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2. A few words on the glycation reaction and its known effects on health and senescence

3. Exploring the links between glycation and life-history traits in non-conventional animal models

(a) Glycation in relation to reproduction and survival
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(b) Correlations between glycation and body mass

Table 1. Examples of glycation’s contribution to each hallmark of ageing (as defined by Lopez-Otìn et al. [3,11,15–24]).

hallmark of ageing (as defined by [11]) examples of glycations’ contribution

genome instability

telomere attrition

epigenetic alterations

loss of proteostasis

disabled macroautophagy

deregulated nutrient sensing

mitochondrial dysfunction

cellular senescence

stem cell exhaustion

altered intercellular communication

chronic inflammation

dysbiosis

CML, N -(carboxymethyl)lysine; RAGE, receptor for advanced glycation end-products; ROS, reactive oxygen species.
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(c) Glycation in relation to longevity
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Table 2. Known correlations between glycation products and age, glycaemia and/or life-history traits in non-conventional animal models at (a) intraspecific and (b)

interspecific levels. + and - indicate positive and negative correlations, respectively, NS indicates no significant correlation.

glycation product factor correlation species comments reference

(a) intraspecific studies

HbA1c age NS Ficedula albicollis wild, adults [38]

NS Canis familiaris domestic, all ages, ANOVA on 3 age classes [47]

sex NS Ficedula albicollis wild, adults [38]

NS Falco sparverius wild, nestlings [39]

NS Canis familiaris domestic, all ages [47]

body mass NS Ficedula albicollis wild, adults [38]

clutch size + Ficedula albicollis wild, adults [38]

number of offspring

fledged

+ Ficedula albicollis wild, adults [38]

NS Ficedula albicollis wild, adults [40]

arrival date on

reproduction site − Ficedula albicollis wild, adults [38]

return rate − Ficedula albicollis wild, adults [40]

nestling growth rate + Falco sparverius wild, nestlings [39]

number of brood

mates NS Falco sparverius wild, nestlings [39]

GA age NS Taeniopygia guttata captive, adults [36]

glycaemia NS Taeniopygia guttata captive, adults [36]

TPGP age NS Taeniopygia guttata captive, adults [36]

sex NS Taeniopygia guttata captive, adults [36]

body mass NS Taeniopygia guttata captive, adults [36]

glycaemia NS Taeniopygia guttata captive, adults [36]

glycated serrotrans‐

ferrin

age NS Taeniopygia guttata captive, adults [36]

glycaemia + Taeniopygia guttata captive, adults [36]

glycated carbonic

anhydrase

age + Taeniopygia guttata captive, adults [36]

glycaemia NS Taeniopygia guttata captive, adults [36]

pentosidine (skin) Age + Cryptotis parva captive, 0–3 y.o. [48]

+ Rattus norvegicus captive, 5–25 y.o. [48]

+ Canis familiaris domestic, 2–14 y.o., beagle breed [48]

+ Bos taurus captive, 0–14 y.o. [48]

+ Sus scrofa captive, 0–15 y.o. [48]

+ Saimiri sciureus captive, 3–21 y.o. [48]

+ Macaca mulatta captive, 5–27 y.o. [48]

(b) interspecific studies

plasma AGEs age NS mammals captive (zoos) [43]

NS birds captive (zoos) [43]

NS

wild canids & domestic dog

breeds captive (zoos) and domestic [44]

age/MLSP NS mammals captive (zoos) [43]

NS birds captive (zoos) [43]

NS

wild canids and domestic

dog breeds captive (zoos) [44]

body mass NS mammals captive (zoos) [43]

NS birds captive (zoos) [43]

NS

wild canids and domestic dog

breeds captive (zoos) and domestic [44]

(Continued.)
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4. Mechanisms of glycation resistance that need to be explored in a broad range of animals

(a) Fast and effective glucose utilization: the case of flying vertebrates

Table 2. (Continued.)

glycation product factor correlation species comments reference

pentosidine (skin) MLSP − mammals captive [48]

GA, glycated albumin; MLSP, maximum lifespan; TPGP, total plasma glycated proteins (GA, glycated serotransferrin and glycated carbonic anhydrase).
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(b) Protection of biomolecules

(i) Protein turnover

(ii) Specific amino acid composition and three-dimensional conformation of proteins

(c) Buffering glycated proteins and advanced glycation end-products

(i) Deglycating enzymes

(ii) Receptor for advanced glycation end-products
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5. Concluding remarks and future prospects

Ethics. 

Data accessibility. 

Declaration of AI use. 

Authors’ contributions. 

Conflict of interest declaration. 

Funding. 

