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Intensive Glucose Control Reduces the Risk Effect of TRIB3, SMARCD3, and ATF6 Genetic Variation on Diabetic Vascular Complications
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Type 2 diabetes mellitus is a complex disease. Our previous study revealed that TRIB3 genetic variations were strongly associated with diabetic vascular complications, although TRIB3 regulation pathways remain poorly understood. We used two extreme treatment groups from a 2 × 2 factorial randomized controlled trial to identify a positive association, which was further validated in patients receiving cross treatment to test the effect of genetic polymorphisms among the different treatment groups. A gene-centric score (GS)-weighted model including the three associated genetic variations TRIB3 rs2295490, ATF6 rs12086247, and SMARCD3 rs58125572 was used. The results of the GS model indicated a 46% reduction in the risk of primary vascular complications in patients bearing more than two risk alleles [hazard ratio (HR) 0.54, 95% confidence interval (CI) 0.38–0.76, p < 0.001], following intensive glucose control treatment when compared with patients who received standard glucose control treatment. Furthermore, these patients benefited from active blood pressure-lowering treatment (HR 0.39, 95% CI 0.24–0.64, p < 0.001). However, no significant difference was observed between the two interventions in patients with fewer than two risk alleles (HR 1.09, 95% CI 0.86–1.39, p = 0.47). These results indicate that genetic variants in these three genes may be useful biomarkers for individualized drug therapy in diabetic patients.
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INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a metabolic disease caused by a complex interplay of environmental and genetic variant risk factors (Xu et al., 2013). Results from previous studies have indicated that the clinical characteristics of T2DM are affected by common polygenic variants (Lango Allen et al., 2010). In particular, genome-wide association studies (GWAS) have established that single-nucleotide polymorphisms (SNPs) contribute to the susceptibility of T2DM and variations in fasting plasma glucose levels (FPG; Vaxillaire et al., 2014). However, the effects of these SNPs are modest, explaining only approximately 5.7% and 4.8% of the variability in T2DM and FPG, respectively (Morris et al., 2012; Scott et al., 2012). Currently, most known disease-associated SNPs (approximately 95%) are located in non-coding regions (Freedman et al., 2011). Delineating the mechanisms of these common genetic variations at intronic and/or intergenic regions with regard to disease susceptibility remains challenging. As an example, to date, all recognized T2DM-risk SNPs in the transcription factor 7-like 2 gene, which has the strongest association among all identified T2DM genetic loci, are intronic, and their mechanisms leading to T2DM have remained unclear for a decade (Jin, 2016).

The Encyclopedia of Deoxyribonucleic Acid (DNA) Elements (ENCODE) is an ongoing international cooperation project that has systematically listed functional elements, chromatin annotations, and variation annotations in the human genome, intuitively showing whether a SNP is located in any potential functional region, such as transcription factor binding sites, open chromatin regions, micro-ribonucleic acid (miRNA) and long non-coding RNA (lncRNA) transcription regions, miRNA target sites, and DNA methylation sites (ENCODE Project Consortium, 2012). Therefore, we believe that investigation of functional variants based on ENCODE may have great potential in facilitating the identification of valuable gene loci in disease and therapy (Mehta et al., 2013).

Patients with T2DM have a much higher risk of cardiovascular events relative to non-diabetic individuals (Williams et al., 2002). It is well supported by clinical trials that sustained hypotensive and antidiabetic treatment can significantly improve the outcomes of cardiovascular complications in patients with T2DM (Patel et al., 2007; Zoungas et al., 2014). Recently, the TRIB3 gene was reported to play an integral role in insulin resistance-related T2DM and its cardiovascular complications (Prudente et al., 2012; Zhang et al., 2013). The Action in Diabetes and Vascular Disease: PreterAx and DiamicroN Modified-Release Controlled Evaluation (ADVANCE) project was designed to examine whether lowering blood pressure and intensively controlling glycemia in high-risk patients with T2DM could reduce the incidence of diabetic cardiovascular complications (Patel et al., 2007; Zoungas et al., 2014). Remarkably, the results of our previous pharmacogenomic study in ADVANCE (China centers) indicated that a mutation in the second exon (rs2295490, A > G) of TRIB3 confers a different risk of primary vascular events in certain Chinese patients with T2DM. Specifically, patients with AG or GG genotypes experienced significantly fewer primary vascular events after receiving intensive glucose control treatment [aiming for a hemoglobin (Hb) A1c value of 6.5% or lower] as compared with patients receiving standard glucose treatment (patients who continued with their usual glucose control regimens). However, such a benefit was not observed in patients with the AA genotype (He et al., 2016). T2DM is a disease with complex traits, and a previous study suggested that core disease-related genes and genes outside of core pathways are sufficiently interconnected to affect its heritability (Boyle et al., 2017). Hence, we use the published bioinformatics tool (e.g., ENCODE) and database (e.g., STRING) to conduct this pharmacogenomic study in 1989 Chinese patients with T2DM who received blood pressure-lowering and glucose control treatments to determine whether any variants of candidate genes in the TRIB3 regulation pathway could provide a basis for an optimal treatment regimen to reduce cardiovascular complications in patients with T2DM.

