of miRNAs in the diagnosis of diabetic retinopathy.






Figure 5 | Assessment of clinical applicability of miRNAs for diagnosis of diabetic retinopathy (DR). (A) Summary of positive likelihood ratio and negative likelihood ratio for diagnosis of DR; (B) Fagan’s nomogram of miRNA studies for diagnosis of DR.





Subgroup Analyses, Meta-Regression, and Sensitivity Analyses

To explore the potential heterogeneity, we performed subgroup analysis (Table 2) and regression analysis, grouped according to miRNA profiling, sample size, sample source, miRNA expression, ethnicity, internal reference and cut-off values setting. Notably, the diagnostic accuracy of miRNA panel was higher compared to single miRNA. The sensitivity, specificity, PLR, NLR, DOR and AUC values for single miRNAs and miRNA panel were 0.80 (95% CI: 0.76-0.83), 0.83 (95% CI: 0.79-0.86), 4.6 (95% CI: 3.8-5.5), 0.24 (95% CI: 0.20-0.30), 19 (95% CI: 14-26) and 0.88 (95% CI: 0.85-0.91) and 0.89 (95% CI: 0.85-0.92), 0.87 (95% CI: 0.83-0.91), 7.1 (95% CI: 5.2-9.6), 0.13 (95% CI: 0.09-0.17), 56 (95% CI: 37-86) and 0.94 (95% CI: 0.92-0.96), respectively. The results of the diagnostic accuracy of DR for sample size <100 and sample ≥100 are listed as follows: the sensitivity was 0.82 (95% CI: 0.79-0.85) vs. 0.80 (95% CI: 0.72-0.86), specificity was 0.84 (95% CI: 0.80-0.87) vs. 0.83 (95% CI: 0.78-0.87), PLR was 5.1 (95% CI: 4.1-6.3) vs. 4.7 (95% CI: 3.6-6.2), NLR was 0.21 (95% CI: 0.17-0.26) vs. 0.24 (95% CI: 0.17-0.34), DOR was 24 (95% CI: 17-35) vs. 20 (95% CI: 12-32), and AUC was 0.90 (95% CI: 0.87-0.92) vs. 0.89 (95% CI: 0.85-0.91). No significant difference was observed in the overall diagnostic accuracy of DR for sample size <100 compared to that observed with sample size ≥100. In plasma samples, the values corresponding to sensitivity, specificity, PLR, NLR, DOR, and AUC were 0.78 (95% CI: 0.73-0.82), 0.87 (95% CI: 0.83-0.90), 6.1 (95% CI: 4.7-7.9), 0.25 (95% CI: 0.20-0.31), 24 (95% CI: 16-36), and 0.90 (95% CI: 0.87-0.92), respectively. In serum samples, the values corresponding to sensitivity, specificity, PLR, NLR, DOR, and AUC were 0.83 (95% CI: 0.78-0.86), 0.84 (95% CI: 0.80-0.87), 5.1 (95% CI: 4.1-6.3), 0.21 (95% CI: 0.16-0.26), 25 (95% CI: 17-36), and 0.90 (95% CI: 0.87-0.92), respectively. In aqueous humor, the values corresponding to sensitivity, specificity, PLR, NLR, DOR, and AUC were 0.83 (95% CI: 0.72-0.91), 0.69 (95% CI: 0.61-0.87), 2.7 (95% CI: 2.0-3.7), 0.24 (95% CI: 0.13-0.43), 11 (95% CI: 5-26), and 0.77 (95% CI: 0.73-0.80), respectively. Interestingly, miRNA expression levels were also correlated with diagnostic value, and our results showed that miRNAs with increased expression exhibited better diagnostic value. In the group demonstrating increased expression of miRNAs, the corresponding values for sensitivity, specificity, PLR, NLR, DOR and AUC were 0.83 (95% CI: 0.79-0.86), 0.84 (95% CI: 0.81-0.87), 5.1 (95% CI: 4.2-6.2), 0.21 (95% CI: 0.17-0.25), 25 (95% CI: 18-35) and 0.90 (95% CI: 0.87-0.92), respectively. In addition, ethnicity had an impact on the diagnostic value of miRNAs, compared to the Asian population, the non-Asian populations had higher diagnostic accuracy, for sensitivity 0.86 (95% CI: 0.76-0.92), specificity 0.83 (95% CI: 0.61-0.94), PLR 5.0 (95% CI: 1.9 -13.1), NLR 0.17 (95% CI: 0.09-0.32), DOR 29 (95% CI: 7-124), and AUC 0.91 (95% CI: 0.88-0.93). Surprisingly, most studies selected U6 as an internal reference, yet the diagnostic value of the selected other miRNA internal reference groups was more significant than the U6 group, with sensitivity, specificity, PLR, NLR, DOR and AUC for the U6 group, respectively, of 0.80 (95% CI: 0.77-0.83), 0.84 (95% CI: 0.81-0.87), 5.0 (95%CI: 4.1-6.0), 0.24 (95%CI: 0.20-0.28), 21 (95%CI: 16-29) and 0.89 (95%CI: 0.86-0.92), respectively, for the non-U6 group sensitivity, specificity, PLR, NLR, DOR and AUC, respectively, were 0.88 (95% CI: 0.76-0.94), 0.81 (95% CI: 0.71-0.88), 4.5 (95% CI: 2.8-7.3), 0.15 (95% CI: 0.07 -0.33), 29 (95% CI: 9-91) and 0.90 (95% CI: 0.87-0.92), while studies without an explicitly given internal reference had higher diagnostic value, with sensitivity, specificity, PLR, NLR, DOR and AUC were 0.90 (95% CI: 0.70-0.97), 0.86 (95% CI: 0.72-0.94), 6.4 (95% CI: 3.3-12.6), 0.12 (95% CI: 0.04-0.36), 56 (95% CI: 19-164) and 0.93 (95% CI: 0.91-0.95). In addition, studies with optimal cut-off values had pooled results for sensitivity, specificity, PLR, NLR, DOR and AUC of 0.80 (95% CI: 0.75-0.83), 0.80 (95% CI: 0.76-0.84), 4.0 (95% CI: 3.2-4.9), 0.26 (95% CI: 0.21-0.32), 15 (95% CI: 11-23) and 0.87 (95% CI: 0.83-0.89), while studies without cut-off values showed better diagnostic value with sensitivity of 0.84 (95%CI: 0.79–0.88), specificity of 0.87 (95%CI: 0.83–0.90), PLR of 6.4 (95%CI: 5.0–8.1), NLR of 0.18 (95%CI: 0.14–0.24), DOR of 35 (95%CI: 23–53), and AUC of 0.92 (95%CI: 0.89–0.94), respectively.


Table 2 | Summary estimates of diagnostic power and their 95% confidence intervals.



The results of the sensitivity analysis are shown in Figure 6. The goodness of fit (Figure 6A) and bivariate normality (Figure 6B) showed that the random effects model was suitable. Influence analysis identified that studies of Yu et al, Shaker et al, Yin et al, Wan et al, and Salem et al. were the most dominant studies in weight (Figure 6C). Outlier detection implied that heterogeneity may be attributed to the data corresponding to studies of Yu et al, Wan et al, and Salem et al. (Figure 6D). After excluding four outlier studies, the I2 value for heterogeneity decreased to 3.98% for sensitivity and 7.48% for specificity. There was no significant change in the pooled results for diagnostic efficacy (Table 3).




Figure 6 | Diagram of sensitivity analysis showing (A) goodness-of-fit; (B) bivariate normality; (C) influence analysis; (D) outlier detection.




Table 3 | Diagnostic performance of miRNAs in DR.



We performed meta-regression analysis with ethnicity, miRNA profiling, sample source, sample size, miRNA expression, internal reference and cut-off values as independent variables to explore the sources of heterogeneity. The results are shown in Figure 7. For sensitivity and specificity, all seven independent variables were statistically significant, indicating that ethnicity, miRNA profiling, sample source, sample size, miRNA expression, internal reference and cut-off values were sources of heterogeneity.




Figure 7 | Meta-regression analysis for examining sensitivity and specificity of miRNAs for the diagnosis of diabetic retinopathy.





Publication Bias

Deek’s funnel plot was plotted for the 25 included papers (Figure 8). The studies were relatively symmetrically distributed on both sides of the regression line with P=0.41, and the differences were not statistically significant, indicating that there was no publication bias in the included data.




Figure 8 | Funnel plot for determining publication bias.






Discussion

This meta-analysis of 25 articles including 1987 patients with DR and 1771 non-DR controls showed that miRNAs demonstrate high sensitivity (0.82, 95% CI: 0.78-0.85) and specificity (0.84, 95% CI: 0.81-0.86) in the diagnosis of DR. The pooled PLR of 5.0 indicates a 5.0-fold increase in the probability of an individual being diagnosed with DR. In addition, the NLR was 0.22, implying that the probability of subjects being diagnosed with DR was only 22%. DOR is an indicator of discriminatory test performance (47), and a DOR value greater than 1 indicates a better diagnostic test, with a DOR of 23, representing the ability of the miRNA to effectively discriminate between DR patients and non-DR control populations. However, due to heterogeneity among the included studies, we explored confounding factors by subgroup analysis and meta-regression analysis. Subgroup analysis revealed miRNA profiling, sample size, sample source, miRNA expression, ethnicity, internal reference and cut-off values setting as sources of heterogeneity.The combined detection of pooled miRNAs demonstrated better diagnostic accuracy than single miRNAs, with an AUC value of 0.94 for the miRNA group and 0.88 for single miRNAs. These results are consistent with previous findings by Zhou et al. on differential expression of miRNA in patients with DR (48), which may be explained by multiple gene mutations and epigenetic genetic abnormalities that are involved in the development of DR (49). Therefore, miRNA panel may be more suitable as a diagnostic biomarker for DR, which is the future development trend. One subgroup analysis that requires specific consideration showed that the sensitivity of miRNAs for diagnosis was higher in the non-Asian population (0.86) than in the Asian population (0.81). However, data from only six studies were available for the non-Asian group compared with 46 studies for the Asian group. Hence, we suggest that this difference may be attributed to the smaller number of studies performed with non-Asian populations. In addition, we found that the AUC values of miRNAs in serum, plasma, and aqueous humor were 0.90, 0.90, and 0.77, respectively, indicating that the detection of miRNAs in serum and plasma samples has high accuracy. Since the studies we included all used qRT-PCR to detect miRNAs levels, it was necessary to select appropriate internal reference genes for standardization, and we were surprised to find that although most studies used U6 as an internal reference gene, miRNAs showed higher diagnostic power with the analysis of other materials referred to as non-U6 references. qRT-PCR is the most widely used method for circulating miRNA expression profiling, and the accurate and reliable interpretation of its results depends heavily on the use of suitable reference genes for normalization, but the selection of suitable internal reference genes is still controversial (50), and the future selection of uniform and highly stable internal reference is essential to eliminate or minimize abiotic variation between test samples. Furthermore, in terms of clinical applicability, Fagan′s nomogram demonstrate promising results, with post-test probabilities of 0.56 and 0.5 for PLR and NLR, respectively, when the pre-test probability was set at 20%. This finding indicated that when the samples tested positive for the presence of miRNAs, patients had a 56% probability of developing DR, while the post-test probability of disease was reduced to 5% when the samples were tested negative for miRNAs. Among these studies, the expression of circulating miRNA-21 was reported to be upregulated in five articles. The sensitivity of miR-21 alone for the diagnosis of DR ranged from 0.661 to 0.818, and the specificity ranged from 0.867 to 0.908. Four studies analyzed miRNA-21 alone, and our meta-analysis of the diagnostic efficacy of miRNA-21 showed sensitivity, specificity, PLR, NLR, DOR, and AUC values of 0.70, 0.90, 6.9, 0.33, 21, and 0.89, respectively. Chen et al. demonstrated the protective effect of miR-21 silencing on neovascularization and inflammation in DR through a “knockdown” experiment (51). miR-21 may be an important regulator of reactive oxygen species homeostasis and antioxidant pathways, interfering with superoxide dismutase 2 expression and thereby affecting the antioxidant response system, which is one of the major causes of cellular damage (52, 53). Therefore, miRNA-21 is considered an early predictor of reactive oxygen species-mediated injury in individuals at high risk for diabetes and has the potential to be an excellent marker for the diagnosis of DR.

These are several strengths of this meta-analysis. This is the first meta-analysis to perform a detailed assessment of the diagnostic value of miRNAs in DR. A more comprehensive list of miRNAs was analyzed in this study. The study also delineated miRNA subtypes that require further examination. Secondly, subgroup analysis and meta-regression analysis were performed to explore the heterogeneity of the studies included based on the high degree of heterogeneity.

Some limitations of this meta-analysis should be highlighted. First, the cutoff values of miRNAs in the included studies differed, which could lead to heterogeneity. Second, we did not assess differences in the accuracy of miRNA detection at different stages of DR for the diagnosis of DR due to a lack of sufficient data. Third, most of the included studies were based on Asian populations, which may contribute to ethnic bias. Fourth, this meta-analysis only included articles published in English and Chinese, which may also contribute to unavoidable bias. Fifth, most studies are retrospective case-control studies, increasing the risk of bias in the quality assessment of patient selection domains, in addition to the fact that there is no consensus on the selection of uniform and stable internal reference genes, which may lead to inconsistent results in the relative quantitative analysis of miRNAs. In addition, the relatively small sample size of each study may have limited the statistical power. Regrettably, due to the lack of a large number of similar miRNAs to pool the results, it is not yet possible to identify specific single miRNA or miRNAs panel as the best diagnostic biomarkers for DR. Therefore, based on the above limitations, these findings need to be interpreted with caution, and the results of our meta-analysis need to be further confirmed by well-designed studies with larger sample sizes in the future.

In conclusion, the current evidence suggests that miRNAs have significant diagnostic value in predicting DR and may be employed as effective non-invasive biomarkers for DR. Furthermore, miRNA panels have higher diagnostic potency than individual miRNAs. However, quality studies with large samples sizes should be conducted to validate our results and confirm the clinical value of miRNAs for patients with DR.
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Background

Obesity-associated dysglycemia is associated with metabolic disorders. MicroRNAs (miRNAs) are known regulators of metabolic homeostasis. We aimed to assess the relationship of circulating miRNAs with clinical features in obese Qatari individuals.



Methods

We analyzed a dataset of 39 age-matched patients that includes 18 subjects with obesity only (OBO) and 21 subjects with obesity and metabolic syndrome (OBM). We measured 754 well-characterized human microRNAs (miRNAs) and identified differentially expressed miRNAs along with their significant associations with clinical markers in these patients.



Results

A total of 64 miRNAs were differentially expressed between metabolically healthy obese (OBO) versus metabolically unhealthy obese (OBM) patients. Thirteen out of 64 miRNAs significantly correlated with at least one clinical trait of the metabolic syndrome. Six out of the thirteen demonstrated significant association with HbA1c levels; miR-331-3p, miR-452-3p, and miR-485-5p were over-expressed, whereas miR-153-3p, miR-182-5p, and miR-433-3p were under-expressed in the OBM patients with elevated HbA1c levels. We also identified, miR-106b-3p, miR-652-3p, and miR-93-5p that showed a significant association with creatinine; miR-130b-5p, miR-363-3p, and miR-636 were significantly associated with cholesterol, whereas miR-130a-3p was significantly associated with LDL. Additionally, miR-652-3p’s differential expression correlated significantly with HDL and creatinine.



Conclusions

MicroRNAs associated with metabolic syndrome in obese subjects may have a pathophysiologic role and can serve as markers for obese individuals predisposed to various metabolic diseases like diabetes.





Keywords: miRNA, metabolic disorder, HbA1c, obesity, mirDIP, network analysis



Introduction

The worldwide rise in obesity and its strong association with metabolic diseases have elicited interest in the underlying mechanisms. According to the WHO report 2021, worldwide obesity has nearly tripled since 1975 (1). In 2016, more than 1.9 billion adults, 18 years and older, were overweight and over 650 million were obese (1). The global obesity epidemic is causing an alarming incidence of metabolic disorders. Obesity can be considered a growing epidemic that is associated with hyperglycemia (elevated blood glucose levels >7.0 mmol/L or hemoglobin that is glycosylated HbA1c > 6.5%), insulin resistance, and dyslipidemia (characterized by elevated cholesterol, low-density lipoproteins (LDL) and decreased serum high-density lipoproteins (HDL)), collectively referred to as metabolic syndrome (2). However, there are subjects with an elevated body mass index (BMI) who do not progress to metabolic syndrome; they are generally labeled as “Metabolically Healthy Obese” (2–7), they have obesity only (OBO); but the protective mechanisms are unknown. Body fat distribution is suspected to play an important role (8). High liver fat content and predominantly abdominal adiposity were shown to be linked to the metabolically unhealthy obesity phenotype (obesity with metabolic syndrome or OBM), whereas subcutaneous adiposity is associated with the metabolic healthy obesity phenotype (9, 10). Over the past years, some biological mechanisms and phenotypic characteristics have been identified that differentiate individuals with OBO from OBM (11). The concept of OBO may serve as a model to better understand the pathways and mechanisms linking obesity to metabolic diseases. Therefore, considering the potentially devastating impact of obesity, there is urgency in elucidating underlying mechanisms and identifying novel markers for risk stratification and targeted early treatment.

Impaired adipose tissue metabolism and function are central to the pathogenesis of obesity and associated metabolic disorders. MicroRNAs (miRNAs) play a crucial role in regulating gene expression and are likely to have an essential function in the pathogenesis of obesity and metabolic disorders (12). MicroRNAs are small non-coding RNAs participating in the post-transcriptional regulation of genes by negatively regulating them. Evidence is accumulating that circulating miRNAs, released by many types of cells act as a new class of endocrine factors. MiRNAs might serve as endocrine and paracrine messengers that facilitate communication between donor cells and tissues with receptor cells or target tissues, thereby potentially having important roles in metabolic organ crosstalk (13). In response to various pathophysiological conditions, miRNAs can be released by cells into their environment transported by different extracellular fluids, including blood, and could serve as biomarkers of diverse diseases including diabetes and related metabolic disorders. The role of miRNAs as key regulators of metabolic homeostasis has been intensely explored over the last decade. Brando et al. have collated the significant circulating miRNAs that are altered in obese subjects, where microRNAs such as miR-92a-3p, miR-122, miR-122-5p, miR-140-5p, miR-142-3p, miR-151a, miR-155, miR-222, and miR-15a have been shown to be upregulated. On the other hand miR-15a, miR-26a, miR-30b, miR-30c, miR-125b, miR-126, miR-139-5p, miR-144-5p, miR-146a, miR-150, miR-223, and miR-376a are reported to be downregulated in obese adults when compared to healthy lean individuals (14). Controversially, the role of miR-15b remains obscure where it has been upregulated in one study (15) while another group reported downregulation of miR-15b in obese subjects compared to lean counterparts (16). Although obesity is linked to differentially expressed miRNAs, they additionally contribute to various metabolic disorders including hypertension, hepatic steatosis, and insulin resistance by influencing the metabolism of cholesterol, LDL (mir-26a and mir-15b), and elevation of circulating glucose (mir-140-5p, miR-142-3p, miR-222, and mir125b) that eventually glycosylates hemoglobin (HbA1c) respectively (12, 14, 17–21).

Here, we aimed to unravel the associations between the metabolic parameters in obese individuals with miRNA profiling. We identified 64 significantly differentially expressed miRNAs of which 36 were down-regulated and 28 were up-regulated. By undertaking an association discovery approach, we identified the expression of eleven out of the 36 down-regulated miRNAs and two of the 28 up-regulated miRNAs in our patient dataset were significantly correlated with at least one clinical trait of relevance to metabolic syndrome. The down regulated miRNAs include miR-106b-3p, miR-103a-3p, miR-130b-5p, miR-153-3p, miR-182-5p, miR-331-3p, miR-363-3p, miR-433-3p, miR-636, miR-652-3p and miR-93-5p whereas miR-452-3p and miR-485-5p were upregulated. Several of the miRNAs in OBM patients were significantly dysregulated and associated with increased levels of HbA1c and cholesterol. These include miR-130b-5p, miR-153-3p, miR-182-5p, miR-331-3p, miR-363-3p, miR-433-3p, miR-452-3p, miR-485-5p and miR-636. Figure 1 provides an outline of our experimental design.




Figure 1 | The experimental study design. BMI, Body Mass Index; OBO, Obesity with no metabolic disease; OBM, Obesity with metabolic diseases. To determine the fold-changes of miRNA expression between the OBO vs OBM patients, we used the Relative Quantification (RQ) measure. We considered those miRNAs to be differentially expressed for which |log2(RQ)| > 2 and significance threshold p< 0.05. This resulted in the identification of 64 differentially expressed miRNAs. Out of the 64 miRNAs, there were 13 miRNAs whose expression correlated with at least one clinical trait of relevance for metabolic syndrome (including HBA1c, Creatinine, Cholesterol, LDL, and HDL).





Materials and methods


Study Design

The participants were recruited at the Qatar Metabolic Institute, Hamad Medical Corporation, Doha, Qatar. The study protocol was approved by the institutional review board (IRB) of Hamad Medical Corporation (HMC, IRB protocol #16245/16) and all participants provided written informed consent. Obesity was determined according to CDC guidelines. Both Class 1 (BMI of 35 to 40) and Class 2 (BMI > NA). Both Class 1 and Class 2 obesity were referred to as morbid obesity. A total of 120, male and female participants aged between 18 to 65 years with morbid obesity (BMI≥35 kg/m2) were included. Individuals such as pregnant females and those with identified chronic disease or terminal illness were excluded from the study. The subjects were classified into two groups those without metabolic syndrome (OBO) and with metabolic syndrome (OBM) components of the metabolic syndrome; obesity PLUS any 2 of the following: triglycerides ≥ 150 mg/dL (1.7 mmol/L), HDL< 40 mg/dL (1.03 mmol/L) in men or< 50 mg/dL (1.29 mmol/L) in women, blood pressure ≥ 130/85 mmHg and fasting blood glucose ≥ 110 mg/dL (5.6 mmol/L) (22). An additional, filter of age and BMI matching yielded 39 subjects that consisted of 18 OBO subjects and 21 OBM subjects. Among the 18 OBO group subjects, none of the subjects had hyperglycemia, 2 individuals were identified with hypertension, 2 with mildly elevated triglycerides, and 6 with a borderline decrease in HDL. Venous blood samples were collected from these 39 subjects for total miRNA isolation.



Participants Characteristics

Height and weight were measured in light clothing without shoes. Fasting blood samples were taken between 7-9 AM after at least 12h of fasting. For serum collection, whole blood was collected via BD Vacutainer Serum Separation Tubes (BD Biosciences, Franklin Lakes, NJ, USA). Blood samples were kept at room temperature for 30-60 minutes and then centrifuges at 3000g for 10 minutes. Following centrifugation, serum was separated and immediately stored at -80°C for further use.

Blood biochemistry was performed at the HMC clinical laboratory which has been accredited by the College of American Pathologists (CAP). Measurements included HbA1c with Turbidimetric Inhibition Immunoassay (TINIA Roche Diagnostics, Mannheim, Germany), glucose by enzymatic reference method with hexokinase (Cobas 6000, Roche Diagnostics International, Switzerland), Total cholesterol, triglycerides, and high-density lipoprotein (HDL) cholesterol levels were measured enzymatically using a Synchron LX20 analyzer (Beckman-Coulter, High Wycombe, UK).



