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Little is known about the risk of type 2 diabetes (T2D) among the offspring of individuals with exceptional longevity. We determined the incidence of and potential risk and protective factors for T2D among the offspring of probands and offspring’s spouses (mean age=60 years, range 32-88 years) in the Long Life Family Study (LLFS), a multicenter cohort study of 583 two-generation families with a clustering of healthy aging and exceptional longevity. Incident T2D was defined as fasting serum glucose ≥126 mg/dl, or HbA1c of ≥6.5%, or self-reported with doctor diagnosis of T2D, or the use of anti-diabetic medication during a mean follow-up 7.9 ± 1.1 years. Among offspring (n=1105) and spouses (n=328) aged 45-64 years without T2D at baseline visit, the annual incident rate of T2D was 3.6 and 3.0 per 1000 person-years, respectively, while among offspring (n=444) and spouses (n=153) aged 65+ years without T2D at baseline, the annual incident rate of T2D was 7.2 and 7.4 per 1000 person-years, respectively. By comparison, the annual incident rate of T2D per 1000 person-years in the U.S. general population was 9.9 among those aged 45-64, and 8.8 among those aged 65+ years (2018 National Health Interview Survey). Baseline BMI, waist circumference, and fasting serum triglycerides were positively associated with incident T2D, whereas fasting serum HDL-C, adiponectin, and sex hormone binding globulin were protective against incident T2D among the offspring (all P<0.05). Similar associations were observed among their spouses (all P<0.05, except sex hormone binding globulin). In addition, we observed that among spouses, but not offspring, fasting serum interleukin 6 and insulin-like growth factor 1 were positively associated with incident T2D (P<0.05 for both). Our study suggests that both offspring of long-living individuals and their spouses, especially middle-aged, share a similar low risk for developing T2D as compared with the general population. Our findings also raise the possibility that distinct biological risk and protective factors may contribute to T2D risk among offspring of long-lived individuals when compared with their spouses. Future studies are needed to identify the mechanisms underlying low T2D risk among the offspring of individuals with exceptional longevity, and also among their spouses.
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Introduction

Preserved glucose tolerance and insulin sensitivity has been recognized as one of the major biological pathways to maintaining health and achieving exceptional longevity (1) (2). Comparisons of nonagenarians and centenarians with “younger” individuals aged 65-89 years from the same study indicate that improved life expectancy is consistently associated with favorable fasting serum glucose and preserved insulin sensitivity (3–8). Previous reports have also shown that centenarians may have preserved glucose tolerance even comparable with that of healthy young individuals (9). However, little is known about the incidence of and risk or protective factors for type 2 diabetes (T2D) among the offspring of individuals with exceptional longevity. Lifestyle, environmental, and genetic factors likely contribute to the complex phenotype of exceptional longevity. Although, several cross-sectional studies have reported a low prevalence of T2D among the offspring of individuals with exceptional longevity (10–12), similar prospective studies are lacking. When studying offspring of individuals with exceptional longevity, it is a challenge to select a proper comparison group that may adequately represent the general population that also have measured important confounders. The spouses of the offspring could offer an advantageous approach as they are expected to be close in age, and matched on environment, socioeconomic and geographical background (11, 13, 14). Interestingly, previous studies have reported that the mortality of spouses marrying into longevity-enriched families is substantially lower than the mortality in the general population (15).

The Long Life Family Study (LLFS) is a multicenter cohort study of two-generation families with a clustering of healthy aging and exceptional survival. We have previously shown that diabetes prevalence was lower and glucose metabolism seem to be healthier in LLFS probands and offspring as well as their spouses compared to similar aged persons in the other epidemiologic cohorts (16), making the LLFS a valuable longitudinal cohort to study the glucose metabolism and diabetes and how they relate to longevity. Our primary objective was to compare the rate of T2D incidence among the offspring of LLFS probands and offspring spouses, as well as compare these rates with the rates observed in general population. Our secondary objective was to identify potential risk and protective factors for developing T2D among the offspring and compare them with their spouses.