PATIENTS AND METHODS

Subjects

We performed a retrospective pharmacogenomic analysis using samples and data from a 2 × 2 factorial randomized controlled trial conducted in 61 centers in China over a follow-up period of 5 years. The original study protocol and details have been published previously (Patel et al., 2007; Group et al., 2008; He et al., 2016). Briefly, approval to conduct the trial was obtained from the ethics committee of each study center, and informed consent was obtained from all subjects (registration number NCT00145925). All methods were performed in accordance with the relevant guidelines and regulations. Patients (aged ≥ 55 years) with T2DM were randomly assigned (1:1) to receive either intensive glucose-lowering treatment (target HbA1c ≤ 6.5%) based on modified-release gliclazide (30–120 mg daily) or standard guideline-based therapy for glycemic control, as well as blood pressure-lowering treatment comprising perindopril and indapamide (initially 2.0 mg perindopril and 0.625 mg indapamide daily, increased to 4.0 mg perindopril and 1.25 mg indapamide daily after 3 months) or corresponding placebo. Participants and investigators were not blinded to the assignment of the glycemic control treatment but to that of the blood pressure-lowering treatment. During the follow-up period, any other antidiabetic, antihypertensive, antiplatelet, and antilipemic agents required were also administered according to the protocol.

Candidate Genes and SNP Selection

We used bioinformatic databases [STRING1, score > 0.90, top 20, and KEGG (glucose and lipid metabolic pathways2)] and searched the literature to predict candidate genes in the TRIB3 regulation pathways, as summarized in Stage 1 of Figure 1. The potential function of a SNP in or near the candidate gene was assessed using the ENCODE database3. Candidate SNPs with minor allele frequency ≥ 5% and pairwise linkage disequilibrium r2 < 0.30 within the same and adjacent genes [1000 Genomes phase 3 Han Chinese in Beijing (CHB) and Han Chinese South (CHS) data] were included.
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FIGURE 1. Candidate biomarker selection and pipeline of study protocol.



Study Design and Genotyping

A three-step association study were conducted (Figure 1). Selected SNPs were first screened to identify any significant association between a SNP and drug response/clinical outcomes in the two treatment cohorts (intensive glycemic control plus active blood pressure-lowering treatment, versus standard glycemic control plus matched placebo for blood pressure lowering, Stage 1). Next, expanded cohorts receiving the same treatments were used to replicate the significant association (Stage 2). Lastly, in Stage 3, the replicated association in Stage 2 was examined using cohorts receiving cross treatments (intensive glycemic control plus matched placebo for blood pressure lowering, versus standard glycemic control plus active blood pressure-lowering treatment) and compared to that in Stages 1 and 2. Genomic DNA was extracted from peripheral venous blood using a DNeasy Blood & Tissue Kit (QIAGEN, China). Candidate SNPs were genotyped by Bioyong Technologies Inc. using a Sequenom MassARRAY®SNP system for all patients, 5% of whom were randomly selected for genotype validation via Sanger sequencing.

Primary Endpoint Measurements

Mean glycated Hb levels, systolic blood pressure (SBP), and diastolic blood pressure (DBP) measured during the follow-up period were used to assess drug response across the treatment groups. Major Macrovascular and microvascular events, as well as second primary endpoints have been defined in previous studies (Patel et al., 2007; Group et al., 2008). Briefly, major macrovascular events included death from cardiovascular causes, nonfatal myocardial infarction, or nonfatal stroke. Major Microvascular events included new or worsening renal or diabetic eye diseases. Second endpoints include coronary events, heart disease, cerebrovascular events, visual deterioration, new or worsening microalbuminuria (defined as urinary albumin and creatinine levels between 30 and 300 μg/mg), death from any other causes, neuropathy, hypoglycemia (recorded as fasting blood glucose level < 2.8 mmol/L), and vascular disease-related hospitalization. Relations between SNPs and major or second clinical outcomes were considered together and separately.

