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Neuronal Dysfunction Is Linked to the Famine-Associated Risk of Proliferative Retinopathy in Patients With Type 2 Diabetes












	 
	ORIGINAL RESEARCH
published: 05 May 2022
doi: 10.3389/fnins.2022.858049





[image: image]

Neuronal Dysfunction Is Linked to the Famine-Associated Risk of Proliferative Retinopathy in Patients With Type 2 Diabetes

Olena Fedotkina1†, Ruchi Jain2†, Rashmi B. Prasad2, Andrea Luk3, Marta García-Ramírez4, Türküler Özgümüs1, Liubov Cherviakova5, Nadiya Khalimon6, Tetiana Svietleisha7, Tetiana Buldenko8, Victor Kravchenko9, Deepak Jain2, Allan Vaag10, Juliana Chan3, Mykola D. Khalangot9,11, Cristina Hernández4, Peter M. Nilsson2, Rafael Simo4, Isabella Artner2 and Valeriya Lyssenko1,2*

1Department of Clinical Science, Center for Diabetes Research, University of Bergen, Bergen, Norway

2Department of Clinical Sciences, Lund University Diabetes Center, Skane University Hospital, Malmö, Sweden

3Prince of Wales Hospital, Hong Kong Institute of Diabetes and Obesity, The Chinese University of Hong Kong, Hong Kong, Hong Kong SAR, China

4Vall d’Hebron Research Institute and CIBERDEM, Barcelona, Spain

5Chernihiv Regional Hospital, Chernihiv, Ukraine

6City Hospital No. 2, Chernihiv, Ukraine

7City Hospital No. 1, Chernihiv, Ukraine

8Department of Health Care of Chernihiv Regional State Administration, Chernihiv, Ukraine

9Komisarenko Institute of Endocrinology and Metabolism, Kyiv, Ukraine

10Steno Diabetes Center Copenhagen, Copenhagen, Denmark

11Shupyk National Healthcare University of Ukraine, Kyiv, Ukraine

Edited by:
Giovanni Casini, University of Pisa, Italy

Reviewed by:
Leandro Cabral Zacharias, University of São Paulo, Brazil
Rosario Amato, University of Pisa, Italy

*Correspondence: Valeriya Lyssenko, Valeriya.Lyssenko@uib.no

†These authors have contributed equally to this work

Specialty section: This article was submitted to Neurodegeneration, a section of the journal Frontiers in Neuroscience

Received: 19 January 2022
Accepted: 28 March 2022
Published: 05 May 2022

Citation: Fedotkina O, Jain R, Prasad RB, Luk A, García-Ramírez M, Özgümüs T, Cherviakova L, Khalimon N, Svietleisha T, Buldenko T, Kravchenko V, Jain D, Vaag A, Chan J, Khalangot MD, Hernández C, Nilsson PM, Simo R, Artner I and Lyssenko V (2022) Neuronal Dysfunction Is Linked to the Famine-Associated Risk of Proliferative Retinopathy in Patients With Type 2 Diabetes. Front. Neurosci. 16:858049. doi: 10.3389/fnins.2022.858049

Persons with type 2 diabetes born in the regions of famine exposures have disproportionally elevated risk of vision-threatening proliferative diabetic retinopathy (PDR) in adulthood. However, the underlying mechanisms are not known. In the present study, we aimed to investigate the plausible molecular factors underlying progression to PDR. To study the association of genetic variants with PDR under the intrauterine famine exposure, we analyzed single nucleotide polymorphisms (SNPs) that were previously reported to be associated with type 2 diabetes, glucose, and pharmacogenetics. Analyses were performed in the population from northern Ukraine with a history of exposure to the Great Ukrainian Holodomor famine [the Diagnostic Optimization and Treatment of Diabetes and its Complications in the Chernihiv Region (DOLCE study), n = 3,583]. A validation of the top genetic findings was performed in the Hong Kong diabetes registry (HKDR, n = 730) with a history of famine as a consequence of the Japanese invasion during WWII. In DOLCE, the genetic risk for PDR was elevated for the variants in ADRA2A, PCSK9, and CYP2C19*2 loci, but reduced at PROX1 locus. The association of ADRA2A loci with the risk of advanced diabetic retinopathy in famine-exposed group was further replicated in HKDR. The exposure of embryonic retinal cells to starvation for glucose, mimicking the perinatal exposure to famine, resulted in sustained increased expression of Adra2a and Pcsk9, but decreased Prox1. The exposure to starvation exhibited a lasting inhibitory effects on neurite outgrowth, as determined by neurite length. In conclusion, a consistent genetic findings on the famine-linked risk of ADRA2A with PDR indicate that the nerves may likely to be responsible for communicating the effects of perinatal exposure to famine on the elevated risk of advanced stages of diabetic retinopathy in adults. These results suggest the possibility of utilizing neuroprotective drugs for the prevention and treatment of PDR.
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INTRODUCTION

Patients with type 2 diabetes are at high risk of vision-threatening proliferative diabetic retinopathy (PDR) leading to blindness. The diabetic retinopathy (DR) remains a leading cause of the vision loss and preventable blindness in adults aged 20–74 years (Wong et al., 2016). The crude prevalence of the visual impairment and blindness caused by the DR has increased in recent years, mainly due to the increase of type 2 diabetes in low- and middle-income countries (Flaxman et al., 2017). Today, the laser therapy and anti-vascular endothelial growth factor (VEGF) intravitreous injections targeting neovascularization are the most commonly used treatments, despite that the recent clinical and research evidence advocate the important role of a tight cellular interaction between the different compartments of the neurovascular unit in the pathogenesis of PDR (Dodson, 2007; Simó et al., 2014; Simo et al., 2018). However, not all patients can afford and/or respond to these therapies and still effective preventive modalities are far to be optimal because the underlying causal mechanisms are not completely understood. Besides the modifying role of metabolic risk factors in diabetes, it is becoming evident that early life events such as intrauterine nutritional deprivation and stress exposures might contribute to the compromised programming of vasculature during fetal development and thereby increase susceptibility to the micro- and macro-vascular diseases in adults (Kistner et al., 2002; Mitchell et al., 2008; Gopinath et al., 2010). Thus, a perinatal exposure to famine was suggested to contribute to the rapid increase of type 2 diabetes prevalence in China—the current epicenter of the global diabetes epidemic (Zimmet et al., 2017). The Dutch hunger winter (1944–1945), the Chinese (1959–1961), and the Great Ukrainian (1932–1933) famine studies reported the link between the famine exposure at birth and the long-term adverse consequences in adults such as hyperglycemia, obesity, and dyslipidemia, but also cardiovascular disease and kidney dysfunction (Roseboom et al., 2001; Lumey et al., 2015; Zimmet et al., 2017). Our observations in individuals with type 2 diabetes, who experienced perinatal exposure to famine, demonstrated disproportionally elevated risk for PDR as compared to patients with type 2 diabetes that were born unexposed in two populations from Ukraine and Hong Kong (Fedotkina et al., 2021a).

