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CpG methylation in the 1F promoter of the NR3C1 gene and
 its biomarker potential in Post-Traumatic Stress Disorder


ABSTRACT
PTSD is a disorder that is described to cause by disruption of psychoneurological and biological processes in military personnel due to war-related trauma, excessive stress and exposure to extreme environments. Specifically, stability of the means of stress response is also influenced by epigenetic regulation of the glucocorticoid receptor gene (NR3C1). In this research, “in silico” methods of CpG methylation at a level and location in the 1F promoter region of NR3C1 gene was conducted. We examined exon 1F promoter of the glucocorticoid receptor gene (NR3C1) of peripheral blood of group of individuals aged 20-24 (46 XY males, 46 XX females). The degree of CpG methylation was higher in females (β ≈ 0.8-1.0) compared with males (β ≈ 0.5-0.7), showing that there was a high sensitivity to methylation and a high epigenetic activity at the locus. Variability observed indicates that the 1F promoter is a major site of the individual difference in stress responsivity. Due to the potential to alter the NR3C1 expression with the help of methylation of this region, such patterns can affect cortisol regulation and the functioning of the HPA-axis, which could possibly support the maintenance of stress responses following military trauma and predisposes to PTSD. On the whole, the presented analyses show that CpG methylation in the 1F promoter of the NR3C1 gene could be one of the molecular predictors of stress tolerance and adaptation to psychological stress in a military environment. This region could be assessed as an early diagnostic and prognostic epigenetic biomarker of PTSD.
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INTRODUCTION
Suddenly, unexpected traumatic stressors can cause Post-Traumatic Stress Disorder (PTSD) in military personnel (Javidi & Yadollahie, 2012). In 1871, Dr. Jacob Mendez Da Costa described a specific symptom complex in a group of soldiers, including tachycardia, anxiety, shortness of breath, and hypervigilance. Initially, these symptoms were referred to as “Soldier’s Heart Syndrome,” but later the syndrome was named “Da Costa Syndrome” in his honor (Da Costa, 2010).
During World War I, the widespread use of advanced weapons in combat was so rapid that soldiers perceived events such as coming from a supernatural source and experienced a constant fear of being surrounded by invisible enemies. Some of the soldiers exhibited clinical manifestations such as staring, cold extremities, severe tremors, paralysis, and unexplained deafness or blindness. This condition was later called “Contusion” (Coleman, 2006). The same phenomenon was also observed among World War II veterans and civilian survivors of the atomic bombings of Hiroshima and Nagasaki (El-Sarraj et al., 2008). This time, however, these symptoms were not diagnosed as “Concussion” but as “Combat Neurosis” or “Operation Fatigue”. This syndrome, which reflects the entire spectrum of the listed symptomatic manifestations, has taken its place in modern psychiatric classification systems such as Post-Traumatic Stress Disorder (PTSD) (Fishbain et al., 2017).
According to the Diagnostic and Statistical Manual of Mental Disorders (DSM), PTSD was previously classified as an anxiety disorder (Kessler et al., 2017). In the International Classification of Diseases, Injuries, and Causes of Death (ICD-10, 1992), this condition is classified as a neurotic, stress-related, and somatoform disorder (Xue et al., 2015). PTSD develops in military personnel against the background of a serious traumatic stress factor - combat conditions, explosions, the loss of a comrade in battle. Immediately after the trauma, soldiers may experience symptoms such as severe anxiety, dissociative amnesia, poor concentration, and derealization (Harik et al., 2016). There are several factors that determine the development of PTSD in military personnel, including the duration and intensity of the trauma. In addition, emotional detachment at the time of the event, the degree of reaction to the event, and the level of help and support received immediately after the event are among the main variables that significantly affect the likelihood of developing PTSD (Steenkamp et al., 2015).
The PTSD symptoms may influence the functionality and functioning of an individual in the day-to-day life (Friedman et al., 2007). These symptoms may be dependent on the nature of the traumatic experience. To illustrate, people who were subjected to fires or explosions are likely to develop symptoms of depression, hostilities and paranoia whereas soldiers who were subject to gunfire are likely to develop sleep disorders and sleep breathing issues (Harik et al., 2015). Depending on the duration of time, PTSD falls into two broad categories of the disorder (Fishbain et al., 2017):
• Acute PTSD – symptoms last for less than 3 months.
• Chronic PTSD – symptoms last for more than 3 months.
In addition, there is the term “Delayed-Onset PTSD”. This refers to the development of PTSD long after the traumatic event in individuals who did not meet the initial diagnostic criteria (Fishbain et al., 2017).
