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Preface

Although the title of this book isMusculoskeletal Disease Associated with Diabetes
Mellitus, it describes not only bone and muscle disease but also its association with

various metabolic abnormalities in diabetes. In the past decade, we have made

substantial progress in accumulating evidence on the important role of bone and

muscle as an endocrine organ in the development of abnormal glucose metabolism

and in the progression of atherosclerotic changes in diabetes mellitus. Although

diabetic osteopathy is characterized by various forms of bone abnormalities,

increased fracture rate due to osteoporosis is the most important of those because

it has been shown to increase mortality. It had been believed that diabetic patients,

particularly those with type 2 diabetes, maintained bone mineral density normal for

their age; however, recent epidemiological data indicate a higher bone fracture rate

related to bone mineral density in diabetic patients, both type 1 and type 2, to which

impaired bone quality and preferential occurrence of cortical porosis might con-

tribute. Furthermore, the importance of sarcopenia is increasingly recognized from

the standpoint of impaired longevity or mortality in diabetic patients, because

muscle has now been established not only as a target organ of insulin to regulate

various aspects of metabolism including glucose towards a normal level but also as

an endocrine organ that regulates systemic metabolism in a diabetic state, in

addition to the maintenance of activities of daily living.

To continue to improve our understanding of this newly developing area, this

book therefore summarizes the current state of the art in this field. Each contribut-

ing author was asked to review the available data on each topic and the strategies to

protect abnormalities of bone and muscle metabolism of a diabetic state in a

comprehensive way. Owing to this design of the book, there might be some overlap

of descriptions as well as some redundancy from one chapter to another.

We are most appreciative of the efforts of my colleague Dr. Masanori Emoto for

his magnificent effort to improve the quality of the section on muscle, and we thank

Ms. Yoko Arai and Ms. Chihiro Haraguchi at Springer Japan for their editorial
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assistance. This book is clearly the result of an enormous effort by authors who

responded positively to the call by an editor to produce their chapters in spite of

their other, urgent work. I am truly grateful for their commitment.

Osaka, Japan Masaaki Inaba, M.D.
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Chapter 1

Bone Disease Associated with Diabetes
Mellitus: Particularly Focusing on Its
Contribution to the Development
of Atherosclerosis

Masaaki Inaba

Abstract Bone abnormality associated with diabetes mellitus (DM) is character-

ized by its low bone turnover status (Krakauer et al. Diabetes 44(7):775–782, 1995).

Suppression of bone turnover occurs in DM by several mechanisms, such as (i) the

impaired secretion of parathyroid hormone (Inaba et al. Am J Kidney Dis 39

(6):1261–1269, 2002; Inaba et al. Am J Kidney Dis 38(4 Suppl 1):S139–S142,

2001) and (ii) osteocyte/osteoblast deficit, which are caused by the sustained high

glucose condition (Inaba et al. Osteoporos Int 7 (suppl 3): S209–S212, 1997) or

insulin/insulin-like growth factor-1 deficiency (Wettenhall et al. Diabetes

18:280–284, 1969). Therefore, DM is recently recognized as the disease which

causes often adynamic bone disease (ABD), which cause higher fracture rate in

spite of no apparent reduction in bone mass (Vestergaard Osteoporos Int 18:

427–44, 2007). The decrease in the number and activity of osteeoblasts/osteocytes

impaired the secretion of fibroblast growth factor (FGF)-23 from the cells (Yoda

et al. J Clin Endocrinol Metab 97(11):E2036–E2043, 2012), resulting in the devel-

opment of hyperphosphatemia due to phosphate overloading. Furthermore, ABD is

a major risk factor for vascular calcification by diminishing the capacity of bone to

adsorb surplus calcium and phosphate in circulation (London et al. J Am Soc

Nephrol 15(7):1943–1951, 2004).

Therefore, it is recognized that the suppression of bone turnover with the deficit

of osteocyte/osteoblast might enhance atherosclerotic change by disturbing phos-

phate/calcium metabolism in DM patients.
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1.1 Characteristics of Osteopathy in Diabetes Mellitus
(DM)

Bone disease associated with DM develops as the combined forms of various

disorders of calcium (Ca) metabolisms, such as impairment of Ca absorption,

osteoblast/osteocyte deficit, and increased urinary Ca excretion [9]. As glycemic

control becomes poorer, Ca loss into urine as a result of hyperglycemia and/or

glycosuria could be greater, resulting in the development of secondary hyperpara-

thyroidism [9]. Although bone resorption is enhanced by this mechanism, it should

be emphasized that bone formation by osteoblast/osteocyte is not sufficient to

compensate for the increased bone resorption [10]. Therefore, impaired bone

formation due to osteoblast/osteocyte, for which insulin/insulin-like growth factor

(IGF)-1 deficiency and sustained exposure to high glucose are mainly responsible,

is now established as the main factor for the development diabetic osteopathy

[11, 12]. Furthermore, together with the suppressive effect of sustained high

glucose condition on parathyroid function, bone turnover might be suppressed so

severely to easily develop ABD.

1.1.1 Enhanced Bone Resorption in the Early Stage of Poorly
Controlled DM Patients: Its Significance
on the Progression of Atherosclerosis

Bone resorption is associated with the release of phosphate, in addition to calcium,

from bone because of the dissolution of hydroxyapatite. Supportive of this notion

that serum phosphate is partly originated from the release of bone is our recent

reports [13] that cinacalcet administration significantly suppressed serum phos-

phate level in hemodialysis patients and our finding that administration of

denosumab suppressed serum phosphate by approximately 10 % (unpublished

results). Of great interest, our data demonstrated that groups of hemodialysis

patients who exhibited higher serum active PTH(1-84) fraction [14] and bone

alkaline phosphatase [15], and significant bone loss [16] showed significantly

higher all-cause mortality than those without bone loss. Administration of

cinacalcet to 5/6-nephrectomized hyperparathyroid rats protected against the devel-

opment of vascular calcification at aortic arch [17]. In humans, aortic calcification

is often observed in CKD patients, particularly in those with increased bone

resorption resulting from renal hyperparathyroidism. Furthermore, Together with

our data indicating that, even in non-CKD postmenopausal osteoporotic women,

administration of risedronate attenuated age-related increase of pulse wave velocity

(PWV), a clinically relevant marker for arterial wall stiffening [18], the data

indicating the significant protective effect of bisphosphonate against the develop-

ment of acute myocardial infarction in osteoporotic patients [19], the increased

release of phosphate from bone is capable of directly damaging vascular endothelial
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cells and inducing vascular smooth muscle cells to dedifferentiate into osteoblasts

to cause vascular calcification [20]. Our previous study [20] showed that increase of

phosphate levels from 1.4 to 2.0 mM caused calcification of vascular muscle cells

in vitro after 14 days of culture, and that phosphate entry inside the cell is the trigger

to induce dedifferentiation of vascular muscle cells to osteoblasts to develop

calcification. Furthermore, increased phosphate load into circulation is known to

deteriorate renal function to decrease glomerular filtration rate and increase pro-

teinuria/albuminuria [21]. This mechanism might be involved in the harmful effect

of phosphate to accelerate vascular injury in DM patients.

Therefore, al least in the early stage of DM patients under poorly controlled

conditions, it is suggested that poor glycemic control increases urinary loss of

calcium, stimulate bone resorption by inducing secondary hyperparathyroidism

and that the resultant increased phosphate release from bone causes vascular

damage, directly and indirectly by kidney damage, in DM patients.

1.2 Mechanism of Osteoblast/Osteocyte Deficit in DM
Ostepotahy

1.2.1 Effect of High Glucose on the Proliferation
of Osteoblast/Osteocyte and Their Responsiveness
to PTH/Vitamin D

Sustained 7-day exposure to high glucose significantly inhibited growth of human

osteoblast-like MG-63 cells in a dose-dependent manner, in contrast with the

insignificant suppression of high mannitol, osmolality control [10]. The mechanism

for the suppression of osteoblasts by high glucose is explained by the direct

suppressive effect of high glucose on cell proliferetaion through an intracellular

accumulation of soribitol [10] and its indirect effect to attenuate IGF-1 stimulation

of cell growth. In agreement with these data, the number of osteoblasts/osteocyte is

reported to decrease significantly, resulting in the development of ABD in DM

patients. Osteoblasts, in response to PTH and 1,25-dihydroxyvitamin D, an active

form of vitamin D, increase intracellular cytosolic Ca++ and osteocalcin production/

secretion in vitro. Sustained 7-day exposure to high glucose significantly impaired

the responsiveness of human osteoblast-like MG-63 cells to these hormones in a

dose-dependent manner, in contrast with the insignificant suppression of high

mannitol, osmolality control [22, 23]. These data may suggest that high glucose

condition and/or insulin/IGF-1 deficiency impaired the proliferation and the cell

responsiveness of osteoblast/osteocyte to cause ABD in DM patients.

1 Bone Disease Associated with Diabetes Mellitus: Particularly Focusing on. . . 5



1.2.2 Effect of Increased Calcium Load to Cause Vascular
Calcification in DM Patients with DM

In vitro system, calcium level in culture medium, independent of phosphate level,

stimulates calcification of vascular smooth muscle cells in a dose-dependent man-

ner, suggesting the direct effect of calcium on vascular calcification. The enhance-

ment of aortic calcification by increased calcium load is also evidenced in vivo in

hemodialysis patients, although the aortic calcification score was significantly

affected by bone turnover status [8]. Since administration of calcium-containing

phosphate binder to CKD patients is known to induce vascular calcification signif-

icantly more than non-calcium containing phosphate binder [24]. Although the

direct effect of calcium load to enhance vascular calcification is hypothesized on

the basis of in vitro study, the main mechanism by which calcium load to stimulate

vascular calcification in human subjects is explained by its indirect effect to

suppress bone turnover by suppressing parathyroid function [8, 25]. As bone

turnover status becomes slower, the rate of bone calcification could be progressed

too high to adsorb more calcium/phosphate from circulation. This phenomenon

could easily elevate serum calcium/phosphate to cause ectopic calcification includ-

ing vascular wall. We recently reported that replacement of calcium carbonate

(CaC), a calcium-containing phosphate binder, with lanthanum carbonate (LaC), a

non-calcium containing phosphate binder, increased serum PTH and bone turnover

markers in hemodialysis patients with suppressed serum PTH≦150 pg/mL [26],

along with the re-appearance of double tetracycline labeling on bone biopsy

specimens obtained from such hemodialysis patients [27]. Therefore, it is suggested

that LaC normalized CaC-induced suppression of parathyroid function and bone

turnover by decreasing calcium overloading.

The positive associations between calcium load and PWV or aortic calcification

were stronger in ABD patients than in those with normal bone turnover, indicating

that the presence of ABD conferred significantly greater influence of calcium load

on the development of aortic calcification and arterial wall stiffening [8, 25]. Con-

versely, the presence of an active bone was associated with lower aortic stiffness

and better aortic capacitive function. Taken these data collectively, it is suggested

that ABD might be a significant risk for the development of vascular calcification.

Since ABD has no significant bone formative activity with the degree of bone

mineralization too high to be mineralized further. Excess calcium and phosphate in

the blood are hypothesized to be preferentially adsorbed into bones. However,

patients with low bone turnover rate such as ABD show markedly reduced capacity

of bone to adsorb calcium and phosphate into bones and are prone to ectopic

calcification such as vascular calcification. Therefore, it is suggested that DM

patients, in whom ABD might occur preferentially, have higher risk for atheroscle-

rotic changes including vascular calcification. These data may suggest that DM

patients should be monitored for the low bone turnover status using bone alkaline

phosphatase (BAP) or tartrate-resistant acid phosphatase (TRACP)-5b, which are

bone markers whose levels do not apparently increase upon the deterioration of
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kidney function [28]. However, bone markers, which derive from collagen metab-

olism, apparently increase in uremic serum independent of bone turnover [28].

1.3 Vascular Calcification as a Definite Risk
for Cardiovascular Mortality

Vascular calcification is more prevalent in DM patients. Among DM patients, DM

patients on hemodialysis exhibited significantly higher prevalence than DM

non-CKD patients or non-DM hemodialysis patients, either at medial calcification

or aortic calcification [29, 30]. In terms of the association between aortic calcifica-

tion and mortality, Kaplan-Meier analysis we performed showed that either

all-cause mortality or cardiovascular mortality was significantly greater in patients

with aortic calcification compared to those without (P< 0.0001, log-rank test)

[31]. Multivariate Cox proportional hazards analysis found that the presence of

aortic calcification was significantly associated with increased all-cause mortality

(hazard ratio, 2.07; 95 % confidence interval, 1.21–3.56; P< 0.01) and increased

cardiovascular mortality (hazard ratio, 2.39; 95 % confidence interval, 1.01–5.66;

P< 0.05) after adjustment for age, hemodialysis duration, presence of diabetes,

serum albumin level, and C-reactive protein level [31]. Furthermore, the associa-

tion of medial calcification at small artery with all-cause mortality was also

reported. Therefore, either in DM or non-DM patients, vascular calcification is

established as a definite risk for all-cause mortality and cardiovascular mortality.

1.4 Conclusion

It is concluded that DM is a disease which is prone to phosphate overloading to

increase serum phosphate, which significantly increase all-cause and cardiovascular

mortality by inducing vascular calcification, and thus recommended that mainte-

nance of bone turnover state within normal range is most important to accommo-

date phosphate loading to prevent atherosclerosis in DM patients.

Conflict of Interest Masaaki Inaba declares that he has no conflict of interest.
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Chapter 2

RETRACTED CHAPTER: Various Kinds

of Bone Disease in Diabetes: Rheumatic

Conditions

Hitoshi Goto

Abstract Diabetes mellitus (DM) is a chronic systemic disease with a wide range of

complications in the musculoskeletal system. Diabetic patients suffer from diverse

rheumatic conditions, which are common and, while not life threatening, are an

important cause of morbidity, pain, and disability that affect their quality of life.

Joints affected by diabetes include peripheral joints and the axial skeleton. This

article reviews the rheumatic conditions that are associated with DM and the

pathophysiologic relationships that might link these conditions (Table 2.1). A num-

ber of fibrosing conditions of the hands and shoulder are recognized, including

limited joint mobility, Dupuytren’s contracture, flexor tenosynovitis, carpal tunnel
syndrome, and adhesive capsulitis. Charcot osteoarthropathy is an important cause of

deformity and amputation associated with peripheral neuropathy. Diabetes patients

are more prone to diffuse idiopathic skeletal hyperostosis, osteoarthritis, diabetic

muscle infarction, crystal-induced arthritis, osteoporosis, sarcopenia, and complex

regional pain syndrome (CRPS) type 1. Management of these conditions requires

early recognition and close liaison between diabetes and rheumatology specialists.

Keywords Rheumatic conditions • Diabetes mellitus • Joint • Hand • Shoulder •

Muscle • Bone

2.1 Limited Joint Mobility (Diabetic Cheiroarthropathy)

Limited joint mobility (LJM), or diabetic cheiroarthropathy, is characterized by

thick, tight, waxy skin, mainly on the dorsal aspect of the hands, with flexion

contracture of the metacarpophalangeal and interphalangeal joints (Fig. 2.1). It is

a common complication of type 1 and type 2 diabetes mellitus (DM). The preva-

lence of LJM ranges between 30 and 58 % among patients with type 1 DM and

between 45 and 76 % among those with type 2 DM, as compared between 4 and

20 % among individuals without DM [1–5]. LJM is usually painless; however, in
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the early stage, slight pain and paresthesia may develop. LJM is diagnosed based on

the presence of the characteristic clinical signs on physical examination. The prayer

sign is defined as an inability to oppose the palmar surfaces of the hands and fingers

with the wrists dorsiflexed. The tabletop sign is defined as the entire surface of the

palm and fingers cannot make contact with a flat surface when patients lay their

palms on a tabletop with the fingers spread apart. The long duration of DM and poor

glycemic control possibly predispose patients to developing LJM and influencing

its progression as LJM is associated with the presence of retinopathy and nephrop-

athy [6]. The pathophysiology is thought about as follows. Increased glycosylation

and degradation of collagen in the skin and periarticular tissues, diabetic

Table 2.1 Rheumatic

complications of DM
Conditions unique to DM

Diabetic muscle infarction

Conditions occurring more frequently in DM

Limited joint mobility

Dupuytren’s contracture

Stenosing flexor tenosynovitis (trigger finger)

Adhesive capsulitis of shoulder

Carpal tunnel syndrome

Neuropathic arthropathy

Conditions sharing risk factors of DM and metabolic syndrome

Diffuse idiopathic skeletal hyperostosis

Osteoarthritis

Gout

Pseudogout

Calcific periarthritis of shoulder

Osteoporosis

Sarcopenia

Fig. 2.1 Limited joint

mobility.