References

1. Monnier VM, Cerami A. 1981 Nonenzymatic browning in vivo: possible process for aging of long-lived proteins. Science (1979) 211, 491–493. (doi:10.1126/science.6779377)

2. Ansari NA, Rasheed Z. 2009 Non-enzymatic glycation of proteins: from diabetes to cancer. Biochem. Mosc. Suppl. B Biomed. Chem. 3, 335–342. (doi:10.1134/S1990750809040027)

3. Zgutka K, Tkacz M, Tomasiak P, Tarnowski M. 2023 A role for advanced glycation end products in molecular ageing. Int. J. Mol. Sci. 24, 9881. (doi:10.3390/ijms24129881)

4. Vágási CI et al. 2024 Songbirds avoid the oxidative stress costs of high blood glucose levels: a comparative study. J. Exp. Biol. 227, jeb246848. (doi:10.1242/jeb.246848)

5. Munshi-South J, Wilkinson GS. 2010 Bats and birds: exceptional longevity despite high metabolic rates. Ageing Res. Rev. 9, 12–19. (doi:10.1016/j.arr.2009.07.006)

6. Tomasek O, Bobek L, Kralova T, Adamkova M, Albrecht T. 2019 Fuel for the pace of life: baseline blood glucose concentration co‐evolves with life‐history traits in songbirds. Funct.

Ecol. 33, 239–249. (doi:10.1111/1365-2435.13238)

7. Tomášek O et al. 2022 Latitudinal but not elevational variation in blood glucose level is linked to life history across passerine birds. Ecol. Lett. 25, 2203–2216. (doi:10.1111/ele.

14097)

8. Montoya B, Briga M, Jimeno B, Moonen S, Verhulst S. 2018 Baseline glucose level is an individual trait that is negatively associated with lifespan and increases due to adverse

environmental conditions during development and adulthood. J. Comp. Physiol. B 188, 517–526. (doi:10.1007/s00360-017-1143-0)

9. Cohen AA, Coste CFD, Li XY, Bourg S, Pavard S. 2020 Are trade‐offs really the key drivers of ageing and life span? Funct. Ecol. 34, 153–166. (doi:10.1111/1365-2435.13444)

10. Rufián-Henares JA, Pastoriza S. 2015 Maillard reaction. In Encyclopedia of food and health, pp. 593–600. Kidlington, UK: Academic Press. (doi:10.1016/B978-0-12-384947-2.00435-

9)

11. López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. 2023 Hallmarks of aging: an expanding universe. Cell 186, 243–278. (doi:10.1016/j.cell.2022.11.001)

12. López-Otín C, Kroemer G. 2021 Hallmarks of health. Cell 184, 33–63. (doi:10.1016/j.cell.2020.11.034)

13. López-Otín C, Kroemer G. 2021 Erratum: hallmarks of health. Cell 184, 1929–1939. (doi:10.1016/j.cell.2021.03.033)

8

royalsocietypublishing.org/journal/rsbl 
Biol. Lett. 

20: 
20230601



14. González P, Lozano P, Ros G, Solano F. 2023 Hyperglycemia and oxidative stress: an integral, updated and critical overview of their metabolic interconnections. Int. J. Mol. Sci. 24,

9352. (doi:10.3390/ijms24119352)

15. Davis KE, Prasad C, Vijayagopal P, Juma S, Imrhan V. 2016 Advanced glycation end products, inflammation, and chronic metabolic diseases: links in a chain? Crit. Rev. Food Sci. Nutr.

56, 989–998. (doi:10.1080/10408398.2012.744738)

16. Phuong-Nguyen K, McNeill BA, Aston-Mourney K, Rivera LR. 2023 Advanced glycation end-products and their effects on gut health. Nutrients 15, 405. (doi:10.3390/nu15020405)

17. Xu K, Zhang L, Yu N, Ren Z, Wang T, Zhang Y, Zhao X, Yu T. 2023 Effects of advanced glycation end products (AGEs) on the differentiation potential of primary stem cells: a

systematic review. Stem Cell Res. Ther. 14, 74. (doi:10.1186/s13287-023-03324-5)

18. Tamura Y, Takubo K, Aida J, Araki A, Ito H. 2016 Telomere attrition and diabetes mellitus. Geriatr. Gerontol. Int. 16, 66–74. (doi:10.1111/ggi.12738)

19. Kuzan A. 2021 Toxicity of advanced glycation end products (Review). Biomed. Rep. 14, 46. (doi:10.3892/br.2021.1422)

20. Deo P, Dhillon VS, Lim WM, Jaunay EL, Donnellan L, Peake B, McCullough C, Fenech M. 2020 Advanced glycation end-products accelerate telomere attrition and increase pro-

inflammatory mediators in human WIL2-NS cells. Mutagenesis 35, 291–297. (doi:10.1093/mutage/geaa012)

21. Akhter F, Chen D, Akhter A, Yan SF, Yan SS. 2021 Age-dependent accumulation of dicarbonyls and advanced glycation endproducts (AGEs) associates with mitochondrial stress. Free

Radic. Biol. Med. 164, 429–438. (doi:10.1016/j.freeradbiomed.2020.12.021)

22. Semba RD, Nicklett EJ, Ferrucci L. 2010 Does accumulation of advanced glycation end products contribute to the aging phenotype? J. Gerontol. A Biol. Sci. Med. Sci. 65, 963–975.