In the present study, we investigated the possible underlying molecular mechanisms of the famine-associated risk of PDR by using genetic markers previously linked to glycemia or drug metabolism in the exposed to famine populations from Ukraine and Hong Kong. The changes in the expression of genes associated with PDR in the exposed to famine population were studied in the experimental primary cell culture model of embryonic retinal cells exposed to starvation for glucose and helped to confirm a molecular link between perinatal exposure to famine and PDR.



MATERIALS AND METHODS


Study Populations


The Diabetes and Its Complications in the Chernihiv Region Study

The Diagnostic Optimization and Treatment of Diabetes and its Complications in the Chernihiv Region (DOLCE) is a population-based study of the patients with diabetes of all ages and their relatives in the Chernihiv region of northern Ukraine. Patients with diabetes and their first-degree relatives (parents, siblings, or children) were invited to participate. The recruitment started in November 2011 and ended in December 2014 (Fedotkina et al., 2021b). With the help of an endocrinologist and diabetes nurse, all participants completed a questionnaire covering their medical history, including the information on the family history of diabetes, anthropometric measurements (weight, height, and blood pressure), alcohol intake, smoking, medication for diabetes, hypertension, and hyperlipidemia. The information on co-morbidities was provided by primary care physicians, using the participants’ hospital discharge records as a primary source. Overall, 6,095 patients with diabetes (n = 785 type 1 diabetes, n = 4,297 type 2 diabetes, n = 62 unspecified, n = 951 healthy relatives) were enrolled in the study. The severity of DR was assessed using fundus photography. The PDR outcome was defined as proliferative retinopathy, or laser-treated DR, or blindness. The fasting samples were withdrawn for plasma glucose measurements and HbA1c; plasma and serum samples were stored at –80°C for further determinations of C-peptide, insulin, and lipid levels. All blood measurements were performed at the Department of Clinical Chemistry, Scania University Hospital Diabetes, Malmoe, Sweden (Laboratoriemedicin, 2020). Insulin resistance (HOMA2-IR) and beta-cell function (HOMA-B) were estimated based on C-peptide concentrations calculated using the HOMA calculator (Levy et al., 1998; HOMACalculator, 2021). Fasting blood-ethylenediaminetetraacetic acid (EDTA) samples were taken at the examination and were stored for DNA extraction from all patients with diabetes and their relatives. Genotyping was carried out at the Lund University Diabetes Center (LUDC), Department of Clinical Sciences, Diabetes and Endocrinology (Lund, Sweden). All participants provided a written informed consent. The study was approved by the local ethics committee (approval number for Ukraine: Dnr17/2011-09-14, for Norway: 2019/28968).




The Hong Kong Diabetes Register: Validation Cohort for Genetic Findings

The Hong Kong Diabetes Registry (HKDR) was established in 1994 at the Diabetes and Endocrine Center, the Prince of Wales Hospital, Hong Kong Special Administrative Region (Luk et al., 2017; Fedotkina et al., 2021a). Patients with physician-diagnosed diabetes who attended the center for a comprehensive evaluation of diabetes complications were consecutively recruited. The referral sources included hospital- and community-based clinics. The detailed information including demographics, co-morbidities, and medication use was documented. The physical measurements, including vital signs and anthropometric parameters, were collected. The presence of diabetic retinopathy was examined by fundus photography and interpreted by trained endocrinologists. To keep the consistency with the previous report (Fedotkina et al., 2021a), advanced diabetic retinopathy was defined by fulfilling one or more of the following: Reduced visual acuity, PDR, pre-PDR, history of laser photocoagulation or presence of laser scar, and history of vitrectomy. Anti-VEGF treatment was not routinely used at the time that patients were recruited; hence it was not considered as advanced diabetic retinopathy. The fasting blood samples were obtained for plasma glucose, HbA1c, lipids, and renal function tests. A written informed consent was obtained from the patients at study enrollment. The HKDR was approved by the New Territories East Cluster Clinical Research Ethics Committee (reference number: 2007.339). The current dataset included 3,021 eligible participants from HKDR, 730 of them with available genetic information, and the selection of individuals was described in Supplementary Figure 1. The clinical characteristics of HKDR individuals are presented in Supplementary Table 1A. During the WWII period (1941–1945), Hong Kong experienced the famine exposure as a consequence of the Japanese invasion, which lasted for 3 years and 8 months.


Genetics

We performed gene-environment interaction to study the molecular susceptibility of PDR attributed to type 2 diabetes, which is more detrimental in the individuals at risk for type 2 diabetes after intrauterine undernutrition as a consequence of famine exposure (Fedotkina et al., 2021a). We analyzed a panel of 76 SNPs associated with type 2 diabetes, plasma glucose, and pharmacogenetics as a part of previously designed ANDIS panel of genetic loci reproducibly associated with risk of T2D in the 3,583 DOLCE participants (Ahlqvist et al., 2018). In DOLCE, the genotyping was performed using Mass Array iPLEX, and the Illumina Omni express array; genotyping of the individuals in HKDR was described elsewhere (van Zuydam et al., 2018). The schematic overview of genetic analyses flow in the DOLCE cohort was represented on the Supplementary Figure 2. Allele frequencies of SNPs used in the final analyses did not differ between groups that had or had not been perinatally exposed to famine, ruling out the contributing effects of at risk alleles to the excessive loss of susceptible individuals (p > 0.01) (Supplementary Table 2).