RNA Isolation and Quality Control

Whole blood (2.5 ml) was collected into PaXgene Blood RNA Tubes (PreAnalytix). The tubes were inverted 8-10 times then placed at room temperature for at least 2 hours, frozen at -80°C, thawed overnight, then total RNA was isolated with a PAXgene Blood RNA Kit including the DNase Set (Qiagen). The concentrations and purity of the RNA samples were evaluated spectrophotometrically (Nanodrop ND-1000, Thermo, Wilmington, DE USA). The RNA isolation process was validated by analyzing the integrity of several RNAs with the RNA 6000 Nano Chip Kit (Agilent). The presence of the small RNA fraction was confirmed by the Agilent Small RNA Kit (Agilent).



MicroRNA (miRNA) Profiling

The expression levels of 754 miRNAs were profiled using the TaqMan OpenArray Human MicroRNA panels (PN: 4470189; Life Technologies Forster City, CA, USA) on a QuantStudio 12K Flex instrument. For all experimental groups, 3 µL (~10 ng) of total RNA was used for reverse transcription (RT) reactions using MegaPlex RT Primers Human Pool Set v3.0 (PN: 4444745; Pool A v2.1 and Pool B v3.0) according to the manufacturer’s optimized protocol for low sample input for profiling human microRNA using the OpenArray platform on BioRad c1000 Touch thermal cycler. No-template controls were included. Pre-amplification of RT products was performed using a 5 µL RT reaction combined with the matching Megaplex PreAmp Primer Pool A v2.1 or B v3.0 and amplified using the thermal cycler (Applied biosystems). The pre-amplified products were diluted at 1:40 in 0.1x TE pH 8. For each experimental set, 10 µL of the diluted products were combined to give a total of 40 µL pooled sample. For both Pool A and Pool B groups, 22.5 µL of the pooled products were combined with an equivalent volume of TaqMan OpenArray Real-Time Master Mix and aliquoted into a 96-well plate. Then, 5 µL from each well were then transferred into a 384 well plate for loading onto OpenArray plates using an AccuFill robotic system. The OpenArray plates were run on a QuantStudio 12K Flex instrument (Life Technologies) and the raw data files were imported and analyzed using the DataAssist software (Life Technologies). Failed reactions were excluded from analysis and undetermined CT values for samples sets determined to have good amplifications were assigned a threshold value of 40, defining low abundance or absence of miRNA expression. Global mean normalization was used to calculate relative fold change for the miRNA expression.



Statistics

Statistical characteristics of clinical measurements were calculated by comparing the OBO and OBM samples using R v4.2.0 (23). The normality of the measurements was tested using Anderson-Darling test using nortest v1.0.4 package (24). The Student’s t-test was used to calculate the p-value of the normally distributed measurements. For the remaining measurements, Mann-Whitney test from the base package in R was used. P-values were not corrected for false discovery rate (FDR) owing to the small sample size.

The miRNA expression levels were measured via raw CRT values, which are inversely proportional to miRNA expression i.e., the higher the CRT value lower the expression of the circulating miRNA (25). However, current miRNA microarray platforms might not have enough miRNAs which are stably expressed as indicated in (26). Thus, to measure fold-changes in miRNA expression, we determined the Relative Quantification (RQ) values using the standard formula (27). An RQ value showcased the fold-change (FC) of a specific miRNA in two populations. An RQ=1 indicated that a specific miRNA was not differentially expressed in the OBO versus OBM samples. Otherwise, if the |log2(RQ)| > 2 and significance threshold (p< 0.05), then the miRNA was differentially expressed between the two groups as observed in Figure 2A.




Figure 2 | (A) Volcano Plot highlighting the differentially expressed microRNAs. The red-colored microRNAs are over-expressed in OBM versus OBO while the blue-colored microRNAs are under-expressed. Here ‘RQ’ is equivalent to the fold-change of a particular miRNA (Wang, Wang, and Xi 2011) and is ∝ mean -ΔCRT values. (B) The mean -ΔCRT values for the differentially expressed miRNAs for the OBM and OBO groups respectively. The -ΔCRT values are ∝ to miRNA expression, where the higher -ΔCRT value (or CRT value) corresponds to higher miRNA expression levels. This is further reflected in the logRQ values which are equivalent to fold-change in the expression of individual miRNA. Here ‘logPval’ corresponds to -log10 (P-value).





Visualizations

The volcano and scatter plots were constructed using the ggplot2 v3.3.6 package in R. The visualization of the miRNA expression matrix was performed using the ComplexHeatmap v2.12.0 package (28) in R.



Correlation Analysis

We performed a set of correlation analyses, where we correlated the expression (-CRT value when available) of each differentially expressed miRNAs with the different clinical traits of relevance to metabolic syndrome including HBA1c, Creatinine, Cholesterol, LDL, and HDL. The correlations were estimated using the ‘cor.test’ function from the stats package using the Pearson correlation method. The correlations between differentially expressed miRNAs and clinical traits were visualized using the corrplot v0.92 package (https://github.com/taiyun/corrplot).

Additionally, we visualize the significantly correlated miRNAs’ expression versus individual clinical trait values for the OBO and OBM patients through a scatter plot. We fit a linear regression line along with confidence intervals using the ‘geom_smooth’ function and annotate the Pearson correlation scores and p-values in the plot using the ‘stat_cor’ function from the ggplot2 package.



MiRNA-mRNA Interaction Network

We used the microRNA Data Integration Portal, mirDIP v4.1 (http://ophid.utoronto.ca/mirDIP/), which provides nearly 152 million human microRNA–target predictions collected from 30 different resources (21). The mirDIP integrative score was constructed by taking a statistical consensus from the predictions available through myriad resources and was assigned to each unique miRNA-target interaction to provide a unified measure of confidence. The integrated scores range, 0 to 1, was used; higher scores correspond to stronger evidence of potential interaction between miRNA and target gene; the target genes were thus identified.



Pathway Enrichment Analysis

The mRNAs which were identified to be regulated by the differentially expressed miRNAs were then utilized in an overexpression analysis framework. We used the ConsensusPathDB (29) web portal (http://cpdb.molgen.mpg.de/) as utilized in (30–34) to identify significantly enriched pathways choosing the PID (http://pid.nci.nih.gov/) and KEGG (https://www.genome.jp/kegg/pathway.html) database. We also used the ConsensusPathDB web-portal to determine the significantly enriched GO terms. The significantly enriched pathways and GO terms were determined using a hypergeometric test.

The hypergeometric test was performed as described below. Let the total number of genes associated with our differentially expressed miRNAs be n. Out of these n, say k genes are part of a pathway (p). This pathway (p) consists of a total of K genes. The total number of background genes (or all protein-coding genes in humans) be N. Then, the probability of significance of the pathway can be determined by the hypergeometric test as follows:

	

where represents the combination function (35).




Results


Clinical Characteristics

The clinical characteristics of the study subjects are summarized in Table 1. The clinical traits that were significantly different between the two groups include HbA1c (p=0.002), triglycerides (p=0.001), high-density lipoprotein (HDL, p=0.008), glucose (p=0.009), and insulin (p=0.05). Other important clinical traits which were not significantly different between the two sets include clinical variables such as creatinine, low-density lipoprotein (LDL), and cholesterol.


Table 1 | Clinical and biochemical traits of the study subjects.





Differential Expression Analysis

We identified a total of 64 miRNAs to be differentially expressed between the OBO and OBM groups (Figures 2A, B and Supplement Table 1) of which 36 miRNAs were down-regulated and 28 were up-regulated in the OBM patients when compared to the metabolically healthy obese (OBO) patients (Figure 2A). Specific miRNAs; miR-873-5p (-ΔCRT = 1.62), miR-9-3p (-ΔCRT = 1.91), mir-708-5p (-ΔCRT = 1.96) were significantly up-regulated in OBM (had higher mean -ΔCRT) in comparison to OBO patients (Figure 2B and Supplementary Table 1). On the contrary, miRNAs; miR-100-3p (-ΔCRT = -9.18), miR-486-5p (-ΔCRT = -5.16) and miR-92a-3p (-ΔCRT = -4.76), were among the most significantly downregulated miRNAs in OBM versus OBO patients.



Correlations With Metabolic Syndrome Relevant Clinical Markers

We next performed a set of correlation analyses, where we correlated the expression (-CRT value when the measurement was available) of each differentially expressed miRNAs with clinical lab traits of relevance to metabolic syndrome including HbA1c, creatinine, cholesterol, LDL, and HDL. 11 out of 36 down-regulated miRNAs and 2 out of 28 up-regulated miRNAs correlated significantly (p< 0.05) with at least one of the clinical lab traits (Figure 3A). The correlation values across these 13 miRNAs and 5 clinical traits are summarized in Table 2. As depicted in Figure 3A the miRNAs miR-153-3p, miR-182-5p, and miR-433-3p correlated negatively, while miR-331-3p, miR-452-3p, and miR-485-5p demonstrated a positive correlation with HbA1c. Interestingly, the trend for miRNAs: miR-153-3p, miR-182-5p, and miR-433-3p, the -CRT values decreased linearly with higher (dysregulated) levels of HbA1c (Figure 3B). This trend was distinct for the OBM patients, suggesting the loss of expression of these miRNAs in OBM patients was significantly related to increased (↑) HbA1c levels. Similarly, from Figure 3B for HbA1c, we could also observe another trend for miRNAs: miR-331-3p, miR-452-3p, and miR-485-5p. The -CRT values of these miRNAs went significantly up i.e., these miRNAs were significantly over-expressed in OBM patients with increased HbA1c levels.




Figure 3 | (A) Pearson correlation between clinical traits relevant to metabolic syndrome and miRNA expression (-CRT values). The ‘x’ represents that the correlation coefficient is not significant. The darker the correlation coefficient (‘red’ or ‘blue’) the stronger the correlation (more towards +1 or more towards -1). Significant correlations (p< 0.05) of clinical traits with relevance to metabolic syndrome with the differentially expressed miRNAs. (B) Correlation with HBA1c; (C) Correlation with Cholesterol; (D) Correlation with Creatinine; (E) Correlation with HDL, and (F) Correlation with LDL.




Table 2 | Pearson correlation coefficients of the clinical traits associated with metabolic syndrome with the miRNA expression of relevant differentially expressed miRNAs.



We further identified that miRNAs: miR-106-3p, miR-652-3p, and miR-93-5p were significantly correlated with creatinine levels of patients in our dataset, and miRNAs: miR-130b-5p, miR-363-3p, and miR-636 were significantly associated with the cholesterol levels of patients as observed in Figure 3. However, the ability to distinguish OBM patients from OBO patients through the -CRT values of these miRNAs was not as stark as of those miRNAs associated with HBA1C (see Figures 3D, C respectively). This can also be attributed to the fact that creatinine and cholesterol levels were not significantly different between the two groups as indicated in Table 1. We also identified a miRNA, mir-652-3p, that was significantly negatively correlated with LDL (R = -0.34, see Figure 3E). Interestingly, the majority of OBM patients had lower LDL values as well as higher expression of mir-652-3p, and the majority of OBO patients had higher LDL values with lower expression of this miRNA. Lastly, we observe a significant negative correlation between mir-130a-3p expression and the clinical trait HDL (R = -0.35, see Figure 3F) with no clear distinction between the OBM and OBO groups.

We performed a Student’s t-test to determine whether the expression values of the 13 miRNAs of interest were significantly different between the males (Gender = 0) and females (Gender = 1) or smokers (Smoking 1 = Yes) versus non-smokers (Smoking 0 = No) in our dataset as illustrated in Figure 4. From Figure 4A, we observed that miR-106b-3p and miR-652-3p had significantly different expressions in males versus females, where both these miRNAs had lower expression in males when compared to females. Hence the difference in the -CRT values are positive (Δ-CRT > 0) as indicated in Figure 4A. However, for each of these miRNAs, there is no clear segregation of the expression of the miRNA between the OBO versus OBM male patients (Gender = 0) or female patients (Gender = 1) as observed in Figure 4B. This suggests that gender does not really have an impact on the differential expression of these miRNAs (miR-106b-3p and miR-652-3p) between the OBO and OBM patient groups.




Figure 4 | (A) Comparison of the expression pattern of the 13 differentially expressed miRNAs for Gender and Smoking status of patients using a Student’s t-test. Here ‘*’ represents a significant association (p< 0.05). (B) Boxplot illustrating the significant difference in expression of miR-106b-3p and miR-652-3p between males and females. (C) Boxplot highlighting the significant difference in expression of miR-106-3p between patients who smoke versus those who don’t.



From Figure 4C, we observe that miR-106b-3p has higher expression in patients who don’t smoke (0 = No) when compared to patients who smoke (1 = Yes) and the majority of the smokers (4 out of 6) belong to the OBM category. While miR-106b-3p is differentially expressed w.r.t. smoking status, there is no clear segregation of its expression between OBO and OBM groups, for patients who don’t smoke. Moreover, owing to the small sample size of patients with a positive smoking status (6 patients only), it is imperative not to draw strong conclusions. However, for a larger population size smoking would be a covariate to regress out when determining differentially expressed miRNAs for the phenotype of interest (i.e. OBO vs OBM patients).



Mechanistic Insights from miRNA-mRNA Networks

We used the mirDIP database to extract information about target mRNAs which can be regulated by the differentially expressed miRNAs with significant associations with clinical traits. We use stringent cutoffs including a minimum of 10 resources and an integrated score of at least 0.75 to retain a potential interaction between miRNA and the target gene. This resulted in a total of 398 interactions between the seven (out of the 13) differentially expressed miRNAs and 378 target genes. Interestingly, we observed from Figure 5, that each of the seven differentially expressed miRNAs forms its own cluster of target genes with small overlaps amidst their interactomes. We then performed downstream pathway enrichment using overexpression analysis through ConsensusPathDB to identify significantly enriched pathways associated with each of these miRNAs. We could determine the enriched pathways and GO terms for four of these seven miRNAs. The top five significantly enriched pathways and top three biological processes, cellular components, and molecular functions for each of these miRNAs were detailed in Supplementary Tables 2 and 3 respectively.




Figure 5 | Top differentially expressed miRNAs with strong known interaction (coming from >=10 resources and interaction score>=0.75 from mirDIP) with target genes. Here we highlight only those miRNAs which are significantly correlated with at least one clinical trait relevant to metabolic syndrome.



For example, the miRNA, miR-153-3p, is differentially downregulated with a ΔCʀтт of -3.4 (p=0.02, Supplementary Table 1); the target genes for this miRNA are SPHK2, GNAI3, ROCK1, and PLCB1; which are essential for the Sphingolipid signaling pathway (Supplementary Table 2). The Sphingolipid signaling pathway has been shown to play an important role in the regulation of obesity and type 2 diabetes (36). Similarly, the PDGFR-beta signaling pathway was significantly enriched based on the target genes of both miR-182-5p (USP6NL; CTTN; RASA1; ACTR2; YWHAG) and miR-363-3p (MAP2K4; WASL; ITGAV; RAP1B) respectively. The PDGFR-beta signaling pathway is known to play a role in the regulation of adipose progenitor maintenance and adipocyte-myofibroblast transitions (37). We identified BMP receptor signaling as one of the enriched pathways for miR-93-5p target genes (BAMBI; RGMB; RGMA). It has previously (38) been demonstrated that BMP signaling was relevant for both the white and brown adipogenesis and plays an important role when interconnecting obesity with metabolic and cardiovascular diseases. Finally, we identified the cellular senescence pathway from KEGG as a significantly enriched pathway for miR-93-5p target genes (TGFBR2; E2F5; E2F1; PPP3R1; CDKN1A; RBL2). Interestingly, recently Smith, Ulf et al. (39) reviewed that white adipose tissue cells are highly susceptible to becoming senescent both with aging, obesity and type 2 diabetes, independent of the chronological age. The white adipose tissue senescence is associated with the inappropriate expansion of adipocytes, insulin resistance, and dyslipidemia i.e., metabolic syndrome, a finding in line with our phenotype.

Additionally, we identified several different significantly enriched GO terms based on the target genes for each of the top four miRNAs (see Supplementary Table 3). These include GO terms associated with biological processes such as positive regulation of metabolic process (GO:0009893), cellular developmental process (GO:0048869), cellular protein modification process (GO:0006464), mitotic cell cycle process (GO:1903047) for miR-153-3p, miR-182-5p, miR-363-3p and miR-93-5p respectively (Supplementary Table 3).




Discussion

Individuals with a persistently high BMI are at the risk of developing metabolic syndrome, a medical condition characterized by obesity, insulin resistance, dyslipidemia, and hypertension, with an accompanying risk of type 2 diabetes mellitus and cardiovascular disease (22). There is abundant literature that has investigated the metabolic differences underpinning lean and obese subjects (14). Obese individuals have been the focus of health care in recent years since the reversal of obesity by lifestyle, medical or surgical intervention protects them from metabolic syndrome (40). However, clinical observations identify a proportion of individuals with elevated BMI who led an active and healthy life relatively free of metabolic complications. This population is of particular interest and intensely investigated to elucidate the underpinning mechanisms and gene regulation that confer protection against the development of metabolic syndrome. Moreover, differentiation between OBO and OBM as well as early detection is paramount for clinical management of these individuals.

Several studies have identified the essential role of differentially expressed miRNA in obesity where a cluster of miRNAs; miR-92a-3p, miR-122, miR-122-5p, miR-140-5p, miR-142-3p, miR-151a, miR-155, miR-222, and miR-15a are upregulated and a group of miRNA; miR-15a, miR-26a, miR-30b, miR-30c, miR-125b, miR-126, miR-139-5p, miR-144-5p, miR-146a, miR-150, miR-223 and miR-376a are downregulated in obese adults (14). In this study, we focus particularly on morbidly obese individuals with a BMI>35kg/m2 who are metabolically protected and susceptible. Our results demonstrate that miR-106b-3p, miR-130a-3p, miR-130b-5p, miR-153-3p, miR-182-5p, miR-331-3p, miR-363-3p, miR-433-3p, miR-636, miR-652-3p, and miR-93-5p were significantly downregulated whereas miR-452-3p, and miR-485-5p were significantly upregulated in morbidly obese patients with metabolic diseases compared to obese patients without any metabolic disease in a dataset of Qatari population (Figures 2 and 3). These miRNAs significantly correlated with at least one clinical trait of relevance to metabolic syndrome like increased levels of HbA1c, creatinine, cholesterol, LDL, and HDL in our dataset (Figure 3A). The differentially expressed miRNAs correlate significantly with HbA1c (downregulated miR-153-3p, miR-182-5p and miR-433-3p; upregulated miR-331-3p, miR-452-3p and miR-485-5p), creatinine (downregulated miR-106b-3p, miR-652-3p and miR-93-5p), cholesterol (downregulated miR-130b-5p, miR-363-3p and miR-636), LDL (downregulated miR-130a-3p), and HDL (downregulated miR-652-3p) in our dataset in the context of OBO and OBM. Interestingly, we identify differential expression of miR-92a-3p, miR-122-5p, miR-15a, miR-125b, and miR-146a in our data which have previously been reported to be relevant for obesity (Figure 2B and Supplementary Table 1) (14).

Our unique dataset with the morbidly obese individuals (OBO and OBM) highlights various differentially expressed miRNAs which have been previously reported in obesity (14) conferring confidence in our study. Although identified in prior studies, these miRNAs (miR-92a-3p, miR-122-5p, miR-15a, miR-125b, and miR-146a) do not associate significantly with clinical lab traits, nor are they upregulated or downregulated in alignment with previous studies. This can be a result of our focus on metabolically healthy and unhealthy obese subjects compared to prior investigations that analyze lean and obese groups. Our findings further demonstrate that miR-153-3p, miR-182-5p, and miR-433-3p are downregulated in the OBM group and negatively correlated with HbA1c. Among these miRNAs, miR-153-3p has been reported to be overexpressed in lupus nephritis patients (28). Through miRNA-mRNA network analysis, we have shown that miR-153-3p regulates sphingolipid signaling. The sphingolipid pathway is known to be extensively involved in obesity and obesity-induced hyperglycemia (36). In agreement with our results, miR-182-5p has been reported to be suppressed in diabetes patients. Interestingly, it was shown that the expression of miR-182-5p is high in newly diagnosed patients compared to healthy control. However, its expression decreased with the increasing duration of T2DM (41). Another miRNA downregulated in the OBM group and positively correlated with HbA1c is miR-433-3p, which has been reported to be overexpressed in serum of hepatocellular carcinoma patients (42), pediatric beta-thalassemia patients, and needs further evaluation in the context of changes to hemoglobin (43). Moreover, miR-331-3p, which was downregulated in metabolically unhealthy obese patients and positively correlated with HbA1c has been reported as a biomarker for HCV-related hepatocellular carcinoma (44), and non-small cell lung cancer (45). Among the upregulated miRNAs in our results, miR-485-5p has been reported earlier to be associated with atherosclerosis (46), and lung and oral cancer (47, 48), whereas, miR-452-3p has been not reported earlier and might be a novel biomarker. Overall, these differentially expressed miRNAs, significantly correlated with HbA1c in obese patients with metabolic diseases and seem to regulate the glycemic pathways. The mechanisms behind the observed correlations of these miRNAs with HbA1c are still unclear and need to be investigated further.

Another set of miRNAs: miR-106b-3p, miR-652-3p, and miR-93-5p, which were downregulated in OBM subjects, negatively correlated with the creatinine levels in these patients. It has been reported earlier that elevated serum creatinine levels are associated with late stages of diabetic nephropathy or renal damage (49). The role of these miRNAs is either a cause or consequence of renal damage or possible existing hypertension in the OBM cohort. The miR-652-3p has been reported to be relevant for insulin resistance (50) and in polycystic ovary syndrome (PCOS) patients, its expression has been shown to be downregulated in the context of creatinine and HDL and is most likely associated with hepatic involvement in cases of insulin resistance (51). miR-106b-3p has been earlier reported to be downregulated in dengue infection (52); its significance in metabolic disorders is unknown. Given the significant association of miR-106b-3p with both gender (higher expression in females in comparison to males) and smoking status (higher expression in non-smokers compared to smokers) of patients in our dataset, this miRNA needs a more detailed mechanistic investigation as its significant correlation with creatinine might be conditioned on the patient’s sex and smoking status. Our results indicate that miR-652-3p is not only negatively correlated with creatinine but also with high-density lipopolysaccharides (HDL), indicating its possible role in dyslipidemia in obese patients and warrants more investigation. The results from our study indicate decreased expression of miR-130a-3p, miR-130b-5p, miR-363-3p, miR-636, and miR-652-3p respectively in the OBM subjects. Among these miRNAs, miR-363-3p, miR-130b-5p, and miR-636 correlated with cholesterol, and miR-130a-3p correlated with LDL. It has been reported previously that miR-130a-3p levels were elevated in the pancreatic islets of hyperglycemic subjects (53) as well as progressive cardiac failure (54).