Flexion contracture of the

metacarpophalangeal and

proximal interphalangeal

joints in fingers
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microangiopathy, and diabetic neuropathy have been implicated as contributing

factors [7]. The treatment of LJM is mainly physical therapy to increase the range of

motion. Improved glycemic control may not reverse the conditions but may help to

prevent future progression.

2.2 Dupuytren’s Contracture

Dupuytren’s contracture is characterized by palmar or digital thickening, tethering,

pretendinous bands, and flexion contractures of the fingers (Fig. 2.2). In patients with

diabetes, both genders are equally affected, and the ring and middle finger are more

commonly involved, while in nondiabetic patients, men are more likely affected, and

the small finger is more involved. The prevalence of Dupuytren’s contracture in

diabetic patients ranges between 16 and 42 % [8, 9] compared with 13 % in the

general population [10]. The prevalence is higher in patients who are older and with a

longer duration of DM. Patients with Dupuytren’s contracture should be evaluated for
DM, as 13–39 % of them are found to have DM [11]. The pathophysiology of

Dupuytren’s contracture is likely to be multifactorial. Genetic predisposition explains

the higher prevalence in some population over others. Trauma, long-term hypergly-

cemia, microangiopathy, and ischemia are also important factors. Microvascular

disease and ischemia will result in increased production of oxygen free radicals.

Ischemia also stimulates platelets and macrophages to produce different cytokines

such as interleukin 1, tumor necrosis factor, and growth factors, such as platelet-

derived growth factor, epidermal growth factor, connective tissue growth factor,

vascular endothelial growth factor, and basic fibroblast growth factor, resulting in

local collagen overproduction and fibrosis [12].

Treatment consists of optimizing glycemic control and physiotherapy. Recently,

injections of collagenase clostridium histolyticum have been developed for the

treatment of Dupuytren’s contracture. Hurst et al. in 2009 [13] did a prospective,

Fig. 2.2 Dupuytren’s
contracture in the small

finger characterized by

palmar thickening,

tethering, pretendinous

bands, and flexion

contractures
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randomized, and placebo-controlled trial of 308 patients with Dupuytren’s contrac-
ture, 6.5 % of whom had DM; up to three collagenase injections significantly

reduced fixed flexion contractures and improved the joint range of motion. There

were no recurrences after follow-up of up to 90 days. Only three serious adverse

events were reported in this study, including two tendon ruptures and one case of

complex regional pain syndrome. Surgery is required if the hand function is

severely compromised.

2.3 Stenosing Flexor Tenosynovitis (Trigger Finger)

Flexor tenosynovitis is caused by fibrous tissue proliferation in the tendon sheath

(Fig. 2.3) leading to limitation and restriction of the movement of the tendon, also

known as trigger finger. The prevalence of flexor tenosynovitis is estimated at 11 %

in diabetic patients, compared with less than 1 % in nondiabetic individuals

[14]. Patients with DM are more likely to have multiple digit involvement. It

most commonly involves the ring, middle fingers, and thumb. The occurrence of

flexor tenosynovitis correlates significantly with the duration of DM, but not with

glycemic control [15]. Treatment of flexor tenosynovitis includes modification of

activities, splinting, NSAIDs, corticosteroid injection into the tendon sheath, and

surgical release [16].

2.4 Carpal Tunnel Syndrome

Carpal tunnel syndrome (CTS) is an entrapment neuropathy caused by compression

of the median nerve within the carpal tunnel. It is estimated to occur in 3.8 % of the

general population [17]. The prevalence of CTS in diabetic patients is higher and

Fig. 2.3 Stenosing flexor

tenosynovitis in the right

small finger and the left ring

finger characterized by

fibrous tissue proliferation

in the palmar tendon sheaths
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estimated to occur in 14 % of patients without diabetic polyneuropathies and up to

30 % in those with diabetic polyneuropathies [18]. CTS prevalence increases as the

DM duration extends. Increased prevalence of CTS in diabetes suggests the pres-

ence of intrinsic nerve pathology in addition to mechanical compression. The

intrinsic nerve factors include loss of normal regenerative ability in the peripheral

nerve because of microangiopathy, macrophage dysfunction, abnormalities in the

retrograde cell body reaction, Schwann cell dysfunction, or decreased expression of

neurotrophic factors and their receptors [19]. CTS manifests as pain, tingling, and

paresthesia of the thumb, index, middle fingers, and the radial aspect of the ring

finger. The symptoms may be improved by shaking or flicking the wrists known as

“flick sign.” A reduction of the pinch strength caused by the atrophy of the thumb

ball and function of the affected hand may occur (Fig. 2.4). Symptoms tend to

worsen at night. Bilateral CTS is common, but the symptoms may not occur

simultaneously in both hands. It is usually diagnosed by history and clinical

examinations, by percussion of the median nerve at the wrist (Tinel’s test), by

asking the patient to do wrist dorsiflexion (Phalen’s test), or by employing the hand

elevation test which is conducted by asking the patient to raise the affected hand

and holding it in that position for 1 min. The test is considered positive if the patient

experiences tingling and numbness in the median nerve distribution area [20, 21].

The diagnosis of CTS is confirmed by a nerve conduction study. Imaging studies,

including magnetic resonance imaging (MRI) and ultrasonography (US), can be

useful for this purpose. US is a simple, easy-to-perform, and noninvasive proce-

dure. It has been implicated in the diagnosis of CTS as it can demonstrate the

thickening of the median nerve, the flattening of the nerve within the tunnel, and the

bowing of the flexor retinaculum, which are all features that indicate the presence of

CTS. Several studies have concluded that the cross-sectional area is the most

predictive measurement, but there is debate regarding the level within the tunnel

Fig. 2.4 The atrophy of the

thumb ball due to median

nerve palsy caused by

carpal tunnel syndrome
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that this measurement should be taken and what constitutes abnormal values. The

sensitivity of US is 64.7 % [22]. An MRI will demonstrate swelling of the median

nerve and increased signal intensity on T2-weighted images, indicating accumula-

tion of the axonal transportation, myelin sheath degeneration, or edema, which are

the signs to look out for when diagnosing CTS. An MRI shows the severity of the

nerve compression and has a sensitivity of 96 %. However, its specificity is

extremely low at 33–38 % [22]. The treatment options for CTS include splinting

and local injection of corticosteroids or NSAIDs. Although corticosteroid treatment

is effective in reducing inflammation and edema, it limits the tenocyte function by

reducing collagen and proteoglycan synthesis, thus reducing the mechanical

strength of the tendon and ultimately leading to further degeneration [23]. When

conservative treatment fails, surgery is indicated. Surgery is performed more

frequently among patients with DM and is estimated to be 4–14 times higher than

the general population [24].

2.5 Adhesive Capsulitis of the Shoulder (Frozen Shoulder)

Adhesive capsulitis, or frozen shoulder, or shoulder periarthritis is characterized by

progressive painful restriction of the shoulder movements, especially the external

rotation and abduction. The prevalence in diabetic patients ranges 10–29 % [5, 16], as

compared with 3–5 % of the age-matched controls [25]. The presence of shoulder

adhesive capsulitis increases the incidence of DM and may be a presenting symptom.

Connie et al. in 2008 studied the prevalence of a diabetic condition (DM and

prediabetes) and adhesive capsulitis of the shoulder which revealed that a patient

presenting with adhesive capsulitis had a 71.5 % chance of having a diabetic

condition (38.6 % chance of being diabetic and a 32.95 % chance of being predia-

betic) [26]. The natural history of the condition is characterized by three phases: pain,

adhesion or stiffness, and recovery phases. Among diabetics, it occurs at a younger

age, is less painful, lasts longer, and responds less well to treatment [27]. Bilateral

involvement is more frequent in patients with diabetes than in nondiabetic subjects

(33–42 % vs. 5–20 %) [28]. It occurs more in older patients with longer disease

duration. Shoulder adhesive capsulitis is found to be associated with other diabetic

complications such as limited joint mobility, autonomic neuropathy with either type

of DM, and with myocardial infarction in patients with type 1 DM [5]. The exact

mechanism is unknown, but it is thought that excessive glucose concentration in

diabetic patients can lead to a faster rate of collagen glycosylation and cross-linking

in the shoulder capsule, restricting shoulder range of motion [29]. Management of

shoulder adhesive capsulitis in the painful early phase consists of adequate analgesia,

intra-articular corticosteroid injections, and an appropriately graded exercise pro-

gram. During the adhesive phase, physical therapy and operative treatments (arthro-

scopic capsular release or open surgical release) are used.
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2.6 Diffuse Idiopathic Skeletal Hyperostosis

Diffuse idiopathic skeletal hyperostosis (DISH) is a condition that is characterized

by diffuse calcification and ossification of the ligaments and enthesis (Figs. 2.5 and

2.6). The prevalence of DISH in type 2 DM was reported at 13–40 %, while in

general population, 2.2–3.5 %. The prevalence of metabolic syndrome is higher

among patients with DISH [16]. It most commonly affects the spine, particularly

the thoracic spine. Patients with DISH are rarely symptomatic. However, it can

cause spinal rigidity and impingement of nearby structures and nerves, resulting in

hoarseness, stridor, sleep apnea, and dysphagia. It also can occur in extraspinal sites

with prominent bony reactions at ligamentous and tendinous insertions, particularly

in the pelvis, greater trochanters, patellae, and calcaneus. The diagnosis of DISH is

based on radiologic features that are usually based on Resnick and Niwayama’s
1976 criteria: (1) flowing ligamentous calcifications involving at least four contig-

uous vertebral bodies, (2) preservation of intervertebral disk space, and (3) absence

of changes of degenerative spondylosis or spondyloarthropathy. The exact mech-

anism of DISH is not known. However, insulin, growth hormone, and growth factor

(IGF-1) are proposed as factors that promote bone growth in DISH. Also, athero-

sclerosis, which is common in metabolic syndrome, will lead to damage in the

endothelium and aggregation of platelets that result in increased levels of IGF-1 and

then more osteoblast proliferation and bone formation. The treatment of DISH is

symptom based and generally limited to analgesia as needed. Rarely, surgical

Fig. 2.5 The anterior

longitudinal ligamentous

calcifications of cervical

vertebrae in diffuse

idiopathic skeletal

hyperostosis
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removal of impinging bone bridges is undertaken when critical functions, such as

swallowing, are compromised.

2.7 Osteoarthritis

Osteoarthritis (OA) is a very common form of arthritis in adults. Several risk

factors are described for OA, including obesity, which is part of metabolic

syndrome and not uncommon in DM. Dahaghin et al. [30] described an associa-

tion between diabetes and hand osteoarthritis that was noted in people aged

55–62 years and was absent in other age groups. Peripheral neuropathy may

increase the risk of advanced, aggressive forms of osteoarthritis. Recently, an

association between knee osteoarthritis and diminished lower extremity vibratory

perception was identified [31]. However, there is no clear evidence that supports

DM or metabolic syndrome as risk factors for developing early or severe hip or

knee OA [32].

Fig. 2.6 The ligamentous

calcifications of

thoracolumbar vertebrae in

diffuse idiopathic skeletal

hyperostosis characterized

by no lesion in heart side of

thoracic vertebrae
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2.8 Neuropathic Osteoarthropathy (Charcot

Osteoarthropathy)

Neuropathic osteoarthropathy, also known as Charcot osteoarthropathy, is a pro-

gressive destructive process affecting the bone and joint structure associated with

various diseases in which neuropathy occurs. However, DM is by far the most

common etiology. It mainly affects the foot and ankle in diabetic patients. It is a

devastating, limb-threatening condition resulting in dramatic deformities and recur-

rent ulceration that may ultimately lead to amputation. The pathogenesis of neuro-

pathic osteoarthropathy remains debatable. It may result from repeated trauma,

often minor, in the setting of decreased sensation due to a sensory neuropathy which

results in increased damage with microfractures. An alternative possibility is that

the neuropathy triggers an increased blood flow or distal hyperemia that results in

stimulation of osteoclasts with increased bone resorption, osteoporosis, fractures,

and joint damage. Recently, inflammation has been identified as another factor in

the development of neuropathic osteoarthropathy. The release of proinflammatory

cytokines leads to increased expression of the polypeptide receptor activator of

nuclear factor-κB ligand (RANKL). RANKL triggers the synthesis of the nuclear

transcription factor nuclear factor-κβ, and this in turn stimulates the maturation of

osteoclasts from osteoclast precursor cells. At the same time, NF-κβ stimulates the

production of the glycopeptide osteoprotegerin from osteoblasts [33]. The

proinflammatory cytokines, RANKL, NF-κβ, and osteoclasts will result in

increased osteolysis. The neuropathic osteoarthropathy is characterized by acute

and chronic phases. In the acute phase, the foot is warm, edematous, and erythem-

atous, mimicking cellulitis. Pain may or may not be present, depending on the

degree of neuropathy. The chronic phase is characterized by deformity of the foot

with abnormal pressure on the plantar surface due to the collapse of the plantar arch

and the development of a rocker bottom deformity. Calluses may form which are

liable to ulcerations, especially in the midfoot. The plain radiographs may not be

useful in an acute phase; however, they may demonstrate excessive destruction in

the chronic phase (Fig. 2.7). AnMRI may show bone marrow edema, bone bruising,

Fig. 2.7 The severe

destructive lesion in the left

hip joint due to Charcot

osteoarthropathy
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or microfractures. If osteomyelitis is a clinical possibility, radionuclide bone

scanning, such as indium-111-leukocyte (111In-WBC) scanning and technetium-

99m-methylene diphosphonate (99mTc-MDP) bone scanning, virtually excludes

the osteomyelitis if both studies have negative results. Treatment involves weight-

bearing limitations for at least 3 months for healing [34]. NSAIDs, calcitonin, and

bisphosphonates may be used. Bisphosphonates inhibit the osteoclastic resorption,

may have direct anti-inflammatory properties, and might slow or even stop the bony

destruction. However, the data are weak to support their use as a routine treatment

for acute neuropathic osteoarthropathy [35]. Surgical treatment may be required

when this conservative treatment fails. Moreover, surgery in the presence of DM

and diabetic complications carries higher risk for complications.

2.9 Osteoporosis

Patients with diabetes mellitus (DM) are at higher risk of bone fracture relative to

their bone mineral density (BMD). A number of reports indicate a higher preva-

lence of vertebral fracture (VF) in those with type 2 DM (T2DM) than in those

without, irrespective of the insignificant difference in BMD between patients with

or without T2DM. Meta-analysis studies reported that T2DM patients exhibited a

higher fracture rate, particularly in appendicular bones, despite their comparable

BMD, suggesting the possible involvement of impaired bone quality, but not BMD,

in the development of bone fragility. It is recognized that the higher fracture rate in

T2DM patients is explained by increased cortical porosity, as shown by high-

resolution peripheral quantitative computed tomography (HR-pQCT) or quantita-

tive ultrasound (QUS) device [36].

It has been recently recognized that serum parathyroid hormone (PTH) plays an

important role in the development of cortical porosity, which starts to increase in

chronic kidney disease (CKD) patients as they progress to stage 3, for whom

evidence shows a higher fracture rate at the femur neck. Since T2DM patients are

complicated with stage 3 CKD more often than non-DM patients, it is important to

examine whether DM by itself or in association with CKD might be a more

important contributing factor to the development of cortical porosity [36].

