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It is well documented that the environment of the developing fetus, including availability of nutrients and presence of toxins, can have major impact on adult phenotype, age-related traits and risk of chronic disease. There is also accumulating evidence that postnatal environment can impact adult characteristics related to evolutionary fitness, health, and aging. To determine whether early life hormonal interventions can alter trajectory of aging, we have examined the effects of early life growth hormone (GH) replacement therapy in Prop1df (Ames dwarf) mice which are GH deficient and remarkably long lived. Twice-daily GH injections between the ages of two and eight weeks completely normalized (“rescued”) a number of adult metabolic characteristics believed to contribute to extended longevity of these mutants. Importantly, longevity of Ames dwarf mice was reduced by early life GH treatment. This was associated with histone H3 modifications. We conclude that the trajectory of mammalian aging can be modified by early life interventions. Mechanistic links among interventions during postnatal development, adult metabolic characteristics, aging, and longevity, apparently involve epigenetic phenomena.




Keywords: Developmental Origins of Health and Disease (DOHaD), postnatal development, early life interventions, growth hormone, mutant mice, aging, healthspan, lifespan



Introduction


Developmental Origins of Health and Disease

Impact of early life events on the characteristics of an adult organism is a concept which is well established in developmental biology. Studies dating back to the middle of the last century documented the potential of environmental changes during development to produce alterations in adult phenotype that mimic the effects of genetic mutations, the so-called “phenocopies.” Early interpretation of experimental evidence in this field, including proposal of the concept of canalization of development (1), represent classical milestones in the history of developmental biology. Studies of people born in The Netherlands during or after the period of extreme food shortages toward the end of World War II (the Dutch hunger winter) led to renewed interest of biologists, clinicians, and demographers in developmental programming of adult characteristics. These studies provided substantial evidence that malnutrition or starvation during pregnancy can increase the risk of metabolic disturbances and chronic disease in the offspring, including hypertension, cardiovascular disease, and diabetes (2, 3). Subsequent studies in other populations experiencing periods of severe food deprivation (4–6) and in experimental animals, primarily sheep and rats subjected to calorie or protein restriction during pregnancy (7–9), firmly established the concept of Developmental Origins of Health and Disease (DOHaD). In addition to documenting the impacts of maternal nutrition, studies in this field provided evidence that exposure to toxic compounds [including endocrine disrupting chemicals (EDCs)] or to chronic stress during pregnancy can have significant negative effects on the health of the offspring, including disturbances of glucose homeostasis, obesity, and cardiovascular disease (10–12). Intriguingly, some of these effects can be transgenerational, influencing the offspring of the prenatally exposed individuals (13, 14). The mechanisms of early life events on adult functioning and disease risk encompassed in the concept of DOHaD are unlikely to include changes in the DNA sequence or integrity (mutations, deletions, etc.), and have been linked to epigenetic effects, primarily changes in the methylation and/or acetylation of DNA and chromosomal proteins leading to alterations in gene expression (15, 16).

Most of the studies in this area did not specifically address the potential impact of intrauterine environment and prenatal exposure to noxious factors on aging and longevity. However, metabolic dysregulation and increased risk of chronic disease, which stood out as characteristics of the affected individuals, also represent some of the most consistent hallmarks of aging. Thus, it seems reasonable to suggest that the effects described in many DOHaD studies are either associated with or are, indeed, due to induction of accelerated and/or premature aging. In support of this interpretation, month of birth (which represents a proxy characteristic for environmental effects) was shown to influence the chances of survival to the age of 100 years (17), and meta-analysis of available datasets linked lifespan to prenatal diet manipulations (18). In the context of the ongoing SARS-CoV-2 pandemic, it is interesting to point out that maternal exposure to the 1918 influenza pandemic was shown to increase the risk of cardiovascular disease in the offspring (19). Indeed, it has been suggested that both maternal infections with SARS-CoV-2 and the stress caused by the pandemic are likely to have detrimental effects on the health and aging of the 2021/2022 birth cohorts (20).