In vitro Expression Measurements in Human Retinal Tissue

To rule out the effect of type 2 diabetes per se on expression of identified genes in the human retina in the patients without PDR, we obtained and analyzed postmortem retinal tissue from the Blood and Tissue Bank of Vall d’Hebron University Hospital, Barcelona, Spain. The procedure for eye cup donation and for the handling of this biologic material is rigorously regulated by the protocol of donations of the Blood and Tissue Bank of the Catalan Department of Health and was approved by the ethics committee of Vall d’Hebron University Hospital (PR-AG-4/2010). The methods for RNA extraction and reverse-transcription quantitative polymerase chain reaction (RT–qPCR) have been previously reported (Hernández et al., 2016). A total of 10 donors with diabetes and 5 donors without diabetes matched by age and sex were included in the study. One eye cup was harvested to separate neuroretina from retinal pigment epithelium, and samples of both tissues were immediately frozen with liquid nitrogen and stored at -80°C. The tissue samples derived from this eye cup were used for the studies of gene expression in the neuroretina. The time from death to eye enucleation was less than 4 h.


RNA Quality Assessment

The concentration and purity of RNAs were obtained by spectrophotometry in the NanoDrop instrument (Thermo Fisher Scientific), which specifically measure absorbance using small sample volumes. The quality of the samples was validated by the RIN assessment. RT–PCR. The PCRs were performed with the cDNA obtained with a High Capacity Kit (Applied Biosystems, Madrid, Spain) with random hexamer primers in a Thermal Cycler 2720 (Applied Biosystems, Madrid, Spain). Also, TaqMan Assays exon–exon boundary (Applied Biosystems, Madrid, Spain) were used for amplification of ADRA2A Hs01099503_s1; CYP2C19 Hs00426380_m1; PCSK9 Hs00545399_m1; PROX_m1; Hs00896293_m1 and β-Actin housekeeping gene assay (Hs01060665_g1) also purchased from Applied Biosystems (Applied Biosystems, Madrid, Spain). The PCR was performed in a 7.900 HT Thermal Cycler Sequence Detection System with 384-well optical plates (Applied Biosystems, Madrid, Spain). Then it was noticed that CYP2C19 Hs00426380_m1 and PCSK9 Hs00545399_m1 measurements (Applied Biosystems, Madrid, Spain) were higher than 35 CTs, and therefore they were not considered for the analysis. The rest of the measurements (<33 CTs) were obtained by calculating relative quantifications (R.Q.) using the Ct method.



In vitro Starvation Experiments of Embryonic Retinal Cells


Ethical Permits

The study was approved by the local ethics committee (2018–579, 2016/891), and the experiments were performed in compliance with the animals in research: reporting in vivo experiments (ARRIVE) guidelines (Kilkenny et al., 2010). Given that glucose is an essential nutrient needed for cell growth and proliferation, we designed ex vivo exposure experiments in embryonic retinal cells starved for glucose. The mice retinas were isolated from E18.5 embryos, and retinal cells were starved for glucose in a neurobasal medium for 6 h, followed by culturing in normal glucose medium for 6 days. We investigated the acute effects of starvation and analyzed expression of genes associated with DR using RT–qPCR and measured axonal length 1 day after the end of starvation. The measurements were repeated 6 days after the end of starvation to obtain information on the long-term effects of starvation exposure.



Isolation and Culture of Retinal Cells

First, C57BL/6J mice were purchased from Charles River. The retinas were isolated from E18.5 mouse embryos and digested with 0.05% trypsin (ready-made, Gibco) for 15 min at 37°C. The digestion was terminated by adding Dulbecco’s modified Eagle’s medium (Gibco) supplemented with 25-mM sodium bicarbonate (Gibco), 25-mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Gibco), 10% fetal bovine serum (v/v, Hyclone), and 1% penicillin and streptomycin solution (v/v, Gibco). The cell suspension was filtered through 70-μM filter and centrifuged at 1,300 rpm for 5 min, resuspended in medium, and centrifuged. This was repeated twice and the cells were plated on poly L-lysine coated plates at a density of 2.0 × 106 cell/cm2. Second, on the next day, the cells were washed 2 times with phosphate-buffered saline (PBS) and starved for glucose in neurobasal medium supplemented with B27 supplement lacking insulin, with 0.06 g/L-glutamine, 1% penicillin–streptomycin (v/v, Gibco), and 11-mM HEPES for 6 h. Finally, the cells were further cultured for 6 days in the complete neurobasal medium.



The RNA Isolation and RT-qPCR

Total RNA was isolated using the miRNeasy micro kit (Qiagen). Reverse transcription was carried out using the RevertAid First Strand cDNA synthesis kit (Thermo Fischer Scientific), following the manufacturer’s instructions using 500-ng total RNA. Taqman RT–qPCR system was used for gene expression quantification (ThermoFischer Scientific). The gene expression data were normalized against the expression of hypoxanthine-guanine phosphoribosyltransferase (HPRT). The experiments were repeated for n = 4–5, each in duplicate. The data were shown as a mean expression with SEM and were analyzed with Student’s t-test.



Immunocytochemistry

Cells were fixed with 4% paraformaldehyde for 15 min at room temperature and permeabilized with 0.2% Triton X-100 in PBS for 10 min. The cells were then blocked for 1 h in 5% fetal bovine serum in PBS, and incubated with a primary antibody—rabbit anti-β III tubulin antibody (Covance; 1:1,000, Catalog No. PRB-435P-100), chicken anti-β III tubulin antibody (Abcam; 1:1,000, Catalog No. ab117716), rabbit anti-Pcsk9 antibody (Abcam; 1:100, Catalog No. ab31762), rabbit anti-Adra2a antibody (Sigma-Aldrich; 1:100, Catalog No. A271) and mouse anti-Nestin antibody (Chemicon; 1:500), overnight at 4°C. The next day, the cells were rinsed 3 times with PBS and incubated with a secondary antibody [donkey anti-rabbit IgG Alexa 488 (ThermoFischer Scientific); goat anti-rabbit IgG Alexa 568 (ThermoFischer Scientific) or donkey anti-rabbit IgG Cy5 (Jackson ImmunoResearch)] 1:250 for 1 h at the room temperature. The nuclei were stained with 2 μg/ml Hoechst 33342. The cells were imaged using Zeiss LSM 780 laser scanning microscope (LSM) using either 20 × or 40 × objective.