2.10 Frailty, Sarcopenia

Frailty is a pre-disability condition that can be defined clinically. The major factors

leading to frailty are sarcopenia and a decline in executive function. Stressors

precipitate frail individuals into a state of disability. Diabetics develop the condi-

tions necessary for frailty earlier than other aging individuals. Appropriate treat-

ment of diabetes mellitus and frailty precursors can result in a slowing of the aging

process [37].
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2.11 Diabetic Muscle Infarction

Diabetic muscle infarction is a rare complication of DM. It is usually reported in

association with long-standing, poorly controlled DM, particularly patients with

type 1 DM, in the presence of microangiopathic complications such as retinopathy,

nephropathy, or neuropathy. Patients with diabetic muscle infarction usually pre-

sent with acute pain with swelling (and a palpable mass in 34–44 % of the patients)

in an extremity that persists at rest and worsens with exercise and expands during a

period of days to weeks without any prior history of trauma. The thigh muscles are

commonly involved. However, the calf muscles, upper extremity, and abdominal

wall muscles have also been reported. The diagnosis is established based on a

clinical presentation and radiological finding. Laboratory studies generally demon-

strate an elevated ESR and normal or mildly elevated WBC counts. Measurements

of creatine kinase (CK) may be normal or elevated. Therefore, CK is not a reliable

marker. The MRI is the diagnostic test of choice for diabetic muscle infarction.

MRI findings demonstrate diffuse edema and swelling of multiple thigh or calf

muscles, often in more than one compartment. Muscle biopsy should be reserved

for patients with an atypical clinical presentation. The biopsy will demonstrate

muscle necrosis and edema, phagocytosis of the necrotic muscle fibers, granulation

tissue, and collagen deposition. Findings at advanced stages include replacement of

the necrotic muscle fibers by the fibrous tissue, myofiber regeneration, and mono-

nuclear cell infiltration [38]. The underlying pathophysiology remains incompletely

understood. The most likely hypothesis is that muscle infarction is caused by

vascular disease such as arteriosclerosis and diabetic microangiopathy. Hypercoa-

gulability resulting from alteration of the coagulation–fibrinolytic system and

endothelial dysfunction in DM has been proposed as a potential pathogenic mech-

anism [38]. The treatment involves bed rest, analgesics, and aggressive control of

DM. Other medical therapies that have been suggested as being beneficial include

antiplatelet agents such as low-dose aspirin, dipyridamole, NSAIDs, and nifedi-

pine; however, there are no randomized control trials to support the use of these

agents. Vigorous physical therapy should be avoided since it may lead to an

exacerbation. Patients usually recover spontaneously over a period of weeks to

months of bed rest, although the recurrence rate in the same or the contralateral

extremity is approximately 40 % in all treatment groups [39].

2.12 Crystal-Induced Arthritis

2.12.1 Gout

Gout is a condition that is characterized by hyperuricemia, which is defined as urate

levels >6.8 mg/dl (�360 mmol/L), and monosodium urate crystal deposition in the

joints. It has two stages: an acute stage characterized by recurrent attacks of arthritis

2 Various Kinds of Bone Disease in Diabetes: Rheumatic Conditions 21
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and a chronic stage that manifests as chronic tophaceous gout. The relationships

between hyperuricemia, gout, and metabolic syndrome have been evaluated in

several studies. It has been demonstrated that the prevalence of the metabolic

syndrome among patients with hyperuricemia or gout is higher than the others.

Insulin resistance and type 2 DM have also been noted to be associated with gout. It

was found that the incidence of insulin resistance in gout patients increased by as

much as 35 % over individuals without gout [40]. Recently, it was shown that both

gout and type 2 DM share most of the common genetic risk factors and that there

exists a mutually interdependent effect with regard to higher incidences between

these two diseases [41]. Indeed, hypertension, chronic kidney disease, and hyper-

lipidemia are not uncommon in patients with DM, which are known risk factors for

gout. Hyperuricemia was found to be a risk factor for the development of

DM. Vidula et al. [42] evaluated the impact of serum uric acid levels on the future

risk of developing type 2 diabetes independent of other factors, and they reported

that as the level of uric acid increases, the incidence of DM also increases. These

associations persisted in both genders and were independent of other known risk

factors including age, BMI, alcohol consumption, smoking, physical activity level,

hypertension, and levels of glucose, cholesterol, creatinine, and triglycerides

[38]. Hyperuricemia may lead to endothelial dysfunction and nitric oxide inhibi-

tion, which in turn contribute to insulin resistance and thus diabetes. An alternative

possibility is that the higher insulin levels associated with prediabetes can reduce

renal excretion of uric acid.

2.12.2 Calcium Pyrophosphate Dihydrate Crystal Deposition
Disease (Pseudogout)

Calcium pyrophosphate dihydrate (CPPD) crystal deposition in the hyaline or

fibrous cartilage may be asymptomatic and identified by plain radiography which

detects the calcification characteristic of CPPD. It may manifest as acute or chronic

inflammatory arthritis. DM is considered as a possible risk factor for CPPD

deposition disease. This is based on a small collection of cases [43]. Nevertheless,

the association of CPPD disease with DM has not been proven.

2.12.3 Basic Calcium Phosphate Crystal Deposition Disease

Basic calcium phosphate (BCP) crystal depositions can occur in the intra-articular

and periarticular components known as calcific tendonitis or calcific periarthritis. It

most commonly affects the shoulder in which BCP crystals deposit predominantly

in periarticular areas resulting in tendonitis or bursitis. The incidence of calcific

shoulder periarthritis is increased in DM. Shoulder calcifications were detected in

31.8 % of patients with DM, while only 10 % in controls without DM [44]. The
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diagnosis is made by a proof of the crystal in synovial fluid but it may not be easy,

as BCP crystals are not detected even by polarized light microscopy. Therefore, the

diagnosis depends upon excluding of the other causes. There is no specific treat-

ment. Analgesics, NSAIDs, and joint aspirations with or without glucocorticoid

injections are used. Calcific tendonitis may coexist with adhesive capsulitis in the

shoulder.

2.12.4 Complex Regional Pain Syndrome Type 1 (Reflex
Sympathetic Dystrophy)

Complex regional pain syndrome type 1 (CRPS 1), or reflex sympathetic dystrophy

(RSD), is characterized by localized or diffuse pain in the upper or lower extremity

usually associated with swelling, vasomotor disturbances, and trophic skin changes

including loss of hair, skin color changes, skin temperature changes, and skin

thickening. The condition may occur after minimal trauma or even spontaneously.

DM may predispose one to CRPS 1. Walling [45] conducted a review on

387 patients with CRPS 1 and found that 28 patients have secondary CRPS 1 and

DM was the commonest associated disease (in 11 out of 28). Treatments have been

used with variable results, including analgesics, physiotherapy, intravenous

bisphosphonates, calcitonin, oral corticosteroids, and sympathetic ganglion blocks.

2.13 Conclusions

DM is associated with various rheumatic conditions. Recognition of these condi-

tions is important, as they affect the patient’s quality of life. Several rheumatic

conditions are more prevalent or caused by the long-term metabolic consequences

of DM. Some of the rheumatic conditions associated with DM may be presented

before the diagnosis of DM is established. Therefore, management of these condi-

tions requires early recognition and close liaison between diabetes and rheumatol-

ogy specialists.
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Chapter 3

Fracture Risk in Diabetes

Masahiro Yamamoto and Toshitsugu Sugimoto

Abstract Meta-analyses have revealed that the relative risk of hip fractures in

patients with type 1 and type 2 diabetes mellitus is higher than that in nondiabetic

subjects. The risk of fracture in diabetic patients increases along with a decrease in

bone mineral density (BMD) similarly to those in nondiabetic patients. However,

the observed risk of fracture is higher than the expected one by BMD in both type

1 and type 2 diabetic patients, indicating that precise estimation of bone fragility by

BMD values in patients with diabetes is difficult. Bone strength consists of BMD

and bone quality; for this reason, poor bone quality is the most suitable and

explicable cause for elevated fracture risk in this population. Bone quality indica-

tors closely related to bone fragility are required to be identified to establish a

diagnostic method for osteoporosis in diabetic patients.

Keywords Bone quality • Low bone turnover • Vertebral fracture pentosidine •

Advanced glycation end products (AGEs)

3.1 Introduction

With the development of insulin therapy for diabetic patients after the discovery of

insulin in 1921, microvascular diseases, such as diabetic retinopathy, diabetic

neuropathy, and diabetic nephropathy, were identified as the complications of

diabetes mellitus. In the same period, in 1948, Albright reported that diabetic

patients who had been exposed to poor blood glucose over a long period developed

osteoporosis for the first time. However, the underlying mechanisms of these

associations remained unknown.
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3.2 Bone Mineral Density in Diabetic Patients

Measurement of bone mineral density (BMD) is an established method for assess-

ment of bone strength. The association between decreased BMDmeasured by dual-

energy X-ray absorptiometry (DXA) and fracture rate was found in postmenopausal

osteoporosis. In 1991, osteoporosis was defined as “a disease that is characterized

by low bone mass, microarchitectural deterioration of bone tissue leading to

enhanced bone fragility, and consequent increase in fracture risk” [1], and the

diagnosis criterion of osteoporosis primarily based on bone density was established.

In contrast, there was less information on BMD value of diabetic patients. Diabetes

mellitus is classified into two major types: type 1 diabetes mellitus (T1DM), which

is caused by a loss of ability to secrete insulin that possesses anabolic action of

bone, and type 2 diabetes mellitus (T2DM), which develops in the presence of

underlying insulin resistance. In T1DM, BMD measured in the femoral neck or the

lumbar vertebrae has been reported to be significantly lower than the respective

value in age and body mass index-matched nondiabetic subjects [2, 3]; these

findings were consistently confirmed in other reports [4, 5]. A meta-analysis

published in 2007 showed that BMD Z-scores (the age-adjusted BMD) of hip and

spine in T1DM patients were lower than those in nondiabetic participants [6]. In

contrast, the BMD values at these sites in T2DM patients were inconsistent; early

reports with small number of patients showed that BMD values were lower than,

equivalent to, or higher than those in the control groups [7–10]. However, succes-

sive reports from large-scale studies indicated that BMD values in these subjects

were significantly higher than in nondiabetic populations [11, 12]. The meta-

analysis including these studies revealed that the BMD Z-score in T2DM patients

was higher than those in nondiabetic population, unlike in the case of that in T1DM

patients [6].

3.2.1 The Risk of Fracture in Diabetic Patients

The relationship between the presence of diabetes and risk of fracture has been

investigated by the clinical type of diabetes. In the patients with T1DM, the risk of

hip fractures after adjustment for confounding factors has been reported to be

significantly higher in female patients compared with that in nondiabetic subjects

[13, 14]. Two meta-analyses confirmed the consistent relationship between the

presence of diabetes and risk of fracture [6, 15]. In contrast, the findings obtained

from the patients with T2DM confused us for a long time: some reports indicated

that the risk of hip fractures is increased in T2DM. However, others showed the

opposite results. Two meta-analyses concluded that the risk of hip fracture in

T2DM is significantly higher than that of nondiabetic subjects, although their

BMD was higher compared to the control group [6, 15]. Taken together, these

findings suggest that diabetes mellitus is an underlying disease for secondary
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osteoporosis because the risk of fracture is increased in diabetic patients

irrespective of their diabetic clinical type.

3.2.2 Characteristics of the Risk of Fracture in Diabetes
Mellitus

Vestergaard et al. found out some interesting results in their report [6]. The

predicted odds ratios for the relative risk of fracture in T1DM and T2DM patients,

when estimated by the Z-score, were 1.42 and 0.77, respectively. However, the

observed values were 6.94 and 1.38, respectively, indicating that the risk of hip

fractures in the patients with diabetes was higher compared to the risk predicted by

BMD, irrespective of the diabetic type. On the other hand, Schwartz et al. observed

that the rate of hip fractures over a period of 10 years in T2DM patients aged

75 years was higher at any BMD of the femoral neck than that in nondiabetic

population of the same age [16]. This finding suggested that it is difficult to assess

bone fragility in diabetic patients by BMD that is the conventional and golden

standard method for diagnosis of osteoporosis.

Occurrence of hip fracture needs excess external force such as falls. The risk of

falls is increased in the diabetic patients with diabetic retinopathy, diabetic periph-

eral neuropathy, orthostatic hypotension, or hypoglycemia and in those on insulin

therapy with an HbA1c of <6 % [17–21]. However, the risk of fracture in T2DM

patients is higher than that in nondiabetic subjects, even when statistical adjustment

for the history of falls was performed [22], suggesting that the increased risk of falls

is not a major factor in the increased risk of fractures in diabetic patients. On the

other hand, vertebral fractures may be a susceptible sign of the presence of bone

fragility, because these fractures can be caused by mild external forces generated

during the course of daily activities without any obvious injury such as falls. In

T2DM patients, the relative risk of vertebral fractures is significantly higher than

that in nondiabetic subjects (Fig. 3.1), despite BMD being markedly higher than

that in nondiabetic patients, irrespective of sex [23] (Fig. 3.2), and significant

association is not found between BMD and risk of vertebral fractures [23, 24]

(Fig. 3.3). In addition, studies in T1DM patients have shown that, unlike the control

group, there is no significant relationship between fracture severity and BMD

Z-score [25]. Taken together, the observed risk of fracture is higher than the

estimated one by BMD of these patients [6, 15, 16, 23], suggesting that pathophys-

iologic mechanisms not able to be assessed by BMD underlie in bone fragility of

diabetic patients, irrespective of the clinical type of diabetes.

Osteoporosis is defined as “a skeletal disorder characterized by compromised

bone strength predisposing a person to an increased risk of fracture,” and bone

strength consists of “BMD” and “bone quality” [26] (Fig. 3.4). Estimation of bone

strength by BMD is difficult for diabetic subjects; therefore, poor bone quality is the
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most suitable and explicable cause for elevated fracture risk in this population and

may be a diabetes-specific mechanism for bone fragility.

3.3 Mechanism of Decreased Bone Quality in Diabetic

Patients

Bone quality is divided into material properties and geometrical properties

(Fig. 3.4): the former reflects the physical characteristics of the bone, and the latter

indicates the morphological characteristics of the bone. Material properties include

the “bone matrix” composed mainly of collagen; “bone turnover,” which shows the

metabolic rate at which old bone tissue is absorbed and replaced by new bone

Fig. 3.1 Associations between the presence of T2DM and vertebral fractures. The relative risk of

vertebral fractures in T2DM patients is significantly higher than that in nondiabetic subjects in

both genders after adjustment for age, BMI, and L2–4 BMD (From Ref. [23])

Fig. 3.2 Comparison of BMD between control subjects and patients with T2DM. BMD values at

any site in T2DM patients are significantly higher than those of nondiabetic subjects in both

genders. * P< 0.05 (From Ref. [23])
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tissue; “mineralization” of the bone tissue; and “microfractures,” which are cracks

confirmed using electron microscopy. The geometrical properties include “bone

geometry” of the cortical bone on a macroscopic level and “microarchitecture” of

the trabecular bone on a microscopic level [26]. Specific factors which are clinically

associated with the risk of fracture independent of BMD are etiologic causes of

deterioration of bone quality and may serve as a powerful clue for elucidating the

pathology of bone fragility in diabetic patients.

Fig. 3.3 Association between BMD and vertebral fractures in nondiabetic subjects and patients

with T2DM. In contrast to nondiabetic subjects, the association between BMD and risk of

vertebral fracture is not observed in T2DM patients. ** P< 0.01 (From Ref. [23])

Fig. 3.4 Definition of bone strength. Bone strength consists of “BMD” and “bone quality,” the

latter includes structural properties and material properties (From Ref. [26])
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3.3.1 Deterioration of the Bone Matrix and Bone Fragility

Type I collagen is the main constituent protein of the bone matrix; the formation of

cross-links between neighboring collagen molecules by enzymatic reaction changes

it into stabilized collagen fiber, which determines the mechanical strength of the

bone tissue. Pentosidine, one of the advanced glycation end products (AGEs) which

is known to be increased in diabetic patients, is composed of lysine and arginine

cross-linked by a pentose. Saito et al. showed that pentosidine was increased in

bone collagen content just before the onset of diabetes in spontaneously diabetic

rats and that bone strength measured by three-point bending fixture test in the

diabetic group was significantly decreased compared to that in the control group

[27, 28]. Indeed, the negative correlation between bone strength and bone

pentosidine content has been confirmed in nondiabetic patients with hip fracture

[29, 30]. These findings suggest that hyperglycemic condition pathologically pro-

motes the excessive glycosylation of bone collagen that is assumed to form cross-

linking between collagen fibers by a non-enzymatic mechanism. This change in

material properties of bone collagen may be a plausible cause for poor bone quality,

that is, deteriorated bone strength that cannot be assessed by BMD.