Effects of Post-Natal Conditions and Interventions

Our laboratory is interested in the impact of post- (rather than pre-) natal environment and interventions during this period on aging and age-related disease (21–23). Although the impact of postnatal events on programming the trajectory of aging received relatively little attention in previous studies, there are indications that this period of development can shape adult characteristics related to health and aging. Postnatal overfeeding was reported to alter numerous aspects of metabolic regulation in rats (24), peripubertal growth hormone (GH) treatment reversed radiation-resistance phenotype and cancer resistance in Lewis rats (25), and neonatal ghrelin action was shown to program development of hypothalamic feeding circuits and influence adult metabolism in mice (26). In humans, exposure to low ambient temperatures during early childhood was shown to promote brown adipose tissue (BAT) thermogenesis in adulthood, indicating that childhood represents a sensitive period in BAT plasticity (27),; childhood hunger episodes were reported to be associated with health deficits and faster aging, with the difference in health deficits between hungry and non-hungry individuals increasing with age, implying that children who suffered from hunger age faster (28). Indeed, early life adversities as well as social disadvantage were reported to affect epigenetic age acceleration and adult adiposity, respectively (29, 30). Relevant to the issue of healthy aging, rural living in early life was recently reported to be an independent risk factor for lower levels of cognitive functioning in later life (31). Intriguingly, both external and endocrine environment experienced by juveniles impact adult and late life characteristics also in wild animals living in their natural environment. In female bighorn sheep, population density and environmental temperature during the first year of life influenced fitness in terms of old age reproductive success and survival, even though no changes in the rate of senescence were detected (32). In wild spotted hyenas, endocrine characteristics of juveniles were shown to predict their life history trade-offs and longevity (33). In Seychelles warblers, reduced food availability in early life delayed both the onset of breeding and senescence (34). In terms translational potential of laboratory research findings into interventions to reduce risk of chronic disease and promote healthy aging in humans, we believe that the peripubertal period might represent a practical “time window” when an intervention can impact aging. Targeting the interventions to this period could benefit from greater accessibility and lower risk of adverse side-effects when compared to the periods of intrauterine development or early infancy.



Early Life Endocrine Intervention in Long-Lived Mice

In a “proof-of-concept” study, we decided to determine whether aging-related characteristics and longevity of an exceptionally long-lived mouse mutant can be normalized (“rescued”) by hormonal intervention limited to a brief period of rapid peripubertal growth. For these studies we have used Ames dwarf mice, animals which are homozygous for a loss-of-function mutation of the Prop-1 gene which controls differentiation of several types of hormone-producing cells in the anterior pituitary (35, 36). The resulting defects in endocrine function lead to slower postnatal growth, delay of puberty, and severe reduction of adult body size, as well as a major extension of longevity (35–37). Importantly, delayed and slower aging and extended longevity of these animals are associated with various indices of healthy aging and extension of the healthspan, a period of life free of disease, frailty, and functional impairments (35, 38). Overlap of the phenotypic characteristics of these, and other GH-related, long-lived mouse mutants, with those of GH-deficient and GH-resistant humans was discussed in our recent publications (39, 40). The endocrine intervention employed in our studies consisted of twice-daily injections of growth hormone (GH), one of the hormones that these animals fail to produce and was limited to a period of six weeks starting at the age of one or two weeks, when mice are still suckling (21, 22).

As expected, GH injections stimulated somatic growth of juvenile Ames dwarf mice.