Image Analysis

Bright-field images of the isolated retinal cells on day 2 were acquired using an Olympus IX73 microscope. The fluorescent images on day 7 were acquired using the LSM (Zeiss LSM 780) using the 20 × objective and ZEN software (Zeiss). Four images of the retinal cultures were acquired per sample, and the neurite extensions were quantified using Fiji with simple neurite tracer plug-in (Longair et al., 2011; Schindelin et al., 2012). The representative bright-field images were also acquired using LSM (Zeiss LSM 780).




Global DNA Methylation

Genome-wide DNA methylation analyses were performed using DNA extracted from peripheral blood lymphocytes (Gentra Autopure, Qiagene) of the DOLCE study participants using the Illumina Infinium 450 Bead Chip with Infinium assay (Illumina iScan) and the standard Infinium HD assay methylation protocol guide (part number 15019519, Illumina). The DNA was quantified using picogreen (DNA assay kit 2000, Invitrogen, Tecan Infinitie); 1-μg DNA was bisulfite-treated using the EZ DNA Methylation™ kit (Zymo Research), following the manufacturer’s instructions. The modified DNA was hybridized with the Illumina 450 K beadchips and scanned using Illumina iScan, according to the manufacturer’s protocol. The samples were randomly distributed on the arrays. The Infinium HumanMethylation450 BeadChip contains 485 577 probes with 99% coverage of RefSeq genes with the capacity for 12 samples per chip (Bibikova et al., 2011).

The GenomeStudio methylation module software of the Genome studio Genome Browser (NCBI build 37) was used to calculate the raw methylation score for each DNA methylation site, represented as the methylation β-value. The β-values were calculated as follows: β = intensity of the methylated allele (M) ÷ (Intensity of the unmethylated allele (U) + intensity of the methylated allele [(M) + 100]). All samples passed the GenomeStudio quality control steps based on the built-in control probes for staining, hybridization, extension, and specificity, and displayed high-quality bisulfite conversion efficiency with an intensity signal above 4,000 (Bibikova et al., 2011). The probes detected at p > 0.01, less than three beads in at least 5% samples per probe, non-CpG probes, single nucleotide polymorphism (SNP)-related probes, multi-hit probes, and allosomal CpG probes were filtered out. Overall, DNA methylation data were obtained for 411,923 probes. The background correction and beta mixture quantile normalization (BMIQ) to normalize the type I and type II probes was implemented using ChAMP (Teschendorff et al., 2012). The singular value decomposition (SVD) method was used to assess batch effect, and ComBat was implemented to correct multiple batch effects (Johnson et al., 2007; Teschendorff et al., 2009). Since genome-wide methylation analysis was performed using DNA obtained from the whole blood, the methylation status could potentially reflect the combination of blood cell types. Then RefbaseEWAS was hence implemented to correct for changes in the distribution of white blood cells between different subpopulations using DNA methylation signatures in combination with a previously obtained external validation set consisting of signatures from purified leukocyte samples (Houseman et al., 2015). To reduce the heteroscedasticity for highly methylated or unmethylated sites, β-values were converted to M-values in the lumi package for further analysis calculated as M = log2[β/(1 - β)] (Du et al., 2008, 2010).




Statistical Analysis

A flowchart for the quality control and preparation of the DOLCE dataset for the statistical analysis is represented in Supplementary Figure 3. All subsequent episodes of famine exposure in Ukraine were combined into decades of births before 1950 (exposed to famine) and after 1950 (unexposed) as previously described (Fedotkina et al., 2021b). To study the association of genetic variants and perinatal exposure to famine on the risk of PDR in adulthood, the interaction term between SNPs and famine exposure (year of birth before or after 1950) was fitted using generalized estimation equation using sex, age at visit, diabetes duration, and HbA1c as covariates, and corrected for family relationships (R-package “gee” version 4.13–19; defining families as clusters and correlation structure as exchangeable) (VanderWeele and Knol, 2014; Carey and Ripley, 2019). The association of the genetic variants and the risk of PDR in individuals that had been born perinatally exposed or unexposed to famine was also assessed using effect size heterogeneity Q-statistics and quantified using I2-value. Bonferroni correction was used to adjust for multiple testing in genetic association tests, p < 0.05 was considered statistically significant. The relationship between the risk variants and famine exposure and degree of methylation, quantified as M-value, was calculated using linear regression. The relationship between the risk variants and type 2 diabetes was analyzed using logistic regression using sex and age as covariates, p-values were adjusted for multiple testing correction using the false discovery rate method. All reported p-values are two-sided. All analyses were performed using R software, plink v. 1.07 (Purcell et al., 2007; R Core Team, 2013).




RESULTS


Genetic Variants and the Risk of Proliferative Diabetic Retinopathy in Offspring of Individuals With Perinatal Exposure to Famine


Discovery of Genetic Variants in the Diabetes and Its Complications in the Chernihiv Region Cohort

To gain understanding into the putative biology of the previously reported link between exposure to famine and the risk of PDR (Fedotkina et al., 2021a), we analyzed a panel of type 2 diabetes susceptibility genetic loci in 3,583 patients with type 2 diabetes from the DOLCE study. Among these patients, 1,758 (30% men) individuals had been perinatally exposed to famine, and 1,825 (35% men) were born during modern times and had not been perinatally exposed to famine. Among them, 67 (3.8%) and 41 (2.2%) individuals had PDR, respectively. The clinical characteristics of the participants in the DOLCE cohort are shown in Supplementary Table 1B.

We found four SNPs to be significantly associated with PDR in offspring to famine-exposed individuals in the DOLCE study (Table 1). The risk loci linked to increased risk of PDR were glucose-rising genotypes of ADRA2A rs10885122 (ORexposedvs.unexposed, 95% CI, 3.67, 1.77–7.63 vs. 0.45, 0.28-0.71, pinteraction = 0.003); genotypes associated with pharmacogenetic response to statin therapy at PCSK9 rs2479409 (2.27, 1.26–4.06 vs. 0.59, 0.37–0.94, pinteraction = 0.021); and genotypes associated with reduced function of drug-metabolizing gene CYP2C19*2 rs4244285 (2.87, 1.23–6.68 vs. 0.48, 0.23–0.99, pinteraction = 0.040). By contrast, alleles linked to elevated glucose levels at PROX1 rs340874 showed a reduced risk of PDR (0.54, 0.32–0.89 vs. 1.57, 1.05–2.35, pinteraction = 0.045) (Table 1). However, only rs10885122 on ADRA2A remained significant after Bonferroni correction in heterogeneity analysis (pheterogeneity = 6.0 × 10–5). To rule out the potential associations of genotypes with the poor glycemic control of diabetes, heterogeneity analyses were also adjusted for the HbA1c level, and the results did not change (Supplementary Table 3).