Bone content of pentosidine is significantly and positively correlated with its

serum concentration [31]. Clinical studies showed that increased serum and urinary

pentosidine concentrations were related to an increased risk of vertebral as well as

clinical fractures independent of BMD in T2DM patients [32, 33] (Fig. 3.5). These

observations indirectly suggested that advanced glycation of bone collagen in

patients with diabetes also deteriorates material property of bone tissue. A

microindentation method recently reported directly measures material properties

of bone based on the depth of the dimple impacted by the testing probe on the tibia

[34]. This method revealed that bone material strength of T2DM women was

significantly lower than that of age-matched nondiabetic postmenopausal women

Fig. 3.5 The association between serum or urinary pentosidine levels and vertebral as well as

clinical fractures in T2DM patients. Increased serum and urinary pentosidine concentrations were

related to an increased risk of vertebral as well as clinical fractures independent of BMD after

adjustment for multiple variables at least including age, BMI, HbA1c, renal function, and BMD.

* P< 0.05, ** P< 0.01
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[35], which directly revealed the presence of poor bone quality caused by deteri-

orated material property of the bone tissue in T2DM patients.

3.3.2 Bone Turnover and Bone Fragility

The collagen products as well as the factors for mineralization, which are secreted

from osteoblast during its maturity, and the collagen degradation products derived

from bone tissue resorption by osteoclasts are indices for bone turnover. Parathy-

roid hormone (PTH) and the bone formation as well as resorption markers in T2DM

patients are significantly lower than those in nondiabetic subjects (Fig. 3.6), indi-

cating that these patients possess suppressed bone turnover [36, 37]. The subgroup

with relatively lower bone formation in addition to lower PTH levels has a higher

risk of vertebral fracture independent of BMD compared to the subgroup with

relatively higher these values. This finding suggests that low bone turnover accom-

panied with decreased bone formation causes deterioration of the bone quality.

Decreased ratio of osteocalcin (OC) to bone alkaline phosphatase (BAP), which is

secreted proteins, the former from mature osteoblasts or osteocytes and the latter

from pre-osteoblasts, is associated with increased risk of vertebral fracture

Fig. 3.6 Comparison of intact PTH and bone metabolic markers values between controls and

T2DM patients. Parathyroid hormone (PTH) and the bone formation as well as resorption markers

in T2DM patients are significantly lower than those in nondiabetic subjects. *, P< 0.01;

**, P< 0.001 (From Ref. [36])
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independent of BMD [38], suggesting that maturation disorders of osteoblast may

be involved in the poor bone quality.

In addition, various factors for regulating bone turnover are reported to be

involved in a risk of fracture independent of BMD. Insulin-like growth factor-1

(IGF-1), which is abundantly present in both circulating blood and bone matrix, is

an important local factor for promoting the proliferation and differentiation of

osteoblasts [39, 40]. IGF-1 activates the canonical Wnt/β-catenin pathway by

increasing the concentration of intracellular β-catenin via promoting the degrada-

tion of glycogen synthase kinase-3 (GSK-3) after binding to the insulin receptor

substrate (IRS-1) [41]. The serum IGF-1 level in female T2DM patients is lower

than that in nondiabetic subjects [42], which is related to an increased risk of

vertebral fractures independent of BMD [42, 43].

Sclerostin is a protein secreted by osteocytes that binds to the osteoblast LDL

receptor-related proteins 5 and 6 (LRP5/6) and suppresses the canonical

Wnt/β-catenin pathway by inhibiting receptor complex formation. Elevated

sclerostin level is significantly associated with an increased risk of vertebral

fractures, independent of BMD and bone turnover [42, 44].

The receptor for AGEs, which is presented on specific cell surface, recognizes

AGEs as ligands [45] and is involved in the progression of diabetic complications

such as diabetic nephropathy [46]. The studies on osteoblast derived from mice

showed that hyperglycemia and AGEs suppress osteoblastic differentiation and

mineralization accompanied with enhanced expression of RAGE [47–49] and that

BMD was decreased in RAGE-deficient animals [50], suggesting that the AGEs-

RAGE axis is involved in bone formation. Splicing variant of this receptor lacking a

membrane-spanning portion is known as endogenous secretory RAGE (esRAGE),

which acts as “decoy receptor” inhibiting RAGE on the cell membrane from

binding to AGEs outside the cell [51] (Fig. 3.7). Irrespective of sex, the conditions

of low esRAGE values and relatively low esRAGE values compared to AGEs are

associated with an increased risk of vertebral fractures that are independent of BMD

[52]. These findings suggest that AGEs are associated not only with glycation-

induced physical changes to bone tissue but also with the pathogenesis of decreased

bone quality through the biological effects mediated by RAGE.

These findings indicate that inhibitory factors for bone formation are associated

with fracture risk independent of BMD. Under the low bone turnover coupled with

low bone formation, hyperglycosylated bone collagen or microfractures may accu-

mulate in the bone matrix. As a result of these metabolic disorders, bone fragility

may increase due to deterioration of bone material properties.

3.3.3 Structural Properties of Bone and Bone Fragility

Bone strength of cylindrical bones such as the extremities and femoral neck rises as

the external diameter and cortical bone thickness increase. The distal one-third of

the radius in men with T2DM is narrower than that in nondiabetic patients [53]. In
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addition, diabetic patients with higher or equal HbA1c values of 7.5 % have

narrower external diameters of the femoral neck and a higher hazard ratio for

fractures [54]. Recent progress in diagnostic imaging technology, high-resolution

peripheral quantitative computed tomography (HR-pQCT), has shown that T2DM

patients with fractures have significantly advanced cortical porosity at the radius as

well as the tibia compared to those without fracture [55, 56] and revealed that the

bone strength of these patients calculated by bone geometry of the cortical bone is

decreased. In addition, trabecular bone score (TBS), which reflects finesses of

cancellous bone structure, is significantly lower in T2DM patients with major

fractures than that without fracture [57], indicating that exacerbated microarch-

itecture also affects bone strength. Because diminished bone strength caused by

bone morphology is not reflected by BMD, deterioration of structural bone quality

is also considered as one of the crucial pathogeneses of increased bone fragility in

diabetic patients.

3.4 Diabetic Therapy and Bone Fragility

Achieving favorable control of blood glucose may be effective in preventing

fractures through keeping appropriate bone turnover, because improvement of

blood glucose recovers decreased marker levels of bone formation [58, 59]. How-

ever, some antidiabetic agents have been reported to influence bone turnover

negatively. Large-scale surveys indicated that insulin secretagogue and metformin

were not associated with the risk of fracture, rather reduce it [60–63]. Several

Fig. 3.7 The relationship between advanced glycation end-products (AGEs) and RAGE as well as

esRAGE. Splicing variant of receptor for AGEs (RAGE) lacking a membrane-spanning portion is

known as endogenous secretory RAGE (esRAGE), which acts as “decoy receptor” inhibiting

RAGE on the cell membrane from binding to AGEs outside the cell. AGEs advanced glycation

end-products, RAGE receptor for AGEs, esRAGE endogenous secretory RAGE
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studies showed that patients with insulin therapy have a higher risk of fractures than

those with other antidiabetic therapies [19, 60–65], which is considered as an

adverse effect of insulin deficiency or poor blood glucose control. Glucose-

dependent insulinotropic polypeptide (GIP) [66, 67] and glucagon-like peptide-1

(GLP-1) [68, 69], which are called incretins, have been reported to increase bone

mass in genetically modified animals. However, unlike the result from the first

meta-analysis among short-term administration of various dipeptidyl peptidase-4

(DPP-4) inhibitors [70], a recent clinical study of long-term outcomes after treat-

ment with certain DPP-4 inhibitors has been reported to show an increased risk of

fractures [71]. In addition, results of GLP-1 treatment on increase in BMD in

animal studies are inconsistent with those in clinical studies [72]. To date,

established conclusion that incretin treatment decreases the risk of fractures in

diabetic patients has not been obtained. Treatment with dapagliflozin, one of the

sodium-glucose co-transporter 2 (SGLT2) inhibitors, did not significantly decrease

BMD compared to that with metformin as control drug during 2 years’ administra-

tion [73]. In contrast, thiazolidine is known to suppress differentiation of undiffer-

entiated mesenchymal cells into osteoblasts via activation of peroxisome

proliferator-activated receptor gamma (PPARγ), and it results in decreasing bone

formation. Meta-analyses have shown that the patients treated with thiazolidine

have a significantly decreased BMD at lumbar vertebrae or femoral neck, compared

with those treated with other hypoglycemic agents, irrespective of sex [74, 75], and

that their fracture risk of hip, extremities, and all of osteoporotic fractures is

significantly higher than those treated with non-thiazolidine agents [74, 76, 77].

3.4.1 Therapeutic Effect of Osteoporosis Drugs for Diabetic
Patients

None of the clinical studies have clarified whether osteoporosis drugs can prevent

fractures in diabetic patients. When considering the pathological state of osteopo-

rosis in diabetic patients, bone fragility in patients with diabetes may be rescued by

improvement of bone formation or material properties. In the subanalysis of the

MORE study, which demonstrated the preventive effect of raloxifene on vertebral

fracture in postmenopausal osteoporotic women, the risk of vertebral fracture in the

subgroup with diabetes at the baseline is lower than that with the nondiabetic

subgroup [78]. When a nondiabetic animal model which experimentally induced

pentosidine was treated with raloxifene, bone strength recovers presumably through

decreasing bone content of pentosidine [79]; therefore, raloxifene administration to

diabetic patients is expected to improve the material properties of the bone matrix

and prevent fractures. On the other hand, the risk of fracture in diabetic patients also

increases along with decrease in BMD [16]; therefore, agents which are capable of

increasing BMD may be useful in preventing fractures. Teriparatide, the only

current agent promoting bone formation, decreased bone pentosidine content in

addition to increasing BMD in nondiabetic animal model [80]. Teriparatide may be
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useful as a treatment for osteoporosis in diabetic patients, because of its pleiotropic

effects, including recovery of impaired bone turnover in diabetic patients and

improvement of bone matrix quality. On the other hand, bisphosphonates, which

suppress bone absorption, increase BMD in T2DM patients whose bone turnover

decreased, similarly to nondiabetic subjects [81], suggesting that these drugs may

particularly possess advantage for preventing fracture in the diabetic patients with

decreased BMD.

3.5 Conclusion

Statistical confirmation of increased risk of fracture in patients with diabetes

reminds us that diabetes is one of the crucial underlying illnesses for secondary

osteoporosis. This increased risk of fracture may be affected by bone extrinsic

factor, such as the increased risk of falls associated with diabetic complications or

treatment. However, decreased bone quality may be a major cause of bone fragility

in diabetic patients, because of the increased risk of atraumatic fractures such as

vertebral fractures and the presence of more excessively increased risk of fracture

than expected by BMD. The bone fragility observed in diabetic patients is caused

by unique pathogenesis in diabetes, suggesting that osteoporosis in diabetic patients

may be one of the diabetic complications and that specific diagnostic criteria for this

osteoporosis are required. Further researches are needed to develop easy tools for

assessment of bone strength of diabetic patients such as bone quality markers

closely related to bone fragility.
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Chapter 4

Mechanism for the Development of Bone

Disease in Diabetes: Abnormal Glucose

Metabolism

Ryo Okazaki and Daisuke Inoue

Abstract Osteoporosis is now generally considered as a complication of diabetes

mellitus (DM). Higher HbA1c level and presence of diabetic vascular complica-

tions and insulin use are associated with higher risk of fractures, indicating detri-

mental effects of chronic hyperglycemia on bone. Because bone mineral density

does not seem to be affected by glycemic control, this chapter reviews the influence

of abnormal glucose metabolism on bone and diabetes-associated factors causing

impaired bone strength mainly from clinical studies. Results of human histomor-

phometrical studies and longitudinal metabolic bone marker studies indicate that

bone turnover may not be generally suppressed in DM. With hyperglycemia bone

resorption seems to be stimulated, whereas bone formation may be suppressed.

Vitamin D deficiency is common in DM, which may or may not be associated with

secondary hyperparathyroidism, could not account for such changes in bone turn-

over. Animal and in vitro studies support this concept. Hyperglycemia per se or via

the accumulation of advanced glycation end products (AGEs) appears to stimulate

osteoclasts while suppressing osteoblasts, and perhaps mesenchymal stem cells as

well as osteocytes. AGE accumulation in bone matrix also compromises mechan-

ical strength. More clinical longitudinal studies would be needed to further eluci-

date the influence of hyperglycemia in the development of osteoporosis associated

with DM.
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4.1 Mechanism for the Development of Bone Disease

in Diabetes: Abnormal Glucose Metabolism

Osteoporosis is a common complication both in type 1 and type 2 DM. As with

other diabetic complications, exact mechanisms that result in bone fragility in

diabetes are not yet known. In type 1 DM, BMD is low, whereas in type 2DM,

BMD is high compared with nondiabetic controls [1]. Thus, between type 1 and

type 2 DM, there are some different mechanisms leading to bone fragility. How-

ever, both types of DM are associated with high risk of fractures, higher than that

estimated from BMD values. This suggests that chronic hyperglycemia per se and

resultant glycosuria and various other metabolic changes contribute to bone fragil-

ity independent of BMD in DM. This chapter reviews the influence of abnormal

glucose metabolism on bone and diabetes-associated factors causing impaired bone

strength mainly from clinical studies.

4.2 Influence of Glycemic Control on Bone and Fracture

It is now established that good glycemic control is the key to prevent major diabetic

microvascular and macrovascular complications. However, it took a long time for

this concept to be established. The importance of good glycemic control was

generally accepted only in 1990s after publications from DCCT trial for type

1 diabetes [2] and UKPDS trial for type 2 diabetes [3]. As for diabetic bone

complication, however, influence of glycemic control has not yet been well

established. Until around 2000, fracture had not been generally accepted as a

complication of type 2 DM, as most of the patients have higher BMD than

nondiabetic control subjects. Thus, there are very few longitudinal clinical studies

on the impact of glycemic control on fracture incidence, BMD, or other bone-

related surrogate markers.

4.2.1 Glycemic Control and Fracture Risk

With regard to the relationship between HbA1c and fracture risk, the first large-

scale longitudinal study is the Rotterdam study in the Netherlands [4]. In the study,

4,135 participants, of which 420 were diabetics, were followed up to 12.2 years for

the occurrence of clinical fracture. The 420 diabetics were subdivided into two

groups by HbA1c levels at baseline: 203 subjects with HbA1c less than 7.5 % and

217 subjects with HbA1c �7.5 %. The latter poorly controlled diabetic subjects at

the baseline had higher risk of fracture compared with nondiabetic subjects

(HR (hazard ratio) 1.47 [1.12–1.92]) and diabetic subjects with HbA1c <7.5 % at

the baseline (HR 1.62 [1.09–2.40]). Better-controlled diabetics at the baseline had
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similar fracture risk with nondiabetics (HR 0.91 [0.67–1.23]). Recently another

large-scale retrospective cohort study came out from Taiwan, in which 20,025 type

2 DM subjects over age 65 were followed up for the incidence of hip fracture over

an average of 7.4 years and the relationship with the basal HbA1c was analyzed

[5]. The authors found significantly higher risk of hip fracture among patients with

basal HbA1c 9.0 % or more compared with patients with HbA1c level 6–7 %

[5]. These results clearly indicate that poor glycemic control at one time point had

deleterious effects on bone in the long term afterward. On the other hand, ACCORD

trial, the only prospective randomized study that examined the effects of tight

glycemic control on fracture and fall, failed to demonstrate any differences in either

event between two groups (median achieved HbA1c 7.5 % vs 6.4 %) [6]. Several

explanations are possible for the lack of glycemic control effects on bone in the

ACCORD trial. All the ACCORD participants had baseline HbA1c more than

7.5 %, meaning they were all poorly controlled diabetics at the baseline by the

criteria in the Rotterdam study. Because the follow-up period was short with only

3.8 years, effects of better glycemic control thereafter could not have been

observed. In the ACCORD trial, it is of note that strictly controlled group had

significantly higher incidence of hypoglycemia but that this was not associated with

higher incidence of fall.