Growth curve (a plot of body weights, determined daily) of GH-injected dwarfs was much steeper than the growth curve of vehicle-injected (control) dwarfs, with a slope closely resembling the growth curve of their normal (wild type, WT) siblings. When the injections were stopped, the dwarf mice quickly reverted to minimal daily gains in body weight which are typical of untreated or vehicle-injected dwarfs. Consequently, adult body weight of dwarfs that had been treated with GH during early life was intermediate between the values measured in normal (WT) mice and in control (vehicle-injected) dwarfs. The impact of early life GH treatment on adult phenotype, and specifically on traits related to aging, was substantial, and supported our hypothesis concerning impact of early life intervention on adult characteristics. Many characteristics of GH-treated Ames dwarf mice, measured one year or later after the GH therapy was finished, were completely rescued, that is no longer differed from the same characteristics of normal animals. Growth hormone treatment reduced the levels of adiponectin, low density lipoprotein, and ketone bodies, and increased the levels of insulin (Figure 1). Moreover, this intervention reduced metabolic rate (oxygen consumption [VO2] per g body weight) and increased respiratory quotient, completely eliminated protection from age-related astrogliosis, and completely or partially normalized a number of inflammatory markers in the liver and epididymal white adipose tissue, as well as hepatic expression levels of a variety of genes related to stress responsive pathways (21, 22, 41). Subsequent collaborative studies identified other adult characteristics related to mechanisms of aging that were substantially altered in Ames dwarf mice and largely or completely normalized by six weeks of treatment with GH in early life. These characteristics include hepatic production of hydrogen sulfide, a compound recently shown to be importantly involved in mediating the effects of calorie restriction (42), and muscle levels of FNDC5 protein, a parent molecule of irisin, one of the factors that regulate insulin sensitivity (43). In a previous work (43), we have noted changes in thermogenesis, macrophage balance towards anti-inflammatory states, and diminished cytokine mRNA production in both subcutaneous and intra-abdominal fat depots of Snell dwarf (Pit-1dw) and GHRKO mice. Curiously, these changes were not seen in mice where GHR had been disrupted in only fat tissue, suggesting that they represented an indirect effect of GH signals in another tissue. Studies of muscle-specific GHRKO mice showed that disruption of GHR in muscle was sufficient to reproduce nearly all of the changes noted in fat tissue of mice with a global deletion of GHR. Muscle effects on fat are thought to reflect, in part, release from muscle of irisin, a product of FNDC5 protein. Indeed, plasma irisin levels were found to be elevated in Snell and GHRKO mice, in parallel to elevation of muscle FNDC5 levels [Figure 2; excerpted from (43)]. It will be of great interest to see if early-life manipulation of GH signals, or of adult-life induction of GH deletion, can lead to parallel changes in fat, muscle, irisin and inflammatory macrophage status. Importantly, GH therapy during early life reduced longevity of Ames dwarf mice (21, 22).




Figure 1 | Metabolic alterations in responses to early GH treatment. Various plasma parameters from male Ames dwarf (Prop1df) and Littermate control male mice (N) subjected to early-life GH treatment. Saline-treated-control mice (black bar), Saline-treated-dwarf mice (white bar), and GH-treated-dwarf mice (grey bar), a,b values that do not share a superscript letter are significantly different (p < 0.05). Data represent the means ± SEM (19).






Figure 2 | Plasma irisin levels and expression of FNDC5 in muscle tissue of two kinds of slow aging mice, Snell DW, and GHRKO. (A) Irisin content was measured by ELISA on plasma samples of 24-week-old WT and mutant mice (DW, GHRKO, abbreviated GKO). Data are shown as mean ± SEM for each group (n = 6). **P < 0.001 versus WT. (B) Cell lysate was prepared from gastrocnemius muscle of 24-week-old WT and slow aging mice, and protein levels of FNDC5 were measured by western blotting. Representative gel images are shown. (C) Relative protein expression was normalized to β-actin levels. Values are mean ± SEM (n = 4). **P < 0.05 versus WT (38).






Discussion


Conclusions, Interpretation, and Future Directions

When compared to their normal (WT) siblings, dwarf mice represent clear features of slow pace-of-life: reduced growth rate, delayed puberty, and reduced fecundity (35, 37, 38). We suspect that the impact of early life GH therapy on longevity detected in our studies was due primarily to GH stimulation of anabolism, growth, and maturation, that is actions that represent acceleration of the pace-of-life. There is increasing appreciation that longevity of an organism is determined by a balance of various trade-offs and regulatory loops, and that association of the pace-of-life with the rate of aging figures prominently among these relationships. However, other actions of GH also could have been involved in partially rescuing (that is shortening) their longevity. Growth hormone has well documented effects on insulin signaling (44), immune function (45), stress resistance (46, 47), and DNA repair (25), and each of these factors has important role in the regulation of aging and longevity (48). Our recent findings concerning histone modifications in Ames dwarf mice treated with GH (49) suggest that epigenetic mechanisms might have been involved in mediating the effects of this early life intervention on adult characteristics and longevity.

Resembling the effects of a short period of GH replacement therapy on adult body weight, longevity of dwarf mice was not completely normalized (rescued). Growth hormone-treated dwarfs lived shorter than dwarfs injected with vehicle, but still longer than normal (WT) mice. As indicated earlier in this section, early life GH treatment completely normalized many, but not all, characteristics related to aging. Presumably, longevity of GH-treated Ames dwarf mice is influenced by parameters that were not fully normalized (and/or not examined in the present study). Nevertheless, our findings demonstrate than intervention limited to several weeks before and around the time of sexual maturation can alter aging and life expectancy.