Statistical Analysis

The genotyping and clinical data were summarized and analyzed via tests such as the Hardy–Weinberg equilibrium test, linkage disequilibrium test, as well as linear and logistic regression analyses with adjustment for baseline of body mass index, sex, age, drug dosage, duration of T2DM, combined medication, and other biomarkers (i.e., potassium concentration and low-density lipoprotein levels) using PLINK v1.94. SNPs that met the inclusion criteria were further confirmed via mixed linear regression and Cox proportional hazards models with adjustment for the baselines using SAS software (version 9.4, SAS Institute). For participants who met more than one endpoint, the time of occurrence of the first relevant endpoint was used to calculate the survival time. We used a full range of genotypic models (additive, dominant, and recessive genetic models) to test any differences in categorical cluster variables and quantitative variables among the four treatment groups. The reduction in relative risk was calculated as (1-hazard ratio) × 100%. The quantitative data described in the text and figures are presented as means ± standard deviation (SD) or mean (inter-quartile range, IQR) and percentages for categorical data. Finally, associated SNPs were assigned a weighted gene-centric score (GS) by assigning each allele equal weight (Busch et al., 2017). The interactions between the subgroups and the treatments were then analyzed as described above for that between genotypes and treatments. A calculated two-tailed p-value of <5% was considered statistically significant.

RESULTS

Baseline Characteristics, Genotyping Results and Outline of Major Findings

Peripheral venous blood samples were obtained from 1989 Chinese patients with T2DM across 61 clinical trial centers. Ninety-one (4.6%) DNA samples did not qualify for genetic testing. Of all the participants, 94.6% (1796/1898) successfully completed the trial as scheduled with an average follow-up period of 4.8 years. The baseline characteristics between the two treatment axes (glycemic control and blood pressure lowering) did not exhibit any significant differences (Table 1). A total of 50 SNP loci in 21 genes (Supplementary Table S1) were successfully identified in our study. According to our study protocol (Figure 1), the association was replicated for nine SNPs (Supplementary Figure S2), and genetic variations in three SNPs (TRIB3 rs2295490, ATF6 rs12086247, and SMARCD3 rs58125572) were significant associated with diabetic vascular complications after glucose control and/or blood pressure-lowering intervention. However, these genetic polymorphisms did not affect drug response with regard to HbA1c%, SBP, and DBP (data not shown).

TABLE 1. Clinical characteristics of patients at baseline according to glucose control cohort and blood pressure lowering cohort∗.
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SNPs in Response to Glycemic Control and Blood Pressure-Lowering Treatment

For the glucose control arm, as shown in Figure 2A, the TRIB3 (rs2295490) AG/GG genotypes were found to reduce primary vascular events in patients who received the intensive glucose treatment as compared to those receiving the standard glucose treatment [hazard ratio (HR), 0.58; 95% confidence interval (CI), 0.42–0.79; p = 0.001]. Interestingly, as shown in Figure 2B, the relative risk of major microvascular events was significantly reduced in patients with the CG or GG genotype of SMARCD3 (rs58125572) genetic variation, when compared the intensive with the standard glycemic control treatment (HR, 0.52; 95% CI 0.30–0.88; p = 0.015). This was not observed in patients with the CC genotype (HR, 0.79; 95% CI 0.58–1.08; p = 0.14). However, we were unable to replicate any effects caused by the other six SNPs for which an association with clinical outcomes was suggested in our Stage 2 analysis (Supplementary Figure S1). For the blood pressure-lowering intervention arm, the ATF6 (rs12086247, G > A) GG genotype was significantly associated with a reduction in microvascular events (HR, 0.71; 95% CI 0.51–1.00; p = 0.046; Supplementary Figure S2), but not in major macro-/micro-vascular events (HR, 0.72; 95% CI 0.56–0.92; p = 0.08; Figure 2C) when comparing patients receiving the active blood pressure treatment as compared to those receiving the placebo. However, such a reduction was not observed among patients with the GA/AA genotypes, and the other seven SNPs seemed to be irrelevant to clinical outcomes related to the blood pressure-lowering treatment (Supplementary Figure S2).
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FIGURE 2. Effect of TRIB3 (rs2295490), SMARCD3 (rs58125572), and ATF6 (rs12086247) genetic variation on primary cardiovascular events. Panels (A–C) depict the positive effect of TRIB3, SMARCD3, and ATF6 genetic variants on the cumulative incidence of major vascular events according to glucose control or blood pressure-lowering treatment. The vertical dotted line represents additional data on microvascular events collected at the 24-month and 48-month study visits. The time to event was recorded as the date of visit. At month 57, 99% of events had occurred and the curves were truncated. The effects of the genetic variations were analyzed using unadjusted Cox proportional hazards models.