TABLE 1. Genetic variants and the risk of PDR for offspring to parents exposed and unexposed to famine in the DOLCE cohort.

[image: Table 1]


Replication of Genetic Findings in the Hong Kong Diabetes Register Cohort

Replication of the top variants in the HKDR conferred significantly increased risk of ADRA2A rs10885122 for advanced diabetic retinopathy in persons with type 2 diabetes who were born during famine, while no risk was observed in unexposed individuals (OR, 95% CI, 3.13, 1.12–13.2, pfamine = 0.026 vs. 0.94, 0.18–17.4, pnon famine = 0.953) (Table 2).


TABLE 2. Genetic variants and the risk of ADVDR for offspring to parents exposed and unexposed to famine in the HKDR cohort.

[image: Table 2]


Gene Expression in Human Retina of Patients With and Without Diabetes

Notably, expression level of the ADRA2A and PROX1 genes did not significantly differ in the retinas from non-famine type 2 diabetes patients with mild non-proliferative DR and non-diabetic donors (Blood and Tissue Bank of Vall d’Hebron University Hospital) (Supplementary Table 4), ruling out the impact of diabetes condition per se on expression level of identified genetic variants in the human retina. Together, these results point at presence of hyperglycemia independent molecular mechanisms driving progression to PDR in people who were exposed to famine-related insults at birth.




Exposure of Embryonic Retinal Cells to Starvation and Gene Expression


Establishment and Evaluation of a Primary Cell Culture Model

The priming for future diseases during fetal development most likely includes modulation of gene expression. To study the potential mechanisms by which starvation could influence gene expression, we developed a primary cell culture model of starvation for glucose using mice embryonic retinal cells, since the human and mice retinal transcriptomes have shown remarkable similarity during development (Hoshino et al., 2017). As a proof-of-concept that our primary cell culture model mimics essential pathophysiological events implicated in the development of PDR (Aiello et al., 1994), we evaluated the expression of the pro-angiogenic genes VegfA and Vegfr2 (Figure 1). These genes encode vascular endothelial growth factor A and its tyrosine kinase receptor, vascular endothelial growth factor 1R—the well-established pathogenic markers of PDR. We confirmed the upregulation of VegfA gene expression in response to glucose deprivation (Figure 1). Additionally, we analyzed expression of Txnip—a thioredoxin interaction protein ascribed a pathogenic role in diabetes and related complications, whose expression is strongly up-regulated by glucose in normal physiology (Parikh et al., 2007). As anticipated, Txnip expression was significantly reduced upon 6-h glucose deprivation (Supplementary Figure 4B). These observations confirmed that the primary cell culture model mimicking embryonic retinal cell starvation for glucose exhibit key pathogenic features (elevated VEGF) associated with PDR in humans.


[image: image]

FIGURE 1. The impact of exposure to starvation for glucose on gene expression in embryonic retinal cells. (A,C) Schematic overview of the established and validated in vitro model of embryonic retinal cells exposed to glucose starvation to mimic the perinatal exposure to famine. Dissociated retinal cell cultures were prepared from E18.5 mouse embryos and plated on dishes coated with poly-L-lysine (day 0; as described in Supplementary Methods). The culture was starved for glucose for 6 h on day 1. RNA was isolated after the end of starvation on day 1 (A) or day 7 (C). (B,D) Relative mRNA levels on day 1 (B) and day 7 (D), determined by RT–qPCR (n = 5–6). Untreated cells were used as controls. **p < 0.01, *p < 0.05 (two-tailed paired Student’s t-test). All values are means + S.E.M.




Effects of Short Term (6-h) and Long-Term (6-Days) Starvation for Glucose on Gene Expression

In this model, short-term 6-h exposure to starvation for glucose resulted in the up-regulation of expression of Adra2a and Pcsk9 (Figures 1A,B). Further, the expression of Adra2a and Pcsk9 genes continued to be elevated in starved cells cultured in normal glucose medium for 6 days after the end of starvation, while the expression of the Prox1 gene was significantly reduced in comparison with untreated (control) cells (Figures 1C,D).



Effect of Starvation for Glucose on Morphology of Neurons

We also evaluated the effect of starvation on morphology of neurons using our primary cell culture model. We used the axonal length as a proxy for outgrowth capacity, serving as an indirect measurement of the ability of neurons to form extended connections—a hallmark of plasticity and adaptive processes in brain development (Prince, 1998). On average, the length of the longest neurite was 11-μm shorted 1 day after exposure to starvation, while the mean length of starved neurites was not significantly affected (Supplementary Figure 5). Long-term effects, nevertheless, revealed 3.7-μm shortening (p < 0.01) of the mean axonic length of starved retinal neurons (Supplementary Figure 5), suggesting sustained inhibitory effects of starvation on neurite outgrowth (Figure 2). Immunohistochemistry revealed that ADRA2A was expressed in both the neuron body and the axon, while the expression of PCSK9 was higher at the plasma membrane of the neurons than at axon (Figure 3). Collectively, these observations suggested persistent effects of starvation exposure on the morphological properties of the neurons.


[image: image]

FIGURE 2. The impact of exposure to starvation for glucose on neurite outgrowth in embryonic retinal cells. Representative confocal LSM images of untreated (control) (A) and starved primary retinal cells (B) on day 7 of the experiment described in this figure, showing neurons (β III tubulin) and cell nuclei (Hoechst). The images are representative of 3–4 replicates. Scale bar, 20 μm. n = 3–4. Arrows indicate loss of neurite outgrowth.