Cross-sectional studies that evaluated the relationship between glycemic control

and fracture risk in type 2 DM found conflicting results. An Australian study found

that fasting blood glucose level more than 7 mmol/L, diabetes duration more than

10 years, insulin treatment, and the presence of retinopathy were associated with

higher fracture risk [7]. A study at the Mayo Clinic [8] did not find any relationship

between fracture risk and baseline fasting plasma glucose, but they did find that

presence of neuropathy and insulin use was associated with higher fracture risk.

Neither study evaluated HbA1c, a better index of glycemic control than blood

glucose level. A large Norwegian population study [9] did not find the association

between HbA1c >9.5 % and fracture, but did find the association with disease

duration >5 years and insulin use. A study in Japanese type 2 diabetic men found

that HbA1c >9.0 % and higher BMD were associated with higher risk of prevalent

vertebral fracture [10]. An American study of older people found higher fracture

risk in DM but not in subjects with impaired fasting glucose, but the authors did not

find significant difference in HbA1c level between diabetes patients with and

without fractures [11].

In type 1 diabetes, there are even fewer studies looking at the relationship

between fracture risk and glycemic control. An observational cross-sectional

study demonstrated long-term high HbA1c is associated with higher fracture rate

in T1DM [12].

Thus, there are not so many studies looking at the relationship between fracture

risk and the glycemic indices such as HbA1c. But relationship between other

indications of chronic hyperglycemia and fracture risk have been explored. Many

studies have shown that the presence of microvascular complications is associated

with fractures [13]. And insulin-use was associated with higher fracture risk in most
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[14, 15], but not all [16], studies. All those results indicate that chronic hypergly-

cemia is a fracture risk.

4.3 Bone Turnover, Metabolic Bone Markers,

and Glycemic Control

Bone turnover rate and metabolic bone markers that reflect bone turnover are

considered to be a determinant of bone quality in postmenopausal women. Whether

the same applies to diabetic subjects is currently unknown. Here again not many

studies have looked at their relationship with glycemic control. In many reviews,

bone turnover in diabetes, both in type 1 and type 2, has been described low.

However, this is mainly based on animal data and cross-sectional studies in

human diabetics.

4.3.1 Bone Histomorphometry

Dynamic bone histomorphometry has been accepted as the most authentic method

to evaluate bone turnover state. Virtually all type 1 animal models, mostly

streptozotocin-induced diabetes in rats or mice, have been reported to have low

bone turnover, with decreases in both bone formation and bone resorption param-

eters [17]. The first histomorphometric study in human type 1 diabetes analyzed

only two patients with T1DM together with six T2DM subjects [18]. They reported

somewhat decreased bone formation in both types of diabetic patients combined

without any changes in bone resorption parameters. However, the only other

histomorphometric study in human type 1 diabetes failed to demonstrate any

differences in static or dynamic parameters in bone formation or resorption in

18 subjects with T1DM [19] compared with age- and sex-matched controls.

As for human T2DM, only two studies are available for bone histomorphometry

[18, 20]. As stated before, Krakauer et al. [18] reported decreased bone formation

parameters without changes in bone resorption parameters in eight diabetic patients

including six T2DM subjects. Manavalan et al. [20] demonstrated in four T2DM

patients that bone formation parameters including bone formation rate, osteoblast

surface, mineralizing surface, and osteoid surface are decreased, but none of the

resorption parameters, such as eroded surface, adjusted apposition rate, or osteo-

clast number, were not different from control subjects. Bone characteristics in

rodent T2DM models have recently been reviewed [17]. Like human T2DM,

most rodent models of T2DM showed decreased bone formation rate [17]. However,

bone resorption parameters, notably eroded surface, are increased in most [21–23]

but not all [24] rodent models of T2DM.
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4.3.2 Metabolic Bone Markers

Many cross-sectional studies have compared the metabolic bone markers between

diabetics and controls. Meta-analysis of these results was recently published

[25]. They found modest but significant decreases in serum osteocalcin (OC) and

C-terminal cross-linked telopeptide (CTX) levels in diabetes but did not find

significant differences in any of the other markers including bone formation

markers – alkaline phosphatase (ALP), bone-specific alkaline phosphatase

(BALP), and procollagen type 1 N-terminal propeptide (P1NP) – or bone resorption

markers: urinary N-terminal cross-linked telopeptide of type-I collagen (NTX) and

deoxypyridinoline (DPD). It is of note that ALP and NTX levels tended to be higher

in diabetics. The meta-analysis also noted high heterogeneity in all the markers.

The authors concluded that this heterogeneity may not be caused by glucose per se

but be modulated by unknown other factors. Those results suggest that influence of

glucose on metabolic bone markers would be better analyzed in longitudinal

studies. There are fewer longitudinal studies that have explored the effects of

glycemic control on metabolic bone markers in type 2 diabetes. Their results are

summarized in Table 4.1.

In 1997, we did the first such study using specific bone markers including urinary

DPD, CTX, BALP, as well as OC. Prior to our study, there had been a few

longitudinal studies, but they either had not assessed bone resorption markers

[26] or used urinary hydroxyproline, a nonspecific collagen degradation product

as a bone resorption marker [27, 28]. All three studies [26–28] used OC as a sole

bone formation marker and reported conflicting results.

Gregorio et al. [27] reported that in 50 poorly controlled T2DM (basal HbA1c

11.6 %), insulin or oral agents available at that period resulted in a decrease in

fasting blood glucose level from around 250 to 130 mg/dl in a month and the

improved glycemic control was maintained up to 12 months (HbA1c levels were

not reported except at the baseline). This was associated with time-dependent

decreases in both OC and HYP. They also reported time-dependent decreases in

PTH and urinary Ca along with amelioration of hyperglycosuria. They suggested

that osmotic hypercalciuria triggers PTH secretion, which results in high bone

turnover state in poorly controlled T2DM, and that glycemic control decreases

bone turnover dependent on PTH. Nagasaka et al. [26] also found that glycemic

control decreased urinary Ca and PTH, but they reported serum OC was increased

rather than decreased. Interestingly they reported total ALP was decreased after

glycemic control. They did not assess bone resorption markers. Increase in OC after

glycemic control was also reported by Sayinalp et al. [28].

Our study [29] was the first to demonstrate that bone resorption markers, urinary

DPD, and urinary CTX were decreased with glycemic control. We found that

BALP and ALP were decreased but that OC was increased. Similar to previous

studies, glycemic control was associated with a decrease in uCa excretion, but

contrary to previous studies, we did not see any change in PTH. We concluded that
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poor glycemic control in T2DM is associated with increased bone resorption

independent of PTH, which would be normalized after short-term glycemic control.

In contrast to our study, Rosato et al. [30] reported that in 20 T2DM patients,

glycemic control over a 2-month period (mean HbA1c level, from 10.0 % to 8.1 %)

with insulin or various oral hypoglycemic agents (OHA) was associated with

significant increase not only in OC but also in uDPD and uPYD. Although details

of OHA they used were not described, the use of thiazolidinediones (TZDs) seems

unlikely as they were not clinically available at the time. Then this is the only study

demonstrating increase in resorption markers after glycemic control with

non-TZDs. It is of note that compared with nondiabetic controls, T2DM patients’
baseline OC was lower, whereas urinary DPD and PYD were not different. In this

study, serum 25(OH)D and PTH did not change significantly, but there was a

significant increase in serum IGF-1 level.

The results reported by Capoglu et al. [31] were similar to ours except

osteocalcin. They reported that in 35 T2DM patients’ urinary DPD and NTX,

osteocalcin and BALP were all decreased in the course of 1 year, associated with

an improvement in glycemic control from HbA1c level 10.6–7.7 % with metformin

and/or sulfonylureas [31]. PTH and 25(OH)D did not change. Kanazawa et al. [32]

reported a small but significant increase in BAP after improvement of glycemic

control over 6 months, but it is of note that in this study change in HbA1c was

positively associated with the change in BAP. On the other hand, OC and NTX did

not significantly change, but their changes were negatively associated with the

change in HbA1c.

After it became evident that TZDs increase fracture risk, several randomized

control studies (RCTs) examined metabolic bone markers in response to TZDs

compared with metformin or SUs. The largest RCT is the post hoc analysis of A

Diabetes Outcome Progression Trial (ADOPT), in which the effects of

rosiglitazone, metformin, and glyburide monotherapy were compared [33–

35]. Zinman et al. [33] measured CTX, BALP, and P1NP at the baseline and after

1 year in more than 500 subjects in each monotherapy group. As shown in Table 4.1,

all the bone markers were decreased or stable except in female rosiglitazone group

showing an increase in CTX. PTH was decreased in rosiglitazone and metformin

group but was stable with glyburide. In this post hoc analysis, HbA1c levels were

not presented, but in the parental study, basal HbA1c levels were around 7.4 %,

which were decreased around 6.8 % after a year [34]. Borges et al. [36] did a RCT

comparing effects of rosiglitazone plus metformin versus metformin alone for

80 weeks. Both treatments were associated with decreases in CTX, P1NP, and

BALP with improvement in glycemic control with HbA1c level from 8.6 % to

around 6.8 %. Another RCT comparing effects of rosiglitazone against metformin

reported that similar small improvement in glycemic control (HbA1c 6.8–6.3 %)

was associated with decreases in CTX, P1NP, and BALP in metformin but that in

rosiglitazone group increases in CTX and P1NP and a decrease in BALP

[37]. Finally van Lierop et al. compared the effects of pioglitazone against metfor-

min [38] and reported that 6 months treatment with metformin decreased both CTX

and P1NP, whereas pioglitazone increased CTX and had no effect on P1NP.
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To summarize all the results, bone resorption markers were decreased in the

course of glycemic control with most treatment modalities except TZDs. Among

bone formation markers, BALP was also decreased whereas OC was increased at

least in some studies. BALP decrease after glycemic control was suggested to be

caused by improvement of vitamin D status, but in two studies [33, 37] BALP was

decreased despite the decrease in serum 25(OH)D level. P1NP may be also

decreased with glycemic control. OC increase after glycemic control may be

associated with direct insulin action on osteoblasts, as will be dealt in another

chapter.

4.4 Hyperglycemia and Calcium-Regulating Hormones

Bone turnover is controlled by many systemic and local factors. Among the

systemic factors, conventional calcium-regulating hormones, PTH and vitamin D,

have been studied in relationship with glycemic control. There are little data on

other hormones such as sex steroids in the context of bone abnormalities in

diabetics.

4.4.1 PTH in Diabetes

It has been often noted that PTH is low in diabetes, especially when associated with

overt renal insufficiency [29, 39–43]. However, a recent meta-analysis of PTH level

in both type 1 and 2 diabetics revealed no differences compared with nondiabetics

[25]. Uncontrolled diabetes with overt glycosuria causes hypercalciuria by osmotic

diuresis. Such renal calcium loss would trigger PTH secretion in normal subjects.

However, results from longitudinal studies are mixed even at the baseline. Some

studies reported high PTH in uncontrolled diabetic state [27, 31], but others

reported relatively low PTH despite overt hypercalciuria [26, 29]. PTH responses

to the improvement in glycemic control are also variable: decrease, no change, and

even increase have been reported (Table 4.1).

The causes of such variations in PTH secretions in diabetics are unknown. As

will be discussed later, vitamin D deficiency is common in diabetics, which would

stimulate PTH secretion. However, basal serum 25(OH)D levels in those two

studies that reported high basal PTH were not very low [27, 31] and comparable

to the studies reporting normal PTH at the baseline [33]. Changes in serum 25(OH)

D with glycemic control are also mixed, which could not explain variable PTH

responses to an improvement of glycemic control (Table 4.1). Serum levels of 1,25

(OH)2D, the most active metabolite of vitamin D, do not significantly change with

glycemic improvement [26, 29] (Table 4.1). Thus, vitamin D would affect PTH

secretion, but there are likely to be other unknown factors that influence PTH
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secretion in diabetes. In bovine parathyroid cells, hyperglycemia itself inhibits PTH

secretion [44] with unknown mechanisms.

4.4.2 Vitamin D Deficiency/Insufficiency in DM

Vitamin D deficiency/insufficiency is very common among diabetics. Indeed, meta-

analyses of prospective cohort studies reported that low serum 25(OH)D level is

associated with higher incidence of diabetes [45]. Whether this relationship is

casual or not remains to be determined. It is of note that obesity with visceral fat

deposition is associated with low serum 25(OH)D and high PTH [46]. In obese

subjects with or without type 2 diabetes, weight loss by diet and/or exercise, but not

by bariatric surgery, is associated with an increase in serum 25(OH)D concentration

[47–49]. Furthermore, weight-associated change in serum 25(OH)D concentration

is associated with reciprocal change in serum PTH level in nondiabetics

[50]. Whether or not such change in PTH is observed in diabetics is not known.

Another factor that results in decreased serum 25(OH)D level in diabetes is

diabetic nephropathy. In circulation, most vitamin D metabolites including 25(OH)

D are bound to vitamin D-binding protein (DBP). In the kidney, DBP-25(OH)D

complex is freely filtered across the glomerulus allowing transport to the proximal

tubule. In the proximal tubule, DBP-25(OH)D complex is reabsorbed in a manner

dependent on megalin, an endocytic receptor, expressed in polarized epithelial cells

including proximal tubule cells [51]. It is a multiligand receptor, with an extensive

repertoire of ligands including albumin, lipoproteins, hormones, enzymes, drugs, as

well as DBP. Diabetic nephropathy with microalbuminuria or proteinuria causes

megalin loss into the urine, which results in a decreased vitamin D reabsorption and

aggravates poor vitamin D status [51, 52]. In human type 1 diabetics, it was

reported that both albuminuria and urinary megalin levels are associated with low

serum 25(OH)D [53]. Similar results have been obtained in both type 2 and type

1 diabetic model rats [52, 54].

4.5 Hyperglycemia and Advanced Glycation End Products

(AGEs)

There are several studies examining the direct effects of hyperglycemia on osteo-

blasts in vitro, with mixed and sometimes conflicting results depending on the cell

models and the glucose concentration tested [55, 56]. In human osteoblastic cell

line, MG-63, high glucose (49.5 mM) attenuated cell proliferation and responses to

PTH and 1,25(OH)2D [57–59], but in mouse osteoblastic MC3T3-E1 cells, high

glucose at 15 mM increased proliferation [60]. In primary rat osteoblasts, prolifer-

ation was increased at 11 mM whereas inhibited at 22 and 44 mM of glucose
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[61]. In MC3T3-E1 cells, high glucose (30 mM) inhibited ALP expression after

24 h [56] but stimulateed ALP expression from 48 h up to 29 days [55]. In primary

rat osteoblasts, 11 mM glucose stimulated, whereas 22 and 44 mM glucose

inhibited ALP activity [61]. In human osteoblastic cells, 12 mM glucose stimulated,

whereas 24 mM glucose inhibited ALP activity after 7 days of culture [62]. It is of

note, that in MC3T3-E1 cells, insulin stimulated ALP expression, which was not

inhibited rather enhanced by high glucose that markedly inhibited unstimulated

ALP expression [56]. With hyperglycemia, osteocalcin expression was enhanced in

MC3T3-E1 cells [55] but inhibited in human osteoblasts [62]. In high glucose

milieu, RANKL expression was stimulated in both mouse and human cells, whereas

OPG was stimulated in mouse but inhibited in human cells [56, 62]. Finally, in vitro

mineralization was unchanged [55], stimulated [62, 63], or inhibited [56] with high

glucose. To distinguish effects of high glucose from high osmolarity, most studies

also tested the effects of the same concentrations of mannitol, and also reported

mixed results, indicating some of the effects are through high glucose per se and

others through high osmolarity.