In line with previous studies, we report a significant differential expression of miRNAs that play critical roles in insulin resistance, sensitivity, and release. For example, miR-122-5p, miR-221-3p, miR-126-3p, miR-223-3p, and miR-93-5p, which are downregulated in OBM versus OBO, have been described within the context of insulin sensitivity and resistance (55). In addition, miR-34b-3p, miR-9-3p, miR-375, miR-146a-3p, and miR-30e-5p, which are upregulated in OBM versus OBO have been involved in insulin release in pancreatic β-cells and regulate β-cell fate (56–59). Interestingly, IGF1R, a receptor tyrosine kinase that mediates actions of insulin-like growth factor 1 and one of the factors that are altered in obesity is a key target of differentially expressed miRNAs identified by our framework including miR-182-5p. Another important set of targets for the differentially expressed miRNAs were the MAPK genes (MAP3K2 and MAP2K4) which belong to the family of mitogen-activated protein kinase (MAPK). MAPK genes and their interactors have been reported to protect against adverse effects of high-fat feeding in a murine model, demonstrating a decreased weight gain, improved glucose tolerance, and insulin sensitivity, with markedly diminished adipose tissue inflammation (60).

In conclusion, our data show that subjects with morbid obesity and metabolic syndrome compared to individuals with obesity without metabolic syndrome show differential levels of several miRNAs which can regulate multiple genes and metabolic pathways relevant to glycemic regulation, lipid metabolism, and cellular regeneration. However, the cause or consequence merits further studies. The miRNA group associated with metabolic syndrome in morbidly obese subjects may have a pathophysiologic role that warrants further elucidation. Regardless of their role in disease pathogenesis these groups of miRNAs can serve as additional markers to segregate OBM and OBO that can aid divergent management strategies of treatment. To the best of our knowledge, this is the first study of its kind that addresses the role of miRNAs in morbidly obese healthy versus obese metabolic syndrome adults for a population indigenous to Qatar. We do acknowledge that our dataset is small and further studies are warranted in additional larger cohorts to corroborate the importance of the identified differentially expressed miRNAs.
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Objective

Non-alcoholic fatty liver disease (NAFLD) can be attributed to the dysregulation of hepatic lipid metabolism; however, its cellular and molecular mechanisms remain unclear. This study aims to explore the effect of long non-coding RNA growth arrest specific 5 (GAS5) on hepatic lipid metabolism in fatty liver models.



Methods

Obese mice, high fat diet-fed mice and free fatty acid-stimulated cells were used for GAS5 expression detection. GAS5 overexpression or knockdown models were established to elucidate the regulatory function of GAS5 in de novo lipogenesis (DNL) and mitochondrial function. Bioinformatic analyses and dual luciferase assays were used to investigate the interaction between GAS5, miR-26a-5p and phosphodiesterase (PDE) 4B. The involvement of the cyclic adenosine monophosphate (cAMP)/cAMP-response element-binding protein (CREB) pathway was evaluated using H89 and forskolin treatment.



Results

GAS5 was activated in vitro and in vivo fatty liver models. Knockdown of GAS5 reduced lipid droplet accumulation, DNL associated enzymes and preserved mitochondrial function, while GAS5 overexpression exacerbated hepatic lipid accumulation. Mechanistically, GAS5 sponged miR-26a-5p to increase PDE4B expression and subsequently modulated DNL and mitochondrial function via the cAMP/CREB pathway.



Conclusion

Downregulation of GAS5 can activate the cAMP/CREB pathway through miR-26a-5p/PDE4B axis to mitigate hepatic lipid accumulation. This study provides evidence that downregulation of GAS5 may be a potential therapeutic option for the treatment of NAFLD.
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Introduction

Along with obesity and metabolic syndromes, non-alcoholic fatty liver disease (NAFLD) is among the most common chronic liver disease worldwide, with a global prevalence of approximately 25% (1, 2). NAFLD comprises a spectrum of fatty liver disorders, ranging from simple steatosis to non-alcoholic steatohepatitis (NASH), which can advance to liver cirrhosis and hepatocellular carcinoma (HCC) (3, 4). Abnormal hepatic lipid metabolism, especially excessive hepatic triglyceride (TG) accumulation, leads to NAFLD development (5, 6). Therefore, elucidating the cellular and molecular mechanism of hepatic lipid metabolism in fatty liver is crucial.

De novo lipogenesis (DNL), esterified free fatty acids (FFA) and excessive dietary intake contribute to the hepatic TG accumulation (7), and increased DNL plays a dominant role in NAFLD development (6). The catalysis of DNL-associated enzymes including adenosine triphosphate citrate lyase (ACLY), acetyl-coenzyme A carboxylase (ACC), and fatty acid synthase (FAS), leads to the conversion of citrate into fatty acid, which is eventually esterified to form TGs and other lipids (7). In addition to DNL, mitochondrial dysfunction is also involved in the pathogenesis of NAFLD; therefore, mitochondrial-related molecules could be used as potential targets for NAFLD treatment (8, 9). Peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α) plays an eventful role in the regulation of mitochondrial biogenesis and oxidative metabolism (10) and is highly expressed in mitochondrial-rich tissues, such as liver, brown fat and skeletal muscle (11). Moreover, owing to an upregulated lipogenic gene expression and a limited mitochondrial respiratory capacity, severe hepatic steatosis was observed in PGC-1α knockout mice (12).

Long non-coding RNA (lncRNA) is commonly defined as a class of transcript that has no protein coding capacity, with a length of over 200 nucleotides (13). Recently, lncRNAs have been increasingly reported to influence the development of various human diseases, including NAFLD. For example, lncRNA Gm15622 was confirmed to activate the hepatic DNL by sponging miR-742-3p and aggregated hepatic lipids accumulation (14). But fewer studies had linked lncRNAs to mitochondrial oxidative function in fatty liver compared to DNL. LncRNA growth arrests specific 5 (GAS5) was firstly isolated from the fibroblasts of a growth-arrested mouse, wherein the expression of GAS5 was significantly upregulated post-transcriptionally (15). Subsequently, GAS5 was identified as the 5’-terminal oligopyrimidine (5’TOP) class of genes that are clustered in messenger ribonucleoprotein (mRNP) particles when cell growth is arrested (16). Regarded as a tumor suppressor, GAS5 regulates cellular proliferation, invasion and metastasis in various types of human tumors (17, 18). Additionally, overexpressed GAS5 can reduce liver fibrosis by inhibiting the activation of stellate cells and reducing the accumulation of hepatic collagen (19). GAS5 has been recently reported to be upregulated in liver tissues and serum of patients with NAFLD (20); however, its function and underlying mechanism remain unclear.

MicroRNA (miRNA) is another group of non-coding RNAs, with 21–25 nucleotides, that work as post-transcriptional suppressors of targeted genes by facilitating mRNA degradation (21, 22). Functions of various miRNAs, including miR-26a, miR-34a and miR-214-3p, have been investigated in NAFLD (21–23). Overexpression of miR-26a has been reported to ameliorate hepatic steatosis by directly inducing eukaryotic initiation factor 2α (EIF2α) in mice fed with high-fat diet (23). Interestingly, the sponging of GAS5 with miR-26a-5p has been observed in degenerative nucleus pulposus cells, diabetic cardiomyopathy and laryngeal squamous cell carcinoma (24–26). Hence, the potential of GAS5 as a competing endogenous RNA (ceRNA) for miR-26a-5p in fatty liver is worth exploring.

PDE4B is a member of the Phosphodiesterase-4 (PDE4) family, whose inhibition regulates the cyclic adenosine monophosphate (cAMP) homeostasis and promotes the hepatic carnitine palmitoyl transferase 1α (CPT-1α) expression in alcohol-induced steatosis (ALD) (27). Given the similar pathophysiological changes between NAFLD and ALD, PDE4B/cAMP could be involved in the development of NAFLD.

This study verifies the expression of GAS5 in in vivo and in vitro fatty liver models and explores the function and mechanism of GAS5 in hepatic lipid metabolism.



Methods and Materials


Materials and Reagents

High fat diet (HFD) with 60% kcal from fat and normal chow diet (ND) with 9.7% kcal from fat were purchased from Biotech HD Co., Ltd. (Beijing, China) and Future Biotech Co., Ltd. (Beijing, China), respectively. Oleic acid (OA), palmitic acid (PA), Dulbecco’s Modified Eagle Medium (DMEM), bovine serum albumin (BSA), high-performance liquid chromatography (HPLC)-grade formic acid, HPLC-grade ammonium formate and ammonium acetate (NH4AC) were purchased from Sigma-Aldrich (MO, USA). Foetal bovine serum (FBS) was obtained from Biological Industries (Israel). H89, forskolin, lipid peroxidation malondialdehyde (MDA) assay kit, superoxide dismutase (SOD) assay kit and ATP detection kit were purchased from Beyotime (Shanghai, China), whereas the triglyceride (TG) assay kit was purchased from Nanjing Jiancheng Institute of Biotechnology (Nanjing, China). Lipofectamine 3000, enhanced chemiluminescence (ECL) chromogenic reagent, mass spectrometry (MS)-grade methanol, MS-grade acetonitrile, HPLC-grade 2-propanol and ammonium hydroxide (NH4OH) were purchased from Thermo Fisher Scientific (MA, USA). Acetonitrile was purchased from Merck (Darmstadt, Germany). Haematoxylin and eosin (HE), oil red O staining kits and DAPI were obtained from Service Biology (Wuhan, China). Phosphate buffered saline (PBS) and radioimmunoprecipitation assay (RIPA) lysis buffer were purchased from KeyGEN (Nanjing, China). An enzyme-linked immunosorbent assay (ELISA) kit for cAMP analysis was purchased from Chen Gong Biotechnology Co. Ltd. (Shanghai, China). RNA extraction kit was purchased from Yishan Biotech (Shanghai, China). The polymerase chain reaction (PCR) kit for mRNA detection and miRNA detection were purchased from Takara (Takara Biotechnology, Dalian, China) and Sangon Biotech (Shanghai, China), respectively. Dual-luciferase kit was obtained from Yeasen (Shanghai, China).



Animals and Treatments

Seven-week-old male C57BL/6J mice and obese (ob/ob) mice with C57BL/6J genetic characteristics were purchased from Jiangsu GemPharmatech Co., Ltd. (Nanjing, China). The mice were kept under suitable temperature and humidity, with a 12 h light-dark cycle. After acclimation to the new environment for a week, the mice were divided into three groups: (1) ND group (n = 7): mice were fed with ND; (2) ob/ob group (n = 7): ob/ob mice were fed with ND; (3) HFD group (n = 7): mice were fed with HFD.

Body weights were recorded each day. The mice were group-housed and provided food and water ad libitum as a recent study described (28). After treatment with HFD or ND for 12 weeks, mice were anesthetized using an intraperitoneal injection of 1% pentobarbital sodium (50 mg/kg), and blood samples and liver tissues were collected.

Experimental protocols were approved by the Animal Care and Use Committee of Fudan University (Shanghai, China). Efforts were made to refine the welfare and reduce the suffering of the experimental mice. The animal studies are reported in compliance with the Animal Research: Reporting of Experiments guidelines (Kilkenny C, 2010).



Liver Specific GAS5 Overexpression

=AAV8-GAS5 plasmid and AAV8-GFP with virus titre more than 1013 vg/ml were constructed by Vigene (Jinan, China). Liver-specific GAS5 overexpression in C57BL/6J mice was established using an injection of AAV8-GAS5 plasmid. Briefly, after a week of acclimatation, seven-week-old male C57BL/6J mice were then divided into four groups (n=7): (1) older ND-fed group (OND), (2) older HFD-fed group (OHFD), (3) AAV8-GAS5 group and (4) AAV8-GFP group. Mice in AAV8-GAS5 group were injected intravenously with a mixture of 7 μl AVV8-GAS5 and 193 μl saline, while that of the AAV8-GFP group were injected with AAV8-GFP. Plasmid was stably expressed in mice 3 weeks after tail vein injection (29). During the 3 weeks, mice in all four group were fed with ND, and then mice of OND group were still fed with ND, while the other three groups were fed with HFD for the next 12 weeks.



In Vitro Models

Two normal human hepatocyte lines, HL-7702 (L-02; CVCL_6926) and QSG-7701 (7701; 3131C0001000200007) were purchased from Yuanchuang Biological Technology Co., Ltd. (Shanghai, China) and complied with the cell STR identification standards established by the International Committee for Cell Identification. Cells were cultured in DMEM containing 10% FBS and maintained in an incubator at 37°C with 5% CO2. To establish in vitro models, L02 and 7701 cells were treated with a free fatty acid (FFA) mixture (1mM, OA:PA, 2:1 in DMEM with 10% FBS) for 24 h. H89 is a specific PKA inhibitor and forskolin is a cAMP activator (30). L02 and 7701 cells were cultured in DMEM containing 10% FBS and treated with 20 μM H89 or forskolin mixed with DMEM for 1 h before FFA stimulation.



Plasmid and Small Interfering RNA (siRNA) Transfection In Vitro

Full-length GAS5 sequence was cloned into the vector pcDNA3.1 (+) (GenePharma, Shanghai, China). Specific siRNAs for GAS5 and PDE4B as along with a mimic and an inhibitor of miR-26a-5p were designed and synthesised by GenePharma. Oligonucleotide sequences are shown in Table 1. Cells were seeded into six-well plates, and the transfection experiments were performed using Lipofectamine 3000, following the manufacturer’s instructions.


Table 1 | Small interfering RNAs (siRNAs) used in this study.





Histological Analysis and Oil Red O Staining

Livers were collected and fixed in 4% paraformaldehyde for more than 24 h. Tissues were embedded with paraffin, and 5 μm sections were sliced for HE and oil red O staining. The oil red O staining was performed as previously described (31).



Biochemical Analysis of Tissues and Cells

Liver tissues and cell samples were homogenised using PBS or lysed using RIPA lysis buffer. Following this, TG, MDA and SOD levels were detected using the commercial test kits. cAMP levels in the liver tissues and cells were detected using an ELISA kit according to the manufacturer’s protocol.



RNA Extraction and Quantitative Real-Time PCR (RT-qPCR)

Total RNA was obtained from the liver tissues and cells using an RNA extraction kit and RT-qPCR was performed following the manufacturer’s instructions using a QuantStudio 3 (Thermo Fisher Scientific) thermocycler. β-actin and U6 small nuclear RNA were used for the normalisation of mRNA and miRNA, respectively. Primers used for RT-qPCR in the study are presented in Table 2.


Table 2 | Primers used for qPCR in the study: For mice.





Western Blot

Total protein was extracted from the liver tissues or cell samples using RIPA lysis buffer. Antibodies including Adenosine triphosphate citrate lyase (ACLY, Cat No. 15421-1-AP), acetyl-coenzyme A carboxylase 1 (ACC1, Cat No. 21923-1-AP), fatty acid synthase (FAS, Cat No. 13098-1-AP), GAPDH (Cat No. 60004-1-Ig), peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α, Cat No. 66369-1-Ig) and cAMP-response element-binding protein (CREB, Cat No. 12208-1-AP) were purchased from Proteinech Group (IL, USA), while phosphodiesterase (PDE) 4B (Cat No. 72096) and phosphorylated CREB (p-CREB, Cat No. 9198) were purchased from Cell Signalling Technology (CST, MA, USA). The dilution of antibodies used in this study were as follows: ACLY (1:1000), ACC1 (1:1000), FAS (1:1000), GAPDH (1:5000), PGC-1α (1:1000), p-CREB (1:500), CREB (1:1000), and PDE4B (1:1000). Western blotting was performed according to the standard protocol and different bands were detected using ECL chromogenic reagent.



Immunofluorescence

L02 and 7701 cells were seeded on sterile glass coverslips and gently washed with PBS. Samples were fixed with 4% paraformaldehyde for 15 min and rinsed thrice for 5 min each. After 5 min of incubation with 0.2% Triton X, samples were immersed in 5% BSA for 1 h. Blocking buffer was then aspirated and coverslips were incubated with p-CREB (1:100, Cat No. 9198, CST, MA, USA) at room temperature for 2 h. The target antigen was visualised using a fluorescent microscope after incubation with an AlexaFluor488-labeled secondary antibody (Invitrogen, CA, USA) and 4’, 6-diamidino-2-phenylindole (DAPI).



Luciferase Reporter Assay

The human embryonic kidney (HEK) 293T cell line was purchased from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences and cells were cultured in DMEM with 10% FBS. The binding sites of has-miR-26a-5p within GAS5 and PDE4B were predicted using ENCORI (https://starbase.sysu.edu.cn). The full-length of GAS5 and fragment of PDE4B 3′-UTR containing the predicted binding sites were amplified using PCR and cloned into a pmirGLO vector (AZENTA, Suzhou, China). The binding sites were mutated to establish the mutant (MUT) model. The reported plasmid and has-miR-26a-5p mimic or inhibitor were co-transfected into HEK 293T. Additionally, a commercial dual-luciferase kit was used to detect the luciferase assay after 36 h of transfection.



Relative Quantitative Lipidome Analysis of Liver Tissues

Hepatic lipids were extracted with the methyl tert-butyl ether (MTBE) method. Briefly, 30 mg of the liver sample was mixed with 200 μl H2O and vortexed for 30 s. Subsequently, 240 μl of precooling methanol was added to the mixture and vortexed for 30 s. Following this, 800 μl of MTBE was added to the mixture, which underwent ultrasound for 20 min at 4°C. The solution was centrifuged at 14000 g for 15 min at 10°C and the upper organic solvent layer was obtained and dried using nitrogen gas. The lipid extracts were re-dissolved in 200 μl 90% isopropanol/acetonitrile and centrifuged at 14000 g for 15 min, and the mass spectra was acquired using Q Exactive Plus system (Thermo Fisher).



Untargeted Metabolome Analysis of Liver Tissues

Livers were frozen in liquid nitrogen immediately after dissection. At least 80 mg tissues were cut and homogenised with 200 μl of H2O and five ceramic beads. Then, 800 of μl methanol/acetonitrile (1:1, v/v) was added to the homogenised solution for metabolite extraction. The mixture was centrifuged for 15 min (14000 g, 4°C) and the supernatant dried in a vacuum centrifuge. For LC-MS analysis, the samples were re-dissolved in 100 μl acetonitrile/water (1:1, v/v) solvent. Samples were separated using an Agilent 1290 Infinity LC ultra-high performance liquid chromatography system (UHPLC, Agilent, CA, USA) and analysed using a Triple TOF 6600 mass spectrometer (AB SCIEX, CA, USA).



Statistical Analyses

All data are expressed as mean ± standard error of mean. Comparisons between groups were determined using unpair Student’s t test or the Analysis of Variance (ANOVA). Statistical analyses were performed using GraphPad Prism 8 software (GraphPad Software, CA, USA). P value < 0.05 indicated significant difference. All data are available from the authors on reasonable request.




Results


GAS5 Is Elevated in Ob/Ob Mice, HFD Fed Mice and FFA Stimulated Hepatocytes

The body weights of mice in different groups were recorded every week (Figure 1A). HFD mice grew significantly heavier than ND mice and there was significant difference from the 9th week. Importantly, HE and oil red O staining showed that ob/ob and HFD mice produced more lipid droplets in the hepatic intracellular vacuoles than the ND mice (Figure 1B). Correspondingly, the ratio of liver weight to body weight in the ob/ob and HFD mice was much higher than in the ND group (Figure 1C). Notably, the hepatic TG content was increased in the ob/ob and HFD mice (Figure 1D). Relative quantitative lipidome analyses of HFD and ND mice were conducted to determine lipid concentrations between the HFD and ND groups (Figures S1, 2). HFD fed mice had significantly higher levels of total lipids and TGs compared with that of the ND fed mice (Figures 1E, F).




Figure 1 | The expression of long non-coding RNA growth arrest specific 5 (GAS5) in in vivo and in vitro non-alcoholic liver disease (NAFLD) models. The body weight of mice in normal chow diet (ND), obese (ob/ob) and high fat diet (HFD) groups were recorded (A). After 12 weeks of HFD treatment, livers were collected for haematoxylin and eosin staining and oil red staining (Original magnification, ×200) (B). The ratio of liver weight to body weight was calculated (C). Levels of triglycerides (TGs) in the liver tissues were detected using commercial kits (D). Total lipids in HFD and ND fed mice and TG concentration was detected using mass spectrometry (E, F). The gene expression of SREBP-1c, FAS, ACC1, ACLY, DGAT1 and CD36 was detected using quantitative real-time polymerase chain reaction (RT-qPCR) (G). Protein expression of ACLY, ACC1 and FAS was determined using western blotting (H). Expression of GAS5 in ND, ob/ob and HFD mice were detected using RT-qPCR (I). TG levels (J), oil red staining (Original magnification, ×200) (K), and lnc-GAS5 expression (L) of cells treated with FFA. Data are expressed as mean ± standard error of mean. *P < 0.05 and **P < 0.01; n = 7 in C-F and n = 3 in G-L.



DNL, lipid uptake and lipoprotein secretion contributed to hepatic lipid metabolism. As shown in Figure 1G, the expression of key genes associated with DNL, lipid uptake and lipoprotein secretion were significantly increased in ob/ob and HFD fed mice. Consistently, the protein levels of DNL-associated enzymes were also increased in the ob/ob and HFD mice (Figure 1H). Therefore, the NAFLD mice models were successfully established, and the expression of GAS5 was upregulated in the ob/ob and HFD mice (Figure 1I).

L02 and 7701 cells were used to establish the in vitro models. FFA caused an increase in the intracellular TG content (Figure 1J), which was evidenced by the increased lipid droplet production in the FFA-treated cells (Figure 1K). Moreover, GAS5 expression was higher in FFA treated cells than control cells (Figure 1L).



GAS5 Overexpression Aggravates Lipid Accumulation

Compared with the AAV8-GFP plus HFD groups, mice in the AAV8-GAS5 plus HFD group developed a significantly higher body weight and liver/body weight ratio (Figures 2A, B). Notably, increased lipid droplet accumulation in the hepatic intracellular vacuoles was observed in the GAS5 overexpressed group (Figure 2C). AVV8-GAS5 significantly increased the expression of GAS5 in liver tissues (Figure 2D). Changes in the biochemical parameters were observed, with increased hepatic TG levels in GAS5 overexpressed mice (Figure 2E).




Figure 2 | Long non-coding RNA growth arrest specific 5 (GAS5) overexpression aggregates hepatic lipid accumulation. After mice were injected with AAV8-GAS5 or AAV8-GFP for 21 days, they were fed with high fat diet (HFD) or normal chow diet (ND). The body weight of mice in OND, OHFD, AAV8-GFP plus HFD and AAV8-GAS5 plus HFD group was recorded every week (A), data are expressed as mean ± standard error of mean (SEM), *P < 0.05, n = 7. The ratio of liver weight to body weight in different groups were calculated (B), data are expressed as mean ± SEM, **P<0.01, n = 7. The expression of GAS5 in different groups (C), data are expressed as mean ± standard error of mean (SEM), *P<0.05, **P<0.01, n = 3. Haematoxylin and eosin staining and oil red staining of liver tissues in different groups (Original magnification, ×200) (D). The detection of hepatic triglycerides (TGs) in different groups (E), data are expressed as mean ± SEM, **P<0.01, n = 7. Cells were transfected with pcDNA3.1-GAS5 (described as GAS5) or pcDNA3.1 vector and treated with free fatty acid. The quantitative real-time polymerase chain reaction analysis of GAS5 in different groups (F), and the TG detection in different groups (G); data are expressed as mean ± SEM, *P < 0.05, **P < 0.01, n = 3.