We realize, of course, that without additional evidence, the effects of our studies of hormone replacement therapy in a mutant with severe endocrine deficiencies (21–23) cannot be assumed to represent normal regulatory mechanisms in wild type (WT, that is “genetically normal”) animals. Nevertheless, we are tempted to speculate that targeting hormonal, pharmacological, nutritional, or environmental interventions to this particular stage of postnatal development is likely to influence the trajectory of aging in normal mice. We are particularly interested in the possibility of identifying interventions which could be applied during adolescence to promote extension of the healthspan and healthy aging, possibly also leading to extension of longevity. We suspect that interventions capable of affecting the energy metabolism to slow the pace-of-life may be particularly promising in this regard. We are currently testing these possibilities utilizing mild alterations in environmental (ambient) temperature and drugs developed for the treatment of diabetes.




Author Contributions

Concept: AB. Writing: AB, LS, XL, and RM. Funding: AB and RM. All authors contributed to the article and approved the submitted version.



Funding

Writing of this article and our recent and current studies of this topic were supported by American Diabetes Association grant ADA 1–19-IBS-126 and NIA R21-AG062985 (AB). Work in the Miller lab was supported by NIA grants P30-AG024824 and the Glenn Foundation for Medical Research.



Acknowledgments

We apologize to those whose work pertinent to the issues discussed was not cited due to limitations of the format or to inadvertent omissions. We are grateful for editorial assistance provided by Lisa Hensley. Writing of this article and our recent and current studies of this topic were supported by American Diabetes Association grant ADA 1–19-IBS-126 and NIA R21-AG062985 (AB). Work in the Miller lab was supported by NIA grants P30-AG024824 and the Glenn Foundation for Medical Research.



References

1. Waddington, CH. Canalization of Development and Genetic Assimilation of Acquired Characters. Nature (1959) 183(4676):1654–5. doi: 10.1038/1831654a0

2. Roseboom, TJ, van der Meulen, JH, Ravelli, AC, Osmond, C, Barker, DJ, Bleker, OP, et al. Effects of Prenatal Exposure to the Dutch Famine on Adult Disease in Later Life: An Overview. Mol Cell Endocrinol (2001) 185(1-2):93–8. doi: 10.1016/s0303-7207(01)00721-3

3. Ekamper, P, van Poppel, F, Stein, AD, Bijwaard, GE, and Lumey, LH. Prenatal Famine Exposure and Adult Mortality From Cancer, Cardiovascular Disease, and Other Causes Through Age 63 Years. Am J Epidemiol (2015) 181(4):271–9. doi: 10.1093/aje/kwu288

4. Lumey, LH, Khalangot, MD, and Vaiserman, AM. Association Between Type 2 Diabetes and Prenatal Exposure to the Ukraine Famine of 1932-33: A Retrospective Cohort Study. Lancet Diabetes Endocrinol (2015) 3(10):787–94. doi: 10.1016/S2213-8587(15)00279-X

5. Meng, R, Lv, J, Yu, C, Guo, Y, Bian, Z, Yang, L, et al. Prenatal Famine Exposure, Adulthood Obesity Patterns and Risk of Type 2 Diabetes. Int J Epidemiol (2018) 47(2):399–408. doi: 10.1093/ije/dyx228

6. Stanner, SA, and Yudkin, JS. Fetal Programming and the Leningrad Siege Study. Twin Res (2001) 4(5):287–92. doi: 10.1375/1369052012498

7. Ramirez-Lopez, MT, Vazquez, M, Bindila, L, Lomazzo, E, Hofmann, C, Blanco, RN, et al. Maternal Caloric Restriction Implemented During the Preconceptional and Pregnancy Period Alters Hypothalamic and Hippocampal Endocannabinoid Levels at Birth and Induces Overweight and Increased Adiposity at Adulthood in Male Rat Offspring. Front Behav Neurosci (2016) 10:208. doi: 10.3389/fnbeh.2016.00208

8. Gilbert, JS, Lang, AL, Grant, AR, and Nijland, MJ. Maternal Nutrient Restriction in Sheep: Hypertension and Decreased Nephron Number in Offspring at 9 Months of Age. J Physiol (2005) 565(Pt 1):137–47. doi: 10.1113/jphysiol.2005.084202