Methods and Methods


Study Population: The Long-Life Family Study

The Long-Life Family Study (LLFS) is a family-based cohort study of exceptional longevity that recruited families at four study centers (Boston, Massachusetts; New York, New York; Pittsburgh, Pennsylvania; and Denmark). The three U.S. field centers used Center for Medicare and Medicaid Services lists of Medicare enrollees to mail a recruitment brochure. The initial file included people who were at least 79 years old on January 1, 2005; had no recorded date of death; were not in the end-stage renal disease or hospice programs; and lived in zip codes within 3 hours driving distance one of the study centers. A pilot mailing tested the yield of families recruited from mailing to individuals in their 80’s and higher age strata. Based on these yields, subsequent mailings targeted those age 89 and older. Study participants were also recruited from local communities using mailed brochures, posters, web-based media and newspaper advertisements. Additional mailing lists were obtained through voter registries and purchased public domain lists from various commercial vendors. The University of Southern Denmark field center identified individuals who would be ages 90 and above during the study recruitment period through the Danish National Register of Persons, which contains current information on names, including past names such as maiden names for women, addresses, place of birth, marriages, and vital status (17). Second, using information on the place of birth and the names, parish registers available in regional archives were searched to locate the parents of the elderly individuals in order to identify sibships. Based on the above information, potentially eligible families were identified, and contact was made with potential probands to further assess the family’s eligibility for and willingness to participate in the LLFS using criteria parallel to that used in the United States. The criteria for the final recruitment were based on having 2 or more siblings who were exceptionally long-lived (aged 80+ years in the US and 90+ years in Denmark). Families were primarily white and met the following eligibility criteria: 1) enrolled one long-lived participant (proband) aged ≥90, 2) enrolled ≥1 sibling of the proband, 3) enrolled ≥1 offspring of either the proband or the proband’s sibling, and 4) the proband generation had a clustering of members with exceptional survival based on a family longevity selection score (18). Briefly, the Family Longevity Selection Score (FLoSS) was used to rank a potential proband sibship on their combined exceptionality of survival (18). A family’s entry into LLFS required at least one living member of the proband sibship with “decisional capacity”, a living offspring, and a proband sibship FLoSS of at least 7. The FLoSS is designed to be negative for families with less than average longevity, with higher scores representing increasingly exceptional longevity. For example, the FLoSS for a five-person sibship with each sib at the 91st percentile of longevity for his or her birth cohort is about 7; and if all five sibs were at the 98th percentile, its FLoSS would be nearly 15. As an indication of the exceptionality of LLFS sibships, fewer than 1% of families in the Framingham Heart Study sample have a FLoSS > 7 (18). The two generations in the LLFS were labeled as the proband generation (long-lived individual and their enrolled siblings) and the offspring generation (all enrolled offspring of individuals in the proband generation). The LLFS also recruited as many spouses as possible. Spouses of the proband generation were recruited only if their biological children were enrolled in the study. Spouses of the offspring generation were recruited as spousal controls, if they lived in the same household as their offspring pair. In total, 4559 long-lived probands and their siblings (n=1445), their offspring (n=2329) and spouse controls (n=785) were recruited from 2006 to 2009. Other characteristics of family eligibility, recruitment, and composition have been previously described (16, 18).

From 2014 to 2017, surviving participants were invited to take part in an in-home follow-up examination. In total, 3,198 individuals participated in the follow-up exam (86% of survivors). Within the offspring generation (including spousal controls), 3,114 individuals participated in the baseline exam, and 2,219 individuals participated in the follow-up exam (74.4% of survivors).

Written informed consent was obtained from each LLFS participant using forms and procedures approved by each participating institution’s Institutional Review Board.



Interview and Measurements

Sociodemographic factors, including date of birth, gender, race, and education, smoking status, difficulty with activities of daily living, health status, and chronic conditions were determined by interview, in addition a blood sample was collected, in the participant’s home at both visits. History or presence of type 2 diabetes, heart disease, stroke, cancer, emphysema, and chronic obstructive pulmonary disease was based on self-report of a physician’s diagnosis. All prescription and non-prescription medications were examined in their original containers for a medication inventory. Weight, waist circumference, and systolic and diastolic blood pressure were measured at both visits.

Biological markers evaluated in the current analysis included: lipids (triglycerides, high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), total cholesterol), pro- and anti- inflammatory biomarkers (adiponectin, interleukin 6, high-sensitivity C-reactive protein), insulin-like growth factor 1 (IGF-1), and sex hormone binding globulin (SHBG). All biomarkers were measured in fasting blood by a central laboratory at the University of Minnesota. Participants were asked to fast for at least eight hours prior to the blood draw.

T2D was defined as fasting serum glucose ≥126 mg/dl, or glycated hemoglobin (HbA1c) of ≥6.5%, or self-reported with doctor diagnosis of T2D, or the use of anti-diabetic medication, and incident T2D was determined during a mean follow-up 7.9 ± 1.1 years.



Statistical Analysis

Baseline and metabolic characteristics of offspring and their spousal controls were summarized and compared using age- and sex- adjusted means and standard errors for continuous traits, and frequencies and percent for categorical traits. Each trait was assessed for normality and transformed as needed before statistical comparison.

The associations of each of these traits with odds of incident T2D were determined in the offspring group using generalized linear models, incorporating a logit link and an exchangeable correlation structure within families to account for genetic relatedness of individuals. Associations of incident T2D were determined in the spousal control group using multiple logistic regression. Covariates included in the models were age, sex, BMI, field center, and lifestyle factors including alcohol intake and physical activity. These covariates were determined a priori and were forced into each model. Odds ratios of incident diabetes are presented per standard deviation of each continuous trait or per level of each categorical trait, in offspring and their spouses separately.