(doi:10.1093/gerona/glq074)

23. GhoshMoulick R, Bhattacharya J, Roy S, Basak S, Dasgupta AK. 2007 Compensatory secondary structure alterations in protein glycation. Biochim. Biophys. Acta 1774, 233–242.

(doi:10.1016/j.bbapap.2006.11.018)

24. Naftaly A, Izgilov R, Omari E, Benayahu D. 2021 Revealing advanced glycation end products associated structural changes in serum albumin. ACS Biomater. Sci. Eng. 7, 3179–3189.

(doi:10.1021/acsbiomaterials.1c00387)

25. Shefferson RP, Jones OR, Salguero-Gómez R. 2017 Introduction: wilting leaves and rotting branches: reconciling evolutionary perspectives on senescence. In The evolution of

senescence in the tree of life (eds RP Shefferson, OR Jones, R Salguero-Gomez), pp. 1–20. Cambridge, UK: Cambridge University Press. (doi:10.1017/9781139939867)

26. Jones OR et al. 2008 Senescence rates are determined by ranking on the fast-slow life-history continuum. Ecol. Lett. 11, 664–673. (doi:10.1111/j.1461-0248.2008.01187.x)

27. Colchero F et al. 2019 The diversity of population responses to environmental change. Ecol. Lett. 22, 342–353. (doi:10.1111/ele.13195)

28. Mousseau TA, Roff DA. 1987 The genetical society of great britain natural selection and the heritability of fitness components. Heredity (Edinb) 59, 181–197. (doi:10.1038/hdy.

1987.113)

29. Rabbani N, Thornalley PJ. 2021 Protein glycation—biomarkers of metabolic dysfunction and early-stage decline in health in the era of precision medicine. Redox Biol. 42, 101920.

(doi:10.1016/j.redox.2021.101920)

30. Schradin C, Pillay N, Kondratyeva A, Yuen CH, Schoepf I, Krackow S. 2015 Basal blood glucose concentration in free-living striped mice is influenced by food availability, ambient

temperature and social tactic. Biol. Lett. 11, 20150208. (doi:10.1098/rsbl.2015.0208)

31. Montoya B, Briga M, Jimeno B, Verhulst S. 2020 Glucose regulation is a repeatable trait affected by successive handling in zebra finches. J. Comp. Physiol. B 190, 455–464. (doi:10.

1007/s00360-020-01283-4)

32. Montoya B, Briga M, Jimeno B, Verhulst S. 2022 Glucose tolerance predicts survival in old zebra finches. J. Exp. Biol. 225, jeb243205. (doi:10.1242/jeb.243205)

33. Tomášek O et al. 2022 Latitudinal but not elevational variation in blood glucose level is linked to life history across passerine birds. Ecol. Lett. 25, 2203–2216. (doi:10.1111/ele.

14097)

34. Palliyaguru DL et al. 2021 Fasting blood glucose as a predictor of mortality: lost in translation. Cell Metab. 33, 2189–2200. (doi:10.1016/j.cmet.2021.08.013)

35. Copeland KR, Yatscoff RW, Thliveris JA, Mehta A, Penner B. 1987 Non-enzymatic glycation and altered renal structure and function in the diabetic rat. Kidney Int. 32, 664–670. (doi:

10.1038/ki.1987.258)

36. Brun C, Hernandez-Alba O, Hovasse A, Criscuolo F, Schaeffer-Reiss C, Bertile F. 2022 Resistance to glycation in the zebra finch: mass spectrometry-based analysis and its

perspectives for evolutionary studies of aging. Exp. Gerontol. 164, 111811. (doi:10.1016/j.exger.2022.111811)

37. Healy K, Ezard THG, Jones OR, Salguero-Gómez R, Buckley YM. 2019 Animal life history is shaped by the pace of life and the distribution of age-specific mortality and reproduction.

Nat. Ecol. Evol. 3, 1217–1224. (doi:10.1038/s41559-019-0938-7)

38. Andersson MS, Gustafsson L. 1995 Glycosylated haemoglobin: a new measure of condition in birds. Proc. R. Soc. Lond. B 260, 299–303. (doi:10.1098/rspb.1995.0095)

39. Ardia DR. 2006 Glycated hemoglobin and albumin reflect nestling growth and condition in American kestrels. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 143, 62–66. (doi:10.