Gene-Centric Score (GS) Analysis of TRIB3, SMARCD3, and ATF6

We defined the TRIB3 (rs2295490, A > G) G allele, the SMARCD3 (rs58125572, C > G) G allele, and the ATF6 (G > A) G allele as risk alleles for vascular complications in patients with T2DM. Patients having zero to two risk alleles were defined as the low-risk subgroup, and those with three or more risk alleles as the high-risk subgroup. Using the GS analysis model, for glucose control arm, we observed that the relative risk of major macrovascular and microvascular events was significantly reduced by 46% following intensive glycemic control treatment as compared with the standard glycemic control treatment in patients in the high-risk group (≥3 risk alleles; HR, 0.54; 95% CI 0.38–0.76; p < 0.001). However, no significant differences were observed between the intensive and the standard glycemic control treatments in patients with fewer than two risk alleles (Figure 3C). Moreover, as shown in Figure 3A, compared with the diabetic patients receiving the standard glycemic control treatment and the matched placebo blood pressure-lowering treatment, those with three or more risk alleles who received the intensive glycemic control treatment and the active blood pressure-lowering treatment had a significantly reduced risk of major macrovascular events combined with microvascular events (HR, 0.39; 95% CI 0.24–0.64; p < 0.001). This was not observed in patients with fewer than two risk alleles (HR, 1.12; 95% CI 0.77–1.62; p = 0.55). In addition, as shown in Figure 3B, we did not observe any differences in the incidence of major macro-/micro-vascular events between high-risk and low-risk patients with the cross treatment (intensive glucose control treatment and matched placebo blood pressure-lowering treatment, or standard glucose control treatment and active blood pressure-lowering treatment). These results, as compared with those receiving standard glucose control treatment and the placebo for blood pressure-lowering treatment, suggest high-risk patients benefited from the intensive glucose control treatment and the active blood pressure-lowering treatment. For blood pressure control arm, no significant differences in major macrovascular events, microvascular events, and any other secondary clinical outcomes were observed between patients with three or more risk alleles and those with two or fewer (Figure 3D). The time-weighted mean HbA1c %, SBP, and DBP were similar between the two patient populations with different genotypes who received the antihypertensive treatment (data not shown).
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FIGURE 3. Cumulative incidence of combined major macrovascular and microvascular events among individuals with high- and low-risk alleles according to treatment strategies. Panel (A) depicts the cumulative incidence of combined major macrovascular and microvascular events in the screening stage (patients receiving combined intensive [Int] and active [Act] treatment, versus patients receiving combined standard [Sta] and matched placebo [Pla] treatment) among individuals with high-risk and low-risk alleles. Panel (B) represents the cumulative incidence of combined major macrovascular and microvascular events in the validation cohorts (patients receiving combined Int and Pla treatment, versus those receiving combined Act and Sta intervention) among individuals with high-risk and low-risk alleles. Panels (C,D) show the cumulative incidence of combined major macrovascular and microvascular events among individuals with high-risk and low-risk alleles according to glucose control and blood pressure-lowering treatment.



DISCUSSION

The ADVANCE project was designed to examine the effects of blood pressure-lowering treatment and intensive glycemic control on the occurrence of primary vascular events in hypertensive or normotensive patients with T2DM. After a 5-year follow-up period, the relative risk of primary vascular endpoints was reduced by 9 and 10% in patients receiving the active blood pressure-lowering treatment and in those receiving the intensive glycemic control treatment, respectively, when compared with their matched controls (Patel et al., 2007; Zoungas et al., 2014). Originally, this study was designed to determine the contribution of genetic variation to these effects in response to different drug treatments. In our study cohort, however, apart from modified-release gliclazide and fixed-dose perindopril and indapamide tablets, which were regularly used in the pre-specified intervention group, a wide range of other drugs was also irregularly used to achieve therapeutic goals in patients with T2DM. Therefore, the aim of our study, in the context of clinical practice, was to focus on exploring the relationship between genetic variants and different glucose or blood pressure homeostasis status among the 2 × 2 factorial treatment strategies in patients with T2DM. Our data showed that among patients with multiple high risk alleles likely leading to increased TRIB3 function, the intensive glycemic control treatment reduced the relative risk of primary vascular endpoints by 46% (Figures 3C, 4) as compared with the standard glycemic control treatment. However, such benefits in response to intensive glycemic control treatment were insignificant among patients with less genetic changes in TRIB3 gene.
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FIGURE 4. Effect of glucose treatment on primary and secondary endpoints among patients with high-risk and low-risk alleles. For each sub-endpoint, black squares represent point estimates, with the area of the square proportional to the number of events, and horizontal lines represent the 95% confidence interval. The hazard ratios and relative risk reductions are provided for intensive glucose control as compared with standard glucose control in patients with high-risk and low-risk alleles.