9. Brawley, L, Itoh, S, Torrens, C, Barker, A, Bertram, C, Poston, L, et al. Dietary Protein Restriction in Pregnancy Induces Hypertension and Vascular Defects in Rat Male Offspring. Pediatr Res (2003) 54(1):83–90. doi: 10.1203/01.PDR.0000065731.00639.02

10. Street, ME, and Bernasconi, S. Endocrine-Disrupting Chemicals in Human Fetal Growth. Int J Mol Sci (2020) 21(4):1430. doi: 10.3390/ijms21041430

11. Kunysz, M, Mora-Janiszewska, O, and Darmochwal-Kolarz, D. Epigenetic Modifications Associated With Exposure to Endocrine Disrupting Chemicals in Patients With Gestational Diabetes Mellitus. Int J Mol Sci (2021) 22(9):4693. doi: 10.3390/ijms22094693

12. Eberle, C, Fasig, T, Bruseke, F, and Stichling, S. Impact of Maternal Prenatal Stress by Glucocorticoids on Metabolic and Cardiovascular Outcomes in Their Offspring: A Systematic Scoping Review. PloS One (2021) 16(1):e0245386. doi: 10.1371/journal.pone.0245386

13. Perera, F, and Herbstman, J. Prenatal Environmental Exposures, Epigenetics, and Disease. Reprod Toxicol (2011) 31(3):363–73. doi: 10.1016/j.reprotox.2010.12.055

14. Xavier, MJ, Roman, SD, Aitken, RJ, and Nixon, B. Transgenerational Inheritance: How Impacts to the Epigenetic and Genetic Information of Parents Affect Offspring Health. Hum Reprod Update (2019) 25(5):519–41. doi: 10.1093/humupd/dmz017

15. Ross, PJ, and Canovas, S. Mechanisms of Epigenetic Remodelling During Preimplantation Development. Reprod Fertil Dev (2016) 28(1-2):25–40. doi: 10.1071/RD15365

16. Agarwal, P, Morriseau, TS, Kereliuk, SM, Doucette, CA, Wicklow, BA, Dolinsky, VW, et al. Maternal Obesity, Diabetes During Pregnancy and Epigenetic Mechanisms That Influence the Developmental Origins of Cardiometabolic Disease in the Offspring. Crit Rev Clin Lab Sci (2018) 55(2):71–101. doi: 10.1080/10408363.2017.1422109

17. Gavrilov, LA, and Gavrilova, NS. Season of Birth and Exceptional Longevity: Comparative Study of American Centenarians, Their Siblings, and Spouses. J Aging Res (2011) 2011:104616. doi: 10.4061/2011/104616

18. English, S, and Uller, T. Does Early-Life Diet Affect Longevity? A Meta-Analysis Across Experimental Studies. Biol Lett (2016) 12(9):20160291. doi: 10.1098/rsbl.2016.0291

19. Mazumder, B, Almond, D, Park, K, Crimmins, EM, and Finch, CE. Lingering Prenatal Effects of the 1918 Influenza Pandemic on Cardiovascular Disease. J Dev Orig Health Dis (2010) 1(1):26–34. doi: 10.1017/S2040174409990031

20. Easterlin, MC, Crimmins, EM, and Finch, CE. Will Prenatal Exposure to SARS-CoV-2 Define a Birth Cohort With Accelerated Aging in the Century Ahead? J Dev Orig Health Dis (2021) 12(5):683–7. doi: 10.1017/S204017442000104X

21. Panici, JA, Harper, JM, Miller, RA, Bartke, A, Spong, A, Masternak, MM, et al. Early Life Growth Hormone Treatment Shortens Longevity and Decreases Cellular Stress Resistance in Long-Lived Mutant Mice. FASEB J (2010) 24(12):5073–9. doi: 10.1096/fj.10-163253

22. Sun, LY, Fang, Y, Patki, A, Koopman, JJ, Allison, DB, Hill, CM, et al. Longevity is Impacted by Growth Hormone Action During Early Postnatal Period. Elife (2017) 6:e24059. doi: 10.7554/eLife.24059

23. Bartke, A. Early Life Events can Shape Aging and Longevity. Curr Aging Sci (2015) 8(1):11–3. doi: 10.2174/1874609808666150422123355