1016/j.cbpa.2005.10.024)

40. Récapet C, Sibeaux A, Cauchard L, Doligez B, Bize P. 2016 Selective disappearance of individuals with high levels of glycated haemoglobin in a free-living bird. Biol. Lett. 12,

20160243. (doi:10.1098/rsbl.2016.0243)

41. Suo M, Wen D, Wang W, Zhang D, Xu S, Wang X, Hu T. 2019 False measurement of glycated hemoglobin in patients without hemoglobin A. Biosci. Rep. 39, BSR20180128. (doi:10.

1042/BSR20180128)

42. Stearns SC. 1992 The evolution of life histories. London, UK: Oxford University Press.

43. Baker P, Cooper-Mullin CM, Jimenez AG. 2022 Differences in advanced glycation endproducts (AGEs) in plasma from birds and mammals of different body sizes and ages. Comp.

Biochem. Physiol. A Mol. Integr. Physiol. 267, 111164. (doi:10.1016/j.cbpa.2022.111164)

44. Jimenez AG. 2021 Plasma concentration of advanced glycation end-products from wild canids and domestic dogs does not change with age or across body masses. Front. Vet. Sci. 8,

637132. (doi:10.3389/fvets.2021.637132)

45. Scanes CG. 2016 A re-evaluation of allometric relationships for circulating concentrations of glucose in mammals. Food Nutr. Sci. 07, 240–251. (doi:10.4236/fns.2016.74026)

46. Meng F, Zhu L, Huang W, Irwin DM, Zhang S. 2016 Bats: body mass index, forearm mass index, blood glucose levels and SLC2A2 genes for diabetes. Sci. Rep. 6, 29960. (doi:10.

1038/srep29960)

47. Oikonomidis IL, Tsouloufi TK, Kritsepi-Konstantinou M, Soubasis N. 2022 The effect of age and sex on glycated hemoglobin in dogs. J. Vet. Diagn. Invest. 34, 331–333. (doi:10.1177/

10406387211065046)

48. Sell DR et al. 1996 Longevity and the genetic determination of collagen glycoxidation kinetics in mammalian senescence. Proc. Natl Acad. Sci. USA 93, 485–490. (doi:10.1073/pnas.

93.1.485)

49. Oudes AJ, Herr CM, Olsen Y, Fleming JE. 1998 Age-dependent accumulation of advanced glycation end-products in adult drosophila melanogaster. Mech. Ageing Dev. 100, 221–

229. (doi:10.1016/s0047-6374(97)00146-2)

50. Verzijl N et al. 2000 Effect of collagen turnover on the accumulation of advanced glycation end products. J. Biol. Chem. 275, 39027–39031. (doi:10.1074/jbc.M006700200)

9

royalsocietypublishing.org/journal/rsbl 
Biol. Lett. 

20: 
20230601



51. Basu R et al. 2003 Mechanisms of the age-associated deterioration in glucose tolerance. Diabetes 52, 1738–1748. (doi:10.2337/diabetes.52.7.1738)

52. Sharma A, Weber D, Raupbach J, Dakal TC, Fließbach K, Ramirez A, Grune T, Wüllner U. 2020 Advanced glycation end products and protein carbonyl levels in plasma reveal sex-

specific differences in Parkinson’s and Alzheimer’s disease. Redox Biol. 34, 101546. (doi:10.1016/j.redox.2020.101546)

53. Yang G, Au Yeung SL, Schooling CM. 2022 Sex differences in the association of fasting glucose with HbA1c, and their consequences for mortality: a mendelian randomization study.

EBioMedicine 84, 104259. (doi:10.1016/j.ebiom.2022.104259)

54. Wang X, Desai K, Juurlink BHJ, de Champlain J, Wu L. 2006 Gender-related differences in advanced glycation endproducts, oxidative stress markers and nitric oxide synthases in

rats. Kidney Int. 69, 281–287. (doi:10.1038/sj.ki.5000043)

55. Kelm DH, Simon R, Kuhlow D, Voigt CC, Ristow M. 2011 High activity enables life on a high-sugar diet: blood glucose regulation in nectar-feeding bats. Proc. R. Soc. B 278, 3490–

3496. (doi:10.1098/rspb.2011.0465)

56. Shen YY, Liang L, Zhu ZH, Zhou WP, Irwin DM, Zhang YP. 2010 Adaptive evolution of energy metabolism genes and the origin of flight in bats. Proc. Natl Acad. Sci. USA 107, 8666–

8671. (doi:10.1073/pnas.0912613107)

57. Carpenter RE. 1985 Flight physiology of flying foxes, Pteropus poliocephalus. J. Exp. Biol 114, 619–647. (doi:10.1242/jeb.114.1.619)

58. Yang Y, Xu S, Xu J, Guo Y, Yang G. 2014 Adaptive evolution of mitochondrial energy metabolism genes associated with increased energy demand in flying insects. PLoS One 9,

e99120. (doi:10.1371/journal.pone.0099120)

59. Butler PJ. 2016 The physiological basis of bird flight. Phil. Trans. R. Soc. B 371, 20150384. (doi:10.1098/rstb.2015.0384)

60. Peng X et al. 2017 Flight is the key to postprandial blood glucose balance in the fruit bats Eonycteris spelaea and Cynopterus sphinx. Ecol. Evol. 7, 8804–8811. (doi:10.1002/ece3.