One of the consequences of chronic hyperglycemia is accumulation of

nonenzymatically glycated proteins known as AGEs in many tissues including

bone. Most well-studied AGE accumulation in bone occurs within collagen that

accounts for over 90 % of the organic matrix of bone. Under physiological

condition, collagen fibers are enzymatically cross-linked, for example, with

pyridinoline, which gives bone its toughness. Long-standing hyperglycemia leads

to nonenzymatic cross-linking of collagen fibers with AGEs, such as pentosidine. In

animal models of diabetes, development of diabetes is associated with decreases in

enzymatic cross-links and increases in AGE cross-links [64].

Enzymatic cross-linking of collagen fibers is initiated by the enzyme lysyl

oxidase (LOX). LOX is a copper metalloenzyme that requires vitamin B6 (pyri-

doxal) as a cofactor. Thus, vitamin B6 deficiency results in decreased LOX activity.

Among other regulators of LOX activity, IGF-1, vitamin D positively regulates

LOX, whereas homocysteine and TNF-α negatively regulate LOX [65, 66]. In

animal models of diabetes, before the development of overt diabetes, i.e., at the

preclinical stage, decrease in enzymatic cross-links was reported [64], which may

be due to vitamin B6 deficiency induced by upregulation of gluconeogenesis

[66]. After the onset of overt diabetes, AGEs accumulate and at the same time

enzymatic cross-links are decreased. It has been shown that in osteoblastic cells,

non-glycated normal collagen itself increases LOX activity, and AGEs attenuate

this upregulation of LOX by collagen [67]. Other factors that may contribute are

vitamin D deficiency, decreased IGF-1 action, increase in TNF-α, and hyperhomo-

cysteinemia, all of which would be present in diabetic states. Overall changes in

bone collagen posttranslational modification, i.e., decreases in normal cross-links

and increases in AGE cross-links, result in decreased mechanical strength of bone

in diabetic model animals [64] without changes in BMD. Qualitatively similar

changes in collagen cross-links in other animal models and human cadaver studies

also have been shown to compromise bone strength.
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Accumulation of AGEs in bone not only weakens the collagen mechanical

properties but also influences bone cells. Non-cross-link types of AGEs, such as

carboxymethyllysine as well as cross-link type of AGEs could affect bone cells via

the cell surface receptor for AGEs, RAGE. In vitro studies have shown that AGEs

impair function of osteoblastic cells. AGEs inhibit differentiation/maturation of

osteoblastic cells and inhibit in vitro bone nodule formation [68–71]. AGEs also

enhance apoptosis of osteoblasts [70, 72, 73]. These effects of AGEs on osteoblasts

are most likely mediated by the changes in the action of many local factors such as

IGF-1 [74], sclerostin [75], TNF-α [71], and their signal transduction

pathways [76].

AGEs also have influence on osteoblastic precursor mesenchymal stromal cells

(MSCs) via RAGE. Kume et al. [77] reported that AGEs attenuate adipocytic as

well as chondrocytic differentiation of human MSCs in vitro. Although they did not

find any effects of AGEs on ALP induction, generally thought to be an early marker

of osteoblastic differentiation, they did find inhibition of bone nodule formation. In

mouse stromal ST2 cells, AGEs but not high glucose inhibit ALP induction as well

as bone nodule formation [75, 78], which may be mediated by an enhanced

endoplasmic reticulum stress [78] and TGF-beta expression [79]. MSCs from

STZ rats are less potent in the formation of both total and ALP positive colonies

along with AGE accumulation, associated with increased apoptosis and enhanced

expression RAGE [80].

AGEs may also affect osteocytes. Tanaka et al. [75] recently reported that AGEs

enhance expression of sclerostin, inhibit RANKL expression, and enhance apopto-

sis of osteocyte-like cells in vitro.

Overall effect of AGEs on bone-forming cells including MSCs, osteoblasts, and

osteocytes is inhibitory. In contrast, studies have reported mixed results about the

effects of AGEs on bone resorption. In a rat model, AGEs were reported to enhance

osteoclastic bone resorption as well as osteoclastogenesis [81, 82]. In contrast,

another study reported that human osteoclasts seeded onto bone slices containing

pentosidine showed decreased bone resorption and that AGEs inhibited in vitro

osteoclastogenesis [83]. The expression of RANKL, one of the most essential local

factors for osteoclast generation, survival, and activity, was reported to be enhanced

by AGEs in osteoblasts [71, 84], but not in osteocytes [75]. In osteoblasts, AGEs

were reported to stimulate expression of cytokines that stimulate osteoclast gener-

ation including IL-6 [85] and TNFα [71]. These results suggest that AGEs most

likely stimulate osteoclastic bone resorption in the presence of osteoblasts.

A recent study that analyzed the relationship between AGEs and osteoclast

activity in human cadaveric bone specimens demonstrated that higher AGEs were

associated with an increased number of larger resorption cavities [86]. Furthermore,

RAGE-deficient mice showed increased bone mass with decreased number of

osteoclasts [87, 88], suggesting RAGE mediates osteoclastic bone resorption.

Cathepsin K, the most important collagenolytic enzyme secreted by osteoclasts,

was reported to preferentially degrade matured bone matrix characterized by a

higher degree of posttranslational modifications, including pentosidine [89]. Thus,

overall effect of AGEs on bone resorption appears to be stimulatory.
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There are a few clinical studies exploring influence of AGEs on bone, all of

which are cross-sectional [90–94]. Yamamoto et al. [90] reported that increased

serum pentosidine level was associated with prevalent vertebral fractures in post-

menopausal type 2 diabetic women independent of BMD. Similar results were

reported in Korean men and women with type 2 diabetes [93]. Schwartz et al. [92]

reported that increased urinary pentosidine is associated with clinical fractures in

type 2 diabetic men and women over age 70. High serum pentosidine level was also

associated with prevalent vertebral fracture in type 1 diabetes [94]. Yamamoto

et al. [91] also reported that low serum endogenous secretory RAGE (esRAGE),

which binds AGEs extracellularly and reduces the activity of intracellular signaling

pathways via RAGE, was associated with higher prevalent vertebral fracture in type

2 diabetes. However, serum esRAGE level did not correlate with prevalent verte-

bral fracture in type 1 diabetes [94].

4.6 Summary

In this chapter the authors have focused on the influence of glycemic control over

various aspects of bone metabolism. Now we have much evidence that chronic

hyperglycemia per se, by changing actions of other hormones or cytokines, via

accumulation of AGEs, or by unknown mechanisms, affects bone cell functions in

favor of stimulating osteoclasts while inhibiting osteoblasts and possibly osteoblast

progenitors and osteocytes as well. Chronic hyperglycemia also has detrimental effects

on the material property of bone matrix proteins, such as collagen. Many of those

changesmay not be clinically detected by our current measures such asDXAmachines

or biochemical bone turnover markers, but high fracture risk in diabetes confirms that

the net effect of chronic hyperglycemia is detrimental to bone. Further studies will be

needed especially at the clinical level to see the long-term impact of changes in

glycemic control, either better or worse, on the various aspects of bone strength.
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Chapter 5

Mechanism for the Development of Bone

Disease in Diabetes: Increased Oxidative

Stress and Advanced Glycation End Products

Sho-ichi Yamagishi

Abstract The prevalence and incidence of osteoporosis is high in diabetic patients.

There is a growing body of evidence that advanced glycation end products (AGEs),

senescent macroprotein derivatives formed at an accelerated rate under hypergly-

cemic and oxidative stress conditions, play a central role in osteoporosis and bone

fractures in diabetes. Indeed, accumulation of AGE-modified cross-links of colla-

gen alters bone strength and impairs its biomechanical properties. Further,

AGE-modified proteins in the bone have been shown to disturb physiological

function of osteoblasts and osteoclasts via oxidative stress generation through the

interaction with the receptor for AGEs (RAGE). Therefore, activation of the

AGE-RAGE system in the bone not only decreases bone mineral density but also

impairs bone quality in patients with diabetes. In this review, I discuss the molec-

ular mechanism for osteoporosis in diabetes, especially focusing on the AGE-

RAGE-induced oxidative stress axis.

Keywords AGEs • Osteoporosis • Oxidative stress • RAGE • Diabetes

5.1 Introduction

Osteoporosis is a systemic skeletal disorder characterized by reduced bone mineral

density (BMD) and quality, which could compromise bone strength and subse-

quently increase the risk of bone fractures [1]. The prevalence and cumulative

incidence of osteoporosis is high in postmenopausal women, which increases with

age. About 40 % of white postmenopausal women are suffering from osteoporosis

[2]. Osteoporotic fractures, particularly vertebral and hip fractures, extremely

reduce the quality of life in patients [2]. Further, several papers have shown that
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osteoporotic bone fractures are also associated with the increased risk of morbidity

and mortality [1–4]. Indeed, hip fracture was independently associated with a

greater risk for future event of acute myocardial infarction in a large, nationwide

cohort study [3]. Increased risk of all-cause mortality persisted till 5 years after hip

fracture; men with hip fracture had higher risk for deaths from stroke and cancer up

to 1 year post fracture, whereas women from coronary artery disease for 5 years

after fracture [4]. Therefore, to identify modifiable risk factors that could influence

the bone health and treat osteoporosis would be helpful to prevent its devastating

complications.

5.2 Diabetes and Osteoporosis

The risk of osteoporosis-related bone fractures is also increased in both type 1 and

type 2 diabetic patients [5–8]. Although accumulating evidence has shown that

bone mineral density (BMD) is decreased in patients with type 1 diabetes, increased

risk of osteoporotic bone fractures in diabetes is not entirely explained by low BMD

because BMD is increased rather than decreased in type 2 diabetes [8–11]. Further-
more, a meta-analysis revealed that the relative risk of hip fracture in type 1 diabetic

subjects was 6.9, which was much higher than that calculated based on BMD

(relative risk 1.4) [8]. The Rotterdam study showed that bone fracture risk was

higher only in already established and treated type 2 diabetic patients, but not in

subjects with newly diagnosed diabetes compared with nondiabetic individuals

[12]. So, cumulative diabetic exposure could be involved in the pathogenesis of

osteoporosis and increased risk for bone fractures in diabetes. In addition, subjects

with impaired glucose tolerance had a lower risk of nonvertebral fracture, thus

indicating that hyperinsulinemia and/or obesity might be protective against osteo-

porotic bone fractures [6]. These observations suggest that the increased risk of

bone fractures in diabetic subjects could be partly ascribed to the impairment of

bone quality, whose deterioration was enhanced by long-term history of diabetes.

5.3 Advanced Glycation End Products (AGEs)

Sugars, including glucose and fructose, can react nonenzymatically with the amino

groups of proteins, lipids, and nucleic acids to form reversible Schiff bases and then

Amadori products [13–16]. These early glycation products undergo further com-

plex reactions such as rearrangement, dehydration, and condensation to become

irreversibly cross-linked, heterogeneous fluorescent derivatives called “advanced

glycation end products (AGEs)” [13–16]. The process of nonenzymatic glycation is

also known as the Maillard reaction, and formation and accumulation of AGEs in

various tissues have progressed at a physiological normal aging and at an extremely

accelerated rate under hyperglycemic and/or oxidative stress conditions [13–

16]. Cross-linking modification of the organic bone matrix proteins such as colla-

gen by AGEs has been known to adversely affect bone strength and subsequently
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impair bone quality, thereby reducing the fracture resistance of bone [17–19]. Fur-

thermore, there is a growing body of evidence that engagement of AGEs with their

receptor (RAGE) elicits oxidative stress generation and evokes inflammatory

reactions in a variety of cells, including osteoblasts and osteoclasts, thus disturbing

the physiological interaction between the two cell types [17–25]. These observa-

tions suggest that activation of the AGE-RAGE axis could influence both quantity

and quality of bone and resultantly increase the risk of osteoporosis in diabetic

subjects, especially with a long history of diabetes or elderly patients. In this

review, I describe the pathophysiological role of the AGE-RAGE-oxidative stress

system in decreased BMD, impaired bone quality, and increased bone fragility in

diabetes. I also discuss here the potential therapeutic interventions of the

AGE-RAGE axis for improving the quality of bone and preventing osteoporotic

bone fractures in diabetes.

5.4 AGE-RAGE Axis and Osteoblasts

AGE-modified albumin up-regulated RAGE expression, increased intracellular

reactive oxygen species (ROS) generation, and subsequently induced apoptotic

cell death of two different osteoblast-like cell lines, rat osteosarcoma UMR

106 and mouse nontransformed MC3T3E1 cells via activation of capase-3, a key

enzyme in the execution of apoptosis [26, 27]. Further, apoptotic cell death signals

of AGEs were mediated via RAGE-induced mitogen-activated protein kinases

(MAPKs) activation because N-carboxymethyllysine (CML)-modified collagen

increased p38 and c-Jun N-terminal kinase (JNK) activity and induced apoptotic

cell death of primary human-cultured osteoblasts, which was blocked by anti-

RAGE antibody, inhibitors of p38, or JNK [28]. Although AGEs increased the

activities of caspase-3, caspase-8, and caspase-9 in human osteoblasts, an inhibitor

of caspase-8 blocked the AGE-induced caspase-3 activation and osteoblasts apo-

ptosis more effectively than that of caspase-9, thus suggesting that cytoplasmic

(caspase-8-dependent) pathway might be relatively more important than mitochon-

drial (caspase-9) pathway for the apoptotic signals of AGEs in osteoblasts [28].

Methylglyoxal is a reactive dicarbonyl compound produced by glycolytic path-

way and a precursor of AGEs [29–31]. Methylglyoxal has been reported to induce

MC3T3E1 cell damage and impair the osteoblastic differentiation by increasing the

intracellular ROS generations via reducing mitochondrial membrane potential and

intracellular ATP levels [28]. Methylglyoxal also inactivates glyoxalase I and

further potentiates the formation of methylglyoxal-derived AGEs in MC3T3E1

cells [29, 30]. Further, these deleterious effects of methylglyoxal on osteoblastic

MC3T3E1 cells were significantly blocked by the pretreatment with

aminoguanidine, an inhibitor of AGEs formation; Trolox, an antioxidant; and

apocynin, an inhibitor of NADPH oxidase [29–31].

AGEs formed on type 1 collagen, a predominant matrix protein of bone, could

also play a role in reduced BMD in diabetes [32, 33]. Indeed, when rat osteoblastic
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cells were cultured on AGE-modified type 1 collagen, alkaline phosphatase (ALP)

activity and osteocalcin secretion were decreased and nodule formation was dra-

matically impaired [32, 33]. Accelerated accumulation of AGEs was observed in

the bone collagen of streptozotocin-induced diabetic rats, which was associated

with reduced BMD in the diabetic animals [32]. AGE-modified type 1 collagen

decreased adhesion of UMR 106 and inhibited cellular proliferation, spreading, and

ALP activity through intracellular ROS production as well [34]. AGE modification

of type 1 collagen may impair the integrin-mediated adhesion of osteoblastic cells

to the matrix [35]. Further, recently, the AGE-RAGE interaction has been shown to

inhibit the osteoblast proliferation via suppression of Wnt signaling in MC3T3E1

cells [36]. Pentosidine, a well-characterized glycoxidative end product, also ham-

pered the formation of bone nodules of human osteoblasts [37]. Taken together,

these findings suggest that the AGE-RAGE interaction could not only induce

apoptosis, but also inhibit the proliferation and differentiation of osteoblasts,

thereby being involved in reduced BMD in diabetes. In addition, nonenzymatic

glycation of ALP was reported to alter its biological activity as well [38] (Fig. 5.1).