[image: ]Although traumatic experiences play a key role in the development of PTSD, not all individuals exposed to similar trauma develop the disorder. This variation suggests that genetic and biological factors may also play an essential role in individual susceptibility to PTSD. Genetic factors control a person's response to stress, memory formation, and emotional regulation to some extent. Therefore, in recent years, the study of genes associated with PTSD has attracted great interest. Several genes have been reported in the literature that are associated with PTSD, one of which is the NR3C1 (nuclear receptor subfamily 3, group C, member 1) gene (Klengel et al.,2014).
Figure 1. UCSC Genome Browser view of the NR3C1 gene (Chromosome 5, q31.3)
The NR3C1 gene is located at the 5q31.3 locus of human chromosome and the gene size is approximately 125,394 bp. The coding region is approximately 121,476 bp long. It plays a key role in regulating the body's hormonal response mechanisms to stress and controls cortisol secretion through the HPA (Hypothalamic-Pituitary-Adrenal) axis. Polymorphisms and epigenetic changes occurring in the NR3C1 gene may explain to some extent the response of individuals to trauma and susceptibility to PTSD. One of the main mechanisms of these epigenetic changes is the methylation occurring in CpG islands located in the promoter region of the NR3C1 gene, which can affect the expression of the gene and affect the susceptibility of individuals to trauma (Li et al., 2023).

Since army personnel are exposed to intense stress, they develop such psychological disorders, which seriously affect their psychological resilience and decision-making skills. In order to prevent such cases, earlier assessment of genetic susceptibility to stress is considered one of the main issues facing the military medical service. The main goal of this study is to investigate the effect of methylation in the 1F promotor region of the GR encoding gene on biological vulnerability to stress and demonstrate scientifically that changes in methylation levels can be evaluated as potential epigenetic biomarkers reflecting the level of adaptation. The study provides a basis for identifying genetically individual response mechanisms in soldiers exposed to stress. Consequently, it is considered an essential step for assessing the psychological endurance of military personnel at the genetic level. 
MATERIAL AND METHOD
The exon-intron structure of the NR3C1 gene analyzed in the study, the information about the promoter regions in the 5' regulatory region, transcript variants and the NR3C1 gene were obtained from the Ensembl (Cunningham et al., 2024) and UCSC Genome Browser (Kent et al., 2002) databases. The GRCh37/hg19 version was selected as the human reference sequence for genomic analysis.
The 1F promoter region located in the 5' untranscribed region of the NR3C1 gene was selected as the target region. This region is located in the coordinate range chr5:142,783,000-142,784,100 (GRCh37/hg 19) and includes the transcription start site (TSS), as well as the binding motifs of the NGFI-I (EGR1) transcription factor. The density and distribution of CpG dinucleotides in this region were determined using the “CpG islands” and “Regulatory Elements” tracks available in the UCSC Genome Browser. For the assessment of CpG methylation levels, whole-genome bisulfite sequencing data from the MethBank (v3.0) database were selected (Li et al., 2023). Blood samples from female (46XX) and male 46(XY) donors aged 20–24 years were used in the analysis. CpG methylation levels (β-values) in the 1F promoter region of the NR3C1 gene were analyzed comparatively in both groups. Based on the CpG site-level β-value indicators presented in the MethBank (v3.0) platform, methylation levels were evaluated in the interval of 0 (complete hypomethylation) to 1 (complete hypermethylation). UCSC Genome Browser and MethBank (v3.0) WGBS Visualization Tool platforms were used for genomic visualization. CpG sequences, transcription factor binding sites, and methylation signal distribution in the 1F promoter region of the NR3C1 gene were visually compared (Hompes et al., 2013).
RESULTS
To accurately determine the structure and functional divisions of the NR3C1 gene, its exon-intron architecture was analyzed using the Ensembl database.
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	Figure 2. Exon-intron structure of the NR3C1 gene (based on the Ensembl database)
The primary transcript of the NR3C1 gene consists of 9 exons and 8 introns, is located on the reverse strand, and is 122.53 kb long. The coding regions located between exons 2-9 indicate that the glucocorticoid receptor is regulated in a complex manner at the transactivation, DNA binding and ligand binding, and epigenetic levels. The NR3C1 gene has 9 alternative non-coding first exons that can be transcribed at the mRNA level but do not encode any known protein.
[image: ]The 5′ untranscribed regions of the NR3C1 gene contain a 3 kb CpG island. It encompasses seven of the nine alternative first exons: 1D, 1J, 1E, 1B, 1F, 1C, and 1H. This area is regarded as the most dynamic area in regard to epigenetic regulation of the NR3C1 gene. Specifically, the area of 1F promoter, not a coding one, also has a significant role in the transcriptional regulation of glucocorticoid receptor. It is a promoter region that includes the binding motifs of transcription factor NGFI-A (EGR1) and the CpG island that is one of the most important epigenetic mechanisms in the stress responses and activity of HPA axis.