[image: image]

FIGURE 3. Immunocytochemistry of ADRA2A and PCSK9 levels in control (untreated) primary mouse retinal cells on day 7. Representative confocal LSM images of primary mouse retinal cultures at day 7 showing expression of ADRA2A (A), β III tubulin (B), Nestin (C), cell nuclei (Hoechst), (D) a merge image (E), and a zoomed merge image (F). (G–L) LSM images of primary mouse retinal cultures at day 7 showing expression of PCSK9 (G), β III tubulin (H), Nestin (I), cell nuclei (Hoechst) (J), a merge image (K) and a zoomed merge image (L). (M,N) Negative controls were treated without primary antibody and are shown as merge images. Scale bar = 10 μm or scale bar = 5 μm for zoomed images.





Effects of Risk Variants on Methylation and Gene Expression


Methylation QTLs and Expression QTLs

A potential mechanism affecting changes in gene expression might involve epigenetic modifications of the DNA (Tobi et al., 2018). In a limited subset of DOLCE participants exposed and unexposed to famines (n = 51), we performed genome-wide methylation genotyping for exploratory analyses. Methylome analysis of DNA revealed differential methylation of the ADRA2A gene (p < 0.05) in famine-exposed compared with unexposed individuals (Supplementary Table 5A). To investigate the potential methylome QTL effects of identified SNPs, we performed look up in the publicly available mother-child ALSPAC database, which supported the association of methylome with genetic variants for all four genes (ADRA2A, PCSK9, CYP2C19*2, and PROX1) (Supplementary Table 6; Golding et al., 2001). Additionally, to investigate expression QTL effects, we performed look-up in the GTEX database, which deposited tissue biobank to study relationship between genetic variants and gene expression in diverse tissues in humans. These analyses showed effects of retinopathy-associated genotypes on increased gene expression for PCSK9 (rs2479409) in skin fibroblasts, for CYP2C19*2 (rs4244285) in skin fibroblasts, liver, and stomach, and for PROX1 (rs340874) in the brain (Supplementary Table 7; Consortium, 2015). The genotypes of ADRA2A or its proxies were not present in the GTEX database. Although expression of the gene in the retinal cells is not present in the GTEX database, observed eQTL effects emphasize the potential role of the identified genetic variants in the different organs and tissues, and thus plausible in the retina.





DISCUSSION

The results of this study highlight the importance of the neuronal dysfunction as a potential early event in the pathogenesis of microcirculatory abnormalities in adult type 2 diabetes patients with PDR whom, as children, were exposed to perinatal famine at birth. In this regard, the genetic and molecular immunohistochemistry findings of embryonic retinal cells support the idea that starvation for glucose insults during early retinogenesis might exhibit a lasting effect and act as triggers of subsequent diabetes-associated changes in the neurovascular unit in adults.

The findings of this study are in line with emerging evidence suggesting that neuroprotection could play a role in the treatment of early stages of DR, although current treatments for DR are mostly addressed to advanced disease (Simo et al., 2018, 2019). The central role for the neurovascular unit in the pathogenesis of DR has been previously discussed, but the exact pathogenic mechanisms are not entirely understood (Abcouwer and Gardner, 2014; Simo et al., 2014). The present study reveals a number of genes with neuronal and vascular functions that might influence risk of adult PDR, with ADRA2A being the strongest. The genetic association results from the two independent populations of Ukraine and Hong Kong exposed to famine at birth illuminated the most significant locus rs10885122 resided in the ADRA2A gene linked to function of nervous tissues. In the neuronal development of neonatal and adult hippocampus, α2ARA activity has been shown to regulate proliferation and survival of neural precursor cells (Jhaveri et al., 2014). These findings are in line with the reported neuroprotective effects of α2ARA agonist on Müller cells function after injury and also inhibition of apoptosis of the retinal ganglion cells (Nizari et al., 2016; Harun-Or-Rashid and Hallböök, 2018). This indicated the important role of neurons in the starvation-associated mechanisms linked to diabetic retinopathy and informed the ensuing experiments in the animal model. In this study, a significant and stable up-regulation of Adra2a expression was observed in the primary cell culture of embryonic retinal cells after starvation for glucose. Further, differential DNA methylation of ADRA2A upstream of SNP rs10885122 observed almost 70 years after perinatal exposure to famine could partly explain the long-lasting effects of famine on gene expression. It might be important to comment that we detected increased ADRA2A methylation in famine-exposed individuals, which could be referred as linked with transcriptional repression. However, there are plenty of examples of other forms of gene regulation as a function of CpG modulation, including transcriptional activation, which depends on the site and gene locus (Tirado-Magallanes et al., 2017). The results from this study support the previous observations and may pave the way for targeting α2ARA in the retina for the treatment of DR (Simo et al., 2019).

One possible mechanism by which early life exposure may exert programming effects on the risk of neuronal dysfunction later in life can involve impaired function of the stem cell progenitors (Dyer et al., 2003). In line with this, we found that the type 2 diabetes risk variant in the neuronal progenitor PROX1 gene was associated with decreased risk of severe DR in offspring of individuals exposed to famine, while this variant increased the PDR risk in the unexposed group. The associations of PROX1 variant showed same directionality of the effects in famine-exposed group from HKDR, even though did not reach statistical significance. Although our methylation studies might be underpowered to detect PROX1 mQTL effects, in the publically available ALSPAC cohort, the risk variant in PROX1 was associated with increased methylation as well as increased methylation of PROX1 was seen in type 2 diabetes individuals as compared to healthy controls. Expression of PROX1 is shown to be downregulated in islets from type 2 diabetes donors as compared to controls (Fadista et al., 2014). It is therefore tempting to speculate that methylation changes of PROX1 gene during starvation could contribute to the increased gene expression, also acting as a protective mechanism to restore the pool of the stem cells.

One possibility to aid clinical management of PDR is that existing drugs will be beneficial for another disease. Interestingly, we found that variants of the PCSK9 gene that affect lipid metabolism in the liver were associated with an increased risk of severe DR in individuals with famine exposure at birth (Zhang et al., 2016). Similarly, in the ex vivo model, the developmental changes induced by starvation exposure resulted in permanent up-regulation of Pcsk9 expression in the retinal cells. A potential explanation could be that the PCSK9 gene is methylated during starvation exposure and epigenetically regulated (Lohoff et al., 2017; Tobi et al., 2018). The manifestation of programmed fetal effects on adult phenotypes, nevertheless, may not be unmasked until later in life, after triggering by subsequent environmental factors (Gluckman et al., 2008). Therefore, this link is likely to be missed in most genetic studies conducted in populations of developed nations without subsequently experienced repeat exposure to famine. While PCSK9 inhibitors have been introduced for the treatment of cardiovascular diseases, other potential effects of PCSK9 inhibitors, such as DR treatment, should be explored.

