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Diabetic Myopathy and Mechanisms of Disease

Erick O. Hernandez-Ochoa” and Camilo Vanegas
Department of Biochemistry and Molecular Biology, University of Maryland School of Medicine,
108 N. Greene St., Baltimore, MD, 21201, USA

Editorial

Humans build muscle mass over the first two decades of life; begin to lose muscle mass and
strength between the third and fourth decades, and the decline accelerates during the sixth
decade [1,2]. Sarcopenia and dynapenia are age-related loss of skeletal muscle mass and
muscle strength, respectively [1-3]. Loss of muscle mass and strength are associated with a
reduction in vitality, manifested as poor mobility and physical function [3], and are
accentuated by many common chronic diseases including long-term diabetes. Diabetes
mellitus (DM) is characterized by chronic hyperglycemia due to insulin deficiency,
resistance, or both. Late complications affect patients’ quality of life and longevity, and
changes in morbidity and mortality result in major health costs. The pathogenesis and the
clinical history of both type-1 (T1D) and type-2 (T2D) diabetes drastically differ; however,
the resultant syndromes and complications often overlap [4]. A common feature of both
T1D and T2D is a failure to preserve muscle mass and function, and is termed diabetic
myopathy [5,6]. This extremely significant, but often overlooked complication is believed to
contribute to the progression of additional diabetic complications due to the key role of
skeletal muscle on locomotion and glucose homeostasis [7-9]. Accelerated sarcopenia and
dynapenia are typical findings in elderly people with long-term T2D. Large-scale studies of
elderly people with long-term T2D have shown accelerated loss of muscle mass and strength
when compared to healthy counterparts [10,11]. Despite the wealth of information related to
sarcopenia and dynapenia [1-3,12-25], the specific triggering events associated with loss of
skeletal muscle mass and strength in older adults with diabetes remain unknown [3].
Sarcopenia, dynapenia, and T2D increase with age, and these conditions often remain
unrecognized, since ~27% of subjects with T2D are still undiagnosed (National Diabetes
Fact Sheet, 2011) and sarcopenia and dynapenia currently receive little attention in the
clinical setting [1,25,26]. Both sarcopenia and dynapenia have been linked to elevated
healthcare costs [1,25,27]. Moreover, the absolute costs associated with diabetes, sarcopenia
and dynapenia are likely to rise sharply in the coming decades considering that the total
number of persons over 65 years is expected to double over the next 20 years (Federal
Interagency Forum on Aging-Related Statistics, 2010).
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In mammalian cells, glucose is not freely permeable across the lipid bilayer, but enters by
facilitated diffusion, a process in which specific integral membrane proteins passively
transport glucose down a concentration gradient [28]. Blood glucose levels are closely
regulated in healthy individuals and rarely stray outside the range of 4.2-6.4 mM. However,
glucose values can reach as high as 7-25 mM in individuals with diabetes and in animal
models of diabetes [29-33]. Hyperglycemia can be elevated for periods between insulin
injections in patients with T1D, and although less severe, is often persistent in patients with
T2D. Hyperglycemia is commonly found to be even more extreme (33-66 mM) in patients
with uncontrolled diabetes. During such extreme events, life-threatening acute metabolic
complications of diabetes such as hyperglycemic hyperosmolar state (HHS) can occur
[34,35]. HHS occasionally coincides with the breakdown of muscle fibers (rhabdomyolysis)
[34-37]. HHS is typically observed in elderly patients with T2D, but is diagnosed with
increasing frequency in obese children [34, 35]. Although HHS is a rare condition, the
reported mortality ranges as high as 20-30%. The exact mechanism(s) that causes
rhabdomyolysis in a HHS remains unclear.

Mechanisms of hyperglycemic injury vary between cell types. Several of the well-known
pathologic intracellular pathways directly associated with hyperglycemia include polyol
pathway flux via aldose reductase activity [38], oxidative stress [39], protein glycosylation
[40], and abnormal Ca2+ signaling [41]. Glucose levels in patients with type-2 diabetes can
reach abnormal high levels >120-1200 mg/dL (>7-66 mM/L), changing the osmolarity
significantly. For instance, modest but significant and sustained changes in osmolarity are
observed in patients with long-term moderate T2D (295-315 mOsm/kg), whereas more
significant changes in osmolarity (315-360 mOsm/kg) are seen during uncontrolled T1D
and T2D, when compared to healthy counterparts (285-295 mOsm/kg) [33-35]. Therefore,
it is likely that adaptive and/or deleterious effects of hyperglycemic osmotic stress play a
role in the pathophysiology of diabetes.