Through a SNP selection strategy based on the ENCODE genome database, we identified two novel SNPs associated with drug treatment protocol-related vascular complications in patients with T2DM (as shown in Figures 2B,C). One SNP (rs58125572) introduced a DNA methylation site at chromosome 7 q36.1, which is the locus for a gene called switching defective/sucrose non-fermenting (SWI/SNF) related, matrix-associated, actin-dependent regulator of chromatin subfamily D, member 3 (SMARCD3). SMARCD3 is a core component of the SWI/SNF protein complex, which uses the energy generated by ATP hydrolysis to alter DNA–histone interactions, thereby facilitating the function of transcriptional activators involved in glycolytic metabolism via its induction of DEP domain-containing mTOR-interacting protein (DEPTOR) expression and protein kinase B (Akt) activation, and thus improving insulin resistance and lowering blood glucose (Peterson and Tamkun, 1995; Meng et al., 2013). No previous data are available with regard to the clinical relevance of this SNP in response to drug treatment and disease. The other SNP (rs12086247) located in activating transcription factor 6 (ATF6) intron region, can result in the removal of a DNA methylation site at chr1:161764793-161764793. Available data shows ATF6 was involved in unfolded protein responses related to reticulum stress via the direct induction of antioxidant proteins, and plays an important role in protecting myocardial ischemia injury (Jin et al., 2017). Three SNPs (rs4579731, rs10918215, and rs13401) in ATF6 are reported to be significantly associated with FPG levels in Dutch Caucasian individuals. However, this association is not observed in a Chinese population, probably due to differences in the study cohort and the mutation frequency of the three SNPs (Meex et al., 2007; Hu et al., 2011). It is worth noting that TRIB3 acts as a brake on insulin-mediated signaling pathways, affecting many aspects of cell function via protein interactions (Eyers et al., 2017). The protein–protein interaction between TRIB3 and SMARCD3 was predicted by the STRING database. Studies revealed that SMARCD3, β-catenin, and TRIB3 appear to act as positive modulators of Akt (Klaus et al., 2012; Ozcan et al., 2013). However, there is no direct evidence currently supporting the regulation of TRIB3 by SMARCD3 or vice-versa. Lale et al. reported the clear regulation of TRIB3 by ATF6 and elucidated the crucial function of these two proteins in the development of metabolic diseases (Zhou et al., 2016).

To our knowledge, pharmacogenomic findings with respect to antidiabetic drug response or adverse drug reactions have yet to be translated into clinical application (Staiger et al., 2009). This may be related to the polygenic traits involved in both drug response and T2DM (Zoungas et al., 2010). In the present study, we observed that only patients with high-risk alleles receiving intensive glycemic control treatment experienced a significant reduction in major vascular or microvascular events, while intensive glycemic control treatment did not confer cardiovascular protection in low-risk allele carriers (Figure 4). These results suggest that not all diabetic patients need intensive glucose control, and the treatment strategy selected for target glucose and blood pressure status achieved need according to their genetic variants. Severe hypoglycemia has been reported to be strongly related to the incidence of macrovascular and microvascular events (Zoungas et al., 2010). Moreover, in our study cohorts, the mean age of participants was 65 years. Thorpe et al. (2015) reported that older diabetic patients experiencing strong glycemic control (HbA1c < 7.0%) did not experience long-term benefits but rather an increased number of adverse events. However, our data suggest that intensive glycemic control and active blood pressure-lowering treatment are necessary for diabetic patients with high-risk alleles for TRIB3, SMARCD3, and ATF6.

CONCLUSION

TRIB3 rs2295490, ATF6 rs12086247, and SMARCD3 rs58125572 genetic variants are associated with specific treatment protocols and with the incidence of diabetic vascular complications. Our results indicate that genetic variants in these three genes may be useful biomarkers for individualized drug therapy in diabetic patients.

AUTHOR CONTRIBUTIONS

FH wrote the manuscript. FH, WZ and GZ designed the study. FH, GL, ZC, ZW and LL performed the research. FH and RL analyzed the data. FH and YS interpreted and revised the manuscript. HZ, XL, XW, HX, WZ and GZ were responsible for data management and contributed reagents and materials to the study.