24. Boullu-Ciocca, S, Achard, V, Tassistro, V, Dutour, A, and Grino, M. Postnatal Programming of Glucocorticoid Metabolism in Rats Modulates High-Fat Diet-Induced Regulation of Visceral Adipose Tissue Glucocorticoid Exposure and Sensitivity and Adiponectin and Proinflammatory Adipokines Gene Expression in Adulthood. Diabetes (2008) 57(3):669–77. doi: 10.2337/db07-1316

25. Podlutsky, A, Valcarcel-Ares, MN, Yancey, K, Podlutskaya, V, Nagykaldi, E, Gautam, T, et al. The GH/IGF-1 Axis in a Critical Period Early in Life Determines Cellular DNA Repair Capacity by Altering Transcriptional Regulation of DNA Repair-Related Genes: Implications for the Developmental Origins of Cancer. Geroscience (2017) 39(2):147–60. doi: 10.1007/s11357-017-9966-x

26. Steculorum, SM, Collden, G, Coupe, B, Croizier, S, Lockie, S, Andrews, ZB, et al. Neonatal Ghrelin Programs Development of Hypothalamic Feeding Circuits. J Clin Invest (2015) 125(2):846–58. doi: 10.1172/JCI73688

27. Levy, SB, Klimova, TM, Zakharova, RN, Fedorov, AI, Fedorova, VI, Baltakhinova, ME, et al. Evidence for a Sensitive Period of Plasticity in Brown Adipose Tissue During Early Childhood Among Indigenous Siberians. Am J Phys Anthropol (2021) 175(4):834–46. doi: 10.1002/ajpa.24297

28. Abeliansky, AL, and Strulik, H. Hungry Children Age Faster. Econ Hum Biol (2018) 29:211–20. doi: 10.1016/j.ehb.2018.03.005

29. Chu, SH, Loucks, EB, Kelsey, KT, Gilman, SE, Agha, G, Eaton, CB, et al. Sex-Specific Epigenetic Mediators Between Early Life Social Disadvantage and Adulthood BMI. Epigenomics (2018) 10(6):707–22. doi: 10.2217/epi-2017-0146

30. Hamlat, EJ, Prather, AA, Horvath, S, Belsky, J, Epel, ES, et al. Early Life Adversity, Pubertal Timing, and Epigenetic Age Acceleration in Adulthood. Dev Psychobiol (2021) 63(5):890–902. doi: 10.1002/dev.22085

31. Herd, P, Sicinski, K, and Asthana, S. Does Rural Living in Early Life Increase the Risk for Reduced Cognitive Functioning in Later Life? J Alzheimers Dis (2021) 82(3):1171–82. doi: 10.3233/JAD-210224

32. Pigeon, G, Landes, J, Festa-Bianchet, M, and Pelletier, F. Do Early-Life Conditions Drive Variation in Senescence of Female Bighorn Sheep? Front Cell Dev Biol (2021) 9:637692. doi: 10.3389/fcell.2021.637692

33. Lewin, N, Swanson, EM, Williams, BL, and Holekamp, KE. Juvenile Concentrations of IGF-1 Predict Life-History Trade-Offs in a Wild Mammal. Funct Ecol (2017) 31(4):894–902. doi: 10.1111/1365-2435.12808

34. Hammers, M, Richardson, DS, Burke, T, and Komdeur, J. The Impact of Reproductive Investment and Early-Life Environmental Conditions on Senescence: Support for the Disposable Soma Hypothesis. J Evol Biol (2013) 26(9):1999–2007. doi: 10.1111/jeb.12204

35. Bartke, A. 34 - Life Extension in the Dwarf Mouse. In:  PM Conn, editor. Handbook of Models for Human Aging. Burlington: Academic Press (2006). p. 403–14.


36. Sornson, MW, Wu, W, Dasen, JS, Flynn, SE, Norman, DJ, O'Connell, SM, et al. Pituitary Lineage Determination by the Prophet of Pit-1 Homeodomain Factor Defective in Ames Dwarfism. Nature (1996) 384(6607):327–33. doi: 10.1038/384327a0

37. Brown-Borg, HM, Borg, KE, Meliska, CJ, and Bartke, A. Dwarf Mice and the Aging Process. Nature (1996) 384:33. doi: 10.1038/384033a0

38. Bartke, A. Single-Gene Mutations and Healthy Ageing in Mammals. Philos Trans R Soc Lond B Biol Sci (2011) 366(1561):28–34. doi: 10.1098/rstb.2010.0281