5.5 AGE-RAGE Axis and Osteoclasts

There is some controversy about the pathological role of AGEs in osteoclast

function in osteoporosis. Miyata et al. reported that when mouse unfractionated

bone cells containing osteoclasts were cultured on dentin slices, AGE-modified

proteins increased the number of resorption pits formed by osteoclasts [39]. More-

over, bone resorption was augmented when unfractionated bone cells were cultured

on AGE-modified dentin slices [39]. They also showed that AGE-modified bone

particles implanted subcutaneously in rats were resorbed to a much greater extent

than nonglycated control bone particles [39]. Since AGEs did not increase the

AGE-RAGE axis activation in osteoblasts

Oxidative stress generation

Osteoporosis

Apoptosis
Decreased adhesion and proliferation

Impaired differentiation
Reduced nodule formation

Diabetes (Hyperglycemic conditions)

Decreased bone mineral density

Fig. 5.1 Effects of the

AGE-RAGE axis on

osteoblasts
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number of newly formed osteoclasts, AGEs could not promote the differentiation of

osteoclasts but may activate osteoclasts or alter microenvironments favorable for

bone resorption by osteoclasts. In addition, human AGE-rich cortical bone speci-

mens were reported to increase bone resorption activities of osteoclasts [40]. These

observations suggest the pathological role of AGEs in osteoclast activation in

osteoporosis, which might lead to increased bone resorption and bone loss in

diabetes. However, Valcourt et al. reported that when mature osteoclasts were

seeded on AGE-modified bone and ivory slices, bone resorption was inhibited

rather than increased due to decreased solubility of AGE-modified type 1 collagen

molecules [41]. Further, they found that AGE-modified proteins inhibited

osteoclastogenesis partly by blocking the osteoclastic differentiation process. So,

they finally concluded that bone remodeling could be impaired in diabetes.

There is accumulating evidence that RAGE plays an important role in osteopo-

rosis [32–47] (Fig. 5.2). Mice lacking RAGE had increased BMD and bone

biomechanical strength and decreased number of osteoclasts and its bone resorptive

activity in vivo [42, 43]. In vitro-differentiated RAGE-deficient osteoclasts

exhibited disrupted actin ring and sealing zone structures, impaired maturation,

and reduced bone resorptive activity [42]. These observations suggest that RAGE is

involved in osteoclast actin reorganization, adhesion, and activation, thereby con-

tributing to reduced bone mass in diabetes. AGEs increased mRNA levels of RAGE

and receptor activator of nuclear factor-κB ligand (RANKL) in osteoblasts

[44]. RANKL is an essential cytokine for osteoclastogenesis, and osteoblasts

express RANKL in response to bone-resorbing factors, thus further suggesting

the active participation of RAGE in osteoclastogenesis [45]. Moreover, high-

mobility group box 1 (HMGB1), a nonhistone nuclear protein and one of the

ligands of RAGE, has been shown to enhance RANKL-induced osteoclastogenesis

both in cell culture and animal model [46].

Increased AGEs and HMGB-1

RAGE activation in osteoclasts

Osteoporosis

Increased proliferation
Maturation

Increased resorptive activity
Activation of RANKL-RANK axis

Diabetes and Inflammation

Decreased bone mineral density

Fig. 5.2 Role of RAGE in

osteoclast dysfunction
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5.6 AGE-RAGE Axis and Mesenchymal Stem Cells

(MSCs)

AGE-modified albumin induced generation of ROS through the interaction with

RAGE and inhibited proliferation and migration of bone marrow MSCs [48]. AGEs

stimulated expression and secretion of chemokines and cytokines including CC

chemokine ligand (Ccl) 2, Ccl3, Ccl4, and interleukin-1β via activation of p38,

which could exert the inhibitory effects on MSCs growth and migration, thereby

impairing bone repair in diabetes [48]. MSCs from rats with streptozotocin-induced

diabetes were more likely to become senescent, and their ability to proliferate and

differentiate to the bone was reduced compared with those from control rats

[49]. Glyoxal, a highly reactive dicarbonyl and one of the precursors of AGEs,

which is produced by auto-oxidation of glucose, also induced senescence in bone

marrow-derived telomerase-immortalized MSCs that were accompanied by

increased extent of DNA breaks and AGEs accumulation [50]. Glyoxal also

impaired the differentiation of MSCs determined by decreased ALP activity and

reduced mineralized matrix formation as well [50]. In addition, AGEs not only

inhibited the osteoblastic differentiation and growth but also induced apoptosis of

mouse stromal ST2 cells [51]. Furthermore, methylglyoxal suppressed the expres-

sion of osteotrophic Wnt-targeted genes, including osteoprotegerin, a decoy recep-

tor of RANKL via oxidative stress generation, thus causing low-turnover

osteoporosis in diabetes [52]. Levels of AGEs, RAGE, ROS, and apoptosis in

diabetic MSCs were increased, and extensive loss of trabecular bone in the tibiae

was observed in diabetic animals [49]. AGEs inhibited the proliferation, self-

renewal, and osteogenic differentiation of MSCs in vitro [49]. We also found that

AGEs increased RAGE induction, ROS generation, and apoptosis and consequently

inhibited mineralization and mature bone nodule formation of MSCs [53].

Up-regulation of heme oxygenase 1 (HO-1) expression and increased HO

activity stimulated the differentiation of MSCs in favor of the osteoblast lineage

by decreasing peroxisome proliferator-activated receptor-γ and increasing osteo-

genic markers such as ALP and bone morphogenetic protein-2 [54].

Taken together, these findings suggest that the AGE-RAGE-oxidative stress

system could contribute to exhaustion of MSCs and loss of their differentiation

potential to bone, thereby increasing the risk for osteoporosis in diabetes (Fig. 5.3).

5.7 AGE-RAGE Axis and Bone Quality

In vitro glycation of human tibial cancellous bone cores increased the microdamage

and reduced the fracture resistance [55]. AGE-modified collagen impaired lysyl

oxidase enzyme-dependent physiological collagen cross-links both in primary

nondifferentiated and in differentiating mouse and rat osteoblast cells via blocking

the binding of collagen to discoidin domain receptor-2 [56]. AGEs accumulation in

68 S.-i. Yamagishi



the bone also suppressed lysyl oxidase and induced bone collagen degradation in a

rat model of renal osteodystrophy [57]. Further, in other animal models, despite the

lack of reduction in BMD, bone mechanical properties were impaired in spontane-

ously diabetic WBN/Kob rats, which were coincided with decreased enzymatic

cross-link formation and increased pentosidine level in the bone collagen

[58]. Using a high-resolution nonlinear finite element model that incorporates

cohesive elements and micro-computed tomography-based 3D meshes, Tang

et al. reported that age-related increase in bone porosity and AGEs resulted in an

88 % reduction in propagation toughness [59]. Moreover, trabecular pentosidine in

human vertebrae was significantly associated with whole bone strength [60]. In

addition, the intensity of staining of AGEs in bone specimens of osteoporotic

subjects was correlated with patient age and inversely associated with the percent-

age of bone surface covered with osteoblasts [61]. Vitamin C transporter expression

in the type 1 diabetic mouse bone and bone marrow was suppressed which was

accompanied with decreased bone formation and lower bone quality in these

animals [62]. These observations suggest that mechanical integrity of the collagen

network in the bone might deteriorate with diabetes and/or age due to enhanced

accumulation of bone AGEs and increased oxidative stress, being involved in

osteoporosis in these subjects.

5.8 Serum and Urinary Level of AGEs as a Biomarker

of Osteoporosis

Serum pentosidine level was significantly increased in postmenopausal type 2 dia-

betic women with vertebral fractures compared with those without fractures [63]. In

the same study, serum pentosidine level was also associated with the presence of

vertebral fractures independent of BMD, risk factors for osteoporosis, diabetic

AGE-RAGE axis activation in MSCs

Oxidative stress generation

Osteoporosis

Decreased growth
Impaired migration and differentiation

Increased inflammation
Senescence

Diabetes (Hyperglycemic conditions)

Impaired bone repair

Fig. 5.3 Effects of the

AGE-RAGE axis on MSCs
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status, and renal function [63]. Hein et al. have reported that the osteoporosis group

has significantly higher serum concentrations of pentosidine and CML than healthy

subjects [64]. In subgroups characterized by increased bone resorption, serum

pentosidine was correlated significantly with histomorphometric marker reflecting

osteoclast activity and bone resorption [64]. Shiraki et al. showed that urinary

pentosidine level was correlated with time-dependent incidence of vertebral frac-

tures in elder women who were not receiving any drug treatment for osteoporosis,

whose association was totally independent of the traditional risk factors for osteo-

porosis [65]. When examining the relationship between baseline characteristics and

incident vertebral fracture in Japanese osteoporosis patients undergoing

bisphosphonate treatment, they also found that patients who developed incident

vertebral fractures were older and had lower lumbar spine BMD, a higher prevalent

vertebral fracture number, and higher urinary pentosidine level than patients who

did not develop vertebral fractures [66]. In the Cox’s proportional hazard model,

higher baseline urinary excretion level of pentosidine was one of the independent

predictors of the incident vertebral fracture in these subjects [66]. Moreover,

Schwartz et al. reported that elevation in urinary pentosidine level was indepen-

dently associated with both increased clinical fracture incidence and vertebral

fracture prevalence in elderly patients with type 2 diabetes [67].

Serum level of endogenous secretory RAGE (esRAGE)-to-pentosidine ratio in

type 2 diabetic patients with vertebral fractures was significantly lower than in those

without vertebral fractures [68]. Multivariate logistic regression analysis adjusted

for age, serum creatinine, duration of diabetes, therapeutic agents, osteoporotic risk

factors, and lumbar BMD showed that both low serum level of esRAGE and

decreased esRAGE-to-pentosidine ratio were independently associated with the

prevalence of vertebral fractures in patients with type 2 diabetes as well

[68]. These findings suggest that serum esRAGE level and esRAGE-to-pentosidine

ratio might be a more useful biomarker than BMD for assessing the risk of vertebral

fractures in type 2 diabetic patients. Bone quality is more important than BMD in

defining the increased risk for osteoporotic bone fractures in type 2 diabetic patients

[17–19]. Furthermore, since the AGE-RAGE system plays a role in impaired bone

quality in type 2 diabetic subjects [47], the authors speculated that an insufficient

amount of esRAGE to counteract AGEs could intensify the binding of AGEs to

RAGE and resultantly exert harmful effects on bones, thereby being involved in the

increased risk of vertebral fractures in their patients. However, soluble form of

RAGE (sRAGE) can be generated both from proteolytic cleavage of cell membrane

surface full-length RAGE by sheddase and novel splice variants of RAGE

[69, 70]. Circulating sRAGE in humans is mainly derived from the cleavage of

membrane-bound RAGE, whereas esRAGE is one of the C-truncated splice

isoforms of RAGE and only constitutes small part of endogenous sRAGE

[69, 70]. Moreover, since interaction of RAGE with the ligands such as AGEs

and HMGB1 promotes the RAGE shedding [70], it is conceivable that sRAGE level

could correlate with high levels of ongoing inflammation in diabetes. Therefore,

although exogenously administered high amounts of sRAGE were shown to block

the harmful effects of AGEs in animals by acting as a decoy receptor [71, 72], it is
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questionable that esRAGE may also exert the same biological effects in humans.

Serum concentration of esRAGE in humans is about 5,000 times lower than needed

for the binding to and efficiently eliminating circulating AGEs [69, 73]. Taken

together, decreased level of esRAGE may be associated with the prevalence of

vertebral fractures in type 2 diabetes in unknown mechanisms other than working as

a decoy receptor for AGEs. Since we and others have recently found that sRAGE

levels are independently and inversely associated with HMGB1 level in an appar-

ently healthy population and that sRAGE is absent and HMGB1 level is higher in

diabetic RAGE�/�/apoE�/� mice [74, 75], esRAGE might protect against vertebral

fractures by working as a decoy receptor for circulating HMGB1. Binding affinity

of HMGB1 to RAGE is ten times higher than that of AGEs, whereas serum

concentration of HMGB1 is 1,000 times less than that of AGEs [69, 74, 75], thus

supporting the concept that circulating HMGB1 but notAGEs might be a molecular

target for esRAGE in diabetic patients with osteoporosis.

In a cross-sectional study, 128 men and premenopausal women with type

1 diabetes, individuals with bone fractures had higher pentosidine level compared

to those without fractures, while there was no significant difference of CML and

esRAGE values between the two groups [76]. Moreover, multivariate logistic

regression analysis revealed that the pentosidine level but not BMD was indepen-

dently associated with prevalent fractures [76]. These findings suggest that osteo-

porotic bone fractures could result from impaired bone quality due to accumulation

of pentosidine in the bone, which was unrelated with decreased esRAGE levels.

5.9 Other Biomarkers

As discussed above, oxidative stress or low levels of antioxidants are supposed to

reduce BMD and cause osteoporosis in diabetic patients. An imbalance between

natural antioxidative and oxidative markers was observed in patients with osteo-

porosis [77, 78]. Plasma total homocysteine level was higher in postmenopausal

diabetes women with osteoporosis than those without osteoporosis [77]. BMD was

closely correlated with homocysteine value in these subjects [78]. Homocysteine

level was also shown to be inversely correlated with BMD and with both dietary

intake and serum concentration of folate in Japanese type 2 diabetic patients, thus

suggesting that nutritional status of folate might affect the homocysteine level, a

putative risk factor for osteoporosis [78]. Furthermore, Kuyumcu et al. reported that

higher serum uric acid and albumin levels were associated with a lower prevalence

of osteoporosis, whereas higher homocysteine level was correlated with lower

BMD and higher osteoporosis prevalence [79]. Increased uric acid levels were

also associated with higher lumbar spine BMD in peri- and postmenopausal Japa-

nese women [80].
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5.10 Bisphosphonates

Bisphosphonates are a potent inhibitor of bone resorption and are one of the most

widely used drugs for treatment of osteoporosis [81]. Farnesyl pyrophosphate

synthase has been shown to be as a molecular target of nitrogen-containing

bisphosphonates, and inhibition of posttranslational prenylation of small molecular

weight G proteins is likely involved in their antiresorptive activity on osteoclasts

[82, 83]. Since AGEs exert various biological actions on a variety of cells through

RAGE-mediated, NADPH oxidase-induced ROS generation and subsequent

NF-κB activation via Ras-MAPK pathway [84–86], it is conceivable that

nitrogen-containing bisphosphonates might have pleiotropic properties by blocking

farnesylation of small G proteins, which serve as lipid attachments for a variety of

intracellular signaling molecules. Indeed, we have previously found that

minodronate, a nitrogen-containing bisphosphonate, inhibits the AGE-induced

vascular cell adhesion molecule-1 expression in endothelial cells by suppressing

ROS generation via suppression of geranylgeranylation of Rac, a component of

endothelial NADPH oxidase [86]. Incadronate also reverted the angiogenic activity

of AGEs in endothelial cells by suppressing the RAGE-downstream signaling

[85]. Moreover, AGEs significantly decreased osteoblast proliferation, ALP activ-

ity, and type 1 collagen production while increasing osteoblastic apoptosis and ROS

production, all of which were completely reverted by low doses of bisphosphonates

[87]. Bisphosphonates may block the deleterious actions of AGEs on osteoblastic

cells via Ca(2+) influx, because the L-type calcium channel blocker, nifedipine, has

been shown to inhibit the effects of bisphosphonates on AGE-exposed osteoblasts

[87]. These findings could suggest a novel beneficial aspect of bisphosphonates on

osteoporosis; bisphosphonates could protect against the AGE-induced bone loss

partly by suppressing the RAGE-downstream signaling pathways in osteoblasts via

inhibition of NADPH oxidase-mediated ROS generation.

However, it should be mentioned that 1 year of high-dose bisphosphonate

therapy in dogs allowed the increased accumulation of AGEs and reduced postyield

work-to-fracture of the cortical bone matrix [88]. Furthermore, pentosidine contents

were increased following 3-year treatment with incadronate in dogs [89]. These

observations suggest that long-term use of bisphosphonates might impair physio-

logical bone remodeling, which could lead to an increase in nonenzymatic cross-

linking in the bone, thereby altering bone matrix quality and being involved in

bisphosphonate-related atypical femoral fractures [90]. AGEs disrupted the osteo-

blastic actin cytoskeleton and altered the cell morphology with a decrease in cell-

substratum interactions, thereby causing apoptotic cell death of osteoblasts, all of

which was deteriorated by the treatment with high concentration of

alendronate [91].