FUNDING

This work was supported by grants from the Chinese National Science Foundation (No. 81503073), National Science and Technology Major Project (2017ZX09304014), National Key Research and Development Program (Nos. 2016YFC0905000 and 2016YFC0905001), National High Technology Research and Development Program of China, “863” Project (No. 2012AA02A518), National Natural Science Foundation of China (Nos. 81522048, 81573511, and 81273595), Innovation Driven Project of Central South University (No. 2016CX024), and Central South University Innovation Foundation for Postgraduate (2015zzts117).

ACKNOWLEDGMENTS

We thank the many patients and the ADVANCE collaborative group that participated in this study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2018.01422/full#supplementary-material

FOOTNOTES

1 http://string-db.org/

2 http://www.genome.jp/kegg/pathway.html

3 http://www.genome.ucsc.edu/ENCODE/

4 http://www.cog-genomics.org/plink/1.9/

REFERENCES

Boyle, E. A., Li, Y. I., and Pritchard, J. K. (2017). An expanded view of complex traits: from polygenic to omnigenic. Cell 169, 1177–1186. doi: 10.1016/j.cell.2017.05.038

Busch, R., Hobbs, B. D., Zhou, J., Castaldi, P. J., Mcgeachie, M. J., Hardin, M. E., et al. (2017). Genetic association and risk scores in a chronic obstructive pulmonary disease meta-analysis of 16,707 subjects. Am. J. Respir. Cell Mol. Biol. 57, 35–46. doi: 10.1165/rcmb.2016-0331OC

ENCODE Project Consortium (2012). An integrated encyclopedia of DNA elements in the human genome. Nature 489, 57–74. doi: 10.1038/nature11247

Eyers, P. A., Keeshan, K., and Kannan, N. (2017). Tribbles in the 21st century: the evolving roles of tribbles pseudokinases in biology and disease. Trends Cell Biol. 27, 284–298. doi: 10.1016/j.tcb.2016.11.002

Freedman, M. L., Monteiro, A. N., Gayther, S. A., Coetzee, G. A., Risch, A., Plass, C., et al. (2011). Principles for the post-GWAS functional characterization of cancer risk loci. Nat. Genet. 43, 513–518. doi: 10.1038/ng.840

Group, A. C., Patel, A., Macmahon, S., Chalmers, J., Neal, B., Billot, L., et al. (2008). Intensive blood glucose control and vascular outcomes in patients with type 2 diabetes. N. Engl. J. Med. 358, 2560–2572. doi: 10.1056/NEJMoa0802987

He, F., Liu, M., Chen, Z., Liu, G., Wang, Z., Liu, R., et al. (2016). Assessment of human tribbles homolog 3 genetic variation (rs2295490) effects on type 2 diabetes patients with glucose control and blood pressure lowering treatment. EBioMedicine 13, 181–189. doi: 10.1016/j.ebiom.2016.10.025

Hu, C., Zhang, R., Wang, C., Ma, X., Wang, J., Bao, Y., et al. (2011). Lack of association between genetic polymorphisms within DUSP12 - ATF6 locus and glucose metabolism related traits in a Chinese population. BMC Med. Genet. 12:3. doi: 10.1186/1471-2350-12-3

Jin, J. K., Blackwood, E. A., Azizi, K., Thuerauf, D. J., Fahem, A. G., Hofmann, C., et al. (2017). ATF6 decreases myocardial ischemia/reperfusion damage and links ER stress and oxidative stress signaling pathways in the heart. Circ. Res. 120, 862–875. doi: 10.1161/CIRCRESAHA.116.310266

Jin, T. (2016). Current understanding on role of the wnt signaling pathway effector TCF7L2 in glucose homeostasis. Endocr. Rev. 37, 254–277. doi: 10.1210/er.2015-1146

Klaus, A., Muller, M., Schulz, H., Saga, Y., Martin, J. F., and Birchmeier, W. (2012). Wnt/beta-catenin and Bmp signals control distinct sets of transcription factors in cardiac progenitor cells. Proc. Natl. Acad. Sci. U.S.A. 109, 10921–10926. doi: 10.1073/pnas.1121236109

Lango Allen, H., Johansson, S., Ellard, S., Shields, B., Hertel, J. K., Raeder, H., et al. (2010). Polygenic risk variants for type 2 diabetes susceptibility modify age at diagnosis in monogenic HNF1A diabetes. Diabetes Metab. Res. Rev. 59, 266–271. doi: 10.2337/db09-0555

Meex, S. J., Van Greevenbroek, M. M., Ayoubi, T. A., Vlietinck, R., Van Vliet-Ostaptchouk, J. V., Hofker, M. H., et al. (2007). Activating transcription factor 6 polymorphisms and haplotypes are associated with impaired glucose homeostasis and type 2 diabetes in dutch caucasians. J. Clin. Endocrinol. Metab. 92, 2720–2725. doi: 10.1210/jc.2006-2280