Results


Baseline Characteristics

For the current analyses, we focused on baseline offspring and their spouses without T2D only. 2,889 non-diabetics participated in the baseline exam and 2,080 of those individuals also participated in the follow-up exam (74.9% of survivors). Offspring and their spouses who participated in the follow-up exam were more likely to be women, physically active, and to consume alcohol, and less likely to be obese compared with those who did not participate in the follow-up (all P<0.05, data not shown).

Table 1 shows selected baseline characteristics of LLFS offspring and their spouses without T2D who returned for Exam 2. Offspring and their spouses were on average 60 years old. At baseline, offspring were less likely to be men (42% vs 52%, P<0.0001), to be married (75.4% vs 98.9%, P<0.001), to drink four of more alcoholic drinks per week (42.1% vs 54.1%, P<0.0001), and to walk three or more hours per week (76.7% vs. 81.1%, P=0.016, but more likely to achieve a high school or higher education than their spouses (91.1% vs. 94.5%, P=0.0036) Offspring also had slightly lower level of fasting plasma LDL-C at baseline compared to their spouses (123.6 vs. 127 mg/dl, P=0.046).


Table 1 | Selected baseline characteristics of LLFS offspring and their spouses without T2D.





Total Cumulative and Annualized T2D Incidence

Among offspring (n=1585) and spouses (n=495) without diabetes at study entry, 58 (3.7%) and 19 (3.8%) developed incident T2D, respectively. Annual incidence rate was 4.6 cases per 1000 person-years among the offspring, and 4.7 cases per 1000 person-years among the spousal controls. Among offspring (n=1105) and spouses (n=328) without diabetes and aged 45-64 years the annual incident rate of T2D per 1000 person-years was 3.6 and 3.0, respectively, while among offspring (n=444) and spouses (n=153) without diabetes and aged 65 years and older at study entry, the annual incident rate of T2D per 1000 person-years was 7.2 and 7.4, respectively. There was no difference between the T2D incidence rate in the U.S. Study Centers vs. Denmark, in offspring nor spouses in the total sample or by age groups (data not shown).



Risk Factors for Incident T2D in Offspring and Their Spouses

Table 2 present the odds of incident T2D per standard deviation greater level of baseline risk factor for continuous variables or presence of the risk factor for dichotomous variables. BMI (OR=2.55, P<0.0001), waist circumference (OR=2.52, P<0.0001), and fasting serum triglycerides (OR=1.56, P=0.0042), at baseline visit were positively, whereas HDL-C (OR=0.56, P<0.0042), adiponectin (OR=0.60, P<0.0024), and sex hormone-binding globulin (OR=0.55, P<0.0019), were inversely associated with incident T2D among the offspring. Similar associations were observed in their spouses, although there was no significant association between sex hormone-binding globulin and incident T2D (Table 3). Additionally, among the offspring spouses, we observed that circulating interleukin 6 (OR=1.63, P=0.048) and insulin-like growth factor 1 (OR=1.79, P=0.04) were positively associated with incident T2D (Table 3). Among both the offspring and their spouses none of the lifestyle factors measured in our study were associated with incident T2D.


Table 2 | Risk factors for incident T2D in LLFS offspring+.




Table 3 | Risk factors for incident T2D in LLFS spousal controls+.






Discussion

We (16) and others (8, 19) have previously shown that individuals with exceptional longevity and their offspring exhibit a healthier metabolic profile including glycemic control when compared with the general population. A surprising finding from the Long Life Family Study is a marked survival advantage among spouses to offspring of long-lived families when compared with the general population (15, 20). We have hypothesized that the risk of developing incident T2D among the offspring of long-lived individuals would be similar to the risk among their spouses, and lower than the risk in the general population. Indeed, we found that both offspring and their spouses, especially middle-aged, may share a similar, low rate of T2D, which is lower than the rates observed in general adult population from the most recent National Health Interview Survey (21). Specifically, the U.S. National Health Interview Survey (21) reports T2D incidence as 4.3 per 1000 person-years among individuals aged 18-44 years, 9.9 per 1000 person-years among those aged 45-64 year, 8.8 per 1000 person-years in those 65 and older years, and 6.9 per 1000 person-years among their total sample (individuals aged 18 years and older). While hereditary influences, such as genetic and/or epigenetic mechanisms, are likely to play a significant role in T2D risk (22), shared environmental factors are also likely to contribute to our findings. Compatibility in lifestyle (23–26) and leisure preferences (27) among couples who live together have been previously documented. In our study, spouses were actually more likely to be physically active and to report moderate alcohol consumption when compared with the offspring, and both of these lifestyle factors may reduce T2D risk (28–30). Thus, it is possible that the protective familial genetic and biological factors impact glucose homeostasis among the offspring, whereas in their spouses the healthier lifestyles may in fact contribute to their lower T2D risk. Another possible explanation might be assortative mating - a nonrandom mating and sexual selection based on similar phenotypes and henceforth similar genotypes. It has been previously proposed that assortative mating of members from families enriched for longevity could preserve longevity across generations by increasing the likelihood of transmission of rare variants with a recessive effect (31). Further studies in the offspring and their spouses in the LLFS could help us better understand a lower risk of T2D associated not only with being an offspring of a long-lived individuals, but also with being married into a long-lived family.