It is important to note that the primary cell cultures were prepared from embryos at E18.5. At this stage, the retina constitutes not only retinal neurons but also Müller cells and endothelial cells (Blackshaw et al., 2004; Dakubo et al., 2008). In the present study, the immunostaining experiments displayed some isolated immunopositive profile of ADRA2A, PCSK9 and PROX 1 not colocalizing with beta3 tubulin. Notably, our recently published data on the global mRNA sequencing analyses from the same cellular model indicated that starvation for glucose caused marked transcriptomics changes in various retinal markers including vascular markers and allowed us to generate hypothesis of potential detrimental reprogramming of the entire neurovascular unit (Özgümüs et al., 2021).

Several metabolic adaptations have been proposed to lie in the heart of fetal programming and developmental plasticity during intrauterine exposure to starvation (Figure 4). These are attributed to the situation when body is confronted with a nutritional challenge to maintain energy balance. The main mechanisms are centered around the goal of shunting energy resources derived using glucose from non-essential functions to the critical organs like brain, which accounts for greater than 80% of the body’s metabolism in the newborn (Tanner, 1978). Given that the insulin stimulates the glucose uptake by tissues throughout the body, the metabolic and signaling changes are required to modify insulin secretory capacity (de Rooij et al., 2006). To partition a glucose uptake between the brain and the insulin target organs (muscle, liver, and adipose tissue) mechanisms of inducing insulin resistance are taken place (Kuzawa, 2010). At the same time, the prolonged starvation leads to fat mobilization from the depots and releasing free fatty acids as backup system to be used as energy sources by these tissues (Kuzawa, 2010). Thereby, the neurons and the neuronal signaling network might play a central role in these energy partitioning mechanisms for developing brain as obligatory glucose user and nervous tissue as mediator of signals to the peripheral organs, e.g., lipolysis in the adipose tissue, insulin secretion from pancreatic beta cells, and inhibitory actions of insulin in the liver. In the study, the findings of genes involved in nervous tissues and lipid metabolism support the concepts of the metabolic re-programming of energy metabolism during early life as an adaptive mechanisms to nutritional deprivation, which may have lasting effects.


[image: image]

FIGURE 4. Schematic representation of the suggested mechanisms underlying association between perinatal famine exposure and the risk of proliferative retinopathy in adults with type 2 diabetes. An exposure to starvation induces a situation of nutritional deficits confronting the body to maintain metabolic balance by shunting the energy, i.e., glucose being the main source, from non-essential peripheral organs (including retina) to critical for survival organs (brain). Insulin secretion from the pancreas is reduced to slow down uptake of glucose in the periphery (muscle, liver, and adipose tissue), while endogenous hepatic glucose production (liver) is increased to partition and supply glucose to the brain. In addition to the adaptive insulin resistance, lipolysis is induced to release free fatty acids as backup system to be used as energy sources by non-essential organs and tissues; ADRA2A is abandonedly expressed in the neuronal tissues surrounding pancreatic islets, adipocytes, hepatocytes, and neuroretinal glial cells. This supports the concept of the metabolic re-programming of insulin secretion and action as well elevated lipolysis during early life as an adaptive mechanism to nutritional deprivation. The nerves may mediate these programming effects of increased predisposition to the risk of proliferative retinopathy in adults.



Strengths and Limitations

Our genetic analyses were based only on selected first reports of established and reproducible genetic variants linked to risk of T2D, which represented only a fraction of type 2 diabetes susceptibility variants reported in the literature (Ahlqvist et al., 2018). Further genome wide association study (GWAS) analyses should support and unravel novel genetic loci contributing to the famine-associated risk of retinopathy. Although the methylation analyses supported the potential effects of epigenetic changes in the ADRA2A gene on the famine-associated risk of PDR, the subset with methylation data was underpowered to detect, particularly, small effects and therefore increased sample size would be required. Although the population of Hong Kong represents a unique validation cohort, the sample size with available genotyping was limited. Nevertheless, the association of ADRA2A locus with the advanced stages of diabetic retinopathy in famine-exposed individuals in the HKDR was similar to that observed in the DOLCE study reassuring the link between famine-related exposure and elevated risk of severity of diabetic retinopathy. Finally, the records on macular edema were not available in the DOLCE cohort; however, only seven patients with laser-treated retinopathy did not have information on PDR, which is less likely being able to substantially influence the results. In HKDR, patients with macular edema were excluded from the analyses.

The DOLCE participants with type 2 diabetes were from the Chernihiv region of northern Ukraine, a population that was affected by the Great Holodomor famine (Fedotkina et al., 2021a). The famine exposed group was defined based on the year of birth as we have previously demonstrated significantly elevated odds ratios for PDR in people from the exposed regions born before 1950 as opposed to those born after 1950 as compared to similar groups in the unexposed regions (Fedotkina et al., 2021a). These results indicated that other factors than age contributed to the elevated risks of PDR in the regions affected by the historical famine. Thus, one potential methodological caveat in both populational cohorts from Ukraine and Hong Kong could be that we did not have genetic information in a control group from the neighboring geographical regions of the same ethnicity not exposed to the famines. Additionally, there might be other cultural changes explaining differences between patients with diabetes in the DOLCE study born before and after 1950 such as socio-economical and behavioral factors. Thus, the stress hormones during the periods of famine insults in patients born before 1950 could per se induce epigenetic modifications (Ewald et al., 2014). Further, some therapeutics that became available to patients born after 1950 could potentially interact with the genetic susceptibility and thereby modify risks of PDR linked to ADRA2A, PSCK9, and CYP2C19*2 mutations or nurturing stemness effects of PROX1 mutations. This enhances the importance of gene-environment and gene–drug interaction studies in discoveries of potential therapeutic mechanisms and drug targets.