Figure 3. Sequence of CpG dinucleotides in the 1F promoter region of the NR3C1 gene (UCSC Genome Browser).
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AI-generated content may be incorrect.]There are several CpG dinucleotides found in the 1F promoter region of NR3C1 gene. The frequency and uniformity of CpG dinucleotide bring to mind that this area is a typical CpG island and a key focus of epigenetic methylation mechanisms. One of the most critical areas that control the expression of the glucocorticoid receptor (GR) is the 1F promoter. This region undergoes methylation which decreases the availability of the promoter to transcription factors and suppresses expression of NR3C1 gene. Consequently, the negative form of feedback in the HPA axis is disturbed leading to prolonged stress response. 
Figure 4. Comparison of CpG methylation profiles in male and female blood samples in the 1F promoter region of the NR3C1 gene (chr:5142,783,000-142,784,100; hg19).
“In silico” analysis revealed that the 1F promoter region (chr:5142,783,000-142,784,100; hg19) located in the 5' regulatory region of the NR3C1 gene has a high density of CpG. This region encompasses the transcription start site (TSS) of the gene and the binding motifs of the NGFI-A (EGR1) transcription factor, indicating that it is one of the central epigenetic regulatory regions of transcription.
The analysis was performed based on the whole genome bisulfite sequencing (WGBS) data for Homo Sapiens from the MethBank (v3.0) database. Blood samples from female (46XX) and male 46(XY) donors aged 20-24 years were selected for comparison. The distribution and intensity of CpG methylation signals in the 1F promoter region were analyzed and compared for both samples. The methylation level of CpG sites in the 1F promoter region shows marked differences between women and men.
In the female donor sample, β values ​​mainly varied in the range of 0.8-1.00, indicating a high level of methylation (hypermethylation) in the 1F promoter region. This result confirms that the 1F promoter of the NR3C1 gene (chr:5142,783,000-142,784,100; hg19) is a CpG-dense and highly susceptible region for methylation. The observation of β values ​​above 0.7 in women causes DNA to remain in a denser chromatin state, i.e., the heterochromatin form predominates. This condition limits the binding of transcription factors, primarily regulatory elements such as NGFI-A (EGR1), to the promoter region. As a result, the expression of the NR3C1 gene decreases, the level of glucocorticoid receptors (GR) decreases, and the negative feedback mechanism of the cortisol hormone weakens. These molecular processes lead to a longer and more persistent stress response in the female body. In women, the increased activity of DNA methyltransferases – DNMT1, DNMT3A, DNMT3B – due to the hormonal environment (estrogen and progesterone) also acts as an additional factor that enhances this hypermethylation tendency.
In the male donor sample, β values ​​varied mainly in the range of 0.5-0.70, reflecting a relatively hypomethylation profile. β values ​​around 0.5 allow the 1F promoter region to be maintained in an open chromatin (euchromatin) state. This structural state increases transcriptional activity, thus increasing the expression level of the NR3C1 gene and enhancing the synthesis of glucocorticoid receptors (GR). This difference allows for more effective regulation of the cortisol hormone in men and faster adaptation after stress. The weak effect on methylation of testosterone maintains low activity of DNMT and hypomethylation of the 1F promoter. As a result, the negative feedback mechanism of the HPA axis in men functions more stably and flexibly, and stress responses normalize in a shorter time.
Overall, these findings indicate that the CpG methylation of the NR3C1 gene 1F promoter region is an essential factor in the epigenetic regulation of stress response. The 1F promoter which is one of the most critical control areas that directly influence the expression of the glucocorticoid receptor (GR) is also engaged in ensuring stability in the functionality of the HPA axis. Alterations in methylation that take place in this area influence the amount of cortisol released by individuals, the magnitude of the stress response, and adaptation.
It is against this that the analyses of the level of methylation in the 1F promoter region can be regarded as a persisting prospect of investigating on the molecular pathophysiology of stress-related disorders, particularly PTSD. In such a way, CpG methylation phenotype in the 1F promoter of the NR3C1 gene may be treated as a possible biomarker to measure the risk of PTSD and determine the predisposition of individuals at the epigenetic level in further research.
Meanwhile, it is necessary to mention that the CpG levels of the 1F promoter of the NR3C1 gene may vary depending on the biological and hormonal factors such as gender. Such heterogeneity can influence variations in the regulation of the gene by epigenetics and can be used to explain the variations in the stress response mechanisms. Thus, individual and physiological aspects might be crucial to consider this epigenetic marker as a biomarker in future research.
DISCUSSION
The main objective of this study was to assess the potential association of CpG methylation levels in the 1F promoter region of the NR3C1 gene with stress-related psychological disorders, especially PTSD. As a result of the conducted “in silico” analyses, it was determined that the 1F promoter region is a CpG-dense, methylation-sensitive region that plays a vital role in epigenetic regulation. Changes in methylation levels in this region may affect the expression of the glucocorticoid receptor (GR) and, consequently, the regulation of the activity of the HPA axis.