A second objective of our analysis was to identify potential risk and protective factors for T2D among the offspring of long-living individuals, and to compare these factors to those in spouses. Significant associations between the anthropometric measures, lipid and lipoproteins, and adiponectin and incident T2D were very similar among the offspring and their spouses. However, our findings raise the possibility that biological factors contributing to T2D might be different in the offspring as compared to their spouses. We found that pro-inflammatory and insulin-like growth factor signaling biomarkers may play a greater role in T2D among spouses than in the offspring of the exceptional survivors. In contrast, sex hormone-binding globulin might be uniquely protective against T2D among the offspring of exceptional survivors. Further research is needed to identify the molecular mechanisms and pathways that are underlying this low T2D risk and favorable glucose control in offspring of exceptionally long-lived individuals and their spouses, as the LLFS is currently generating transcriptomic, methylomic, proteomic, and metabolomic data longitudinally.

The biology underlying the association between glucose metabolism and longevity is still under extensive investigation, but lipid and lipoprotein metabolism (32) and adipokine signaling pathways (33, 34) have emerged as a possible mechanistic link. In our study, greater fasting serum TG and lower fasting serum HDL-C and adiponectin appear to have similar relationships with T2D in offspring and their spouses. Dysregulation of adipokines is associated with insulin resistance, hyperglycemia, dyslipidemia, and T2D (35), as well as with wasting syndromes, such as cachexia (36), suggesting that adipose tissue endocrine function might be essential for maintaining whole-body energy homeostasis with aging. Furthermore, genetic manipulation of adipose tissue promotes longevity in mice, suggesting a possible role in longevity (37). We did not have measures of body composition in the current study to address the role of adipose tissue. Our findings suggest that the offspring of long-living individuals might be protected against the detrimental effects of IL-6 and IGF-1 on the risk of T2D, in contrast to their spouses. The observed association between IL-6 and incident T2D in spousal controls is consistent with a recent meta-analysis of 15 prospective studies which reported that higher levels of IL-6 were significantly associated with a higher risk of incident T2D (38). The link between IL-6 and longevity is less explored, though some studies suggest that greater circulating IL-6 is associated with a higher risk of mortality, including among successfully aging individuals (39). Although, it is known that IGF-1 is involved in glucose metabolism (40), prospective studies have been inconclusive, some reporting no association between serum IGF-1 and the risk of T2D (41), while others found positive (42, 43) or even inverse (44) associations. In animal models, down-regulation of the GH/IGF-1/insulin system significantly prolongs lifespan, but data in humans are inconsistent (45). Finally, low circulating level of the sex hormone-binding globulin is another well-known predictor of the risk of T2D (46). In our study, sex hormone-binding globulin was protective against T2D, but only among the offspring of long-lived individuals. The link between sex hormone-binding globulin and longevity is still not well understood (47–49).

There are several limitations of our study. Our analyses are potentially limited by the smaller sample size of the spousal control group, and the fact that family history of longevity was not collected for spousal controls. It is possible that some of the spousal controls may have come from long-lived families. Our cohort included only European ancestry individuals, and thus, findings may not apply to other ethnic/race groups. Furthermore, data on dietary intake and dietary patterns were not collected and specific foods and overall dietary patterns may be associated with T2D risk. Additionally, biomarkers were only measured at baseline. Finally, we only studied several candidate biomarkers, which were available in our study, but there are many other relevant biological factors which may be associated with T2D. On the other hand, a major strength of our study is that it includes the spouses of the offspring. By sharing the same environment, it is less likely that environmental factors would have confounded the observed differences between the offspring and their spouses. However, although our records indicate that the spouses shared the physical address with their offspring pair, it is possible that they were spending some time apart, and thus, might have not shared the same environment all the time.

In conclusion, our study suggests that offspring of exceptionally long-lived individuals and their spouses, especially at middle-age, may share a similar, low risk for developing T2D compared with the general population. Our findings also raise the possibility that distinct biological risk factors may contribute to T2D risk among offspring of exceptional survivors compared with their spouses. Additional studies are needed to identify the biological mechanisms underlying low T2D risk among the offspring of exceptionally long-lived individuals, but also among their spouses.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The studies involving human participants were reviewed and approved by each participating institution’s Institutional Review Board. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

Manuscript concept: IM and JZ. Data analysis: RC. Manuscript writing: IM. Interpretation of data and manuscript editing and critical review: all authors. All authors contributed to the article and approved the submitted version.



Funding

National Institute on Aging-National Institutes of Health (Grants U01-AG023746, U01-AG023712, U01-AG023749, U01-AG023755, U01-AG023744, and U19 AG063893).