Mehta, G., Jalan, R., and Mookerjee, R. P. (2013). Cracking the ENCODE: from transcription to therapeutics. Hepatology 57, 2532–2535. doi: 10.1002/hep.26449

Meng, Z. X., Li, S., Wang, L., Ko, H. J., Lee, Y., Jung, D. Y., et al. (2013). Baf60c drives glycolytic metabolism in the muscle and improves systemic glucose homeostasis through Deptor-mediated Akt activation. Nat. Med. 19, 640–645. doi: 10.1038/nm.3144

Morris, A. P., Voight, B. F., Teslovich, T. M., Ferreira, T., Segre, A. V., Steinthorsdottir, V., et al. (2012). Large-scale association analysis provides insights into the genetic architecture and pathophysiology of type 2 diabetes. Nat. Genet. 44, 981–990. doi: 10.1038/ng.2383

Ozcan, L., Cristina de Souza, J., Harari, A. A., Backs, J., Olson, E. N., and Tabas, I. (2013). Activation of calcium/calmodulin-dependent protein kinase II in obesity mediates suppression of hepatic insulin signaling. Cell Metab. 18, 803–815. doi: 10.1016/j.cmet.2013.10.011

Patel, A., Group, A. C., Macmahon, S., Chalmers, J., Neal, B., Woodward, M., et al. (2007). Effects of a fixed combination of perindopril and indapamide on macrovascular and microvascular outcomes in patients with type 2 diabetes mellitus (the ADVANCE trial): a randomised controlled trial. Lancet 370, 829–840. doi: 10.1016/S0140-6736(07)61303-8

Peterson, C. L., and Tamkun, J. W. (1995). The SWI-SNF complex: a chromatin remodeling machine? Trends Biochem. Sci. 20, 143–146. doi: 10.1016/S0968-0004(00)88990-2

Prudente, S., Sesti, G., Pandolfi, A., Andreozzi, F., Consoli, A., and Trischitta, V. (2012). The mammalian tribbles homolog TRIB3, glucose homeostasis, and cardiovascular diseases. Endocr. Rev. 33, 526–546. doi: 10.1210/er.2011-1042

Scott, R. A., Lagou, V., Welch, R. P., Wheeler, E., Montasser, M. E., Luan, J., et al. (2012). Large-scale association analyses identify new loci influencing glycemic traits and provide insight into the underlying biological pathways. Nat. Genet. 44, 991–1005. doi: 10.1038/ng.2385

Staiger, H., Machicao, F., Fritsche, A., and Haring, H. U. (2009). Pathomechanisms of type 2 diabetes genes. Endocr. Rev. 30, 557–585. doi: 10.1210/er.2009-0017

Thorpe, C. T., Gellad, W. F., Good, C. B., Zhang, S., Zhao, X., Mor, M., et al. (2015). Tight glycemic control and use of hypoglycemic medications in older veterans with type 2 diabetes and comorbid dementia. Diabetes Care 38, 588–595. doi: 10.2337/dc14-0599

Vaxillaire, M., Yengo, L., Lobbens, S., Rocheleau, G., Eury, E., Lantieri, O., et al. (2014). Type 2 diabetes-related genetic risk scores associated with variations in fasting plasma glucose and development of impaired glucose homeostasis in the prospective DESIR study. Diabetologia 57, 1601–1610. doi: 10.1007/s00125-014-3277-x

Williams, R., Van Gaal, L., Lucioni, C., and Board, C.-A. (2002). Assessing the impact of complications on the costs of type II diabetes. Diabetologia 45, S13–S17. doi: 10.1007/s00125-002-0859-9

Xu, Y., Wang, L., He, J., Bi, Y., Li, M., Wang, T., et al. (2013). Prevalence and control of diabetes in Chinese adults. JAMA 310, 948–959. doi: 10.1001/jama.2013.168118

Zhang, W., Liu, J., Tian, L., Liu, Q., Fu, Y., and Garvey, W. T. (2013). TRIB3 mediates glucose-induced insulin resistance via a mechanism that requires the hexosamine biosynthetic pathway. Diabetes Metab. Res. Rev. 62, 4192–4200. doi: 10.2337/db13-0312

Zhou, K., Pedersen, H. K., Dawed, A. Y., and Pearson, E. R. (2016). Pharmacogenomics in diabetes mellitus: insights into drug action and drug discovery. Nat. Rev. Endocrinol. 12, 337–346. doi: 10.1038/nrendo.2016.51