39. Aguiar-Oliveira, MH, and Bartke, A. Growth Hormone Deficiency: Health and Longevity. Endocr Rev (2019) 40(2):575–601. doi: 10.1210/er.2018-00216

40. Bartke, A. Growth Hormone and Aging: Updated Review. World J Men’s Health (2018) 36:19–30. doi: 10.5534/wjmh.180018

41. Sadagurski, M, Landeryou, T, Cady, G, Kopchick, JJ, List, EO, Berryman, DE, et al. Growth Hormone Modulates Hypothalamic Inflammation in Long-Lived Pituitary Dwarf Mice. Aging Cell (2015) 14(6):1045–54. doi: 10.1111/acel.12382

42. Hine, C, Kim, HJ, Zhu, Y, Harputlugil, E, Longchamp, A, Matos, MS, et al. Hypothalamic-Pituitary Axis Regulates Hydrogen Sulfide Production. Cell Metab (2017) 25(6):1320–33.e1325. doi: 10.1016/j.cmet.2017.05.003

43. Li, X, Frazier, JA, Spahiu, E, McPherson, M, and Miller, RA. Muscle-Dependent Regulation of Adipose Tissue Function in Long-Lived Growth Hormone-Mutant Mice. Aging (Albany NY) (2020) 12(10):8766–89. doi: 10.18632/aging.103380

44. Kim, SH, and Park, MJ. Effects of Growth Hormone on Glucose Metabolism and Insulin Resistance in Human. Ann Pediatr Endocrinol Metab (2017) 22(3):145–52. doi: 10.6065/apem.2017.22.3.145

45. Meazza, C, Pagani, S, Travaglino, P, and Bozzola, M. Effect of Growth Hormone (GH) on the Immune System. Pediatr Endocrinol Rev (2004) 1 Suppl 3:490–5.


46. Ranabir, S, and Reetu, K. Stress and Hormones. Indian J Endocrinol Metab (2011) 15(1):18–22. doi: 10.4103/2230-8210.77573

47. Bokov, AF, Lindsey, ML, Khodr, C, Sabia, MR, and Richardson, A. Long-Lived Ames Dwarf Mice are Resistant to Chemical Stressors. J Gerontol A Biol Sci Med Sci (2009) 64(8):819–27. doi: 10.1093/gerona/glp052

48. Bartke, A, Hascup, E, Hascup, K, and Masternak, MM. Growth Hormone and Aging: New Findings. World J Mens Health (2021) 39(3):454–65. doi: 10.5534/wjmh.200201

49. Zhang, F, Icyuz, M, Bartke, A, and Sun, LY. The Effects of Early-Life Growth Hormone Intervention on Tissue Specific Histone H3 Modifications in Long-Lived Ames Dwarf Mice. Aging (Albany NY) (2020) 13(2):1633–48. doi: 10.18632/aging.202451




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 Bartke, Sun, Li and Miller. 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/logo.jpg
’ frontiers
in Endocrinology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Early Life Interventions Can Shape Aging

      

        		

          Introduction

        

          		

            Developmental Origins of Health and Disease

          



          		

            Effects of Post-Natal Conditions and Interventions

          



          		

            Early Life Endocrine Intervention in Long-Lived Mice

          



        



        



        		

          Discussion

        

          		

            Conclusions, Interpretation, and Future Directions

          



        



        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo-13-797581-g001.jpg
Ketone bodies

Adiponectin

o o o o
o o o <o
o o o o
(=) o

qui/b6rl) oA wNnIBS

(quwi/Bu) 19A21 WINIBS





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-13-797581-g002.jpg
c
<]
(&
]

© © © ©o o ©
W T ® N -

(1w/Bu)siona) ujsu ewseld

© © © © ©
T O & -

(1w/Bu)sioao) uisyy ewseld

QSLQ
M:QOQ
s-\SQ
Socoo

FNDC5

FNDCS

e B

= Con

GKO-muscle , gko

= Con

DW-muscle « pw

female

male

0w < O N «~ O
uojssoasdxo

SOAN4 aAne|9Yy

female

male

0w T O N O
uojssoidxo
UisSY/SOANA oAne|ay

C





OEBPS/Images/fendo.2022.797581_cover.jpg
’ frontlers
n Endocrinology

Early Life Interventions
Can Shape Aging