Acknowledgments

The authors thank the other investigators, the staff, and the participants of the LLFS study for their valuable contributions.



References

1. Longo, VD, and Finch, CE. Evolutionary Medicine: From Dwarf Model Systems to Healthy Centenarians? Science (2003) 299(5611):1342–6. doi: 10.1126/science.1077991

2. De Tata, V. Age-Related Impairment of Pancreatic Beta-Cell Function: Pathophysiological and Cellular Mechanisms. Front Endocrinol (2014) 5:138. doi: 10.3389/fendo.2014.00138

3. Atzmon, G, Rincon, M, Schechter, CB, Shuldiner, AR, Lipton, RB, Bergman, A, et al. Lipoprotein Genotype and Conserved Pathway for Exceptional Longevity in Humans. PloS Biol (2006) 4(4):e113. doi: 10.1371/journal.pbio.0040113

4. Baranowska, B, Bik, W, Baranowska-Bik, A, Wolinska-Witort, E, Szybinska, A, Martynska, L, et al. Neuroendocrine Control of Metabolic Homeostasis in Polish Centenarians. J Physiol Pharmacol: Off J Polish Physiol Soc (2006) 57 Suppl 6:55–61.

5. Bonafe, M, and Olivieri, F. Genetic Polymorphism in Long-Lived People: Cues for the Presence of an Insulin/IGF-Pathway-Dependent Network Affecting Human Longevity. Mol Cell Endocrinol (2009) 299(1):118–23. doi: 10.1016/j.mce.2008.10.038

6. Kojima, H, Fujimiya, M, Matsumura, K, Nakahara, T, Hara, M, and Chan, L. Extrapancreatic Insulin-Producing Cells in Multiple Organs in Diabetes. Proc Natl Acad Sci USA (2004) 101(8):2458–63. doi: 10.1073/pnas.0308690100

7. Rozing, MP, Mooijaart, SP, Beekman, M, Wijsman, CA, Maier, AB, Bartke, A, et al. C-Reactive Protein and Glucose Regulation in Familial Longevity. Age (Dordrecht Netherlands) (2011) 33(4):623–30. doi: 10.1007/s11357-011-9206-8

8. Wijsman, CA, Rozing, MP, Streefland, TC, le Cessie, S, Mooijaart, SP, Slagboom, PE, et al. Familial Longevity Is Marked by Enhanced Insulin Sensitivity. Aging Cell (2011) 10(1):114–21. doi: 10.1111/j.1474-9726.2010.00650.x

9. Paolisso, G, Gambardella, A, Ammendola, S, D’Amore, A, Balbi, V, Varricchio, M, et al. Glucose Tolerance and Insulin Action in Healthy Centenarians. Am J Physiol (1996) 270(5 Pt 1):E890–4. doi: 10.1152/ajpendo.1996.270.5.E890

10. Atzmon, G, Schechter, C, Greiner, W, Davidson, D, Rennert, G, and Barzilai, N. Clinical Phenotype of Families With Longevity. J Am Geriatr Soc (2004) 52(2):274–7. doi: 10.1111/j.1532-5415.2004.52068.x

11. Westendorp, RG, van Heemst, D, Rozing, MP, Frölich, M, Mooijaart, SP, Blauw, GJ, et al. Nonagenarian Siblings and Their Offspring Display Lower Risk of Mortality and Morbidity Than Sporadic Nonagenarians: The Leiden Longevity Study. J Am Geriatr Soc (2009) 57(9):1634–7. doi: 10.1111/j.1532-5415.2009.02381.x

12. Adams, ER, Nolan, VG, Andersen, SL, Perls, TT, and Terry, DF. Centenarian Offspring: Start Healthier and Stay Healthier. J Am Geriatr Soc (2008) 56(11):2089–92. doi: 10.1111/j.1532-5415.2008.01949.x

13. Yerges-Armstrong, LM, Chai, S, O’Connell, JR, Curran, JE, Blangero, J, Mitchell, BD, et al. Gene Expression Differences Between Offspring of Long-Lived Individuals and Controls in Candidate Longevity Regions: Evidence for PAPSS2 as a Longevity Gene. J Gerontol A Biol Sci Med Sci (2016) 71(10):1295–9. doi: 10.1093/gerona/glv212

14. Barral, S, Cosentino, S, Costa, R, Matteini, A, Christensen, K, Andersen, SL, et al. Cognitive Function in Families With Exceptional Survival. Neurobiol Aging (2012) 33(3):619.e1–7. doi: 10.1016/j.neurobiolaging.2011.02.004

15. Pedersen, JK, Elo, IT, Schupf, N, Perls, TT, Stallard, E, Yashin, AI, et al. The Survival of Spouses Marrying Into Longevity-Enriched Families. J Gerontol Ser A Biol Sci Med Sci (2017) 72(1):109–14. doi: 10.1093/gerona/glw159

16. Newman, AB, Glynn, NW, Taylor, CA, Sebastiani, P, Perls, TT, Mayeux, R, et al. Health and Function of Participants in the Long Life Family Study: A Comparison With Other Cohorts. Aging (Albany NY) (2011) 3(1):63–76. doi: 10.18632/aging.100242

17. Pedersen, CB, Gøtzsche, H, Møller, JO, and Mortensen, PB. The Danish Civil Registration System. A Cohort of Eight Million Persons. Dan Med Bull (2006) 53(4):441–9.