In summary, we show the possible involvement of neuronal ADRA2A, PCSK9, and neuroprogenitor marker PROX1 genes as molecular underpinnings in the pathogenesis of PDR. These findings may inform the development and testing of neuroprotective drugs relevant to the famine-exposed individuals or other individuals with progressive diabetes.
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Gene SNP Risk allele RAF Exposed to famine Unexposed Interaction
OR (90% CI) P OR (90% CI) P P
ADRA2A rs10885122 G 0.94 3.13(1.12-13.2) 0.0265 0.94 (0.18-17.4) 0.953 0.368
PCSK9 rs2479409 G 0.68 0.91 (0.59-1.42) 0.674 1.48 (0.46-5.37) 0.522 0.455
PROX1 rs340874 C 0.41 0.78 (0.51-1.17) 0.236 1.26 (0.44-3.69) 0.661 0.401
CYP2C19*2 rs4244285 A 0.31 0.61 (0.37-0.96) 0.0325 0.51(0.08-1.71) 0.308 0.814

The odds ratios are obtained from interaction analyses of risk variants (additive model) and famine exposure adjusted for sex, age, and diabetes duration. ADVDR,

advanced diabetic retinopathy; RAF, risk allele frequency.





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Neuronal Dysfunction Is Linked to the Famine-Associated Risk of Proliferative Retinopathy in Patients With Type 2 Diabetes



		INTRODUCTION



		MATERIALS AND METHODS



		Study Populations



		The Diabetes and Its Complications in the Chernihiv Region Study







		The Hong Kong Diabetes Register: Validation Cohort for Genetic Findings



		Genetics







		In vitro Expression Measurements in Human Retinal Tissue



		RNA Quality Assessment



		In vitro Starvation Experiments of Embryonic Retinal Cells



		Ethical Permits



		Isolation and Culture of Retinal Cells



		The RNA Isolation and RT-qPCR



		Immunocytochemistry



		Image Analysis







		Global DNA Methylation







		Statistical Analysis







		RESULTS



		Genetic Variants and the Risk of Proliferative Diabetic Retinopathy in Offspring of Individuals With Perinatal Exposure to Famine



		Discovery of Genetic Variants in the Diabetes and Its Complications in the Chernihiv Region Cohort



		Replication of Genetic Findings in the Hong Kong Diabetes Register Cohort



		Gene Expression in Human Retina of Patients With and Without Diabetes







		Exposure of Embryonic Retinal Cells to Starvation and Gene Expression



		Establishment and Evaluation of a Primary Cell Culture Model



		Effects of Short Term (6-h) and Long-Term (6-Days) Starvation for Glucose on Gene Expression



		Effect of Starvation for Glucose on Morphology of Neurons







		Effects of Risk Variants on Methylation and Gene Expression



		Methylation QTLs and Expression QTLs











		DISCUSSION



		Strengths and Limitations







		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fnins-16-858049-g001.jpg
Acute starvation effects (at the end of starvation)

A Starved 6 h for
glucosc and
RNA isolation

Preparation of
retinal culture
from E18.5

CS57BI16 mice
embryos
B 4
=
o
EA
2E£
£ %
g2
sE ° .
Z .
Z |
> 1=
3 S—
v
<
-
& & v » N %
RO R R

Long-term cffects (six days after end of starvation)

C Starved 6 h

NA isolau
for glucose RNA isolation

Culturcat 5.5 mM

Preparation of

retinal culture glucose
from E18.5
CS57BIl6 mice
embryos
D 4= *
E =
.§'§ 3+
g ek
e
22 D H
21 :
b
2& 14
=
=~
()=
N . ~Q 9 3 4
& N\ »° »> < 3
\°"'\S \'CYS »\& \‘~$ \1\‘0 (,‘\\\

I Control; B Starvation





OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Neuroscience

Neuronal Dysfunction Is Linked
to the Famine-Associated Risk
of Proliferative Retinopathy
in Patients With Type 2 Diabetes





OPS/images/fnins-16-858049-g002.jpg
]
o
~
o’/
L —
~—
<
-~
.
—
<
G
<

Control

ISYOd0H/urnqny, 11 ¢






OPS/images/fnins-16-858049-g003.jpg
P ~ % 2

635SHd /VIVAAY urnqnyp I ¢ UnNsaN ISYI30H] Wo0 /=351 . [OJJUOD DANRSION







OPS/images/fnins-16-858049-g004.jpg
Critical organ for survival \
ADRA2A

/ Non-essential organs for survival \

ot o S S S N S

Retina TR ADRA2A

uuuuu

Programming of metabolic
adaptations

‘Insulin secretion HGP' \

k). .
Bitioy PCSK9
On eog of
e CYP2C19%2

ADRA24

o i
:;a r:
W
Adipose tissue . . t
Insulin resistance Insulin resistance

Lipolysis

Muscle Liver









OPS/images/logo.jpg
'frontiers ‘ Frontiers in Neuroscience





OPS/images/fnins-16-858049-t001.jpg
Gene SNP Risk allele RAF Exposed to famine Unexposed Interaction Effect size heterogeneity
OR (90% Cl) OR (90% CI) p P Qep
ADRA2A rs10885122 G 0.86 3.67 (1.77-7.63) 0.45 (0.28-0.71) 0.003 94 0.00006*
PCSK9 rs2479409 G 0.35 2.27 (1.26-4.06) 0.59 (0.37-0.94) 0.021 89 0.00313
PROX1 rs340874 ¢} 0.50 0.54 (0.32-0.89) 1.57 (1.05-2.35) 0.045 87 0.00642
CYP2C19*2 rs4244285 A 0.13 2.87 (1.23-6.68) 0.48 (0.23-0.99) 0.040 86 0.00826

All subsequent episodes of exposure to famine were combined covering the period before 1950 (exposed to famine) and after 1950 (unexposed). The odds ratios are
obtained from interaction analyses of risk variants (additive model) and famine exposure adjusted for sex, age, and diabetes duration. The influence of genetic variants on
the risk of advanced diabetic retinopathy in individuals that had been born exposed or not exposed to famine was verified using odds-ratio heterogeneity Q-statistics and
quantified using P-value. RAF, risk allele frequency. *Significant after adjustment for the multiple testing using Bonferroni correction (p < 0.05).