Simultaneously, this study confirms that the expression of GAS5 in cells was upregulated with pcDNA-GAS5 transfection (described as GAS5 in Figures) (Figure 2F). Furthermore, GAS5 overexpression resulted in increased TG synthesis in FFA-stimulated cells (Figure 2G). Therefore, GAS5 overexpression is closely associated with hepatic and hepatocellular lipid accumulation.



GAS5 Knockdown Alleviates Hepatocellular DNL Lipogenesis

All three synthetic siRNA for GAS5 (siGAS5) significantly downregulated the intracellular GAS5 levels (Figure 3A). TG contents in the cells were also reduced after GAS5 knockdown (Figure 3B). Correspondingly, decreased lipid droplets were produced in the cells (Figure 3C). Moreover, the protein expression of DNL enzymes, ACC1 and FAS was downregulated in FFA-treated cells after GAS5 suppression (Figure 3D). Similar results were observed in the mRNA expression of ACC1 and FAS (Figure 3E). Considering that siGAS5-1 had the strongest inhibitory effect on GAS5 expression and had an obvious effect on inhibiting lipid droplet formation and reducing the expression of ACC1 and FAS in L02 and 7701 cells, we selected siGAS5-1 for subsequent experiments and described it as siGAS5.




Figure 3 | Long non-coding RNA growth arrest specific 5 (GAS5) knockdown mitigates cellular de novo lipogenesis. After cells were transfected with three synthetic small interfering RNAs, the expression of lnc-GAS5 were determined using quantitative real-time polymerase chain reaction analysis (RT-qPCR) (A) and lipid accumulation in cells were assessed via oil red staining (Original magnification, ×200) (B). The cellular triglyceride levels were detected using commercial kits (C), and the protein and mRNA levels of ACC1 and FAS were measured via western blot and RT-qPCR, respectively (D, E). Data are expressed as mean ± standard error of mean. *P<0.05, and **P<0.01, n = 3.





GAS5 Knockdown Preserves Mitochondrial Function

MDA and SOD are oxidative stress markers, and the increased levels of MDA and decreased levels of SOD indicate that the mitochondrial function is suppressed in the ob/ob and HFD treated mice (Figure 4A). PGC-1α and CPT-1α play important roles in fatty acid oxidation and are key indicators of mitochondrial function, which were reduced in the ob/ob and HFD-fed mice (Figures 4B, C).




Figure 4 | Long non-coding RNA growth arrest specific 5 (GAS5) regulates mitochondrial function. The detection of hepatic malondialdehyde (MDA) and superoxide dismutase (SOD) levels in different groups of mice (A). The protein and mRNA expression of PGC-1α and CPT-1α (B, C). Cells were transfected with small interfering GAS5-1 (described as siGAS5 in subsequent experiments) and then treated with free fatty acid. The detection of cellular MDA and SOD levels (D). The detection of ATP production in cells of FFA, siNC plus FFA and siGAS5 plus FFA groups (E). The expression of mRNA levels of mitochondrial biogenesis including TFAM and NRF-1 in cells of FFA, siNC plus FFA and siGAS5 plus FFA groups (F). The protein and mRNA expression of PGC-1α and CPT-1α in different groups of cells (G, H). Data are expressed as mean ± standard error of mean. *P < 0.05 and **P < 0.01, n = 3.



In L02 and 7701 cells, the levels of MDA were upregulated and SOD were downregulated in FFA-stimulated cells and the changes in MDA and SOD were reversed on GAS5 knockdown (Figure 4D). FFA treatment markedly decreased ATP production, but GAS5 knockdown could upregulate the ATP production in FFA-stimulated cells (Figure 4E). Furthermore, GAS5 knockdown increased the mRNA expression of TFAM and NRF-1 (Figure 4F). In Figures 4G, H, GAS5 knockdown helped cells maintain the levels of PGC-1α and CPT-1α. Hence, GAS5 knockdown can protect the mitochondrial function.



GAS5 Modulates PDE4B Expression by Sponging With MiR-26a-5p

Sequencing analysis showed the potential binding sites between GAS5 and miR-26a-5p. Subsequently, the luciferase reporters were constructed, containing the wild-type GAS5 (GAS5 WT) or mutant GAS5 (GAS5 MUT). Compared with miRNA negative control (NC) or inhibitor NC, miR-26a-5p mimic or inhibitor suppressed or enhanced the luciferase reporter activities of GAS5 WT, but not those of GAS5 MUT (Figure 5A). Potential binding sites were also predicted between PDE4B and miR-26a-5p and further proved by luciferase reporters (Figure 5B). Therefore, GAS5 and PDE4B mRNA are physically associated with miR-26a-5p via these sites.




Figure 5 | Long non-coding RNA growth arrest specific 5 (GAS5) regulates phosphodiesterase-4D (PDE4B) by sponging miR-26a-5p. Bioinformatic predictions of the miR-26a-5p targeting GAS5 3′UTR through the binding sequence, and dual luciferase reporter detection of GAS5 and miR-26a-5p (A). Bioinformatic predictions of the miR-26a-5p targeting PDE4B 3′UTR through the binding sequence, and dual luciferase reporter detection of PDE4B and miR-26a-5p (B). The protein expression of PDE4B in different groups (C). The expression of GAS5 and PDE4B of cells transfected with a miR-26a mimic or inhibitor (D). The expression of miR-26a-5p in cells with GAS5 knockdown or PDE4B knockdown (E). Data are expressed as mean ± standard error of mean. *P < 0.05 and **P < 0.01, n = 3. ns, not significant.



All three siRNA for PDE4B significantly reduced the expression of PDE4B in cells, and we chose siPDE4B-2 for subsequent experiments and described it as siPDE4B (Figure S3). GAS5 knockdown decreased PDE4B protein expression, whereas PDE4B expression was increased on miR-26a-5p inhibition. Decreased miR-26a-5p could promote PDE4B expression even when cells were treated with siPDE4B (Figure 5C). The overexpression of miR-26a-5p suppressed the levels of GAS5, while decreased miR-26a-5p upregulated the expression of GAS5. As a downstream molecule of miR-26a-5p, there exists an inverse correlation between PDE4B and miR-26a-5p (Figure 5D). GAS5 knockdown promoted the expression of miR-26a-5p in FFA-treated cells. Moreover, the decreased level of PDE4B also upregulated miR-26a-5p expression (Figure 5E). Hence, GAS5 sponges with miR-26a-5p and modulates PDE4B expression.



GAS5/MiR-26a-5p/PDE4B Axis Mediates FFA-Induced Hepatocellular Lipid Metabolism

When cells were transfected with siGAS5 and miR-26a-5p inhibitor, lipid accumulation and intracellular TG levels were increased compared to those treated with siGAS5 plus FFA (Figures 6A, B). Western blot and qRT-PCR results showed that GAS5 knockdown inhibited ACC1 expression and promoted PGC-1α expression, whereas these characteristics could be restricted on co-transfection with miR-26a-5p inhibitor (Figures 6C, D).




Figure 6 | The regulation of the long non-coding RNA growth arrest specific 5 (GAS5)/miR-26a-5p/phosphodiesterase-4D (PDE4B) axis in lipid metabolism. Cells were transfected with small interfering (si)GAS5 or siGAS5 plus miR-26a-5p inhibitor and stained with oil red (Original magnification, ×200) (A). Triglyceride (TG) levels were detected using a commercial kit (B), and the protein and mRNA expression of ACC1 and PGC-1α was detected via western blot and quantitative real-time polymerase chain reaction analysis (RT-qPCR), respectively (C, D). Cells were stained with oil red after transfection with siPDE4B or siPDE4B plus a miR-26a-5p inhibitor, (Original magnification, ×400) (E), TG levels detection (F), and the protein and mRNA expression of ACC1 and PGC-1α was detected via western blot and RT-qPCR, respectively (G, H). Data are expressed as mean ± standard error of mean. *P < 0.05 and **P < 0.01, n = 3.



FFA-stimulated cellular lipid accumulation decreased with PDE4B downregulation, whereas it was increased with a miR-26a-5p inhibitor co-transfection (Figure 6E). Consistently, intracellular TG levels in PDE4B knockdown cells could be upregulated by a miR-26a-5p inhibitor (Figure 6F). In Figure 6G, the protein levels of ACC1 decreased when PDE4B was downregulated and this could be reversed by a miR-26a-5p inhibitor. As a protective molecule, changes in PGC-1α were contrasting to those in ACC1. Additionally, ACC1 and PGC-1α mRNA expression detection via RT-qPCR showed similar results (Figure 6H). Therefore, GAS5 regulates hepatocellular lipid accumulation via the miR-26a-5p/PDE4B axis.



Lnc-GAS5 Modulates cAMP/CREB Pathway

As a hepatic manifestation of metabolic syndromes, changes in hepatocellular metabolites can aid in elucidating the regulatory processes of NAFLD. The hepatic untargeted metabolomic analysis of HFD and ND mice were performed to demarcate the HFD and ND groups (Figures S4, 5). The concentration of 144 metabolites changed on comparing the HFD-fed and ND-fed mice (Figure S6A), and different pattern of lipid and lipid like metabolites were shown in Figure S6B. The 20 most enriched Kyoto Encyclopaedia of Genes and Genomes pathways based on metabolite variations are shown in Figure S6C. Given the close association between PDE4B and cAMP, the changes and roles of the cAMP pathway were analysed in this study’s models.

The variation of metabolites involved in the cAMP pathway were collected and significant differences between the HFD and ND groups were observed. The expression of 3-hydroxybutyrate and acetylcholine was downregulated in HFD-fed mice, whereas the hydrolysates of cAMP, adenosine 5’-monophosphate and adenosine were increased in HFD-fed mice (Figure S6D). Furthermore, HFD feeding decreased the levels of hepatic cAMP (Figure 7A). Similar results were detected in FFA-treated cells, whereas GAS5 knockdown increased the cAMP accumulation (Figure 7B). FFA treatment increased the expression of PDE4B and suppressed the expression of p-CREB and PGC-1α. Knockdown of GAS5 promoted CREB phosphorylation and reversed PGC-1α alteration. On the contrary, H89 dephosphorylated CREB and reduced PGC-1α expression (Figure 7C). Furthermore, H89 aggravated the accumulation of lipids in FFA-stimulated cells compared with those transfected with siGAS5 (Figure 6D). Although forskolin did not affect PDE4B expression, it notably promoted CREB phosphorylation and thereby suppressed ACC1 and FAS expression and increased PGC-1α expression (Figure 7E). Forskolin treatment reduced lipid droplet accumulation even when GAS5 was overexpressed (Figure 7F). Integrating the effects of H89 and forskolin on lipid accumulation, the cAMP/CREB pathway was involved in the regulation of GAS5 in hepatocellular lipid metabolism, which was confirmed by the p-CREB immunofluorescence in cells with different treatments. As shown in Figure 7G, p-CREB expression increased with siGAS5 transfection and forskolin treatment, but decreased with GAS5 overexpression and H89 treatment in cells, particularly in the nuclei.




Figure 7 | Long non-coding RNA growth arrest specific 5 (GAS5) regulates cAMP/CREB pathway through phosphodiesterase-4B (PDE4B). The cAMP levels in liver tissues (A) and cells treated with free fatty acid (FFA) or siGAS5 plus FFA (B). Protein expression of PDE4B, p-CREB, CREB, PGC-1α, ACC1 and FAS in cells treated with FFA after transfection with siGAS5 or siGAS5 plus H89 (C). Oil red staining of cells transfected with siGAS5 or siGAS5 plus H89 followed by FFA treatment (Original magnification, ×400) (D). Protein expression of PDE4B, p-CREB, CREB, PGC-1α, ACC1 and FAS in cells treated with FFA after transfection with GAS5 or GAS5 plus forskolin (E). Oil red staining of cells transfected with GAS5 or GAS5 plus forskolin followed by FFA treatment (Original magnification, ×400) (F). Immunofluorescence of p-CREB in cells with different treatment (G). Data are expressed as mean ± standard error of mean. *P < 0.05 and **P < 0.01, n = 3.






Discussion

The present study demonstrated that the expression of GAS5 was upregulated in fatty liver models in vitro and in vivo. Additionally, the function of the GAS5/miR-26a-5p/PDE4B and cAMP/CREB pathway in the regulation of hepatic lipid metabolism was investigated.

With various studies focusing on new targets for NAFLD diagnosis and treatment, lncRNAs has been reported as an increasingly promising candidate (32). Given its increased expression in patients with NAFLD (20), GAS5 could have a role in regulating hepatic lipid metabolism. GAS5 was reported to have anti-tumour effects in many kinds of human tumours, however, Tao et al. demonstrated that GAS5 could be a proto-oncogene in HCC (33). That may partly be explained by the high tissue-specific feature of lncRNA, and therefore, the function of lncRNA in different tissues may be different (34). The single nucleotide polymorphism (SNP) detection and more in vivo studies will help us better understand the biological functions of lncRNAs (35, 36). This study confirmed that the expression of GAS5 was increased in leptin knockout mice, HFD fed mice and FFA stimulated cells. On elucidating the association between GAS5 and hepatic lipid metabolism, increased hepatic DNL was found to be a central metabolic indicator for NAFLD (6, 37, 38). When energy storage is sufficient, dietary lipids, carbohydrates and proteins act as substrates for DNL (39). The actions of regulatory enzymes, including ACLY, ACC and FAS, have been reported to play a role in the regulation of hepatic fatty acid synthesis (40–42). Increasing DNL is closely associated with iron overload and hepatic inflammation through bone morphogenetic protein (BMP6)/Sma- and Mad-related proteins (SMAD) pathway in NAFLD (43). A recent study showed that increased DNL in mice could reduce the expression of HMG-CoA reductase protein and the excretion of bile acids, and facilitated cholesterol uptake. In addition, DNL also led to the secretion of very low-density lipoproteintriglyceride, which was closely associated with hypertriglyceridemia (44). In NAFLD mice models, SREBP-1c, ACLY, ACC1, FAS, DGAT1 and CD36 were upregulated, with significant hepatic TG accumulation in the pathological sections. Lipidome detection is a novel method to study the pathogenesis of NAFLD or alcohol-induced fatty liver disease (45, 46), which detected both quality and quantity changes in lipids in the mice tissues. Liver-specific GAS5 overexpression in mice accelerated weight gain and TG accumulation, gradually developing severe hepatic steatosis and hepatocellular ballooning. Correspondingly, GAS5 knockdown alleviates the cellular lipid accumulation and downregulates DNL marker expressions, demonstrating that GAS5 is closely associated with the regulation of hepatic DNL.

LncRNAs regulate the expression of target genes by competing for shared microRNAs with mRNAs, which are known as ceRNAs (47). Bioinformatic analyses and luciferase reporter assay showed that GAS5 physically interacted with microRNA-26a-5p (miR-26a-5p) through their binding sites. The interaction between GAS5 and miR-26a-5p has been well demonstrated in this study, with GAS5 sponging with miR-26a-5p; furthermore, GAS5 knockdown upregulates miR-26a-5p (23). However, increased levels of miR-26a have been demonstrated to mitigate NAFLD in vivo and in vitro (23, 48, 49). Ding et al. found that miR-26a could downregulate CD36, and thereby reducing the steatosis in HepG2 cells (50). Micewith miR-26a overexpression had significant lower liver weight and TG contents compared with that of the normal control mice (49). Conversely, overexpressed GAS5 notably reduced the expression of miR-26a-5p.

Recently, metabolomic analyses have provided novel insights into the pathophysiology of NAFLD (51, 52). Through the detection of hepatic metabolites, the protective cAMP response pathway was highlighted from the analysis of the KEGG signalling pathways. Known as a second messenger, cAMP can be synthesized by adenylyl cyclase from adenosine triphosphate and initiate downstream molecular interactions (53). In HFD-fed mice or FFA-treated cells, the expression of PDE4B was upregulated. Moreover, PDE4B, which is highly expressed in the liver, selectively hydrolyses cAMP (27). Low levels of cAMP lead to the reduction of mitochondrial function and oxygen consumption, thus promoting NAFLD and insulin resistance (54). Conversely, GAS5 knockdown elevated cAMP, which could be attributed to PDE4B inhibition. Increased cAMP phosphorylates CREB by activating protein kinase A and eventually promoting the induction of peroxisome proliferator-activated receptor (PPAR)-γ coactivator 1α (PGC-1α) (55). However, these changes could be reduced when GAS5 was upregulated. Reduced p-CREB expression exacerbates HFD-induced hepatic steatosis by downregulating PPARα (56), whereas activated p-CREB reduces PPAR-γ expression to regulate the hepatic DNL (57), which was confirmed by the downregulation of DNL-related ACC1 and FAS in GAS5 knockdown cells. However, GAS5 knockdown cells with H89 pre-treatment suppressed PGC-1α expression and increased ACC1 and FAS expression. Additionally, H89 reduced the expression of p-CREB by inhibiting the activity of PKA, and subsequently increasing the expression of SREBP-1c, ultimately leading to DNL (58). Conversely, forskolin pre-treatment increased the level of cAMP, upregulated the expression of PGC-1α and reduced the levels of ACC1 and FAS, without affecting PDE4B. Therefore, GAS5 regulates hepatic lipid metabolism via the cAMP response signalling pathway, at least partially.

A recent study identified GAS5 as a mitochondria-associated lncRNA, sustaining homeostasis by regulating mitochondrial metabolic enzymes in physiology and cancer (59). Mitochondria control energy metabolism in cells and pathways involved in the regulation of energy metabolism at least partially dependent on mitochondrial function (60). The PGC1 family, including PGC-1α, PGC-1β and PGC related coactivator (61), regulate the mitochondrial biogenesis by interacting with transcription factors or nuclear receptors (62). The expression of PGC-1α was downregulated in HFD treatment or FFA stimulation in this study, and reduced PGC-1α fails to maintain the content of mitochondrial-associated proteins (63). Moreover, GAS5 knockdown by siRNA significantly upregulated the levels of PGC-1α. Increased PGC-1α could promote the levels of lipin 1, subsequently activating PPARα to improve the mitochondrial fatty acid oxidation capacity and suppress DNL and lipid secretion (64). Carnitine palmitoyltransferase-1α (CPT-1α) is abundant in the liver and plays an important role in mitochondrial oxidation by converting fatty acyl-CoA to fatty acylcarnitine (65). In this study, impaired mitochondrial function after HFD or FFA treatment was indicated with increased MDA levels and decreased SOD levels. Consistent with a previous study, the increased expression of PGC-1α and CPT-1α ameliorated NAFLD by promoting mitochondrial function (31), with GAS5 knockdown increasing the expression of PGC-1α and CPT-1α. Furthermore, the overexpression of GAS5 suppresses the expression of PGC-1α and CPT-1α and aggravates hepatic lipid accumulation and liver damage.

In conclusion, the expression of GAS5 was increased in in vivo and in vitro fatty liver models. Moreover, GAS5 sponges with miR-26a-5p to upregulate PDE4B expression, thus modulating hepatic lipid metabolism via the cAMP/CREB pathway (Figure 8). This study provides a novel therapeutic strategy for downregulating GAS5 levels in fatty liver treatment.




Figure 8 | The underlying mechanism of long non-coding RNA growth arrest specific 5 (GAS5) in regulating lipid metabolism. Under normal physiological conditions, cAMP is synthesised from ATP with the catalysis of adenylate cyclase. cAMP activates PKA to phosphorylate CREB, and phosphorylated CREB (p-CREB) upregulates PGC-1α and downregulates ACC1 and FAS expression. Therefore, through controlling the de novo lipogenesis (DNL) and mitochondrial function, high level of cAMP may reduce lipid accumulation in liver. cAMP is hydrolysed into AMP by phosphodiesterase, especially phosphodiesterase-4B in liver. GAS5 is upregulated in hepatocytes with high-fat treatment via the miR-26a-5p/PDE4B axis, which consumes cAMP, thereby promoting fat accumulation in the liver.
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Objective

Hypoglycemia in type 2 diabetes (T2D) increases morbidity and mortality but the underlying physiological response is still not fully understood, though physiological changes are still apparent 24 hours after the event. Small noncoding microRNA (miRNA) have multiple downstream biological effects that may respond rapidly to stress. We hypothesized that hypoglycemia would induce rapid miRNA changes; therefore, this pilot exploratory study was undertaken.



Methods

A pilot prospective, parallel study in T2D (n=23) and controls (n=23). Insulin-induced hypoglycemia (2mmol/l: 36mg/dl) was induced and blood sampling performed at baseline and hypoglycemia. Initial profiling of miRNA was undertaken on pooled samples identified 96 miRNA that were differentially regulated, followed by validation on a custom designed 112 miRNA panel.



Results

Nine miRNAs differed from baseline to hypoglycemia in control subjects; eight were upregulated: miR-1303, miR-let-7e-5p, miR-1267, miR-30a-5p, miR-571, miR-661, miR-770-5p, miR-892b and one was downregulated: miR-652-3p. None of the miRNAs differed from baseline in T2D subjects.



Conclusion

A rapid miRNA response reflecting protective pathways was seen in control subjects that appeared to be lost in T2D, suggesting that mitigating responses to hypoglycemia with blunting of the counter-regulatory response in T2D occurs even in patients with short duration of disease.



Clinical trial registration

https://clinicaltrials.gov/ct2/show/NCT03102801?term=NCT03102801&draw=2&rank=1, identifier NCT03102801.





Keywords: Type 2 diabetes, hypoglycemia, miRNA, metabolic pathways, proteomics



Introduction

Severe hypoglycemia in type 2 diabetes (T2D) is associated with cardiovascular-related events that are a risk for increased mortality (1–6), observations that have been reflected in the reports from both retrospective and longitudinal cohort studies (7–10). Causative factors underlying the clinical observations resulting from hypoglycemia include endothelial and thrombotic dysfunction (11–13), oxidative and inflammatory stress (14, 15) and the heat shock protein response (16), but the diverse range of underlying mechanistic dysfunctions resulting from hypoglycemia have not been completely clarified.

MicroRNAs (miRNAs) are non-coding RNAs of ~22 nucleotides in length that function post-transcriptionally as regulators of gene expression; their inhibitory actions lead to mRNA cleavage, repression of translation and mRNA decay (17–20). Each miRNA may impact expression of multiple target mRNAs, thus affecting an array of cellular and biologic pathways. MiRNAs are thought to play a role in many disease states including diabetes and its associated co-morbidities (21, 22). A growing body of evidence shows the critical role of miRNAs in cellular stress responses (23), such as in diabetes, where, for example, miR-126 is involved in vascular repair (24), miR-146 is associated with proinflammatory factors and oxidative stress (25) and knockdown of miR-185 may increase oxidative stress (26, 27). What is also apparent is that the miRNA response can be relatively rapid and may occur within one hour of a stress event (23, 28, 29).

Changes in glucose may modulate miRNA changes with diminished expression of miR-215-5p miR-296-5p and miR-497-3p levels in response to high glucose in the human myometrium (30), and miRNA-375 (miR-375), miRNA-155 (miR-155), miRNA- 21 (miR-21), miRNA-33 (miR-33), the let-7 family have been highlighted to be related to and glucometabolic regulation (31).