3416)

61. Baker HG, Baker I, Hodges SA. 1998 Sugar composition of nectars and fruits consumed by birds and bats in the tropics and subtropics. Biotropica 30, 559–586. (doi:10.1111/j.1744-

7429.1998.tb00097.x)

62. Hernandez A, Martinez del Rio C. 1992 Intestinal disaccharidases in five species of phyllostomoid bats. Biochem. Physiol. 103, 105–111. (doi:10.1016/0305-0491(92)90420-V)

63. Voigt CC, Speakman JR. 2007 Nectar‐feeding bats fuel their high metabolism directly with exogenous carbohydrates. Funct. Ecol. 21, 913–921. (doi:10.1111/j.1365-2435.2007.

01321.x)

64. Welch KC, Herrera M LG, Suarez RK. 2008 Dietary sugar as a direct fuel for flight in the nectarivorous bat Glossophaga soricina. J. Exp. Biol. 211, 310–316. (doi:10.1242/jeb.012252)

65. Suarez RK, Welch KC. 2017 Sugar metabolism in hummingbirds and nectar bats. Nutrients 9, 743. (doi:10.3390/nu9070743)

66. Craik JD, Markovich D. 2000 Rapid GLUT-1 mediated glucose transport in erythrocytes from the grey-headed fruit bat (Pteropus poliocephalus). Com. Biochem. Physiol. A Mol. Int.

Physiol. 126, 45–55. (doi:10.1016/S1095-6433(00)00177-X)

67. Widdas WF. 1954 Facilitated transfer of hexoses across the human erythrocyte membrane. J. Physiol. (Lond.) 125, 163–180. (doi:10.1113/jphysiol.1954.sp005148)

68. Widdas WF. 1955 Hexose permeability of foetal erythrocytes. J. Physiol. (Lond.) 127, 318–327. (doi:10.1113/jphysiol.1955.sp005259)

69. Whitfield CF, Morgan HE. 1973 Effect of anoxia on sugar transport in avian erythrocytes. Biochim. Biophys. Acta 307, 181–196. (doi:10.1016/0005-2736(73)90036-9)

70. Diamond DL, Carruthers A. 1993 Metabolic control of sugar transport by derepression of cell surface glucose transporters. An insulin-independent recruitment-independent

mechanism of regulation. J. Biol. Chem. 268, 6437–6444. (doi:10.1016/s0021-9258(18)53271-3)

71. Yap KN, Zhang Y. 2021 Revisiting the question of nucleated versus enucleated erythrocytes in birds and mammals. Am. J. Physiol. Regul. Integr. Comp. Physiol. 321, R547–R557.

(doi:10.1152/ajpregu.00276.2020)

72. Stier A et al. 2013 Avian erythrocytes have functional mitochondria, opening novel perspectives for birds as animal models in the study of ageing. Front. Zool. 10, 33. (doi:10.1186/

1742-9994-10-33)

73. Schwartz TS, Bronikowski AM. 2016 Evolution and function of the insulin and insulin-like signaling network in ectothermic reptiles: some answers and more questions. Integr.

Comp. Biol. 56, 171–184. (doi:10.1093/icb/icw046)

74. Coudert E, Pascal G, Dupont J, Simon J, Cailleau-Audouin E, Crochet S, Duclos MJ, Tesseraud S, Métayer-Coustard S. 2015 Phylogenesis and biological characterization of a new

glucose transporter in the chicken (Gallus gallus), GLUT12. PLoS One 10, e0139517. (doi:10.1371/journal.pone.0139517)

75. Byers MS, Howard C, Wang X. 2017 Avian and mammalian facilitative glucose transporters. Microarrays (Basel). 6, 7. (doi:10.3390/microarrays6020007)

76. Satoh T. 2021 Bird evolution by insulin resistance. Trends Endocrinol. Meta. 32, 803–813. (doi:10.1016/j.tem.2021.07.007)

77. Luo P, Wang Z, Su C, Li H, Zhang H, Huang Y, Chen W. 2023 Chicken GLUT4 undergoes complex alternative splicing events and its expression in striated muscle changes dramatically

during development. Poult. Sci. 102, 102403. (doi:10.1016/j.psj.2022.102403)

78. Thomas-Delloye V, Marmonier F, Duchamp C, Pichon-Georges B, Lachuer J, Barré H, Crouzoulon G. 1999 Biochemical and functional evidences for a GLUT-4 homologous protein in

avian skeletal muscle. Am. J. Physiol. Regul. Integr. Comp. Physiol. 277, R1733–R1740. (doi:10.1152/ajpregu.1999.277.6.R1733)

79. Ji J et al. 2020 Dynamic changes of blood glucose, serum biochemical parameters and gene expression in response to exogenous insulin in Arbor Acres broilers and Silky fowls. Sci.