18. Sebastiani, P, Hadley, EC, Province, M, Christensen, K, Rossi, W, Perls, TT, et al. A Family Longevity Selection Score: Ranking Sibships by Their Longevity, Size, and Availability for Study. Am J Epidemiol (2009) 170(12):1555–62. doi: 10.1093/aje/kwp309

19. Christensen, K, Wojczynski, MK, Pedersen, JK, Larsen, LA, Kløjgaard, S, Skytthe, A, et al. Mechanisms Underlying Familial Aggregation of Exceptional Health and Survival: A Three-Generation Cohort Study. Aging Cell (2020) 19(10):e13228. doi: 10.1111/acel.13228

20. Sebastiani, P, Sun, F, Andersen, S, Lee, J, Wojczynski, M, Sanders, J, et al. Families Enriched for Exceptional Longevity Also Have Increased Health-Span: Findings From the Long Life Family Study. Front Public Health (2013) 1:38. doi: 10.3389/fpubh.2013.00038

21.Centers for Disease Control and Prevention. National Diabetes Statistics Report website. Available at: https://www.cdc.gov/diabetes/data/statistics-report/index.html (Accessed June 15, 2021).

22. Raciti, GA, Longo, M, Parrillo, L, Ciccarelli, M, Mirra, P, Ungaro, P, et al. Understanding Type 2 Diabetes: From Genetics to Epigenetics. Acta Diabetol (2015) 52(5):821–7. doi: 10.1007/s00592-015-0741-0

23. Nakosteen, RA, Westerlund, O, and Zimmer, MA. Health-Related Disabilities and Matching of Spouses: Analysis of Swedish Population Data. J Popul Eco (2005) 18(3):491–507. doi: 10.1007/s00148-005-0231-8

24. Venters, MH, Jacobs, DR Jr, Luepker, RV, Maiman, LA, and Gillum, RF. Spouse Concordance of Smoking Patterns: The Minnesota Heart Survey. Am J Epidemiol (1984) 120(4):608–16. doi: 10.1093/oxfordjournals.aje.a113922

25. Macken, LC, Yates, B, and Blancher, S. Concordance of Risk Factors in Female Spouses of Male Patients With Coronary Heart Disease. J Cardiopulm Rehabil (2000) 20(6):361–8. doi: 10.1097/00008483-200011000-00005

26. Shiffman, D, Louie, JZ, Devlin, JJ, Rowland, CM, and Mora, S. Concordance of Cardiovascular Risk Factors and Behaviors in a Multiethnic US Nationwide Cohort of Married Couples and Domestic Partners. JAMA Netw Open (2020) 3(10):e2022119. doi: 10.1001/jamanetworkopen.2020.22119

27. Houts, RM, Robins, E, and Huston, TL. Compatibility and the Development of Premarital Relationships. J Marriage Family (1996) 58(1):7–20. doi: 10.2307/353373

28. Carlsson, S, Hammar, N, Grill, V, and Kaprio, J. Alcohol Consumption and the Incidence of Type 2 Diabetes. A 20-Year Follow-Up of the Finnish Twin Cohort Study. Diabetes Care (2003) 26(10):2785–90. doi: 10.2337/diacare.26.10.2785

29. Wannamethee, SG, Shaper, AG, Perry, IJ, and Alberti, KGMM. Alcohol Consumption and the Incidence of Type II Diabetes. J Epidemiol Commun Health (2002) 56(7):542–8. doi: 10.1136/jech.56.7.542

30. Hu, FB, Sigal, RJ, Rich-Edwards, JW, Colditz, GA, Solomon, CG, Willett, WC, et al. Walking Compared With Vigorous Physical Activity and Risk of Type 2 Diabetes in WomenA Prospective Study. JAMA (1999) 282(15):1433–9. doi: 10.1001/jama.282.15.1433

31. Govindaraju, DR. Evolutionary Genetic Bases of Longevity and Senescence. Adv Exp Med Biol (2015) 847:1–44. doi: 10.1007/978-1-4939-2404-2_1

32. Johnson, AA, and Stolzing, A. The Role of Lipid Metabolism in Aging, Lifespan Regulation, and Age-Related Disease. Aging Cell (2019) 18(6):e13048–e. doi: 10.1111/acel.13048

33. Rasouli, N, and Kern, PA. Adipocytokines and the Metabolic Complications of Obesity. J Clin Endocrinol Metab (2008) 93(11 Suppl 1):S64–73. doi: 10.1210/jc.2008-1613