In vitro, the low glucose condition decreased the expression of miRNA-17-5p and miRNA-20a-5p in hepatoma cells (32), whilst several miRNA were modulated by low glucose in embryonal mouse hypothalamus cells (33). In animal models, hypoglycemia resulted in ventromedial hypothalamus downregulation of miR7a-5p that, when targeted overexpression was used, the epinephrine response to hypoglycemia was restored (34). In a study restricted to 14 patients with type 2 diabetes alone who underwent a hypoglycemic challenge, selective miRNA analysis restricted to those associated with platelet expression was undertaken on hsa-miR-106a.5p, hsa-miR-126-3p, hsa-miR-126-5p, hsa-miR-15a-5p, hsa-miR-15b-3p, has-miR-15b-5p, hsa-miR-16-5p, hsa-miR-223-3p, hsa-miR-223-5p, hsa-miR-129-2-3p. The results focused on longer term changes of 1 day and 7 days after the hypoglycemic episode but showed that miR-106a-5p, miR-15b, miR-15a, miR-16-5p, miR-223 and miR-126 were increased (35). However, the miRNA response and the rapidity of the response to the development of hypoglycemia in humans remains unknown, but hypothetically the rapid modulation of miRNA may drive subsequent pathophysiological changes; therefore, this pilot exploratory study was undertaken.



Methods


Study design

This pilot prospective parallel study was performed in 46 Caucasian subjects (age range 40–70 years), T2D (n = 23) and control (n = 23), at the Diabetes Centre at Hull Royal Infirmary (36). All T2D patients had diabetes duration <10 years and treatment with a stable dose of medication (metformin, angiotensin converting enzyme inhibitor/angiotensin receptor blocker and/or statin) over the 3-month period prior to participation in the study. For anti-diabetic therapy in the T2D group, only metformin was allowed and HbA1c was required to be <10% (86 mmol/mol), with no hypoglycemic unawareness/hypoglycemia within the 3-month period prior to participation, and no diabetes related complications. For control subjects, an oral glucose tolerance test (OGTT) was used to exclude diabetes. All participants had body mass index (BMI) of 18-49kg/m2, normal screening blood biochemistry, no cancer history or contraindication to undertake insulin infusion to hypoglycemia.



Study participants

A medical history with clinical examination, routine blood tests plus an electrocardiogram was performed on all participants. Hypoglycemia was induced by a continuous insulin infusion, as previously detailed (11), with blood samples taken at baseline and hypoglycemia. The infusion from baseline to severe hypoglycemia was over a 1-hour timeframe with blood glucose dropping from 3.5 to 2 mmol/l over an approximately 25-minute period.

Each participant provided written and signed informed consent, and the trial conducted per the Declaration of Helsinki. Approval for the trial was granted by the North West-Greater Manchester East Research Ethics Committee (REC number:16/NW/0518); trial registration at www.clinicaltrials.gov (NCT03102801) on 06/04/2017.



Insulin infusion

The insulin infusion was performed as previously detailed (11). “Following an overnight fast, 30–60 min prior to the commencement of the test (0830 h), bilateral ante-cubital fossa indwelling cannulas were inserted. To induce hypoglycemia, soluble intravenous insulin (Humulin S, Lilly, UK) was given in a pump starting at a dose of 2.5 mU/kg body weight/min with an increment of 2.5 mU/kg body weight/min every 15 min by hypoglycemic clamp, until two readings of capillary blood glucose measured by a glucose analyser (HemoCue glucose 201 +) ≤ 2.2 mmol/L (< 40 mg/dl) or a reading of ≤ 2.0 mmol/L (36 mg/dl) was achieved. Initially, patients with T2D were clamped to euglycemia (5mmol/l; 90mg/dl), then subsequently to hypoglycemia. The blood sample schedule was timed subsequently in respect to the time point that hypoglycemia occurred. Following the identification of hypoglycemia, intravenous glucose was given in the form of 150 ml of 10% dextrose and a repeat blood glucose check was performed after 5 min if blood glucose was still < 4.0 mmol/L”.



Biochemical markers

As previously described (36), “blood samples were separated immediately by centrifugation at 2000 g for 15 min at 4°C, and the aliquots were stored at -80°C, within 30-min of blood collection, until batch analysis. Fasting plasma glucose (FPG), total cholesterol, triglycerides, and high-density lipoprotein (HDL) cholesterol levels were measured enzymatically using a Beckman AU 5800 analyser (Beckman-Coulter, High Wycombe, UK)”.



RNA extraction from human plasma

Total RNA was extracted using the MagMAX™ mirVana™ RNA Isolation Kit (Thermo Fischer Scientific, Waltham, MA, USA) on an automated KingFisher instrument (Thermo Fischer Scientific, Waltham, MA, USA). The MagMAX™ mirVana™ RNA isolation kit is a magnetic bead-based kit that uses MagMAX magnetic-bead technology for efficient isolation of total RNA from plasma samples from 100 µl of human plasma.



Expression analysis of microRNA by taqman openarray human advanced microRNA panel

2 µl of the extracted total RNA was used for cDNA conversion using TaqMan™ Advanced miRNA cDNA Synthesis Kit as per manufacturer’s recommended protocol. Given the low abundance of miRNA in plasma samples, cDNA was preamplified prior to the final real-time PCR step. 1:20 diluted cDNA was mixed with 2X TaqMan OpenArray Real-Time Master Mix solution to perform real-time PCR on the OpenArray plate. 5 µL sample of PCR reactions was pipetted into each well of a 384-well plate and samples with the master mix were loaded from the 384-well sample plate onto the OpenArray plate using the OpenArrayAccuFill System. The PCR was performed on the QuantStudio 12K Flex Real-Time PCR System (Thermo Fischer Scientific, Waltham, MA, USA). The miRNA measurements were done in two phases. 1) profiling and 2) validation. Initially profiling was done using pooled samples (4 in each group) obtained from 12 subjects in both control and diabetes group at baseline and at hypoglycemia. Profiling for miRNA was performed using standard The TaqMan® OpenArray® Human MicroRNA Panel, QuantStudio™ 12K Flex panel which is a fixed content panel that contains 754 well-characterized human miRNA sequences. Profiling was done to identify lead targets for validation according to the manufacturer’s recommended protocol. Profiling experiments were done in a set of pooled samples taken from both the baseline and hypoglycemia timepoints and using default miRNA panels which consisted of 754 miRNAs. From this pooled sample data analysis, 96 miRNA that were differentially regulated were selected for the validation phase. Validation was done on custom designed 112 miRNA panel which included 96 miRNAs identified from the profiling phase, internal controls and other miRNAs that were published in the literature to be differentially expressed in patients with diabetes-related complications. The miRNA validation was done on diabetic and control subject samples, n=23 per group, at baseline and at hypoglycemia. The miRNA expressions were quantified using ExpressionSuite Software (Thermo Fischer Scientific, Waltham, MA, USA) data-analysis tool that utilizes the comparative Cτ (ΔΔCτ) method to accurately quantify relative miRNA expressions. ExpressionSuite generates the results in the form of Rq values, which are equivalent to the log2 scale, therefore any changes indicate a log2 fold change.

Ingenuity Pathway Analysis (IPA) software (Qiagen, Germantown, Maryland, USA) allows for data analysis together with integration of data derived from an array of experimental datasets, including gene expression and miRNA. Here, we performed IPA to illustrate the canonical pathways related to the top 10 altered miRNAs in control and T2D subjects highlighted in this study.



Statistics

There was no information regarding changes in miRNA on which to base a sample size calculation. For such pilot studies, Birkett and Day (37) suggest a minimum of 20 degrees of freedom to estimate variance from which a larger trial could be powered, hence 23 subjects in each group were recruited. SPSS (v22, Chicago, Illinois) was used for statistical analysis. Descriptive data is presented as mean ± SD for continuous data and n (%) for categorical data. T-tests or Mann Whitney tests were used to compare means/medians as appropriate. Mean normalization was performed before analysis using the global mean of each miRNA. Normalization was performed using GenEx software (provided with the Bioanalyzer) to achieve a global mean of all miRNAs with Ct <35. An unpaired t-test was used to test paired changes between T2D and controls in miRNA levels.




Results

Demographic and clinical characteristics of the study participants are shown in Table 1. Those subjects with T2D were of relatively short 4.5-year disease duration (38), were free of microvascular and macrovascular complications, had an increased BMI, and with lower total cholesterol and HDL compared to controls.


Table 1 | Demographic and clinical characteristics of the study participants.



All subjects experienced neuroglycopenic symptoms, feeling tremulous and sweating, as blood glucose was lowered, though this was transient and reversed quickly as soon as the hypoglycemic target was reached which was immediately reversed with dextrose.

There were no differences in miRNAs between T2D and controls at baseline, as shown in Supplementary Table 1, or at hypoglycemia. The top 10 miRNA with the greatest changes from baseline to hypoglycemia are shown in Table 2, in which it can be seen that 9 of the miRNAs differed significantly in controls (eight were upregulated: miR-1303, miR-let-7e-5p, miR-1267, miR-30a-5p, miR-571, miR-661, miR-770-5p and miR-892b, whilst one was downregulated: miR-652-3p); mean Relative Quantification (RQ) fold changes for these top 10 miRNAs are shown in Figure 1. Notably, no miRNAs differed significantly from baseline to hypoglycemia in T2D subjects, though mean RQ fold changes for the top 10 miRNAs that showed differing expression are shown in Figure 2.


Table 2 | Top 10 miRNAs that changed from baseline to hypoglycemia in T2D and control subjects in the validation experiment.






Figure 1 | The top 10 miRNAs that changed from baseline to hypoglycemia in control subjects. RQ, mean relative quantification.






Figure 2 | The top 10 miRNAs that changed from baseline to hypoglycemia in type 2 diabetes subjects. RQ, mean relative quantification.



All of the 112 miRNA that were measured in this customized panel in the validation phase of this study are shown in Supplementary Table 2.

Ingenuity Pathway Analysis (IPA) was performed on the top 10 altered miRNAs in control (Figure 3) and T2D (Figure 4) subjects. Specifically focusing on the top 10 miRNAs found in T2D (as shown in Table 2), nine of these miRNAs were associated with neurological disease giving a score of p<0.04–p<414 (the score calculates the likelihood that the network eligible molecules are found as part of the network by random chance alone; mathematically the score is the negative exponent of the right-tailed Fisher’s exact test). In addition, nine of these miRNAs were associated with organismal injury and abnormalities that are associated with diabetes complications, with a score of p<0.05–p<414.




Figure 3 | Ingenuity pathway analysis of top 10 miRNA that showed differential expression in control subjects in response to hypoglycemia.






Figure 4 | Ingenuity pathway analysis of top 10 miRNA that showed differential expression in type 2 diabetic subjects in response to hypoglycemia.





Discussion

The novelty of this study was the demonstration that miRNAs are both up-regulated and down-regulated at hypoglycemia, an insult that occurred within 1-hour of initiating the insulin infusion, and that these changes were only seen in controls and not in T2D. There have been no human studies in the literature detailing early miRNAs changes in response to modulation of blood glucose to hypoglycemia with which to compare, and therefore future studies will be needed to confirm these findings. In a study restricted to 14 patients with type 2 diabetes who underwent a hypoglycemic challenge but without a control population, selective miRNA analysis derived from platelet expression showed that upregulation of the miRNA was seen at 1 day and 7 days but no miRNA analysis was reported in the first 24 hours (35). The control population in this study were diabetes free and represented an optimal response to hypoglycemia and showed that the miRNA changes seen were marked and differed significantly from the T2D subjects, suggesting that even in patients with a short duration of diabetes (i.e. less than 10 years after which hypoglycemic unawareness may develop, the physiological response to hypoglycemia is altered and perhaps blunted, a phenomenon better recognised in patients with T2D of longer duration (39, 40). In animal models, experimentally induced recurrent hypoglycemia resulted in ventromedial hypothalamus downregulation of miR7a-5p that, when targeted overexpression was used, the epinephrine response to hypoglycemia was restored (34). Overall, many of the miRNAs that were significantly different in controls have been associated with potential beneficial actions, suggesting that their changes may be protective, and that this protection is lost, or potentially delayed, in T2D. Previously, we have looked at metadrenaline and nor-metadrenaline in a hypoglycemic study in a separate cohort that showed differences at 24-hours but not at the point of hypoglycemia (15) and therefore these were not measured in this study. It is well described in the literature that the growth hormone and cortisol responses occur following the onset of hypoglycemia and, as the samples for miRNA measurement were taken at the exact timepoint of hypoglycemia, they would not be expected to be elevated as indicated by prolactin levels that did not differ either between or within groups (data not shown).

IPA clearly showed that the top 10 miRNAs in T2D are likely to be part of specific disease pathways; the neurological disease pathway encompasses Alzheimer’s disease that is associated with type 2 diabetes (41) and the organismal injury and abnormalities pathway that is associated with diabetes complications. While no individual miRNA was significant in T2D due to patient variability, the top 10 most significant miRNAs were significantly associated with specific diseases that may be diabetes related.

MiR-1303 was upregulated by hypoglycemia and has been associated with T2D, particularly in patients with complications (42); however, its exact role in diabetes is unclear. Within tumor biology, miR-1303 is regulated by the long non coding RNA BCRT1, and the increase in miR-1303 was associated with decreased cellular proliferation that may be of importance in microvascular complication development and therefore may be protective in this case.

MiR-let-7e-5p was also upregulated by hypoglycemia and has been shown to be upregulated by exercise (43), suggesting that stimulus-driven higher levels may be of benefit. MiR-let-7e-5p is down-regulated in DVT patients and overexpression of miR-let-7e-5p enhances the ability for thrombus revascularization in a rat model of venous thrombosis (44), suggesting a beneficial effect on thrombosis; however, its role in diabetes is unclear at present.

MiR-1267 was upregulated by low glucose and has been noted to be upregulated in podocytes (45), suggestive of a possible role in diabetic nephropathy, though this is speculative.

MiR-30a-5p was upregulated and has been reported to be a potential biomarker for T2D (46). In tumor biology and other models, upregulation is associated with a reduction of cellular growth (47) and a reduction of oxidative stress (48), and its upregulation may be nephroprotective against high glucose (49).

MiR-571 was upregulated by hypoglycemia and, together with miR-1303, it has been associated with T2D, particularly in patients with complications (42), most particularly microvascular complications (50). Similarly, miR-661 was upregulated and, together with miR-1303 and miR-571, it has been related to the development of microvascular complications (50), including nephropathy (42).

MiR-770-5p was upregulated in low glucose and its expression has been associated with podocyte inflammation and apoptosis (51, 52) and, together with miR-661 and miR-571, it was associated with diabetes microvascular complications (50).

MiR-892 was upregulated and has been shown to activate NF-kB, with a reduction in cellular proliferation in tumour models (53), and may have an effect on angiogenesis but its role in the development or protection against diabetes related complications needs clarification.

MiR-652-3p was downregulated by hypoglycemia, and, in a meta-analysis, its reduction was associated with T2D (54); its downregulation by statins has a protective effect on the endothelium (55) and perhaps its downregulation here is a reflection of a protective effect.

A study strength is that the T2D participants had short disease duration and relative treatment naïvete. Limitations include small study numbers, as a larger population may have shown additional miRNA changes. Additionally, the time course was limited to baseline to the point of hypoglycemia, though marked changes in miRNA levels in controls were apparent during that timeframe. The increased BMI of the T2D participants should not have altered the hypoglycemia-induced miRNA changes. As participants were Caucasian, these results may not be generalizable to other ethnicities. In future studies, it would be of interest to perform a time course to determine resolution of the miRNA levels in controls and whether miRNA changes showed a lag in T2D, occurring at a later time point. It is possible that the fundamental differences in the miRNA response between T2D and controls seen here could be due to a delayed response in T2D, an important point that should be addressed in future studies. Alternatively, it is important to bear in mind that hypoglycemia does not occur in normal controls and, in the face of this abnormal stimulus, then the response may be an abreaction. Of note, serum measurement of the individual miRNAs may not reflect cellular levels or activity. Assessment of the changes in miRNA at the tissue level are critical to determine the significance of the circulatory changes and their clinical application; whilst this was beyond the scope of our study, future studies should be undertaken to address this.

In conclusion, this study has shown, for the first time, rapid miRNA responses to hypoglycemia, of protective mechanisms in control subjects that appeared to be lost in T2D. Taken together, this suggests that mitigating responses to hypoglycemia with blunting of the counter-regulatory response in T2D occurs even in T2D with a short duration of disease.
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Diff MiRNAs HBA1c Creatinine CHOLESTROL HDL LDL

miR-106b-3p 0.161 -0.436 -0.0776 -0.182 0.001

miR-130a-3p -0.0913 -0.161 -0.309 0.0669 -0.351
miR-130b-5p -0.111 -0.026 -0.388 -0.0154 -0.28

miR-153-3p -0.372 0.219 -0.115 0.168 -0.152
miR-182-5p -0.327 -0.0811 -0.225 0.0626 -0.229
miR-331-3p 0.484 -0.0371 0.0247 -0.197 0.0653
miR-363-3p 0.0575 -0.0793 -0.338 -0.064 -0.268
miR-433-3p -0.395 0.0775 -0.13 -0.0304 -0.113
miR-452-3p 0.456 -0.059 0.0267 -0.183 0.0224
miR-485-5p 0.555 0.0405 0.221 -0.0822 0.152

miR-636 -0.282 -0.103 -0.393 -0.0614 -0.337
miR-652-3p 0.0627 -0.383 -0.00376 -0.342 0.0976
miR-93-5p -0.0617 -0.437 -0.033 -0.231 0.0828

The bold values represent strong correlations i.e. |correlation| > 0.3.
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Feature 0BO OBM P
Value
Age (years) 38.06 + 4.21 4052 + 7.26 0.283
Females (N) 11 9
Males (N) 7 12
Height (cm) 167.4 £ 119 1708 +9.6 0.370
Weight (kg) 113.4 £ 196 1109+ 27.6 0.782
BMI (kg/m?) 400+ 4.5 39.6+3.0 0.746
Smoking (%) 6.0 33.0
HbA1c (%) 55+0.27 7.02+19 0.002
TG (mmol/L) 1.39+0.48 2.65 +1.52 0.001
Cholesterol (mmol/L) 49+11 48«11 0.855
LDL (mmol/L) 28+13 2611 0.728
HDL (mmol/L) 1507 1.0+£03 0.008
Glucose (mmol/L) 52+0.6 74134 0.009
Creatinine (mmol/L) 67.5+ 141 65.3 £ 14.1 0.563
Insulin (miU/mL) 19.0+13.3 276 £13.2 0.053
CRP (mg/L) 128+ 125 71+45 0.064
ALT (U/L) 20.7 £ 11.6 36.5 + 35.1 0.063
AST (UL) 18.8 + 9.6 236+ 15.0 0.251

OBO (obesity only), and OBM (obesity with metabolic syndrome). Significance was determined by the Student’s t-test.
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Organochlorine pesticides

Adjusted odds ratio 95% CI p-value
8-HCH 3.835 1.581-9.302 0.003**
Endrin 4.127 1.905-8.838 0.000***
Heptachlor 1.309 0.928-1.846 0.125
p,p’-DDT 1.149 0.610-2.165 0.666
Adjusted for age, gender, BMI, and family history of T2DM.

Cl, confidence interval.
5 < 0.01; **p < 0.007.
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Gene

PERK
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XBP-1s
GRP-78
IL-6
TNF o

PERK
r

1
0.000
0.274*
0.091
0.249*
0.272*
0.409***
0.480***

r, correlation coefficient.

" <0.05: **p <0.01

<0.001.
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0.000
1

0.404**

0.188

0.279*
0.458***

0.176

0.245*

CHoOP
r

0.274*
0.404**
1
0.379**
0.471%**
0.571***
0.600***
0.417%**

IRE-1a
r

0.091
0.188
0.379*
1
0.637***
0.212
0.443%+*
0.250*

XBP-1s
r

0.249*
0.279*
0.471***
0.637***
]
0.279*
0.420***
0.398**

GRP-78
r

0.272*
0.458***
0.571%*

0.212
0.279*
1
0.283*
0.390*

IL-6
£

0.409***
0.176
0.600***
0.443***
0.420***
0.283*
1
0.580***

TNFo
r

0.480***
0.245*
0.417*
0.250*
0.398**
0.390**
0.580***
1
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Variables

Height

Weight

BMI

Waist circumference

BP systolic

BP diastolic

Fasting plasma glucose
Postprandial plasma glucose

A Ct PERK
r

on

0.08
0.02
0.02
0.06
0.02
-0.29
-0.23

A Ct ATF-4
r

0.14
0.32
0.31
0.49*
0.59**
0.44
0.40***
0.44*

A Ct CHOP
r

0.4
0.5
0.31

0.64**
0.42
0.23

0.41*
0.42*+

A CtIRE-1a;
r

0.24
0.31
0.19
0.38
0.64**
0.61*
0.43***
0.40%**

A CtXBP-1s
r

0.15
0.15
0.05
0.26
0.66**
0.58**
0.46***
0.50***

A Ct GRP-78
r

0.4
0.53*
0.38
0.66***
0.36
0.14
0.32**
0.37***

ACtIL-6
r

0.32
0.27
0.07
0.37
0.42
0.28
0.35%**
0.29%

A Ct TNFo
r

02
0.32
0.28
043

0.3
0.21
0.15
017

r, correlation coefficient.

" <0.05: **p <0.01: *'p < 0.007.
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Genes/OCPs 3-HCH Heptachlor Endrin
r r r
ATF-4 0.284* 0.039 0.247*
CHOP 0.175 0.219 0.286*
IRE-1ou 0.261* 0.243* 0.250*
XBP-1s 0.250* 0.328"* 0.353*
GRP-78 0.167 0.145 0.280*

r, correlation coefficient.
*0 < 0.05; **p <0.01.
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Parameters NGT (N = 70) T2DM (N = 70) p-value
Gender (male/female) 28/47 21/49 0.856
Age (years) 43.65 + 9.22 44.9 + 8.61 0.409
BMI (kg/m?) 243 £33 249+33 0.291
Waist circumference (cm) 88+7.2 963+ 10 0.000***
BP diastolic/systolic (mmHg) 80.4 +6.2/123.5 + 8.1 81.5 +6.1/126.1 + 10.9 0.102
Positive family history of T2DM 16 34 0.003**
Socioeconomic status (I/1I/11I/IV/V) 0/0/4/16/50 0/8/7/14/41 0.018*

Values presented as mean + SD; *p < 0.0!