Rep. 10, 6697. (doi:10.1038/s41598-020-63549-9)

80. Xiong Y, Lei F. 2021 SLC2A12 of SLC2 gene family in bird provides functional compensation for the loss of SLC2A4 gene in other vertebrates. Mol. Biol. Evol. 38, 1276–1291. (doi:10.

1093/molbev/msaa286)

81. Shen B, Han X, Zhang J, Rossiter SJ, Zhang S. 2012 Adaptive evolution in the glucose transporter 4 gene Slc2a4 in Old World fruit bats (family: Pteropodidae). PLoS One 7, e33197.

(doi:10.1371/journal.pone.0033197)

82. Fasulo V, Zhang ZQ, Chediack JG, Cid FD, Karasov WH, Caviedes-Vidal E. 2013 The capacity for paracellular absorption in the insectivorous bat Tadarida brasiliensis. J. Comp. Physiol. B

183, 289–296. (doi:10.1007/s00360-012-0696-1)

83. Caviedes-Vidal E, Karasov WH, Chediack JG, Fasulo V, Cruz-Neto AP, Otani L. 2008 Paracellular absorption: a bat breaks the mammal paradigm. PLoS One 3, e1425. (doi:10.1371/

journal.pone.0001425)

84. Tracy CR, McWhorter TJ, Korine C, Wojciechowski MS, Pinshow B, Karasov WH. 2007 Absorption of sugars in the Egyptian fruit bat (Rousettus aegyptiacus): a paradox explained. J.

Exp. Biol. 210, 1726–1734. (doi:10.1242/jeb.02766)

85. Fasulo V, Zhang ZQ, Price ER, Chediack JG, Karasov WH, Caviedes-Vidal E. 2013 Paracellular absorption in laboratory mice: molecule size-dependent but low capacity. Comp.

Biochem. Physiol. A Mol. Int. Physiol. 164, 71–76. (doi:10.1016/j.cbpa.2012.09.008)

86. Caviedes-Vidal E, McWhorter TJ, Lavin SR, Chediack JG, Tracy CR, Karasov WH. 2007 The digestive adaptation of flying vertebrates: high intestinal paracellular absorption

compensates for smaller guts. Proc. Natl Acad. Sci. USA 104, 19132–19137. (doi:10.1073/pnas.0703159104)

87. Karasov WH, Caviedes-Vidal E, Bakken BH, Izhaki I, Samuni-Blank M, Arad Z. 2012 Capacity for absorption of water-soluble secondary metabolites greater in birds than in rodents.

PLoS One 7, e32417. (doi:10.1371/journal.pone.0032417)

10

royalsocietypublishing.org/journal/rsbl 
Biol. Lett. 

20: 
20230601



88. Napier KR, McWhorter TJ, Fleming PA. 2008 Mechanism and rate of glucose absorption differ between an Australian honeyeater (Meliphagidae) and a lorikeet (Loriidae). J. Exp.

Biol. 211, 3544–3553. (doi:10.1242/jeb.020644)

89. Chang MH, Karasov WH. 2004 How the house sparrow Passer domesticus absorbs glucose. J. Exp. Biol. 207, 3109–3121. (doi:10.1242/jeb.01154)

90. McWhorter TJ, Karasov WH. 2007 Paracellular nutrient absorption in a gum-feeding new world primate, the common marmoset Callithrix jacchus. Am. J. Primatol. 69, 1399–1411.

(doi:10.1002/ajp.20443)

91. Murtiashaw MH, Baynes JW, Thorpe SR. 1983 Albumin catabolism in diabetic rats. Arch. Biochem. Biophys. 225, 256–262. (doi:10.1016/0003-9861(83)90028-0)

92. Bunn HF, Haney DN, Kamin S, Gabbay KH, Gallop PM. 1976 The biosynthesis of human hemoglobin A1c. Slow glycosylation of hemoglobin in vivo. J. Clin. Invest. 57, 1652–1659.