While several studies have investigated the link between changes in skeletal muscle function
and mass, skeletal muscle progenitor cells, muscle growth, development, repair, and
metabolic activity in different models of diabetes mellitus [1-3,12-25], few have examined
the impact of hyperglycemic osmotic stress. New insights into the consequences of
hyperglycemic osmotic stress in diabetes have revealed the involvement of the NFATS5, a
tonicity-responsive transcription factor [42,43], as an important signaling molecule in
diabetes [44]. NFATS5 is a key regulator in protection from hypertonic stress in kidney
epithelial cells from the renal medulla [43,44] and other cell types [43,45-54]. It is clear that
many questions remain regarding the physiological or pathophysiological impact of NFAT5
in muscle performance and function. How do skeletal muscle cells cope with the exposure to
phasic, persistent or extreme extracellular glucose concentrations? What are the long-term
effects of diabetes on muscle architecture and performance? Does NFAT5 enhance the
manifestations of this disease? These are some of the questions to be seeded in this editorial.
Further knowledge of the biochemical and molecular mechanisms involved in the onset and
progression of sarcopenia and dynapenia is critical for the development of targeted
pharmacological tools to ameliorate diabetic myopathy and other muscle diseases.
Biochemistry and Pharmacology is an open access journal with a wide scope in biomedical
sciences. New studies in the field of muscle biochemistry and signaling pathways will
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provide novel insights to further our understanding of skeletal muscle biology and muscle
diseases.

Acknowledgments

Our work was supported by NIH grant R37-AR055099 from the National Institute of Arthritis and Musculoskeletal
and Skin Diseases. C.V. was supported by supplement to parent grant R37-AR055099-29S1.

References
1.

10

11.

12.

13.

Clark BC, Manini TM. Functional consequences of sarcopenia and dynapenia in the elderly. Curr
Opin Clin Nutr Metab Care. 2010; 13:271-276. [PubMed: 20154609]

. Marcell TJ. Sarcopenia: causes, consequences, and preventions. J Gerontol A Biol Sci Med Sci.

2003; 58:M911-M916. [PubMed: 14570858]

. Morley JE. Diabetes, sarcopenia, and frailty. Clin Geriatr Med. 2008; 24:455-469. vi. [PubMed:

18672182]

. Forbes JM, Cooper ME. Mechanisms of diabetic complications. Physiol Rev. 2013; 93:137-188.

[PubMed: 23303908]

. Andersen H, Gadeberg PC, Brock B, Jakobsen J. Muscular atrophy in diabetic neuropathy: a

stereological magnetic resonance imaging study. Diabetologia. 1997; 40:1062-1069. [PubMed:
9300243]

. Krause MP, Riddell MC, Gordon CS, Imam SA, Cafarelli E, et al. Diabetic myopathy differs

between Ins2Akita+/— and streptozotocin-induced Type 1 diabetic models. J Appl Physiol (1985).
2009; 106:1650-1659. [PubMed: 19246652]

. Ferrannini E, Bjorkman O, Reichard GA Jr, Pilo A, Olsson M, et al. The disposal of an oral glucose

load in healthy subjects. A quantitative study. Diabetes. 1985; 34:580-588. [PubMed: 3891471]

. Ferrannini E, Simonson DC, Katz LD, Reichard G Jr, Bevilacqua S, et al. The disposal of an oral

glucose load in patients with non-insulin-dependent diabetes. Metabolism. 1988; 37:79-85.
[PubMed: 3275860]

. Kahn BB, Rosen AS, Bak JF, Andersen PH, Damsbo P, et al. Expression of GLUT1 and GLUT4

glucose transporters in skeletal muscle of humans with insulin-dependent diabetes mellitus:
regulatory effects of metabolic factors. J Clin Endocrinol Metab. 1992; 7:1101-1109. [PubMed:
1569156]

. Park SW, Goodpaster BH, Lee JS, Kuller LH, Boudreau R, et al. Excessive loss of skeletal muscle
mass in older adults with type 2 diabetes. Diabetes Care. 2009; 32:1993-1997. [PubMed:
19549734]