<0.01;

***n < 0.001.
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Organochlorine pesticides (ng/gm) Controls (mean + SD) N = 70 Cases (mean + SD) N =70 p-value

o-HCH 041 +£1.07 0.90 £ 2.45 0.131
B-HCH 0.89 +2.54 1.25 + 5.56 0.624
y-HCH 0.86 + 1.88 117 +2.88 0.451
3-HCH 0.79 + 0.50 270 +2.73 0.000***
Heptachlor 122 +£117 4.20 £ 3.74 0.000***
Aldrin 0.57 +1.77 0.65 +2.34 0.830
HTEB 0.12 +£0.45 0.36 +0.93 0.053
HTEA 1.81+2.99 1.81+4.70 0.244
o,p’-DDE 1.07 £ 2.71 1.82 +6.48 0.378
Endosulfan | 116+ 4.23 1.77 £+ 4.25 0.391
Dieldrin 0.09 + 0.64 0.38 £ 1.09 0.062
p,p’-DDE 0.58 +2.19 1.11 +4.80 0.368
Endrin 0.60 + 0.56 6.01 + 5.08 0.000***
Endosulfan Il 0.37 + 1.89 0.61 +2.20 0.062
p,p’-DDD 1.74 + 3.21 2.53 + 3.80 0.193
o,p’-DDT 0.35 +0.99 0.72 +1.48 0.121
Methoxychlor 0238 +1.22 0.62 + 1.46 0.105
p,p’-DDT 1.18 £ 0.94 2.09 £ 1.77 0.000***

SD, standard deviation.
‘0 < 0.001.
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Analysis Overall Outliers excluded
No. of studies 52 48

Sen (95% Cl) 0.82 (0.78-0.85) 0.81 (0.78-0.84)
Spe (95% Cl) 0.84 (0.81-0.86) 0.83 (0.81-0.86)
PLR (95% Cl) 5.0 (4.2-5.9) 4.9 (4.2-5.8)
NLR (95% CI) 0.22 (0.18-0.26) 0.22 (0.19-0.26)
DOR (95% Cl) 23 (17-31) 22 (17-30)
AUC (95% Cl) 0.90 (0.87-0.92) 0.89 (0.86-0.92)

Sen, sensitivity; Spe, specificity; PLR, positive likelhood ratio; NLR, negative likelihood
ratio; DOR, diagnostic odds ratio; AUC, area under the curve; Cl, confidence interval.
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Subgroup

MIiRNA proliling
Single miRNA
Multiple miRNAs
Sample size
<100

>100

Specimen
Plasma

Serum

aqueous humor
Regulation mode
Up-regulate
Down-regulate
Ethnicity

Asian

Non-Asian
Internal reference
ue

Non-UB

NA

Cut-off values
Given

NA

Sen, sensitivity; Spe,

No. studies

4
1

38
14

10

38

4

46

40

26
26

Sen (95% CI)

0.80 (0.76-0.83)
0.89 (0.85-0.92)

0.82 (0.79-0.85)
0.80 (0.72-0.86)

0.78 (0.73-0.82)
0.83 (0.78-0.86)
0.83 (0.72-0.91)

0.83 (0.79-0.86)
0.77 (0.66-0.85)

0.81 (0.78-0.85)
0.86 (0.76-0.92)

0.80 (0.77-0.83)
0.88 (0.76-0.94)
0.90 (0.70-0.97)

0.80 (0.75-0.83)
0.84 (0.79-0.88)

Spe (95% CI)

0.83 (0.79-0.86)
0.87 (0.83-0.91)

0.84 (0.80-0.87)
0.83 (0.78-0.87)

0.87 (0.83-0.90)
0.84 (0.80-0.87)
069 (0.61-0.87)

0.84 (0.81-0.87)
0.82 (0.73-0.89)

0.84 (0.81-0.86)
0.83 (0.61-0.94)

0.84 (0.81-0.87)
0.81(0.71-0.88)
0.86 (0.72-0.94)

0.80 (0.76-0.84)
0.87 (0.83-0.90)

PLR (95% CI)

4.6 (3.8-5.5)
7.1 (5.2-9.6)

5.1 (4.1-6.9)
47 (3.6-6.2)

6.1 (4.7-7.9)
1(4.1-6.3
2.7 (2.0-3.7)

5.0 (4.3-5.9)
5.0 (19-13.1)

5.0 (4.1-6.0)
4.5 (2.8-7.3)
6.4 (3.3-12.6)

4.0 (3.2-49)
6.4 (5.0-8.1)

NLR (95% CI)

0.24 (0.20-0.30)
0.13 (0.09-0.17)

021(0.17-0.26)
024 (0.17-0.34)

025 (0.20-0.31)
021 (0.16-0.26)
024 (0.13-0.43)

021(0.17-0.25)
028 (0.19-0.42)

022 (0.18-0.27)
0.17 (0.09-0.32)

0.24 (0.20-0.28)
0.15(0.07-0.33)
0.12 (0.04-0.36)

026 (0.21-0.32)
0.18 (0.14-0.24)

DOR (95% ClI)

19 (14-26)
56 (37-86)

24 (17-35)
20 (12-32)

24 (16-36)
25 (17-36)
11 (5-26)

25 (18-35)
15 (8-29)

23 (17-30)
29 (7-124)

21 (16-29)
29 (9-91)
56 (19-164)

15 (11-23)
35 (23-53)

AUC (95% CI)

0.88 (0.85-0.91)
0.94 (0.92-0.96)

0.90 (0.87-0.92)
0.89 (0.85-0.91)

0.90 (0.87-0.92)
0.90 (0.87-0.92)
0.77 (0.73-0.80)

0.90 (0.87-0.92)
0.87 (0.83-0.89)

0.90 (0.87-0.92)
091 (0.88-0.99)

0.89 (0.86-0.92)
0.90 (0.87-0.92)
0.93 (0.91-0.95)

0.87 (0.83-0.89)
0.92 (0.89-0.94)

specificity; PLR, positive likelihood ratio; NLR, negative likelihood ratio; DOR, diagnostic odds ratio; AUC, area under the curve; Cl, confidence interval: NA, not available.
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79.6
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82.1
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57.4

87.8

79.1

87.8
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75

91.6

85

79

80.3
84
78
100

80

AUC (95%
Cl)

0.89 (0.86-
0.96)
0.892
(0.824-
0.961)
0.836
(©.770-
0.905)
0.937
(0.868-
0.992)
0.825
(©.778-
0.872)
0976

0.866

0.797
(0.709-
0.886)
0.861

0.937

0.722
0.823
0.761
0.938

0.883
(0.813-
0.950)

0.845
(0.769-
0.914)

0.946
(0.857-
0.993)

0.78 (0.66-

0.90)

0.89 (0.81-

0.97)

0.78 (0.67-

0.90)

0.909

0.858
(0.753-
0.963)
0678
(0.585-
0.821)
0.756

0.966
0.972

0.796
(0.724-
0.857)
0677
(0.597-
0.749)
0.762
(0.654-
0.871)
0.671
(0.546-
0.797)
0.862
(0.780-
0.943)
0.912
(0.848-
0.976)
0.798
(0.695-
0.901)
0688
(0.565-
0.810)
0.886
(0.806-
0.967)
0.931
(0.872-
0.990)
0.991

0.892

0.757
(0.698-
0.820)
0.703
(0.633-
0.772)
0.892
(0.848-
0.935)
0.859
(0.810-
0.908)
0716
(0.638-
0.785)
0.839
(0.785-
0.894)
0.788
(0.734-
0.842)
0.931
(0.853-
1.000)
0.847
(0.722-
0.972)
0.892

0.907
0.833
0.983 (0.94-
1.0

0927 (0.82-
1.0)

up, upregulated; down, downregulated; NA, not available; Hi, health individuals; CP, cataract patients; AH, aqueous humor; Sen, sensitivity; Spe, specificity; AUC, area under the curve; Cl,
confidence interval.
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Pathway Hits -In(p) FDR Impact
Aminoacyl-tRNA biosynthesis 10 12.68 0.00 o1
Nitrogen metabolism 5 6.58 0.06 0.00
Purine metabolism 6 4.25 0.18 0.07
Alanine, aspartate and glutamate metabolism 3 4.22 0.18 0.38
Phenylalanine metabolism 4 4.13 0.18 QA7
Glycine, serine and threonine metabolism 4 3.92 0.18 0.25
Glyoxylate and dicarboxylate metabolism 4 3.78 0.18 0.02
D-Glutamine and D-glutamate metabolism 2 3.77 0.18 0.14
Tyrosine metabolism 5 372 0.18 0.08
Cysteine and methionine metabolism 4 3.41 0.22 0.10
Pyrimidine metabolism 4 3.19 0.25 0.06
Butanoate metabolism 3 2.88 0.32 0.04
Citrate cycle (TCA cycle) 2 2.66 0.37 0.07
Arginine and proline metabolism 4 2.44 0.44 0.14
Tryptophan metabolism 4 2.37 0.44 0.14
Sphingolipid metabolism 2 2.27 0.46 0.14
Linoleic acid metabolism 1 1.26 0.89 0.66

FDR, P value adjusted by false discovery rate; Hits, the matched number of metabolites in a pathway; Impact value, value calculated from pathway topography analysis.
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Metabolites Thyroid indices Spearman rank correlation coefficient P Value

L-Tryptophan TGAb (IU/ml) -0.770 0.009
L-Glutamate FT4 (ng/dI) 0.424 0.027
S-Methyl-5'-thioadenosine TSH (ulU/ml) -0.464 0.046
S-Methyl-5'-thioadenosine TPOAD (IU/ml) -0.720 0.006
Guanidinosuccinic acid TPOAD (IU/ml) -0.687 0.01

Creatinine TT4 (ng/ml) -0.576 0.008
Creatinine TT3 (ng/ml) -0.596 0.006
Succinate TPOAD (IU/ml) -0.593 0.033
Succinate TT3 (ng/ml) -0.449 0.047
Succinate FT4 (ng/d)) 0.434 0.024
D-erythro-Sphingosine-1-phosphate TT4 (ng/ml) 0.544 0.013
Decanoyl-L-carnitine TT4 (ng/ml) 0.484 0.031
Acetylvalerenolic acid FT3 (pg/ml) -0.578 0.016
3b-Hydroxy-5-cholenoic acid FT3 (pg/mi) 0.502 0.04
1-Palmitoyl Lysophosphatidic Acid FT4 (ng/dl) 0.522 0.005
Phe-Glu TRADb (IUL) 0.405 0.049
Met-Tyr TGAD (IU/ml) 0.721 0.019
Indoxy! sulfate TT3 (ng/ml) -0.547 0.013

Indoxy! sulfate TT4 (ng/ml) -0.469 0.037
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Age (months)®
Girls/Boys

Wt (Kg)®

FT3 (pg/ml®
FT4 (ng/di)*
TSH(U/mi)?
TT3 (ng/mi)?
TT4 (ng/mi)?
TPOAD (IU/mi)*
TGADb (IU/mi)?
TRAD (IU/L?
ALT (U/L)P
AST (UL)P
GGT (ULY
ALP (U/L)P
TBIL (umol)®
DBIL (umol)®
IBIL (umol/)®
P (@)

TG (mmol/)®
TCHOL (mmol/)®

Normal range

NA
NA
NA
2.71-4.69
1.04-1.83
0.91-4.63
0.81-2.43
55.33-124.22
0.00-60.00
0.00-60.00
0.00-1.50
5-35
10-67
7-32
0-500
3.40-17.10
0.00-10.00
0.00-17.00
60.0-83.0
0.00-1.70
0.00-5.20

GD group (n = 30)

78.80 + 20.50
25/5
24.86 (20.38~28.25)
11.41 £ 6.0
4.33 + 2.41
0.0067 + 0.0039
318+ 1.45
157.92 + 71.58
172.19 + 39.16
760.45 + 1125.21
2011+ 11.06
26.70 (20.30~35.78)
28,50 (23.10~33.48)
20.95 (14.10-33.73)
295 (253-333)
8.80 (6.78-13.58)
361 (2.63-5.28)
5.15 (4.02~7.70)
66.03 + 4.55
0.83 (0.58-1.23)
317 £0.52

Control group (n = 30)

72 £20.42
25/5
26.48 (22.73~29.16)
391032
1.37 £ 0.16
261+ 1.31
112+ 0.23
80.12 + 13.33
44,57 +9.01
23.85 £ 9.72
051+0.24
12.70 (11.45~14.40)
24,50 (21.85~28.25)
10.40 (8.80~11.60)
209 (180~234)
8.40 (6.40~11.65)
2.70 (2.40~3.59)
5.90 (3.95-8.44)
7017 £ 4.02
0.65 (0.49-0.85)
454 £0.89

p Value

NS
NS
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.05
<0.01
<0.01
NS
<0.05
NS
NS
<0.05
<0.05

GD, Graves' disease; W, weight; FT3, free triodothyronine; FT4, free thyroxine; TSH, thyroid stimulating hormone; TT3, total triodothyronine;TT4, total thyroxine; TPOAb, thyroid
peroxidase antibody; TGAb, thyroglobulin antibody; TRAb,thyroid stimulating hormone receptor antibodies; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT,
gamma-glutamyl! transpeptidase; ALP, alkaline phosphatase; TBIL, total bilirubin; DBIL, direct bilirubin; IBIL, indirect bilirubin; TP, total protein; Tg, thyroglobulin; TCHOL, total cholesterol.

The data were normally distributed.
®The data were not normally distributed.
NA, Not available; NS, No significance.
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Baseline

6 months of treatment

12 months of treatment

Sex, M/F

CA, years

Target height, cm

Target height SDS

Highest GH peak N<5 ng/ml/N>5 ng/ml
GH peak at first test, ng/ml
GH peak at second test, ng/ml
Bone age, years

Height, cm

Height SDS

Weight, kg

Weight SDS

BMI, kg/m?

BMI SDS

Growth velocity, cm/year s
Growth velocity SDS §

IGF-1, ng/ml

IGF-1 SDS

Fasting blood glucose, mg/dl
Insulin, pU/ml

HbA1c, mmol/mol

Alkaline phosphatase, U/L
Drug, N recombinant/N biosimilar
GH dose, mg/kg/day
Hypothalamus—pituitary MRI

17/8
9.08 + 3.05
166.1 +8.12
-0.96 + 0.81
718
4.23 £2.06
514201
735277
119.22 + 16.79
-192+0.37
2317 £7.39
-1.79+0.74
16.85+ 148
-0.49+£0.79
4.49 £ 1.59
-1.60+1.04
150.96 + 62.86
-0.08+0.59
81.44 £ 475

267.43 + 136.97
1114
0.028 + 0.004
N =1 Rathke’s cleft cyst
N = 2 small pituitary gland
N =22 normal

124.22 + 16.88
-1.61+0.39"
25.38 + 8.51
-1.62 +0.79*
15.92 +£1.78
-0.61+0.88

8.03 + 1.69
2.78 +1.99%
281.22 + 127.69
0.88 £ 0.76"

85.44 + 8.61

773441

33.18 + 3.00
603.59 + 216.75

0.028 + 0.004

8.41+2.88
127.96 = 16.78
-1.48 + 0.39"
27.39 +9.10
-1.45 £ 0.79*
16.21 + 1.93
~0.55 +0.91
7.19 £ 1.51
1.82 + 2.40%
284.33 + 113.92
0.79 + 0.63"
86.07 + 7.14
8.83 + 5.30
32.83 +2.96
448.33 + 227.44

0.023 + 0.004

BMI, body mass index; CA, chronological age; F, females; FBG, fasting blood glucose; GH, growth hormone; HbATc, glycated hemoglobin; IGF-1, insulin-like growth factor 1; M, males; N,
number; SD, standard deviation; SDS, standard deviation score; U, units. Scalculated on the previous 6 months. *p < 0.0001 baseline vs. 6 months on treatment. *p < 0.0001, baseline vs.

12 months on treatment. Data are reported as mean + SD.
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Metabolites VIP P FC

Amino acid metabolism Isovalerylglycine 2.08 0 1.65
L-Pipecolic acid 1.63 0 1.52

L-Tyrosine 1.76 0 1.4

L-Tryptophan 223 0 1.4

L-Methionine 2.28 0 1.29

L-Phenylalanine 2.48 0 1.3

L-Threonine 1.8 0 1.28

L-Glutamate 1.51 0 1.26

Tyramine 2.46 0 1.24

Creatinine 261 0 0.76

Indoxy! sulfate 1.73 0.01 0.61

Guanidinosuccinic acid 2.66 0 0.59

Dipeptides gamma-L-Glutamyl-L-valine 2.8 0 1.73
Gly-Glu 277 0 1.54

Val-Met 3.08 0 1.48

lle-Ala 1.87 0 1.47

Met-Tyr 1.61 0 1.45

Pro-Glu 261 0 1.39

His-Glu 1.72 0 1.35

Phe-Glu 1.63 0.04 1.29

Trp-lle 1.97 0 1.22

lle-Val 2.41 0 0.57

Lipid metabolism pregnenolone sulfate 221 0 2.71
1-Palmitoyl Lysophosphatidic Acid 2.66 0 2.38

Decanoyl-L-carnitine 213 0 1.87

5-Oxo-ETE 1.57 0.01 1.45

7-Oxocholesterol 178 0.02 1.44

D-erythro-Sphingosine-1-phosphate 226 0 1.32

Cortisone 1.32 0.03 1.22

1-Palmitoyllysophosphatidylcholine 1.6 0.01 0.82

Pristanic acid 1.68 0.01 0.81

all cis-(6,9,12)-Linolenic acid 1.69 0.01 0.73

Linoleic acid 2.02 0 0.73

Pentadecanoic Acid 1.8 0 0.73

Tridecanoic acid (Tridecylic acid) 1.65 0.02 0.72

Sphinganine 222 0 0.69

Myristic acid 212 0 0.64

3b-Hydroxy-5-cholenoic acid 1.58 0.04 0.56

Tricarboxylic acid cycle Isocitrate 1.66 0 1.77
Succinate 1.59 0 1.47

Nucleotide metabolism Hypoxanthine 1.56 0 1.41
Xanthine 2 0 1.34

S-Methyl-5'-thioadenosine 1.96 0 1.35

5,2"-O-dimethyluridine 2.09 0 1.34

2'-Deoxycytidine 5'-monophosphate (dCMP) 2.31 0 1.27

5,10-methylene-THF 1.7 0.04 1.25

Others Phenylacetic acid 1.51 0.04 0.8
Protoporphyrin IX 1.89 0 0.55
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Characteristics

Age (years)

BMI (kg/m?)

Spine BMD (g/cm?)
BCTX (ug/)

PINP (ug/)

Osteokalcin (ug/l) Osteoprotegerin (pmol/)
Osteoprotegerin (pmol/) Sclerostin (pmol/)

Sclerostin (pmol/l) DKK1
DKK1 (pmol/l)

Phosphate (mmol/l) Calcium
Calcium (mmol/l)

Intact PTH (pmol/l) 25(0H)D
25(0H)D (nmolf)

Estradiol (pmol/l)

FSH (IU/1)

Glucose (mmol/l)

ALP (ukat/)

TSH (miU/)

eGFR (mi/sec/1.73 m?)

Data are the mean (SD) or median (IQR).

A
Prior to
oophorectomy

479 (2.5)

207 (26.3 - 34.5)
1.327 (0.140)
0.24 (0.18 - 0.36)
30.8(33.4 - 51.0)
17.0 (13.3-19.2)
519 (3.61)
111.9 (66.0 - 157.2)
462 (17.8)
1.06 (0.12)
2.42 (0.10)
3.12 (1.20)
46.8 (22.8)
338.5 (188.9)
@.2)

52 (0.5)
1.22 (0.99 - 1.57)
2.32 (2.00 - 3.79)
1.60 (0.12)

B
After
oophorectomy

485 (2.4)
29.2(255 - 35.3)
1.266 (0.139)
057 (055 - 0.92)
73.2(59.7 - 109.8)
22.4(20.1-27.7)
6.34 (1.62)
133.1 (112.7-177.5)
56.0 (19.2)

1.22(0.14
252 (0.16)
292 (154
63.2(17.3
36.3(18.2
86.1 (31.6)
5.3(0.5)
1.69 (154 - 2.8)
313 (1.41 - 4.36)
1.66 (0.22)

<0.001
0.766
<0.001
<0.001
<0.001
<0.001
0.067
0.001
0.012
0.004
0.042
0.470
0.045
<0.001
<0.001
0.739
<0.001
0.803
0.139

c
Untreated after
oophorectomy

486 (5.1)

243 (20.8-31.1)
1.012 (0.181)
0.86 (054 - 0.99)
104.5 (74.3 - 111.9)
324 (25.3- 382
5.57 (1.40)
1203 (111.6 - 134.9)
54.6 (13.5)

1.31(0.09
2.47 (0.05)
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Baseline Type 2 Diabetes (n=23) Controls (n=23) p-value

Age (years) 64+8 60 + 10 0.15
Sex (M/F) 12/11 11/12 0.77
Weight (kg) 90.9 + 11.1 79.5 + 8.8 <0.0001
Height (cm) 167 + 14 169 £5 0.64
BMI (kg/mz) 32+4 28+3 <0.0001
Duration of diabetes (years) 45+22 N/A

HbAlc (mmol/mol) 51.2+ 114 372 £2:2 <0.0001
HbAlc (%) 6.8+ 1.0 56+02 <0.0001
Total cholesterol (mmol/l) 42+ 1.0 48 +08 0.014
Triglyceride (mmol/l) 1.7 £ 0.7 1.3 +06 0.06
HDL-cholesterol (mmol/l) 1.1+03 1.5+04 0.001
LDL-cholesterol (mmol/l) 2208 2709 0.05
CRP (mg/l) 3129 53+03 0.66

BMI, Body mass index; BP, Blood pressure; HDL-cholesterol, High density lipoprotein cholesterol; LDL-cholesterol, Low density lipoprotein cholesterol; CRP, C-reactive protein; HbAlc,
Hemoglobin Alc.
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Sensitivity (%)

Specificity (%)

AUC P 95%ClI
ENST00000503273 89.7 29.8 0.592 0.013 0.520-0.664
ENST00000462720 29.3 89.8 0.606 0.017 0.521-0.691
ENST00000480633 66.3 76.3 0.742 <0.001 0.667-0.816
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T2DM (n=6) Prediabetes (n=6) Control (n=6) 2IF P
Gender (male/female) 4/2 4/2 2/4 1.761 0.589
Age (year) 54 +6.03 5317 £3.13 52 + 6.26 0.213 0.811
Weight (kg) 65 (61.25, 75) 65 (62.25, 66.25) 60 (58.75, 77.5) 0.693 0.707
Height (cm) 170.33 £ 5.16 168.67 + 6.98 164.83 + 6.80 1.178 0.335
BMI (kg/m?) 22,62 +2.49 22.84 +2.39 24127 0.594 0.565
TC (mmol/L) 4.86 + 0.92 5.19 + 0.63 594 +£12 2.072 0.160
LDL (mmol/L) 2.65 + 0.52 2.92 + 0.47 3.52 +0.56 4.496 0.030
HDL (mmol/L) 1.09 (0.85, 1.23) 1.04 (0.86, 1.35) 1.31(1.1,2.11) 4.060 0.131
TG (mmo/L) 259 (2.24, 6.51) 2.5(1.98, 7.59) 2.29 (1.98, 3.24) 0.947 0623
Lipoprotein (a) (mg/L) 30.5 (13.5, 213.5) 121 (24.25, 267.5) 66 (36.5, 340.75) 1.263 0.532
Creatinine (umol/L) 63.2 + 7.26 106.5 +7.78 68 +13.29 13.103 0.002
Uric acid (umol/L) 3562.5 + 40 389 + 65.05 399 + 116.84 0.314 0.739
ALT (UL) 18.75 + 0.96 2225 +5.74 19 +4.08 0.906 0.438
AST (ULL) 22 (19, 24.25) 19.5 (12.25, 35) 23 (16.25, 24.5) 0.554 0.758
FPG (mmol/L) 8.8(7.95, 13.15) 6.55 (6.28, 6.65) 5.25 (4.88, 5.5) 15.205 <0.001
A1C (mmol/mol) 85.8 + 17.43 46.67 + 1.53 386 +2.12 13.081 0.004
A1C (%) 9.96 + 1.58 6.47 +0.15 5.7 +0.14 12.832 0.005