(doi:10.1172/JCI108436)

93. Brownlee M. 2000 Negative consequences of glycation. Metabolism 49, 9–13. (doi:10.1016/s0026-0495(00)80078-5)

94. Koga H, Kaushik S, Cuervo AM. 2011 Protein homeostasis and aging: the importance of exquisite quality control. Ageing Res. Rev. 10, 205–215. (doi:10.1016/j.arr.2010.02.001)

95. Reddy Addi U, Jakhotia S, Reddy SS, Reddy GB. 2022 Age-related neuronal damage by advanced glycation end products through altered proteostasis. Chem. Biol. Interact. 355,

109840, (doi:10.1016/j.cbi.2022.109840)

96. Tsakiri EN, Iliaki KK, Höhn A, Grimm S, Papassideri IS, Grune T, Trougakos IP. 2013 Diet-derived advanced glycation end products or lipofuscin disrupts proteostasis and reduces life

span in Drosophila melanogaster. Free Radic. Biol. Med. 65, 1155–1163, (doi:10.1016/j.freeradbiomed.2013.08.186)

97. Ahmad S et al. 2018 Do all roads lead to the Rome? The glycation perspective! Semin. Cancer Biol. 49, 9–19. (doi:10.1016/j.semcancer.2017.10.012)

98. Ahmed N, Thornalley PJ. 2005 Peptide mapping of human serum albumin modified minimally by methylglyoxal in vitro and in vivo. Ann. NY Acad. Sci. 1043, 260–266. (doi:10.

1196/annals.1333.031)

99. Reiser KM, Amigable MA, Last JA. 1992 Nonenzymatic glycation of type I collagen. The effects of aging on preferential glycation sites. J. Biol. Chem. 267, 24207–24216. (doi:10.

1016/S0021-9258(18)35751-X)

100. Ansari NA, Moinuddin Mir AR, Habib S, Alam K, Ali A, Khan RH. 2014 Role of early glycation Amadori products of lysine-rich proteins in the production of autoantibodies in diabetes

type 2 patients. Cell Biochem. Biophys. 70, 857–865. (doi:10.1007/s12013-014-9991-7)

101. Shapiro R, McManus MJ, Zalut C, Bunn HF. 1980 Sites of nonenzymatic glycosylation of human hemoglobin A. J. Biol. Chem. 255, 3120–3127. (doi:10.1016/S0021-9258(19)85860-

X)

102. Anthony-Regnitz CM, Wilson AE, Sweazea KL, Braun EJ. 2020 Fewer exposed lysine residues may explain relative resistance of chicken serum albumin to in vitro protein glycation in

comparison to bovine serum albumin. J. Mol. Evol. 88, 653–661. (doi:10.1007/s00239-020-09964-y)

103. Zuck J, Borges CR, Braun EJ, Sweazea KL. 2017 Chicken albumin exhibits natural resistance to glycation. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 203, 108–114. (doi:10.1016/j.

cbpb.2016.10.003)

104. Watkins NG, Thorpe SR, Baynes JW. 1985 Glycation of amino groups in protein. Studies on the specificity of modification of RNase by glucose. J. Biol. Chem. 260, 10629–10636.

(doi:10.1016/S0021-9258(19)85131-1)

105. Van Zeeland Y. 2016 Diagnosing endocrine disease in parrots. Vet Times https://www.vettimes.co.uk/article/diagnosing-endocrine-disease-in-parrots-cpdbirds/

106. Popova EA, Mironova RS, Odjakova MK. 2010 Non-enzymatic glycosylation and deglycating enzymes. Biotechnol. Biotechnol. Equip. 24, 1928–1935. (doi:10.2478/V10133-010-

0066-7)

107. Collard F, Zhang J, Nemet I, Qanungo KR, Monnier VM, Yee VC. 2008 Crystal structure of the deglycating enzyme fructosamine oxidase (amadoriase II). J. Biol. Chem. 283, 27007–

27016. (doi:10.1074/jbc.M804885200)

108. Collard F, Delpierre G, Stroobant V, Matthijs G, Van Schaftingen E. 2003 A mammalian protein homologous to fructosamine-3-kinase is A ketosamine-3-kinase acting on

psicosamines and ribulosamines but not on fructosamines. Diabetes 52, 2888–2895. (doi:10.2337/diabetes.52.12.2888)

109. Neeper M, Schmidt AM, Brett J, Yan SD, Wang F, Pan YC, Elliston K, Stern D, Shaw A. 1992 Cloning and expression of a cell surface receptor for advanced glycosylation end products

of proteins. J. Biol. Chem. 267, 14998–15004. (doi:10.1016/s0021-9258(18)42138-2)

110. Fritz G. 2011 RAGE: a single receptor fits multiple ligands. Trends Biochem. Sci. 36, 625–632. (doi:10.1016/j.tibs.2011.08.008)

111. Brett J et al. 1993 Survey of the distribution of a newly characterized receptor for advanced glycation end products in tissues. Am. J. Pathol. 143, 1699–1712.