Park SW, Goodpaster BH, Strotmeyer ES, de Rekeneire N, Harris TB, et al. Decreased muscle
strength and quality in older adults with type 2 diabetes: the health, aging, and body composition
study. Diabetes. 2006; 55:1813-1818. [PubMed: 16731847]

Buford TW, Anton SD, Judge AR, Marzetti E, Wohlgemuth SE, et al. Models of accelerated
sarcopenia: critical pieces for solving the puzzle of age-related muscle atrophy. Ageing Res Rev.
2010; 9:369-383. [PubMed: 20438881]

Wang X, Hu Z, Hu J, Du J, Mitch WE, et al. Insulin resistance accelerates muscle protein
degradation: Activation of the ubiquitin-proteasome pathway by defects in muscle cell signaling.
Endocrinology. 2006; 147:4160-4168. [PubMed: 16777975]

14. Anthony JC, Reiter AK, Anthony TG, Crozier SJ, Lang CH, et al. Orally administered leucine

15.

16.

enhances protein synthesis in skeletal muscle of diabetic rats in the absence of increases in 4E-BP1
or S6K1 phosphorylation. Diabetes. 2002; 51:928-936. [PubMed: 11916909]

Larsson L, Sjodin B, Karlsson J. Histochemical and biochemical changes in human skeletal muscle
with age in sedentary males, age 22-65 years. Acta Physiol Scand. 1978; 103:31-39. [PubMed:
208350]

Tomlinson BE, Irving D, Rebeiz JJ. Total numbers of limb motor neurones in the human
lumbosacral cord and an analysis of the accuracy of various sampling procedures. J Neurol Sci.
1973; 20:313-327. [PubMed: 4587145]

Biochem Pharmacol (Los Angel). Author manuscript; available in PMC 2015 December 10.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hernandez-Ochoa and VVanegas Page 4

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Goldspink G, Fernandes K, Williams PE, Wells DJ. Age-related changes in collagen gene
expression in the muscles of madx dystrophic and normal mice. Neuromuscul Disord. 1994; 4:183—
191. [PubMed: 7919967]

Goodpaster BH, Chomentowski P, Ward BK, Rossi A, Glynn NW, et al. Effects of physical
activity on strength and skeletal muscle fat infiltration in older adults: a randomized controlled
trial. J Appl Physiol. 2008; 1985; 105:1498-1503. [PubMed: 18818386]

Evans WJ, Campbell WW. Sarcopenia and age-related changes in body composition and functional
capacity. J Nutr. 1993; 123:465-468. [PubMed: 8429405]

Visser M, Goodpaster BH, Kritchevsky SB, Newman AB, Nevitt M, et al. Muscle mass, muscle
strength, and muscle fat infiltration as predictors of incident mobility limitations in well-
functioning older persons. J Gerontol A Biol Sci Med Sci. 2005; 60:324-333. [PubMed:
15860469]

Combaret L, Dardevet D, Béchet D, Taillandier D, Mosoni L, et al. Skeletal muscle proteolysis in
aging. Curr Opin Clin Nutr Metab Care. 2009; 12:37-41. [PubMed: 19057185]

Petersen KF, Dufour S, Befroy D, Garcia R, Shulman Gl, et al. Impaired mitochondrial activity in
the insulin-resistant offspring of patients with type 2 diabetes. N Engl J Med. 2004; 350:664-671.
[PubMed: 14960743]

Marzetti E, Leeuwenburgh C. Skeletal muscle apoptosis, sarcopenia and frailty at old age. Exp
Gerontol. 2006; 41:1234-1238. [PubMed: 17052879]

Hepple RT. Dividing to keep muscle together: the role of satellite cells in aging skeletal muscle.
Sci Aging Knowledge Environ. 2006; 2006:pe3. [PubMed: 16421381]

Manini TM, Clark BC. Dynapenia and aging: an update. J Gerontol A Biol Sci Med Sci. 2012;
67:28-40. [PubMed: 21444359]

Janssen I. The epidemiology of sarcopenia. Clin Geriatr Med. 2011; 27:355-363. [PubMed:
21824552]

Janssen |, Shepard DS, Katzmarzyk PT, Roubenoff R. The healthcare costs of sarcopenia in the
United States. J Am Geriatr Soc. 2004; 52:80-85. [PubMed: 14687319]