Zoungas, S., Chalmers, J., Neal, B., Billot, L., Li, Q., Hirakawa, Y., et al. (2014). Follow-up of blood-pressure lowering and glucose control in type 2 diabetes. N. Engl. J. Med. 371, 1392–1406. doi: 10.1056/NEJMoa1407963

Zoungas, S., Patel, A., Chalmers, J., De Galan, B. E., Li, Q., Billot, L., et al. (2010). Severe hypoglycemia and risks of vascular events and death. N. Engl. J. Med. 363, 1410–1418. doi: 10.1056/NEJMoa10037

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 He, Shu, Wang, Liu, Liu, Chen, Wang, Li, Liu, Zhou, Xu, Zhang and Zhou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/images/fphar-09-01422-t001.jpg
Characteristic

Male sex, n (%)

Agelyr), mean (SD)

Age when diabetes first diagnosed(yr), mean (SD)
Duration of diabetes, mean (IQR)
Blood-pressure assessment

Systolic blood pressure(mmHg), mean (SD)
Diastolic blood pressure(mmHg), mean (SD)
Blood-glucose assessment

Glycated hemoglobin (%), mean (SD)

Fasting blood glucose (mmol/L), mean (SD)
Other major risk factors assessment

BMI (kg/m?), mean (SD)

History of major macrovascular disease, n (%)
History of major microvascular disease, n (%)
Current smoking, n (%)

Serum creatinine (umol/), mean (SD)

Urinary albumin: creatinine(mg/mmol), median (IQR)
Total cholesterol(mmol/), mean (SD)
High-density lipoprotein(mmol/), mean (SD)
Low-density lipoprotein(mmol/), mean (SD)
Triglyceride(mmol/), mean (SD)

Use of hypoglycemic agents

Gliclazide, n (%)

Other sulfonylurea, n (%)

Metformin, n (%)

Insulin, n (%)

Other antidiabetic agents, n (%)

Use of antihypertensive agents
Perindopril, n (%)

Other ACE-l, n (%)

ARB, n (%)

B-blockers, n (%)

Diuretics, n (%)

Calcium antagonists, (%)

Other BP lowering drug, n (%)

Use of lipid-lowering and antiplatelet agents
Lipid-lowering agents(statins)

Antiplatelet agents (aspirin), n (%)

Glucose control cohort

Intensive (N = 945)

472(48.2)
6546
57+8
83-11)

139.0 £ 21.1
785+ 11.1

77+£18
88+3.0

254+32
321(34.0)
129(13.7)
219(232)

79.8+£245

19.7(1.1-7.6)
54+13
13+04
33+1.0
20+18

38(4.0)
642(67.9)
588(62.2)
20(2.1)
264(27.9)

20(2.1)
189(20.0)
15(1.6)
108(11.4)
105(11.1)
320(33.9)
200(21.2)

150(15.9)
442(46.8)

*All P-values > 0.05 between the group, data were not shown in the table.

Standard (N = 953)

507(51.8)
6546
57+8
8@3-11)

140.8 +21.1
786+ 11.0

7717
86+29

252+3.1
312(32.7)
139(14.6)
225(23.6)

81.4+£325

22.8(1.1-6.9)
53+12
13404
3210
20+1.7

373.9)
666(69.9)
595(62.4)
21(2.2)
239(25.1)

30(3.1)
189(19.8)
19(2.0)
93(0.8)
109(11.4)
325(34.1)
204(21.4)

152(15.9)
415(43.5)

Blood pressure lowering cohort

Active (N = 941)

469(47.9)
6546
57+8
83-11)

139.9 +£21.3
783+ 11.0

77+£18
88+3.1

252432
308(32.7)
134(14.2)
214(22.7)

79.5+£23.7

19.701.1-7.6)
5413
1.3+04
3210
2018

35(3.7)
656(69.9)
602(64.1)
22(2.3)
253(26.9)

24(2.6)
179(19.1)
19(2.0)
102(10.9)
113(12.0
320(34.1)
200(21.3)

144(15.3)
422(44.8)

Placebo (N = 957)

510(52.1)
65+ 6
57+8
8(3-11)

139.9+21.0
787 £ 11.1

78+17
86+28

54+31
325(34.0)
134(14.0)
230(24.0)
817 +£33.1
20.3(1.1-6.5)
53+1.2
1304
32410
2017

40(4.2)
652(68.0)
581(60.6)
19(2.0)
250(26.1)

26(2.7)
199(20.8)
15(1.6)
99(10.3)
101(10.6)
325(33.9)
204(21.3)

158(16.5)
435(45.5)
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