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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.
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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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