OPS/images/fendo.2021.800123/table2.jpg
HTG_D_1
HTG_D_2
HTG_D_3
HTG_D_4
HTG_D_5
HTG_D_6
HTG_P_1
HTG_P_2
HTG_P_3
HTG_P_4
HTG_P_5
HTG_P_6
HTG_N_1
HTG_N_2
HTG_N_3
HTG_N_4
HTG_N_5
HTG_N_6

Raw_reads

95930240
95047612
87308266
93872544
98171594
92939324
94041630
92027882
93457176
84170598
97877050
93912472
85958252
85005964
91876150
91519536
91153458
84993186

Clean_reads

93380952
93684148
85200132
92111104
95680364
90560052
92351516
90468058
91128506
81790586
95285304
92728294
84363446
83070364
89511812
89611444
89365918
83520980

Raw_bases (G)
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14.73
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14.02
12.63
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14.35
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Error rate (%)

0.02
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0.02
0.03
0.02
0.03
0.03
0.02
0.02
0.02
0.03
0.02
0.02
0.02
0.02
0.02
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Q20 (%)

98.25
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98.03
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Gene name

B-actin
SREBP-1c
FAS

ACC1
ACLY
DGAT1
CD36
GAS5
miR-26a
PDE4B
PGC-1a
CPT-1a
For human:
Gene name
B-actin
FAS

ACC1
GAS5
miR-26a
PDE4B
PGC-1a
CPT-10.
TFAM
NRF-1

Forward (5’-3’)

GTGACGTTGACATCCGTAAAGA
TTGTGGAGCTCAAAGACCTG
GCTGCGGAAACTTCAGGAAAT
ATGCGATCTATCCGTCGGTG
TTCGTCAAACAGCACTTCC
GGAATATCCCCGTGCACAA
ATGGGCTGTGATCGGAACTG
CTTGCCTGGACCAGCTTAAT
AAGCTGAGTTCAAGTAATCCAGG
GACCGGATACAGGTTCTTCG
TATGGAGTGACATAGAGTGTGCT
TGGCATCATCACTGGTGTGTT

Forward (5'-3")
CTGGAACGGTGAAGGTGACA
GGGATGAACCAGACTGCGTG
AATGTCCTTCTCCTCCAA
AGTAGCCGTCTCTGTGT
TTCAAGTAATCCAGGATAGGCT
CTATACCGATCGCATTCAGGTC
TCTGAGTCTGTATGGAGTGACAT
TCCAGTTGGCTTATCGTGGTG
ATAAAGAAGAGATAAGCAGATT
GTACAAGAGCATGATCCTGGA

Reverse (5’-3")

GCCGGACTCATCGTACTCC
TGCAAGAAGCGGATGTAGTC
AGAGACGTGTCACTCCTGGACTT
AGCAGTTCTGGGAGTTTCGG
ATTTGGCTTCTTGGAGGTG
CATTTGCTGCTGCCATGTC
TTTGCCACGTCATCTGGGTTT
CAAGCCGACTCTCCATACCT

CAGTGGATGGACAATGTAGTCA
GTCGCTACACCACTTCAATCC
GTCTAGGGTCCGATTGATCTTTG

Reverse (5'-3")
AAGGGACTTCCTGTAACAATGCA
TCTGCACTTGGTATTCTGGGT
GAGTGAATGAGTTGTCCAA
CTCCACGAACAGCTTCACAA
CTGTCCATTGCCGATACAATT
CCAAGTCGTTCACATCTAGTTCA
TCCAGAGTCCGATTGATTTTTGC
TGCCTATTAAGAGAAAACTAC
GCTCTTCTGTGCGGACATC

A universal U6 reference forward primer, and universal PCR reverse primer were provided by the miRNA First Strand cDNA Synthesis kit.

Gene ID

11461
20787
14104
104371
104112
13350
12491
14455
387218
18578
19017
25757

Gene ID
60
2194
31
60674
407015
5142
10891
1374
7019
4899
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Name

GAS5-1

GAS5-2

GAS5-3

PDE4B-1

PDE4B-2

PDE4B-3

siRNA NC
miR-26a-5p mimic
miRNA mimic NC
miR-26a-5p inhibitor
miRNA inhibitor NC

Sense (5-3)

GCUCUGGAUAGCACCUUAUTT
GCAGACCUGUUAUCCUAAATT
GGACCAGCUUAAUGGUUCUTT
GACGCUCAGACACCUAUUATT
CUGCCGAGUUCAUCUAUUATT
CGGGAACAGAGAAUGUUUATT
UUCUCCGAACGUGUCACGUTT
UUCAAGUAAUCCAGGAUAGGCU
UUGUACUACACAAAAGUACUG
AGCCUAUCCUGGAUUACUUGAA
CAGUACUUUUGUGUAGUACAA

Antisense (5’-3)

AUAAGGUGCUAUCCAGAGCTT
UUUAGGAUAACAGGUCUGCTT
AGAACCAUUAAGCUGGUCCTT
UAAUAGGUGUCUGAGCGUCTT
UAAUAGAUGAACUCGGCAGTT
UAAACAUUCUCUGUUCCCGTT
ACGUGACACGUUCGGAGAATT
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Genes

PERK
ATF-4
CHOP
IRE-10:
XBP-1s
GRP-78
IL-6
TNF o

B-Actin

Primer sequence

Forward 5" TGTCGCCAATGGGATAGTGACGA 3’
Reverse 5" AATCCGGCTCTCGTTTCCATGTCT 3
Forward 5" GGGAGTTGGCTTCTGATTCTCA 3’
Reverse 5" ATCAAGTCCCCCACCAACAC 3’
Forward 5" AAACAGGCATCAGACCAGCTT 3’
Reverse 5" CTGCCATCTCTGCAGTTGGA 3’
Forward 5 ACACCATCACCATGTACGACACCA 3’
Reverse 5" ATTCACTGTCCACAGTCACCACCA 3’
Forward 5" TGCTGAGTCCGCAGCAGGTG 3
Reverse 5" GCTGGCAGGCTCTGGGGAAG 3
Forward 5" CATCACGCCGTCCTATGTCG 3’
Reverse 5" CGTCAAAGACCGTGTTCTCG 3’
Forward 5" AAAGATGTAGCCGCCCCAC 3’
Reverse 5° AGGCAAGTCTCCTCATTGAATCC 3
Forward 5 CCCAGGCAGTCAGATCAT 3’
Reverse 5 TCAGCTCCACGCCATT 3

Forward 5" GTCTTCCCCTCCATCGT 3’

Reverse 5" CGTCGCCCACATAGGAAT 3’
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MicroRNA_ID HoV-PTCs (Relative expression) BRAF p.K601E FV-PTC (Relative expression) P-value
hsa-miR-127-3p 38.97 20.19 0.00008
hsa-miR-146b-5p 1,087.18 208.17 0.00017
hsa-miR-21-5p 3,828.23 920.68 0.00080
hsa-miR-205-5p 83.43 21.71 0.00154
hsa-miR-3065-5p 35.89 69.93 0.00176
hsa-miR-379-5p 24.53 20 0.00387
hsa-miR-3151-5p 159.86 583 0.00481
hsa-miR-4454-+hsa-miR-7975 27,491.2 61,250.01 0.00670
hsa-miR-148b-3p 133.24 281.28 0.00718
hsa-miR-1285-5p 47.04 142.18 0.00728
hsa-miR-376¢-3p 25.61 20 0.00919
hsa-miR-27a-3p 24.65 20 0.00934
hsa-miR-30c-5p 190.54 408.81 0.01074
hsa-miR-5196-3p+hsa-miR-6732-3p 96.18 210.32 0.01387

HoV-PTC, hobnail papillary thyroid carcinoma;

BRAF p.K601E FV-PTC, BRAF K601E mutated papillary thyroid carcinoma.
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MicroRNA_ID

hsa-miR-330-3p
hsa-miR-3180-5p
hsa-miR-519b-5p+hsa-miR-519¢-5p+hsa-miR-523-5p+hsa-miR-518e-5p+hsa-miR-522-5p
+hsa-miR-519a-5p
hsa-miR-4286
hsa-miR-539-5p
hsa-miR-486-3p
hsa-miR-556-5p
hsa-miR-323b-3p
hsa-miR-875-3p
hsa-miR-503-5p

HoV-PTCs (Relative
expression)

2.06
1.67
1.94

4,923.05
20.78
2.04
201
3.14
1.57
66.96

CV-PTCs (Relative
expression)

6.74
3.59
3.96

1,195.28
9.54
4.21
3.66
6.99
3.32

25.52

P-value

7.1E-06
0.00188
0.00524

0.00776
0.01012
0.01065
0.01075
0.01329
0.01392
0.01489

HoV-PTC, hobnail papillary thyroid carcinoma; CV-PTCs, classic papillary thyroid carcinoma.
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MicroRNA_ID BRAF p.K601E FV-PTC (Relative expression) CV-PTCs (Relative expression) P-value
hsa-miR-675-5p 1.2 4.07 0.000003
hsa-miR-1250-5p 1.53 5.06 0.000004
hsa-miR-589-5p 1.81 411 0.00011
hsa-miR-433-5p 208 6.6 0.00016
hsa-miR-381-3p 242 6.15 0.00044
hsa-miR-92b-3p 3.01 10.72 0.00047
hsa-miR-4755-5p 1.63 5.28 0.00071
2.88 8.97 0.00135
119 3.4 0.00136
hsa-miR-376a-2-5p 2.09 5.37 0.00162
hsa-miR-1296-5p 1.32 3.52 0.00169
hsa-miR-640 2.59 7.21 0.00200
hsa-miR-129-2-3p 3.11 6.98 0.00203
hsa-miR-1193 2.09 6.06 0.00230
hsa-miR-196a-5p 3.12 13.93 0.00230
hsa-miR-526a+hsa-miR-518c-5p+hsa-miR-518d-5p 28 10.04 0.00319
hsa-miR-2053 1.95 7.53 0.00323
hsa-miR-330-3p 2.38 6.74 0.00426
hsa-miR-1298-5p 2.63 8.15 0.00547
hsa-miR-608 2.4 6.61 0.00573
hsa-miR-889-3p 213 4.86 0.00650
hsa-miR-1226-3p 213 6.16 0.00654
hsa-miR-561-5p 14.97 5.85 0.00665
hsa-miR-4454-+hsa-miR-7975 51,688.68 16,905.97 0.00673
hsa-miR-488-3p 191 4.74 0.00697
hsa-miR-1245b-5p 125 4.73 0.00768
hsa-miR-1273c 173 3.43 0.00776
hsa-miR-875-3p 1.38 3.32 0.00836
hsa-miR-328-5p 157 429 0.00855
hsa-miR-941 2.63 6.29 0.00905
hsa-miR-542-3p 2.14 9.32 0.00954
hsa-miR-215-5p 1.6 3.72 0.00993
hsa-miR-197-5p 5.98 15.91 0.01000

BRAF p.K601E FV-PTC, BRAF K601E mutated papillary thyroid carcinoma; CV-PTC, classic papillary thyroid carcinoma.
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Variable Compared cohorts P-value
miR-21-5p HoV-PTC vs. BRAF p.K601E FV-PTC 0.0059
HoV-PTC vs. CV-PTC 0.0081
BRAF p.K601E FV-PTC vs. CV-PTC n.s.
p.VBOOE HoV-PTC vs. BRAF p.K601E FV-PTC 0.06
wt HoV-PTC vs. BRAF p.KB01E FV-PTC 0.0001
wt HoV-PTC vs. p.VB0OE HoV-PTC 0.0038
miR-146b-5p HoV-PTC vs. BRAF p.KB01E FV-PTC 0.0056
HoV-PTC vs. CV-PTC ns.
BRAF p.KB01E FV-PTC vs. CV-PTC 0.0132
miR-205-5p HoV-PTC vs. BRAF p.KBO1E FV-PTC 0.0098
HoV-PTC vs. CV-PTC ns.
BRAF p.K601E FV-PTC vs. CV-PTC ns.

HoV-PTC, hobnail papillary thyroid carcinoma; BRAF p.K601E FV-PTC, BRAF K601E mutated papillary thyroid carcinoma; CV-PTC, classic papillary thyroid carcinoma; n.s.,

not significant.
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Patient Age at diagnosis (years) Gender Tumor size (cm) Histological variant t n m Stage BRAF status
1 52 F 17 Hobnail 1b 0 0 | wt

2 24 M 4.3 Hobnail 4a 1b 0 | wt

3 46 M 1.2 Hobnail 1b 0 0 | wt

4 38 M 22 Hobnail 2 1a 0 | wt

5 48 F 24 Hobnail 3b(m) 1b 0 | wt

6 48 M 3.8 Hobnail 3 X 0 | wt

7 63 M nv. Hobnail 4a(m) 1a 0 IVA wt

8 73 F 21 Hobnail 2 0 0 | wt

9 56 F 4.5 Hobnail 3b(m) 1a 0 Il wt

10 36 F 16 Hobnail 1b 1a 0 | VB00E
1 65 F 37 Hobnail 3a(m) 1a 0 Il VB00E
12 38 F 1.1 Hobnail 3a(m) 0 0 | VB00E
13 29 F 4.1 Hobnail 3a 1a 0 | VB00E
14 38 M 23 Hobnail 3a(m) 1a 0 | VB0OE
15 55 M 29 Hobnail 3a(m) 1a 0 Il VB00E
16 32 E 3.0 Hobnail 2(m) 0 0 | VB00E
17 69 F 18 Hobnail 1b(m) 1a 0 Il VB00E
18 53 F 1.0 Follicular 1b(m) 0 0 | KBO1E
19 78 M 8.0 Follicular 3a X 0 Il KBO1E
20 34 M 1.2 Follicular 1b 0 0 | KBO1E
21 29 F 37 Follicular 2 X 0 | KBO1E
22 78 F ey Follicular 1a(m) 0 0 | KBO1E
23 45 F 0.6 Follicular 1a(m) 0 0 | KBO1E
24 43 F 3.0 Follicular 2 X 0 | KBO1E
25 42 F 4.5 Follicular 3 X 0 | KBO1E
26 34 F 21 Follicular 2 0 0 | KBO1E
27 52 F 1.3 Classical 1b(m) 1a 0 | VB00E
28 38 F 1.2 Classical 3b(m) 1a 0 | V600E
29 23 F 28 Classical 3b(m) 0 0 | VB00E
30 35 F 15 Classical 1b 1a 0 | VB00E
31 61 F 1.1 Classical 1b 0 0 | wt

32 25 F 17 Classical 1b(m) 0 0 | wt

33 27 F 15 Classical 1b 0 0 | wt

34 43 F 22 Classical 2(m) 0 0 | wt

35 54 F 3.0 Classical 2 1a 0 | wt

M, male; F, female; wt, wild-type.
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ltems

Age (years)

Sex (male%)

BMI (kg/m2)

Fasting glucose (mmoy/L)
OGTT insulin (Oh,uU/mL)
OGTT insulin (2h,uU/mL)
HbA1c

Total cholesterol (mg/dL)
Fasting triglycerides (mg/dL)
HDL (mg/dL)

LDL (mg/dL)

Type 2 diabetes in discovery cohorts (n=11)

40.91+11.77
90.91%

25.63+4.26
7.55+1.98

17.98+29.23

57.24+75.06
8.46+1.97
5.05+3.01
2.53+3.09
1.04+0.22
2.66+0.66

Type 2 diabetes in validation cohorts (n=56)

47.55+12.12
39.13%

27.68+5.50
8.08+3.08

20.20+46.10

61.52+78.30
8.82+1.95
4.46+1.21
2.66+2.56
1.01£0.39
2.65+0.92

t-test/chi-square test (p value)

0.1098
0.1078
0.1822
0.4762
0.8628
0.8869
0.5904
0.5375
0.9021
0.7092
0.9663
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LncRNAs Novel/known The log2 value in the RNA-seq data Significant difference in validation cohort Orthologous sequence with mouse

ENSG00000224515  known - yes Not found

ENSG00000234389  known 1.79 yes Not found

ENSG00000246263  known 1.03 yes Not found

ENSG00000257764  known 3.55 no Not found

ENSG00000269902  known -1.6 no Not found

ENSG00000276649  known ert yes Not found

ENSG00000280832  known 1.63 no Not found

MSTRG.122492 novel 0.6 yes chr3:58,478,307-58,478,532
MSTRG.128697 novel = no Not found

MSTRG.128958 novel 521 yes chr5:66,016,825-66,017,169
MSTRG. 149099 novel 5.32 no Not found

MSTRG.159131 novel -0.65 no Not found

MSTRG.166799 novel 3.88 yes chr6:39,016,934-39,045,231
MSTRG.169545 novel 1.44 no ¢chr14:70,790,722-70,791,594
MSTRG.172533 novel 1.99 yes Not found

MSTRG.23167 novel -1.12 yes ¢hr19:35,211,979-35,262,091
MSTRG.63013 novel 2.66 yes chr17:23,644,824-23,660,240
MSTRG.64433 novel 211 yes ¢hr7:126,093,191-126,095,342
MSTRG.72098 novel 2.06 yes chr11:95,397,976-95,398,838
MSTRG.74858 novel -1.51 yes chr11:121,806,938-121,808,036

MSTRG.95088 novel -2.66 ves chr2:45,237,395-45,239,069
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Biotype

ENSG00000267257
ENSG00000276107
MSTRG.103146
MSTRG.19495
ENSG00000273338
MSTRG.180057
MSTRG.22781
MSTRG.161229
MSTRG.180437
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Gene Biotype Target gene counts
MSTRG.172533 INcRNA 57
MSTRG.118864 IncRNA 52
ENSG00000276649 INcRNA 39
ENSG00000246263 IncRNA 39
RAC1 mRNA 37
ENSG00000279463 IncRNA 35
POLR2K mRNA 32
APP mRNA 32
MAPK3 mRNA 32
RHOA mRNA 30
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Categorical features

No significant difference in
sequencing cohorts

No expression in either group
of sequencing cohorts

Known IncRNA with significant
difference in sequencing
cohorts

Novel IncRNA with significant
difflerence in sequencing cohorts
Known IncRNA

Novel IncRNA

LincRNA

Antisense INCRNA
LncRNA with predicted mRNA

LncRNA without predicted
mRNA

LncRNA

MSTRG. 169545, MSTRG.23167*, MSTRG.72098", MSTRG.74858", ENSG00000224515*, MSTRG. 128697,
MSTRG.122492*, MSTRG.159131
ENSG00000224515*, MSTRG. 128697

ENSG00000234389*, ENSG00000246263*, ENSG00000257764, ENSG00000269902,
ENSG00000276649*, ENSG00000280832

MSTRG. 128958, MSTRG.149099, MSTRG.166799", MSTRG.172533*, MSTRG.63013*, MSTRG.64433",
MSTRG.95088"

ENSG00000234389*, ENSG00000246263*, ENSG00000257764, ENSG00000269902,
ENSG00000276649*, ENSG00000280832, ENSG00000224515*

MSTRG.128958", MSTRG.149099, MSTRG.166799*, MSTRG.172533*, MSTRG.63013*, MSTRG.64433",
MSTRG.95088*, MSTRG. 169545, MSTRG.23167*, MSTRG.72098", MSTRG.74858*, MSTRG. 128697,
MSTRG.122492*, MSTRG.159131

ENSG00000269902, MSTRG. 149099, MSTRG.169545, MSTRG.172533", MSTRG.23167*,
MSTRG.63013*, MSTRG.64433", MSTRG.72098*, MSTRG.74858*, MSTRG.95088", MSTRG. 128697,
MSTRG. 122492, MSTRG.159131

ENSG00000246263", ENSG00000257764, ENSG00000276649*, ENSG00000280832,
ENSG00000224515*, MSTRG.128958*, MSTRG.166799*

ENSG00000234389", ENSG00000246263*, ENSG00000276649*, ENSG00000280832, MSTRG.149099,
MSTRG.166799*, MSTRG.172533"*, MSTRG.63013*, MSTRG.64433*

ENSG00000257764, ENSG00000269902, ENSG00000224515*, MSTRG.128958*, MSTRG.95088",
MSTRG.169545, MSTRG.23167*, MSTRG.72098*, MSTRG.74858", MSTRG.128697, MSTRG.122492",
MSTRG.159131

Ratio of IncRNA with
significant difference

4/8 (50.0%)
1/2 (50.0%)

3/6 (50.0%)

6/7 (85.71%)
4/7 (57.14%)

10/14 (71.43%)

8/13 (61.54%)

5/7(71.43%)
7/9 (77.78%)

7/12 (58.33%)
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Delta height
0-6
AdjR? R?
cv
Model 1 Sex, CA (years), GH dose (mg/kg/day), height (SDS), weight (SDS), target height (SDS) 053 0.11
Model 2 Sex, CA (years) GH dose (mg/kg/day), height (SDS), weight (SDS), target height (SDS), GH peaks (ng/mi) 049 0.04
Model 3 Sex, CA (years), GH dose (mg/kg/day), height (SDS), weight (SDS), target height (SDS), IGF-I (SDS) 0.51 0.08
Model 4 Sex, CA (years), GH dose (mg/kg/day), height (SDS), weight (SDS), target height (SDS), difference between CA and bone age 0.62 0.21
Model 5 Sex, CA (years), GH dose (mg/kg/day), height (SDS), weight (SDS), target height (SDS) and:
miR-199a-5p (baseline and delta 0-3) 059 0.15
miR-355-5p (baseline and delta 0-3) 049  0.07
miR-494 -3p (baseline and delta 0-3) 0.48 0.06
Model 6— Selected variables: sex, CA (years), target height (SDS), GH dose (mg/kg/day), height (SDS), weight (SDS), difference between CA and 072 0.02
STEPWISE bone age (years), GH peak at second test (ng/ml), miR-335-5p baseline, delta 0-3 months miR-335-5p, delta 0-3 months miR-494-3p.
B
Delta
height
0-12
Adj R?
R*> cV
Model 1 Sex, CA (years), GH dose (mg/kg/day), height (SDS), weight (SDS), target height (SDS) 0.36 0.15
Model 2 Sex, CA (years), GH dose (mg/kg/day), height (SDS), weight (SDS), target height (SDS), GH peaks (ng/ml) 0.31 0.02
Model 3 Sex, CA (years), GH dose (mg/kg/day), height
(

DS), weight (SDS), target height (SDS), difference between chronological age and bone age  0.67  0.44

). (
) (
DS), weight (SDS), target height (SDS), IGF-I (SDS) 0.36 0.10
), (
DS), weight (SDS), target height (SDS), and:

S
Model 4 Sex, CA (years), GH dose (mg/kg/day), height (S|
Model 5 Sex, CA (years), GH dose (mg/kg/day), height (S|

miR-199a-5p (baseline and delta 0-3) 0.41 0.20

miR-355-5p (baseline and delta 0-3) 0.34 0.01

miR-494 -3p (baseline and delta 0-3) 0.29 0.12
Model 6—  Selected variables: sex, CA (years), target height (SDS), GH dose (mg/kg/day), difference between CA and bone age, delta 0-3 months 0.79 0.43
STEPWISE miR-335-5p, delta 0-3 months miR-494-3p.
c

Delta
growth
rate 0-6
Adj R?