34. Blüher, M. Clinical Relevance of Adipokines. Diabetes Metab J (2012) 36(5):317–27. doi: 10.4093/dmj.2012.36.5.317

35. Tilg, H, and Moschen, AR. Adipocytokines: Mediators Linking Adipose Tissue, Inflammation and Immunity. Nat Rev Immunol (2006) 6(10):772–83. doi: 10.1038/nri1937

36. Unger, RH. Longevity, Lipotoxicity and Leptin: The Adipocyte Defense Against Feasting and Famine. Biochimie (2005) 87(1):57–64. doi: 10.1016/j.biochi.2004.11.014

37. Blüher, M, Kahn, BB, and Kahn, CR. Extended Longevity in Mice Lacking the Insulin Receptor in Adipose Tissue. Science (2003) 299(5606):572–4. doi: 10.1126/science.1078223

38. Bowker, N, Shah, RL, Sharp, SJ, Luan, J, Stewart, ID, Wheeler, E, et al. Meta-Analysis Investigating the Role of Interleukin-6 Mediated Inflammation in Type 2 Diabetes. EBioMedicine (2020) 61:103062–. doi: 10.1016/j.ebiom.2020.103062

39. Puzianowska-Kuźnicka, M, Owczarz, M, Wieczorowska-Tobis, K, Nadrowski, P, Chudek, J, Slusarczyk, P, et al. Interleukin-6 and C-Reactive Protein, Successful Aging, and Mortality: The PolSenior Study. Immun Ageing (2016) 13:21–. doi: 10.1186/s12979-016-0076-x

40. Sandhu, MS. Insulin-Like Growth Factor-I and Risk of Type 2 Diabetes and Coronary Heart Disease: Molecular Epidemiology. Endocr Dev (2005) 9:44–54. doi: 10.1159/000085755

41. Drogan, D, Schulze, MB, Boeing, H, and Pischon, T. Insulin-Like Growth Factor 1 and Insulin-Like Growth Factor-Binding Protein 3 in Relation to the Risk of Type 2 Diabetes Mellitus: Results From the EPIC-Potsdam Study. Am J Epidemiol (2016) 183(6):553–60. doi: 10.1093/aje/kwv188

42. Rajpathak, SN, He, M, Sun, Q, Kaplan, RC, Muzumdar, R, Rohan, TE, et al. Insulin-Like Growth Factor Axis and Risk of Type 2 Diabetes in Women. Diabetes (2012) 61(9):2248–54. doi: 10.2337/db11-1488

43. Petersson, U, Ostgren, CJ, Brudin, L, Brismar, K, and Nilsson, PM. Low Levels of Insulin-Like Growth-Factor-Binding Protein-1 (IGFBP-1) Are Prospectively Associated With the Incidence of Type 2 Diabetes and Impaired Glucose Tolerance (IGT): The Söderåkra Cardiovascular Risk Factor Study. Diabetes Metab (2009) 35(3):198–205. doi: 10.1016/j.diabet.2008.11.003

44. Sandhu, MS, Heald, AH, Gibson, JM, Cruickshank, JK, Dunger, DB, and Wareham, NJ. Circulating Concentrations of Insulin-Like Growth Factor-I and Development of Glucose Intolerance: A Prospective Observational Study. Lancet (2002) 359(9319):1740–5. doi: 10.1016/s0140-6736(02)08655-5

45. Reddy, SSK, and Chaiban, JT. The Endocrinology Of Aging: A Key To Longevity “Great Expectations”. Endocr Pract (2017) 23(9):1107–16. doi: 10.4158/ep171793.Ra

46. Ding, EL, Song, Y, Manson, JE, Hunter, DJ, Lee, CC, Rifai, N, et al. Sex Hormone-Binding Globulin and Risk of Type 2 Diabetes in Women and Men. N Engl J Med (2009) 361(12):1152–63. doi: 10.1056/NEJMoa0804381

47. Hyde, Z, Norman, PE, Flicker, L, Hankey, GJ, Almeida, OP, McCaul, KA, et al. Low Free Testosterone Predicts Mortality From Cardiovascular Disease But Not Other Causes: The Health in Men Study. J Clin Endocrinol Metab (2012) 97(1):179–89. doi: 10.1210/jc.2011-1617

48. Corona, G, Rastrelli, G, Monami, M, Guay, A, Buvat, J, Sforza, A, et al. Hypogonadism as a Risk Factor for Cardiovascular Mortality in Men: A Meta-Analytic Study. Eur J Endocrinol (2011) 165(5):687–701. doi: 10.1530/eje-11-0447

49. Schederecker, F, Cecil, A, Prehn, C, Nano, J, Koenig, W, Adamski, J, et al. Sex Hormone-Binding Globulin, Androgens and Mortality: The KORA-F4 Cohort Study. Endocr Connect (2020) 9(4):326–36. doi: 10.1530/EC-20-0080




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


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Miljkovic, Cvejkus, An, Thyagarajan, Christensen, Wojczynski, Schupf and Zmuda. 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.