Kahn BB. Facilitative glucose transporters: regulatory mechanisms and dysregulation in diabetes. J
Clin Invest. 1992; 89:1367-1374. [PubMed: 1569179]

Chonkar A, Hopkin R, Adeghate E, Singh J. Contraction and cation contents of skeletal soleus and
EDL muscles in age-matched control and diabetic rats. Ann N'Y Acad Sci. 2006; 1084:442-451.
[PubMed: 17151321]

McGuire M, MacDermott M. The influence of streptozotocin diabetes and metformin on
erythrocyte volume and on the membrane potential and the contractile characteristics of the
extensor digitorum longus and soleus muscles in rats. Exp Physiol. 1999; 8:1051-1058. [PubMed:
10564702]

Navedo MF, Takeda Y, Nieves-Cintron M, Molkentin JD, Santana LF, et al. Elevated Ca2+
sparklet activity during acute hyperglycemia and diabetes in cerebral arterial smooth muscle cells.
Am J Physiol Cell Physiol. 2010; 298:C211-C220. [PubMed: 19846755]

van Lunteren E, Moyer M. Altered diaphragm muscle action potentials in Zucker diabetic fatty
(ZDF) rats. Respir Physiol Neurobiol. 2006; 153:157-165. [PubMed: 16311078]

Kratz A, Ferraro M, Sluss PM, Lewandrowski KB. Case records of the Massachusetts General
Hospital. Weekly clinicopathological exercises. Laboratory reference values. N Engl J Med. 2004;
3:1548-1563. [PubMed: 15470219]

Kitabchi AE, Umpierrez GE, Miles JM, Fisher JN. Hyperglycemic crises in adult patients with
diabetes. Diabetes Care. 2009; 32:1335-1343. [PubMed: 19564476]

Rosenbloom AL. Hyperglycemic hyperosmolar state: an emerging pediatric problem. J Pediatr.
2010; 156:180-184. [PubMed: 20105637]

Gangopadhyay KK, Ryder RE. Nontraumatic rhabdomyolysis: an unusual complication of diabetic
hyperosmolar nonketotic (HONK) state. J R Soc Med. 2006; 99:200. [PubMed: 16574974]

Ka T, Takahashi S, Tsutsumi Z, Moriwaki Y, Yamamoto T, et al. Hyperosmolar non-ketotic
diabetic syndrome associated with rhabdomyolysis and acute renal failure: a case report and
review of literature. Diabetes Nutr Metab. 2003; 16:317-322. [PubMed: 15000444]

Biochem Pharmacol (Los Angel). Author manuscript; available in PMC 2015 December 10.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Hernandez-Ochoa and VVanegas Page 5

38. Tomlinson DR, Willars GB, Carrington AL. Aldose reductase inhibitors and diabetic
complications. Pharmacol Ther. 1992; 54:151-194. [PubMed: 1438531]

39. Van Dam PS, Van Asbheck BS, Erkelens DW, Marx JJ, Gispen WH, et al. The role of oxidative
stress in neuropathy and other diabetic complications. Diabetes Metab Rev. 1995; 11:181-192.
[PubMed: 8536540]

40. Brownlee M. Lilly Lecture 1993. Glycation and diabetic complications. Diabetes. 1994; 43:836—
841. [PubMed: 8194672]

41. Verkhratsky A, Fernyhough P. Mitochondrial malfunction and Ca2+ dyshomeostasis drive
neuronal pathology in diabetes. Cell Calcium. 2008; 44:112-122. [PubMed: 18191198]

42. Burg MB, Ferraris JD, Dmitrieva NI. Cellular response to hyperosmotic stresses. Physiol Rev.
2007; 87:1441-1474. [PubMed: 17928589]

43. Kwon MS, Lim SW, Kwon HM. Hypertonic stress in the kidney: a necessary evil. Physiology
(Bethesda). 2009; 24:186-191. [PubMed: 19509128]

44, Hernandez-Ochoa EO, Robison P, Contreras M, Shen T, Zhao Z, et al. Elevated extracellular
glucose and uncontrolled type 1 diabetes enhance NFAT5 signaling and disrupt the transverse
tubular network in mouse skeletal muscle. Exp Biol Med (Maywood). 2012; 237:1068-1083.
[PubMed: 22966145]

Biochem Pharmacol (Los Angel). Author manuscript; available in PMC 2015 December 10.