) R* CV
Model 1 Sex, CA (years), GH dose (mg/kg/day), height (SDS), weight (SDS), target height (SDS) -0.12 0.07
Model 2 Sex, CA (years) GH dose (mg/kg/day), height (SDS), weight (SDS), target height (SDS), GH peaks (ng/mi) -0.23 0.14
Model 3 Sex, CA (years), GH dose (mg/kg/day), height (SDS), weight (SDS), target height (SDS), IGF-I (SDS) -0.17 0.08
Model 4 Sex, CA (years), GH dose (mg/kg/day), height (SDS), weight (SDS), target height (SDS), difference between CA and bone age 0.00 0.00
Model 5 Sex, CA (years), GH dose (mg/kg/day), height (SDS), weight (SDS), target height (SDS) and:

miR-199a-5p (baseline and delta 0-3) 0.39 0.23

miR-355-5p (baseline and delta 0-3) 0.02 0.00

miR-494 -3p (baseline and delta 0-3) -0.05 0.01
Model 6—  Selected variables: sex, CA (years), GH dose (mg/kg/day), target height (SDS), weight (SDS), difference between CA and bone age, GH 0.75 0.63
STEPWISE peak at first test (ng/ml), GH peak at second test (ng/ml), miR-199a- 5p baseline, delta 0-3 months miR-335-5p, delta 0-3 months miR-

199a-5p.

Adj, adjusted: CA, chronological age; CV, cross-validated; GH, growth hormone; IGF-I, insulin-like growth factor 1; SDS, standard deviation score.
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A: miRNA-199a-5p

Baseline characteristics miRNA-199a-5p
Baseline delta 0-3 months 3 months
coef  p-value 95% CI coef p-value 95% CI coef  p-value 95% CI
Sex, M/F 0.49 0.646 -1.68 265 -0.72 0.503 -2.89 1.46 -0.23 0.767 -1.80 1.34
Bone age, years 0.06 0.765 -0.35 046 -0.18 0.368 -0.58 0.23 -0.12 0.388 -0.40 0.16
CA, years 0.03 0.876 -0.31 036 -0.15 0.361 -0.49 0.18 -0.13 0.288 -0.37 o1
Height SDS 3.34 0.009 091 578 -3.20 0.0156 -5.71 -0.70 0.14 0.891 -1.91 219
Weight SDS 0.81 0.222 -0.58 216 -0.28 0.687 -1.67 1.12 0.54 0.266 -0.44 1.52
BMI SDS 0.38 0.545 -0.91 1.67 0.37 0.667 -0.94 1.67 0.75 0.093 -0.14 1.64
IGF-1 SDS 1.42 0.088 -0.23 306 -0.70 0.415 -2.45 1.05 0.72 0.242 -0.52 1.95
Alkaline phosphatase, U/L 0.01 0.136 -0.00 0.02 -0.00 0.936 -0.02 0.02 0.01 0.108 -0.00 0.02
GH peak at first stimulation test, -0.14 0.573 -0.64 0.36 0.12 0.616 -0.38 0.63 -0.01 0.938 -0.38 0.35
ng/ml
GH peak at second stimulation -0.11 0.666 -0.62 0.40 0.12 0.640 -0.40 0.64 0.01 0.955 -0.36 0.38
test, ng/ml
Biosimilar vs. human recombinant  -0.24 0.807 -2.28 1.80 -0.00 0.999 -2.07 2.07 -0.24 0.737 -1.72 1.23
GH
GH dose, mg/kg/day 34.16 0.796  -236.45 -304.78 24.37 0.856  -249.54  298.28 58.53 0.54 -136.05 253.12
B: miRNA-335-5p
Baseline characteristics miRNA-335-5p
Baseline Delta 0-3 months 3 months
coef p-value 95% CI coef p- 95% CI coef  p-value 95% CI
value
Sex, M/F 0.97 0.309 -0.96 291 -048 0699 -2.99 2.04 0.50 0.592 -1.39 2.39
Bone age, years 0.22 0.200 -0.13 0.57 -0.12 0.551  -0.54 0.29 0.10 0.520 -0.22 0.42
CA, years 0.13 0.371 -0.17 0.44 -0.04 0827 -044 0.35 0.09 0.525 -0.20 0.39
Height SDS -0.07 0.954 -2.65 2.50 0.21 0896 -3.07 3.49 0.14 0.909 -2.34 261
Weight SDS 0.31 0.611 -0.94 1.67 0.55 0486 -1.05 214 -0.86 0.138 -2.02 0.30
BMI SDS 0.34 0.554 -0.83 1.52 0.46 0529 -1.04 1.96 0.80 0.139 -0.28 1.89
IGF-1 SDS -1.26 0.097 -2.76 0.25 132 0.254 -0.86 3.1 -0.14 0.854 -1.67 1.40
Alkaline phosphatase, U/L 0.00 0.856 -0.02 0.02 0.01 02563 -0.01 0.03 0.01 0.264 -0.01 0.03
GH peak at first stimulation test, -0.04 0.863 -0.50 0.42 -0.03 0.903 -0.62 0.55 -0.07 0.733 -0.51 0.37
ng/ml
GH peak at second stimulation 0.24 0.413 -0.35 0.83 0.24 0413 -0.35 0.83 0.23 0.296 -0.21 0.67
test, ng/ml
Biosimilar vs. human recombinant  0.98 0.276 -0.83 2.79 -0.96 0403 -3.3 1.37 0.02 0.985 -1.77 1.80
GH
GH dose, mg/kg/day 87.36 0466 -156.39 331.11 -2159 0.151 -516.31 84.51 -128.54 0260 -358.94 101.86
C: miRNA-494-3p
Baseline characteristics miRNA-494-3p
Baseline Delta 0-3 months 3 months
coef p- 95% CI coef p-value 95% CI coef p- 95% CI
value value
Sex, M/F 0.08 0.942 -2.27 244 -165 0.142 -390 0.60 -157 0.066 -3.25 0.1
Bone age, years -0.31  0.141 -0.72 0.11 0.31 0.138 -0.11 0.72 -0.00 0993 -0.34 0.34
CA, years -0.24 0.168 -0.59 011 0.18 0.318 -0.18  0.54 -0.06 0.638 -0.35 0.22
Height SDS 0.36  0.808 -2.70 343 -2.20 0.134 -512  0.73 -1.83 0.102  -4.05 0.39
Weight SDS 0.83 0249 -0.63 230 -0.78 0.282 -225 0.69 0.05 0927 -1.10 1.21
BMI SDS 117 0.078 -0.14 249 -0.75 0.272 -212  0.63 0.42 0420 -0.64 1.49
IGF-1 SDS 214 0.014 0.47 380 -1.66 0.065 -342 011 0.48 0499 -097 1.93
Alkaline phosphatase, U/L 001 0273 -0.01 0.04 -0.01 0.491 -0.03 0.02 0.01 0.058 -0.00 0.01
GH peak at first stimulation test, 018 0503 -0.36 072 0.03 0.903 -0.51  0.58 0.21 0299 -0.20 0.62
ng/ml
GH peak at second stimulation -0.01 0977 -0.57 055 -0.01 0.971 -0.57 0.55 -0.02 0932 -045 0.41
test, ng/ml
Biosimilar vs. human recombinant -1.15 0.281 -3.31 101 024 0.822 -1.97 246 -0.91 0268 -2.56 0.75
GH
GH dose, mg/kg/day -95.24 0.505 -385.97 195.49 50.98 0.722 -242.33 3443 -44.25 0688 -269.2 180.69

Data are presented as linear regression coefficients, p-value, and 95% Cl.
BMI, body mass index; CA, chronological age; Cl, confidence interval; coef, coefficient; F, females; GH, growth hormone; IGF-I, insulin-like growth factor 1; M, males; SDS, standard
deviation score. U, units.
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miRNA Fold Change (log,224%) Up/down

hsa-miR-375 31 Up
hsa-let-7e-5p 25 Up
hsa-miR-340-5p 24 Up
hsa-miR-494-3p 21 Up
hsa-miR-34a-5p 2.1 Up
hsa-miR-30c-5p 1.9 Up
hsa-let-7a-5p 1.8 Up
hsa-miR-140-5p 1.8 Up
hsa-miR-421 1.8 Up
hsa-miR-132-3p 1.7 Up
hsa-miR-330-3p 1.7 Up
hsa-miR-369-3p i Up
hsa-miR-582-5p 1.7 Up
hsa-miR-450a-5p 1.6 Up
hsa-miR-335-5p 1.6 Up
hsa-miR-199a-5p 1.6 Up
hsa-miR-106a-5p -1.8 Down
hsa-miR-22-3p -3.1 Down

Fold change (FC) was calculated as logz2~24%". MIRNAs with an FC > 1.5 were considered
as uprequlated and miRNAs with an FC < —1.5 were considered as downregulated.
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Univariate Multivariate
OR (95%Cl) p-value OR (95%Cl) p-value
Age, yrs 1.01 (0.91-1.11) 0.881 1.04(0.92-1.17) 0.507
Let-7e-5p 0.70 (0.50-0.99) 0.011 0.68 (0.48-0.99) 0.009

Multivariate analysis was adjusted for age.
Cl. confidential interval: OR, odds ratio.
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With Muscle atrophy n=16 Without Muscle atrophy n=16 p-value

Age, yrs 69.8 (6.9) 69.4 (6.3) 0817
SMI, kg/m? 57 (0.8) 7.8 (1.0) <0.001
Let-7e-5p 20(1.8) 7.1(10.1) 0.028

Data are mean (SD). SMI: skeletal muscle mass index.
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1

. SEVs as drug carriers.

As a nanocarrier, SEVs have the advantages of being similar to cell membranes, small in size, negatively charged, avoiding phagocytosis, generating immune
escape, long circulation time, and being able to penetrate deep tissues.

High biocompatibility and low immunogenicity.

More significant safety. SEVs have no adverse effects on the kidney and liver.

Concentration, dosage and route are easier to control.

SEVs have cell targeting ability.

SEVs have the ability to cross biological barriers: sEVs can cross the body’s thick tissue barriers, such as the blood-brain barrier.

2. SEVs are used for disease diagnosis.

Richer sample formats: Almost all body fluid samples contain SEVs.

Thanks to the protection of the phospholipid bilayer, the contents of the sEVs have better stability.
Circumvent potential ethical issues and tumorigenicity.

“Cell-free therapy” therapy is safer and easier to operate than cell therapy.

3. SEVs are used for treatment.

Low immunogenicity.
Easy to store, no need to proliferate, easy to use quantitatively and to recruit from the damage. sEVs are stored at -20°C for 6 months, and stored at -80°C for a
long time without losing their biochemical activity. It avoids the inconvenience of cryopreservation and recovery of MSCs, and can be used after dissolution, and the
use time is easy to grasp.
Mass production: sEVs can be enriched in a large amount in the culture medium.
Controllable: The function of sEVs can be changed by changing the cell environment.
. Problems to be solved with SEVs.
Efficient extraction technology (the extraction method and its complicated classification system hinder its application).
The concentration of sEVs in the injured area after local injection of MSC-sEVs in animal experiments is unknown.
The optimal concentration to promote tissue regeneration or immune regulation, and the half-life of sEVs also needs more in-depth research.
The sEVs secreted by different cells or the same cell under different physiological conditions may be different, and the contents and mechanisms of sEVs need to be
further studied.
SEVs transport a variety of biomolecules, and how to regulate recipient cells in the body and change the state and fate of cells is still unknown.
Separation schemes suitable for large-scale preparation, purification and storage.
Standardization schemes for quantification, molecular and physical characterization.
Clear quality control (QC) standards for clinical use: to ensure that the quality, safety and effectiveness of the SEVs products produced are guaranteed. For example,
sEVs should be stored in isotonic buffer to prevent pH changes during storage and freeze-thaw cycles.
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n Total sample n Western European n South Asian [

Maternal characteristics

Gestational week at enroliment 80 15.0 (3.3 40 14.0 (2.2 40 16.0 (3.9) 0.007
Gestational week at OGTT® 80 28.2(1.1) 40 28.2(1.3) 40 28.2 (0.9) 08
Age (years), mean (sd) 80 29.5 (4.6) 40 30.7 (4.5) 40 28.3 (4.3) 0.02
Parity (number of previous births) 80 40 40 02
Nullipara 30 (37%) 16 (40%) 14 (35%)

Para 1 36 (45%) 20 (50%) 16 (40%)

Para 2+ 14 (18%) 4 (10%) 10 (25%)

Born in Norway 80 40 (50%) 40 36 (90%) 40 4 (10%) <0.001
Childhood socioeconomic score® 79 0.02 (1.0) 40 0.72 (0.77) 39 -0.60 (0.67) <0.001
Present socioeconomic score® 80 0.2(0.8) 40 0.5(0.7) 40 -0.2 (0.8) 0.001
Any smoking at OGTT 80 0 40 0 40 0 -
Height (cm) 80 164.7 (5.8) 40 168.0 (5.4) 40 161.3 (4.0) <0.001
Prepregnant BMI (kg/m2) 78 24.1(3.9) 39 24.7 (3.7) 39 23.5 (4.0) 0.2
Total fat mass (kg) at enroliment? 80 23.2(8.4) 40 24.2 (8.5) 40 22.1(8.2) 03
Sum of skinfolds (mm) at enroliment® 73 72.2 (19.6) 36 69.3 (20.5) 37 75.0 (18.5) 02
Nutritional factors (at enroliment)

Vitamin B12 (pmol/L) 79 247 (86) 39 268 (93) 40 227 (76) 0.03
Folate (nmol/L) 79 23.7 (10.9) 39 28.6 (9.6) 40 18.9 (10.0) <0.001
250H-Vitamin D (nmol/L) 79 50.8 (27.7) 39 70.0 (22.7) 40 32.1(17.4) <0.001
Glucose measures (at OGTT)

Gestational diabetes’ 80 34 (43%) 40 15 (38%) 40 19 (48%) 04
Fasting glucose (mmol/L) 80 4.9 (0.6) 40 4.9 (0.6) 40 5.0(0.5) 04
2-hour plasma glucose (mmol/L) 79 6.1 (1.4) 40 57(1.2) 39 6.4 (1.5) 0.02
Lipids (at OGTT)

Fasting HDL (mmol/L) 79 1.9 (0.4) 39 2.0 (0.5) 40 1.8(0.4) 02
Fasting LDL (mmol/L) 78 3.5 (0.9 39 3.9(0.8) 39 3.2(0.9) 0.001
Fasting Triglycerides (mmol/L) 79 20(0.8 39 20(0.8 40 20(0.7) 08
Placental characteristics

Weight (g) excl. cord and membr. 80 495 (115) 40 520 (116) 40 469 (110) 0.04
Thickness (cm) 7 2.5(0.5) 38 2.6 (0.5) 39 2.6 (0.5) 09
The larger diameter (cm) 79 18.5(2.1) 39 19.1 (2.3 40 18.0 (1.8) 0.02
The smaller diameter (cm) 79 16.6 (2.0) 39 17.0(1.8) 40 16.1 (2.0) 0.03
Morphological changes 80 14 (18%) 40 5 (13%)° 40 9 (23%)" =
Birth characteristics

Gestational age (days) 80 282 (10 40 283 (10) 40 279 (10 0.1
Birthweight (g) 80 3413 (550) 40 3583 (541) 40 3242 (511) 0.005
Serum leptin

S-leptin (pg/ml) at enroliment 80 1411 (912, 1998) 40 1116 (802, 1752) 40 1727 (1213, 2137) 0.07
S-leptin (pg/ml) at OGTT 78 1925 (1158, 3055) 40 1708 (970, 2457) 38 2225 (1380, 3089) 02
Umbilical cord S-leptin (pg/mi) 72 1980 (1056, 3463) 37 1982 (879, 3078) 35 1945 (1148, 4023) 07

Numbers are mean (sd), n (%) or median (IQR) as appropriate. Differences between the two ethnic groups were assesses using Pearson Chi-Square tests or t-tests, as appropriate.
P-values for such possible differences are given in the right column. Significant differences are marked in bold.

*0GTT = Oral glucose tolerance test performed at 28 + 2 weeks’ gestation (glucose measured fasting and 2 hours after drinking 75g glucose; to diagnose gestational diabetes)
GDM classified by WHO 2013 criteria = Fasting glucose > 5.1 mmol/L or 2-hour glucose > 8.5 mmol/L.

bScore extracted form a Principal Components Analyses of 3 demographic variables reflecting maternal socioeconomic status at age 10 years. Mean=0, median=0.1, SD=1range:-2.91 to
2.59).

°Score extracted form a Principal Components Analyses of 11 demographic variables reflecting maternal socioeconomic status at enrolment.

IMeasured with a bioelectrical impedance analysis (BIA) scale (Tanita-BC 418 MA).

°Sum of suprailiac, triceps and subscapular skinfolds, measured by Holtain T/W Caliper 0-48mm (Holtain Ltd., Crymych; UK).

'As defined by the WHO 2013 criteria (fasting glucose =5.1 mmol/ or 2-h glucose >8.5 mmol/)).

ITwo placentas with signs of choricamnionitis, three placentas with small infarctions (<5% of volume).

"One placenta with signs of chorioamnionitis, six placentas with small infarctions (five < 5% of volume, one 25% of volume), one placenta with signs of villtis.
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Europe South Asia
non-GDM GDM non-GDM GDM

n=25 n=15 3] n=21 n=19 P
CpG1 11.5 (9.4, 13.6) 12.8(10.1, 15.5) 0.5 12.6 (10.4, 14.9) 17.3 (14.9, 19.7) 0.007
CpG2 16.5(13.3,17.7) 15.9(13.2, 18.6) 0.8 16.5(14.2, 18.8) 20.3(17.8,22.7) 0.04
CpG3 7.2(6.1,8.4) 8.4 (69,99 02 8.1(6.9, 9.4) 9.8 (8.4, 11.3) 0.08
CpG4 12.8(10.5, 15.0) 14.5(10.5, 15.0) 0.4 14.3(11.9, 16.6) 17.8 (15.2, 20.4) 0.04
CpG5 26.0 (22.7,29.3) 28.7 (24.1,33.2) 0.4 29.1 (25.8, 32.4) 35.4 (31.7, 39.1) 0.01
CpG6 18.4 (155, 21.3) 18.3(14.9, 21.7) 09 200 (17.1, 22.9) 25.3 (22.0, 28.6) 0.02
CpG7 11.2(9.1,13.3) 12.7(10.2,15.2) 0.4 12.4 (10.3, 14.6) 14.9 (12.4,17.9) 0.1
CpG8 14.1(11.7,16.6) 14.7 (11.5,17.8) 0.8 156.7 (13.1, 18.3) 19.9 (171, 22.7) 0.03
CpG9 12.1(10.1, 14.1) 13.2(10.5, 15.8) 0.5 13.7 (1.6, 16.8) 17.7 (15.5, 20.0) 0.02
CpG10 11.8 (9.8, 13.8) 12.4 9.9, 14.9) 0.7 13.7 (11.6, 15.8) 17.8 (15.6, 20.1) 0.01
CpG11 60.7 (57.7, 63.8) 62.9 (59.1, 66.7) 0.4 65.3 (62.1, 68.5) 69.7 (57.7, 63.8) 0.03
CpG12 19.5(16.9, 22.0) 225(19.2,25.7) 0.2 21.5(189, 24.1) 27.3(24.3,30.3) 0.004
CpG13 20.8(17.8,23.9) 21.6(18.0,25.2) 0.7 22.9(20.0, 25.9 28.4 (25.1,81.7) 0.02

p-values represents the significance level for the difference between GDM and non-GDM from univariate general linear models (similar to t-tests). Significant differences are written in bold.
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Table 4a | Associations with CpG5 methylation.

Univariate Model 1 Model 2

B (95% Cl) o B (95% Cl) P B (95% Cl) o
South Asian ethnicity 5.0(1.3,8.8) 0.01 29(-36,9.4) 0.4 1.4(-5.9,87) 0.7
Gestational diabetes 5.2 (1.4,9.0) 0.008 48(0.6, 8.9 0.03 4.0(-0.1,8.1) 0.05
Fat mass (kg) 0(-0.2,0.3 0.9 -0.1(-0.4,02) 0.6 -0.0(-0.3,0.3) 0.9
LDL cholesterol 32(-53,-1.2) 0.003 2.1 (-4.3,02) 0.07 2.8(-5.0, -0.6) 0.02
Vitamin B12 -0.01 (-0.04, 0.02) 0.5 -0.02 (-0.05, 0.25) 0.2
Folate -0.00 (-0.19, 0.18) 1 0.26 (0.05, 0.48) 0.02
Vitamin D -0.08 (-0.15, -0.01) 0.02 -0.07 (-0.17, 0.04) 0.2
Table 4b | Associations with CpG11 methylation.

Univariate Model 1 Model 2

B (95% ClI) p B (95% CI) p B (95% CI) p
South Asian ethnicity 5.8(2.4,9.2) 0.001 3.8(-15,9.1) 0.2 0.7 (-5.1, 6.5) 0.8
Gestational diabetes 3.8(0.2,7.3) 0.04 39(02,7.5 0.04 2.7(-0.9, 6.3 0.1
Fat mass (kg) -0.1 (-0.3,0.2) 0.6 0.1 (-0.4, 0.1) 0.4 0.1 (-0.3,0.2) 0.6
LDL cholesterol -36(-5.5,-1.8) <0.001 2.5 (-4.4,-0.5) 0.02 -3.1(-51,-12) 0.002
Vitamin B12 -0.01 (-0.04, 0.01) 0.2 -0.02 (-0.04, 0.01) 0.1
Folate -0.07 (-0.24,0.10) 0.4 0.15 (-0.02, 0.32) 0.09
Vitamin D -0.10 (-0.17, -0.04) 0.001 -0.07 (-0.16, 0.02) 0.1
Table 4c | Associations with CpG13 metylation.

Univariate Model 1 Model 2

B (95% CI) P B (95% CI) P B (95% CI) P
South Asian ethnicity 4.2(0.9,7.5) 0.01 4.3(-09,9.6) 0.1 3.6(-2.2,9.5) 0.2
Gestational diabetes 3.4 (0.05, 6.8) 0.04 4.4(0.8,8.0) 0.02 3.4(-0.3,7.1) 0.07
Fat mass (kg) -0.1(-0.3,0.1) 0.3 0.2 (-0.4,0.02) 0.07 -0.1(-0.4, 0.1) 0.4
LDL cholesterol -2.4(-4.3,-0.6) 0.01 -1.5(-3.4,0.5) 0.1 -2.2(-4.2,-0.3) 0.03
Vitamin B12 -0.01 (-0.04,0.01) 0.2 -0.02 (-0.04, 0.01) 0.2
Folate 0.03 (-0.13, 0.19) 0.7 0.22 (0.04, 0.40) 0.02
Vitamin D -0.05 (-0.11,0.01) 0.1 -0.02 (-0.11, 0.07) 0.7

Betas are effect estimates from univariate and multivariate general linear models, adjusting for covariates. Significant effects (p < 0.05) are written in bold.
Model 1: Variables included in the model: ethnicity, age, height, early life socioeconomic position, parity, gestational diabetes, total fat mass and LDL-cholesterol.
Model 2: Variables included in the model: ethnicity, age, height, early life socioeconomic position, party, gestational diabetes, total fat mass, LDL-cholesterol, vit B12, folate and 25-OH Vit D.
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