OEBPS/Images/table3.jpg
Baseline Risk Factors

Age (years)

BMI (kg/m2)*

Waist Circumference (cm)*
Triglycerides (mg/dl)™
HDL (mg/d)*

LDL (mg/di)™*

SBP (mmHg)**

DBP (mmHg)**
Adiponectin (ng/mL)
IL-6 (pg/mL)

hsCRP (mg/L)

IGF1 (ng/mL)

SHBG (nmol/L)

Alcoholic intake (4+ drinks per week)

Walking (3+ hours per week)
Current Smoker

SD

122
4.7
133
729
17.3
34.4
20.5
10.7
6780
4.4
6.1
54.4
35.2

Yes/No
Yes/No
Yes/No

0dds of Developing
T2D

1.26
1.9
241
163
043
1.27
1.21
1.14
0.54
1.63
0.98
1.79
0.59
0.99
0.95
1.68

Multi-variable adjusted
P Value

0.53
0.0073
0.007
0.055
0.026
0.37
0.41
0.56
0.012
0.048
0.95
0.04
0.10
0.98
0.93
0.51

+Risk is the odds of Incident T2D per 1 SD greater level of baseline risk factor for continuous variables or presence of the risk factor for dichotomous variables.

Adjusted for age, sex, BMI, lifestyle factors, and field center.

“Not adjusted for BMI.

**Additionally adjusted for relevant medication.
The bold value indicates a p < 0.05.
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Mean + SD Offspring (n=1585) Offspring Spouses (n=495) p-value*
Median [Q1, Q3]

Men 679 (42.8%) 260 (52.5%) <0.0001
Age (years) 60.1 £ 8.0 60.5 + 8.3 0.46
(range) (32-88) (36-88)

BMI (kg/m2) 270+ 4.7 26.9 +4.3 0.33
Waist Circumference (cm) 93.0+ 13.3 938 +12.2 0.36
Married 1195 (75.4%) 488 (98.9%) <0.0001
High School Education or Higher 1497 (94.5%) 450 (91.1%) 0.0036
Current Smoker 128 (8.1%) 43 (8.7%) 0.89
Drinks per Week 666 (42.1%) 266 (54.1%)

>4 <0.0001
Walking hours per week 1208 (76.7%) 400 (81.1%)

>3 0.016
Triglycerides (mg/dl)™ 90.0 [66.0, 130.0] 94.067.0, 133.0] 0.52
HDL (mg/di)** 61.6+17.7 59.5 + 16.4 0.29
LDL (mg/di)™ 123.6 +£33.0 127.0 £ 34.2 0.046
Adiponectin (ng/mL) 9977.0 [6580.0, 14408.0] 9208.0 [6296.0, 13005.0] 0.23
IL-6 (pg/mL) 0.7 [0.4, 1.1] 0.7[05,1.2] 0.71
hsCRP (mg/L) 1.2[0.6, 2.4 1.1[0.5, 2.4] 0.46
IGF1 (ng/mL) 133.0 [105.0, 177.0] 130.0 [107.0, 170.0] 0.13
SHBG (nmol/L 53.0 [38.0, 75.0] 54.0[39.0, 74.0] 0.22

Normally distributed continuous variables presented as unadjusted Mean + SD, non-normal continuous variables presented as Median [IQR)].

*P-values adjusted for Age and Sex.
**Adjusted in addition for relevant medication.
The bold value indicates a p < 0.05.
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Baseline Risk Factors SD 0dds of Developing Multi-variable adjusted

T2D P Value
Age (years) 12.2 1.25 0.25
BMI (kg/m2)* 47 255 <0.0001
Waist Circumference (cm)* 13.3 252 <0.0001
Triglycerides (mg/dl)™ 729 1.56 0.0042
HDL (mg/d)** 17.3 0.56 0.03
LDL (mg/di)™* 34.4 0.85 0.45
SBP (mmHg)** 20.5 0.90 0.49
DBP (mmHg)** 10.7 0.90 0.50
Adiponectin (ng/mL) 6780 0.60 0.0024
IL-6 (pg/mL) 44 114 0.44
hsCRP (mg/L) 6.1 1.20 0.11
IGF1 (ng/mL) 54.4 0.96 0.79
SHBG (nmol/L) 35.2 0.55 0.0019
Alcoholic intake (4+ drinks per week) Yes/No 0.71 0.32
Walking (3+ hours per week) Yes/No 0.64 0.15
Current Smoker Yes/No 1.10 0.83

+Risk is the odds of Incident T2D per 1 SD greater level of baseline risk factor for continuous variables or presence of the risk factor for dichotomous variables.
Adjusted for age, sex, BMI, lifestyle factors, field center, and family structure.

“Not adjusted for BMI.

**Additionally adjusted for relevant medication.

The bold value indicates a p < 0.05.