The obtained results indicate that methylation patterns in the 1F promoter region may play an essential role in the epigenetic regulation of the stress response. These findings can be considered as preliminary scientific evidence that CpG methylation in the 1F promoter of the NR3C1 gene can be evaluated as a potential biomarker for PTSD. Such a biomarker can serve as an objective epigenetic indicator for both determining the biological susceptibility of individuals to PTSD after trauma and for early risk assessment.
In the related literature (El-Sarraj et al., 2008; Palma-Guidel et al, 2015), hypermethylation events occurring in the promoter region of the NR3C1 gene, especially in the 1F region, have been associated with decreased GR expression and cortisol dysregulation in stressed individuals. These changes weaken the negative feedback mechanism of the HPA axis and, as a result, lead to a prolongation of the stress response. The methylation differences observed in the present study are consistent with previous studies in this direction and further confirm that the 1F promoter is a key target region in the regulation of the biological response to stress. Some studies (Li et al., 2023; Van der Knap et al., 2015; Edelman et al., 2012) have indicated that the NR3C1 methylation is able to change with differences in individuals, hormones and tissue-specific differences. This is also supported by the results of the current analysis. Nonetheless, the information provided in such studies has been more concerned with the determination of typical patterns of methylation which is an indication that the 1F region of the NR3C1 gene promoter can be a stable and biologically useful epigenetic biomarker.
Although some studies have shown consistent results with “in silico” analyses, others have contradicted these results. Radke and colleagues (2013) studied a group of 153 traumatized individuals and found that CpG methylation was associated with PTSD but noted that these changes did not differ by gender (Radke et al., 2022). Carmi and his fellows (Carmi et al., 2023) analyzed blood samples from 52 traumatized individuals and found that hypermethylation were not gender-specific in this group of 28 women and 24 men. In a 2013 study by Cao-Lei (Cao-Lei et al., 2013), methylation levels were detected in a total of 52 CpG islands within and adjacent to 1F, and this study was conducted in 10 different cell lines. In 2017, Schür (Schür et al., 2017) and others determined the number of 1F CpG islands to be 39 based on blood samples obtained from 92 soldiers.
The findings of the present study can imply that the study of CpG methylation of the 1F-promoter of the NR3C1 gene can offer a novel method to evaluate personal vulnerability and biological risk to PTSD. Changes in methylation levels may reflect the functional status of the HPA axis and the activity of glucocorticoid receptors, which directly affect the strength of stress responses. The use of such epigenetic markers may allow for the early identification of individuals prone to PTSD after trauma. In addition, measuring methylation levels may also be helpful in monitoring treatment response. The fact that epigenetic changes are reversible to some extent may also provide a scientific basis for the development of therapeutic approaches based on epigenetic modulators in the future. To this extent, the 1F promoter region of the NR3C1 gene could be considered as a possible target to be used in diagnostic, prognostic and therapeutic applications.
As this research is founded on an action “in silico” analysis only, it would be necessary to verify the findings by experiment. It is advisable that the results should be validated in the future using laboratory-based methods. Moreover, it is possible that the evaluation of the epigenetics level in peripheral blood does not sufficiently represent the alterations of the epigenetics process in brain tissue. Potential confounding factors such as sample size limitations, age, lifestyle, and other biological differences among individuals may also affect the results.
CONCLUSION
Based on “in silico” analysis, it was determined that the NR3C1-1F region has a dense CpG islands and is sensitive to methylation. 47 CpG dinculeotides were detected in this region and this region was verified to be a great region for epigenetic regulation. High levels of methylation, that is hypermethylation, were observed in women and hypomethylation was observed in men, on the contrary, Due to high methylation in women, the expression of the gene encoding GR is reduced and negative feedback mechanism of the HPA axis is disrupted. This leads to a longer-lasting response to stress. The low methylation level in men, on the other hand provides more active synthesis of GR, creating stable conditions for cortisol regulation. These results emphasize that CpG methylation can be considered as a potential biomarker in the development of PTSD. This biomarker can be vital for the early assessment of sensitivity to PTSD and the identification of groups at risk. Additionally, the application of these biomarkers, can be used to organize individual psychotherapy and pharmacotherapy plans and monitors the body’s response to treatment at the epigenetic level.
Future studies should aim to compare CpG methylation levels in the 1F promoter region of the NR3C1 gene between PTSD and healthy individuals, as well as to investigate the relationship between trauma intensity and post-treatment changes. Such studies will further strengthen the practical and scientific value of this region as a possible biomarker for PTSD.
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