112. Ramasamy R, Vannucci SJ, Yan SS Du, Herold K, Yan SF, Schmidt AM. 2005 Advanced glycation end products and RAGE: a common thread in aging, diabetes, neurodegeneration,

and inflammation. Glycobiology 15, 16R–28R. (doi:10.1093/glycob/cwi053)

113. Mukherjee TK, Malik P, Hoidal JR. 2021 Receptor for advanced glycation end products (RAGE) and its polymorphic variants as predictive diagnostic and prognostic markers of

NSCLCs: a perspective. Curr. Oncol. Rep. 23, 12. (doi:10.1007/s11912-020-00992-x)

114. Prévost G, Boulanger É. 2009 Intérêt de l’exploration des produits finaux de glycation et de leur récepteur (receptor for AGE, RAGE) à l’heure du concept de la mémoire métabolique.

Correspondances En Métabolismes Hormones Diabètes et Nutrition XIII, 144–147.

115. Ramasamy R, Yan SF, Schmidt AM. 2011 Receptor for AGE (RAGE): signaling mechanisms in the pathogenesis of diabetes and its complications. Ann. NY Acad. Sci. 1243, 88–102.

(doi:10.1111/j.1749-6632.2011.06320.x)

116. Chen XF et al. 2016 Metformin corrects RAGE overexpression caused signaling dysregulation and NF-κB targeted gene change. Int. J. Clin. Exp. Med 9, 2913–2920.

117. Tanji N, Markowitz GS, Fu C, Kislinger T, Taguchi A, Pischetsrieder M, Stern D, Schmidt AM, D’Agati VD. 2000 Expression of advanced glycation end products and their cellular

receptor RAGE in diabetic nephropathy and nondiabetic renal disease. J. Am. Soc. Nephrol. 11, 1656–1666. (doi:10.1681/ASN.V1191656)

118. Cipollone F et al. 2003 The receptor RAGE as a progression factor amplifying arachidonate-dependent inflammatory and proteolytic response in human atherosclerotic plaques: role

of glycemic control. Circulation 108, 1070–1077. (doi:10.1161/01.CIR.0000086014.80477.0D)

119. Juranek JK, Geddis MS, Song F, Zhang J, Garcia J, Rosario R, Yan SF, Brannagan TH, Schmidt AM. 2013 RAGE deficiency improves postinjury sciatic nerve regeneration in type 1

diabetic mice. Diabetes 62, 931–943. (doi:10.2337/db12-0632)

120. Reiniger N et al. 2010 Deletion of the receptor for advanced glycation end products reduces glomerulosclerosis and preserves renal function in the diabetic OVE26 mouse. Diabetes

59, 2043–2054. (doi:10.2337/db09-1766)

121. Constien R, Forde A, Liliensiek B, Gröne HJ, Nawroth P, Hämmerling G, Arnold B. 2001 Characterization of a novel EGFP reporter mouse to monitor Cre recombination as

demonstrated by a Tie2 Cre mouse line. Genesis 30, 36–44. (doi:10.1002/gene.1030)

122. Liliensiek B et al. 2004 Receptor for advanced glycation end products (RAGE) regulates sepsis but not the adaptive immune response. J. Clin. Invest. 113, 1641–1650. (doi:10.1172/

JCI18704)

123. Vazzana N, Santilli F, Cuccurullo C, Davì G. 2009 Soluble forms of RAGE in internal medicine. Intern. Emerg. Med. 4, 389–401. (doi:10.1007/s11739-009-0300-1)

11

royalsocietypublishing.org/journal/rsbl 
Biol. Lett. 

20: 
20230601



124. Szwergold BS, Miller CB. 2014 Potential of birds to serve as a pathology-free model of type 2 diabetes, part 1: is the apparent absence of the rage gene a factor in the resistance of

avian organisms to chronic hyperglycemia? Rejuvenation Res. 17, 54–61. (doi:10.1089/rej.2013.1498)

125. Sessa L et al. 2014 The receptor for advanced glycation end-products (RAGE) is only present in mammals, and belongs to a family of cell adhesion molecules (CAMs). PLoS One 9,

e86903. (doi:10.1371/journal.pone.0086903)

126. Cousens EN, Braun EJ. 2010 The isolation of the receptor for advanced glycation end‐products from avian vasculature. FASEB J. 24, 981–1010. (doi:10.1096/fasebj.24.1_

supplement.981.10)

127. Eythrib F, Braun E. 2013 The search for the receptor for advanced Glycation end-products in avian vasculature. BSc thesis, The University of Arizona, Tucson, AZ, USA.

128. Cepas V, Collino M, Mayo JC, Sainz RM. 2020 Redox signaling and advanced glycation endproducts (AGEs) in diet-related diseases. Antioxidants (Basel). 9, 142. (doi:10.3390/

antiox9020142)

129. Zheng DL et al. 2022 Advanced glycation end products induce senescence of atrial myocytes and increase susceptibility of atrial fibrillation in diabetic mice. Aging Cell 21, e13734.

(doi:10.1111/acel.13734)

12

royalsocietypublishing.org/journal/rsbl 
Biol. Lett. 

20: 
20230601