72 S.-i. Yamagishi



5.11 Selective Estrogen Receptor Modulator (SERM)

Raloxifene, one of the widely used SERMs, which has estrogen-like effects on bone

and “antiestrogen effects” on other tissues, has been in development for osteopo-

rosis prevention and treatment in postmenopausal women [92]. Raloxifene has been

shown to ameliorate detrimental enzymatic and nonenzymatic collagen cross-links

and bone strength in rabbits with hyperhomocysteinemia [93]. ROS-activated

FoxOs in early mesenchymal progenitor cells inhibited the Wnt signaling path-

ways, thereby impairing the osteoblastogenesis, which was prevented by estrogen

[94]. Further, we have very recently found that bazedoxifene could inhibit the

AGE-RAGE-induced endothelial cell damage through its antioxidative properties

(unpublished data). Pullerits et al. reported that postmenopausal rheumatoid arthri-

tis patients receiving hormone replacement therapy (estradiol plus norethisterone

acetate) displayed significantly decreased serum level of sRAGE, which was

associated with the elevation in serum estradiol [95]. They also found that

sRAGE level at baseline was correlated with bone/cartilage turnover markers.

The decrease of sRAGE level after hormone replacement therapy paralleled with

diminished concentration of the markers and was correlated with an increase in

total BMD in these subjects [95]. These findings further support the concept that

sRAGE might be a biomarker that could reflect tissue RAGE expression in the bone

and that hormone replacement therapy could exert beneficial effects on bone

metabolism in postmenopausal rheumatoid arthritis patients by inhibiting the

AGE-RAGE-oxidative stress axis in the bone.

5.12 Parathyroid Hormone (PTH)

Panuccio et al. reported that plasma pentosidine level was inversely related with

circulating PTH and bone ALP value in hemodialysis patients [96]. The observa-

tions could suggest that AGEs accumulation may be a factor involved in low bone

turnover in dialysis patients. Human PTH(1–34) treatments for 18 months were

shown to increase bone volume and trabecular thickness and to decrease

pentosidine level in an ovariectomized primate model [97]. Administration of

human PTH(1–34) is a promising strategy for the treatment of osteoporosis; it not

only increases BMD but also may improve bone quality by reducing the accumu-

lation of AGEs in the bone of postmenopausal women.

5.13 Vitamin D

AGEs suppressed the differentiation osteoblasts via osteoglycin production from

the myoblasts, which was prevented by 1α-25-dihydroxyvitamin D3 [98].

5 Mechanism for the Development of Bone Disease in Diabetes: Increased. . . 73



5.14 Conclusions

Inhibition of the AGEs formation in the bone matrix and blockade of the AGE-

RAGE-oxidative stress system among osteoblasts, osteoclasts, and MSCs may be

novel therapeutic strategies for preventing osteoporotic bone fractures in diabetes.
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Chapter 6

Mechanism for the Development of Bone

Disease in Diabetes: Renal Bone Disease

Yasuo Imanishi and Masaaki Inaba

Abstract Bone fragility is caused by chronic kidney disease (CKD). Renal

osteodystrophy induced by secondary hyperparathyroidism of uremia is considered

the main factor for the bone disease. Meanwhile, studies on degeneration of bone

quality in CKD have recently advanced, and development of diagnostic and treat-

ment methods is awaited.

Keywords Osteoporosis • Chronic kidney disease (CKD) • Chronic kidney

disease-mineral and bone disease (CKD-MBD) • Bone quality

6.1 Introduction

Fragility fracture in osteoporosis may impair the patient’s activities of daily living

or lead to a bedridden state. As a result, not only is the patient’s quality of life

substantially lowered, but the patient’s life prognosis may also be threatened. At the

2001 Consensus Meeting of the National Institutes of Health in the United States,

osteoporosis was defined as a skeletal disorder characterized by compromised bone

strength predisposing to an increased risk of fracture [1]. Bone fragility is wors-

ened, and the fracture risk is increased in osteoporosis due to reduced bone mass

and lowered bone quality associated with bone microstructure.

In chronic kidney disease-mineral and bone disorder (CKD-MBD), serum cal-

cium (Ca) and phosphate (P) concentrations are important factors in determining

prognosis [2]. Regulation of Ca and P concentrations is related to bone fragility

caused by secondary hyperparathyroidism of uremia (SHPT) [3] and to cardiovas-

cular death [4].

Diagnosis and management of osteoporosis in patients with CKD stages 1–3 and

patients without CKD are similar, but diagnosis and management decisions differ

greatly once patients have CKD stages 4–5 [5]. Accordingly, the impaired bone

quality as well as CKD-MBD, in addition to the lowered bone density, must be

understood and controlled in order to deal with osteoporosis in CKD.
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6.2 Bone Fragility in Chronic Renal Disease

In addition to osteoporosis, fragility fracture-associated metabolic bone diseases

include osteomalacia, osteogenesis imperfecta, fibrocystic osteitis, bone metastasis

of malignant tumor, osteopetrosis, and Paget’s disease of bone. Renal

osteodystrophy (ROD) in CKD-MBD is important because of the large number of

patients with ROD.

6.2.1 Renal Osteodystrophy

ROD is a collective term for different bone diseases observed in CKD-MBD. Not

only osteoporosis but also fibrocystic osteitis, osteomalacia, aplastic bone disease

(aluminum bone disease included), and amyloid bone disease are included in

ROD-related diseases that induce bone fragility. Therefore, in cases of advanced

CKD, a bone biopsy is sometimes required to confirm the histological type

[6]. Bone morphometry-based bone turnover, mineralization, and volume (TMV)

classification (Table 6.1) has recently been used for histological classification of

ROD and is an important assessment method for ROD [6].

6.2.2 Bone Mineral Density in CKD

According to a survey of 2174 Japanese men age 65 or older, bone density of

lumbar spine and femur was negatively correlated to renal function [7]. Further-

more, a meta-analysis of the patients with end-stage renal failure (CKD stage 5)

showed that bone density was low in the patients who had previously experienced

bone fractures [8], suggesting that bone density measurement may be useful for

fracture risk assessment in CKD stage 5. However, the prevalence of fracture in the

proximal femur is higher in patients on maintenance hemodialysis (CKD stage 5D),

regardless of age or sex, compared with the general public [9], indicating that CKD

itself is a factor for bone fragility.

Table 6.1 TMV

classification system for renal

osteodystrophy [6]

Turnover Mineralization Volume

High Normal High

Normal Abnormal Normal

Low Low

TMV bone turnover, mineralization, and volume
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6.2.3 Residual Renal Function and Bone Fragility

Even in CKD stages 1–3 with mild renal dysfunction, lower renal function has been

shown to be a risk for fracture in the proximal femur, after correction for bone

density [10]. Accordingly, bone density alone has a limitation in assessing bone

fragility in CKD as in the case of diabetes [11].

Fracture prevalence is particularly high in CKD patients with a glomerular

filtration rate (GFR) <60 mL/min, and their prevalence has been reported as 2.12

times that of the patients with GFR �60 mL/min [12]. Furthermore, as already

mentioned (Sect. 6.2.2), maintenance hemodialysis patients with advanced renal

dysfunction (CKD stage 5D) have a higher prevalence of proximal femur fracture

than the general population, regardless of age or sex [9]. Even in the CKD stage 5D

patients on hemodialysis for less than 1 year, their prevalence of proximal femur

fracture is higher compared with non-CKD patients, a trend that continues over a

long time [13] (Fig. 6.1).

6.2.4 SHPT and Bone Fragility

In CKD stage 5D patients, the prevalence of SHPT associated with a marked

increase of parathyroid hormone (PTH) is still high, which is a risk factor for
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Fig. 6.1 Incidence of proximal femur fracture after introduction of hemodialysis [13]. Standard-

ized incidence ratios (SIRs) stratified by vintage for men and women and standardized for age.

Error bars indicate 95 % confidence intervals. Less than 1 year after introduction of hemodialysis,

SIR was already substantially higher than that of the general public (horizontal line set as 1.0 on

the y-axis), a trend that continued for 15 years after hemodialysis introduction. At 16 years and

beyond, SIRs rapidly increased
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fracture. An excessive increase of PTH in SHPT worsens ROD, particularly osteitis

fibrosa, increasing the fracture risk [3].

Increased bone turnover in SHPT is considered a factor for bone fragility in

CKD [14]. According to a report on cross-sectional examination of bone biopsy

specimens of CKD stage 5D patients, bone turnover markers, namely, osteon

activation frequency and bone formation rate, are negatively correlated with

serum sclerostin and positively correlated with serum intact PTH [15], and this

finding is one piece of the evidence for PTH’s acceleration of bone turnover.

6.2.5 Bone Quality in CKD

In CKD, only a weak correlation is found between bone density and fracture rate,

compared with primary osteoporosis [16]. Therefore, decreased bone quality, rather

than decreased bone density, is suspected as a factor for fragility fracture in CKD.

Bone quality deteriorates due to advancement of hyperhomocysteinemia in associ-

ation with progression of CKD [17], thereby increasing formation of pentosidine

cross-links, which are nonphysiological cross-links for type 1 collagen in bone

tissue, and bone fragility develops [18]. According to a study on iliac biopsies of

CKD stage 5D patients with advanced SHPT, mature cross-links decreased and

immature cross-links increased in bone tissue [19]. The content of pentosidine

increased substantially in the bone tissue of CKD stage 5D patients compared

with that of healthy people, and bone formation rate per bone volume and mineral

apposition (bone calcification) rate were inversely proportional. Based on the

above, the increase in advanced glycation end-product cross-links such as

pentosidine cross-links is strongly related to abnormal bone metabolism in CKD

stage 5D patients.

Bone density cannot accurately assess fracture risk because of technological

problems with bone densitometry measured by dual-energy X-ray absorptiometry

(DXA). High-resolution peripheral quantitative computed tomography (HR-pQCT)

for peripheral bones produces images of minute bone tissues and therefore is more

reliable than DXA for evaluation of osteoporosis [20]. HR-pQCT is particularly

good for evaluating cortical bone. In CKD patients, cortical bone becomes osteo-

porotic due to SHPT and acceleration of bone metabolic turnover [21]. Because

osteoporosis of cortical bone cannot be captured by a traditional DXA, it is

considered an aspect of bone quality.

6.2.6 Other Factors Affecting Bone Fragility in CKD

In a retrospective cohort study of 144 patients with CKD stage 5D using the onset of

fragility fracture as the outcome [22], sex (female), fracture history, decreased

radial bone density, relative hypoparathyroidism, and vitamin D deficiency were
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found to be independent risk factors for fragility fracture (Table 6.2). Even in

healthy people without reduced kidney function, the level of vitamin D sufficiency

and prevalence of proximal femur fracture are correlated [23]. In patients on CKD

stage 5D, attention should be paid not only to the decrease of serum 1,25-

dihydroxyvitamin D (1,25-(OH)2D) but also to the level of nutritional vitamin D

sufficiency or serum 25-hydroxyvitamin D (25-OHD) level.

In the present study, relative hypoparathyroidism was demonstrated as a signif-

icant risk factor for fragility fracture [22] (Table 6.2). Excessive suppression of

bone metabolism may delay the repair of bone microdamage, leading to the onset of

fragility fracture.

6.3 Chronic Kidney Disease-Mineral and Bone Disease

With progression of CKD, calcium and phosphate homeostasis collapses and risk of

death and cardiovascular events increases [2]. In CKD, bone diseases and ectopic

calcification develop concurrently. Therefore, the term “chronic kidney disease-

mineral and bone disorder (CKD-MBD)” has been recommended to represent the

concept of bone mineral metabolism disorder [6].

6.3.1 Calcium and Phosphate Homeostasis

Homeostasis for calcium (Ca) and phosphate (P) concentrations in serum involves

three hormones: PTH, 1,25-(OH)2D, and fibroblast growth factor 23 (FGF-23).

PTH, 1,25-(OH)2D, and FGF-23 form a feedback loop with Ca and P [24] (Fig. 6.2).

Table 6.2 Correlates of bone fracture in prevalent hemodialysis patients

OR P 95 % CI

Sex (female) 18.092 0.026 1.406–232.937

Fracture before HD 73.786 0.001 6.143–886.217

Previous transplantation 0.462 0.541 0.039–5.508

Duration of RRT 0.998 0.740 0.986–1.010

iPTH <100 pg/mL 37.774 0.022 1.694–842.189

iPTH >300 pg/mL 1.981 0.499 0.273–14.372

Kt/V 0.023 0.154 0.000–4.141

Radius Z-score (1-SD decrease) 2.691 0.006 1.327–5.459

25-OHD <20 nmol/L 11.215 0.026 1.326–94.813

In a multivariate logistic regression model, Hosmer-Lemeshow χ2 P¼ 0.811 [22]

OR odds ratio, CI confidence interval, HD hemodialysis, RRT renal replacement therapy, iPTH
intact parathyroid hormone, Kt/V efficiency of hemodialysis, SD standard deviation, 25-OHD
25-hydroxyvitamin D
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Furthermore, PTH, 1,25-(OH)2D, and FGF-23 form feedback loops among each

other. These hormones play an important role in serum Ca-P homeostasis.

PTH, produced from the parathyroid gland, is important for the minute-to-

minute regulation of serum Ca concentration. In the parathyroid gland, there are

vitamin D receptors (VDRs), calcium-sensing receptors (CaSRs), and fibroblast

growth factor receptor (FGFR)-Klotho complexes [25] (Table 6.3), which transmit

to parathyroid cells information regarding the 1,25-(OH)2D, Ca, and FGF-23

concentrations in the blood, respectively, thus modulating PTH secretion.

CaSR, in particular, has an important role in regulating serum Ca concentration.

CaSR is a seven-transmembrane receptor in the parathyroid cell membrane. PTH is

a hormone with high responsiveness for maintaining the serum Ca concentration.

The parathyroid cell is highly sensitive to the changes in extracellular Ca concen-

tration and regulates PTH secretion accordingly [25] (Fig. 6.3). Cinacalcet and

other CaSR agonists modulate CaSR allosterically and make the parathyroid cell

behave in a way as if the extracellular Ca concentration were high. In addition to the

regulation of PTH release from the secretory granules in the parathyroid cell [26],

cinacalcet is involved in PTH gene transcription and posttranscriptional regulation

[27]. Furthermore, cinacalcet is involved in the regulation of parathyroid cell

growth [28] and also contributes to the PTH secretion regulatory mechanism.

FGF-23 is produced from bone and can regulate serum phosphate concentration

without causing much change in the serum Ca concentration. Secretion of FGF-23

from osteocytes is regulated by dietary phosphorus loading, 1,25-(OH)2D, and PTH

[24] (Fig. 6.2). The FGFR-Klotho complex is a receptor for FGF-23. In Klotho-

mutant mice, the function of Klotho (part of the receptor) is deficient, and

PTH

FGF-23

P

1,25-(OH)2D

Ca2+

+
+

+-
+ -

-
+-

-+ -

+
-

Fig. 6.2 Feedback loops in calcium and phosphate homeostasis [24]. Calcium and phosphate

homeostasis is regulated by three hormones: parathyroid hormone (PTH), 1,25-dihydroxyvitamin

D (1,25-(OH)2D), and fibroblast growth factor 23 (FGF-23). A feedback loop is formed between

respective factors, playing an important role in serum Ca-P homeostasis

Table 6.3 Receptors in

parathyroid cells affecting

PTH secretion [25]

Receptor Location

VDR Cell nucleus

CaSR Cell membrane

FGFR-Klotho complex Cell membrane

VDR vitamin D receptor

CaSR calcium-sensing receptor

FGFR fibroblast growth factor receptor
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acceleration of aging and ectopic calcification have been reported [29]. The phos-

phorus metabolism regulatory system controlled by the FGF-23 signaling has an

important role in Ca-P homeostasis in the blood, particularly in suppression of

ectopic calcification.

6.3.2 Pathogenesis of SHPT

In the initial stage of CKD, the serum Klotho concentration decreases first and then

the serum FGF-23 concentration increases [30] (Fig. 6.4). With progression of

CKD, the elevation of serum phosphorus concentration cannot be suppressed by

only the increased FGF-23, leading to an increase of PTH. When FGF-23 and PTH

finally fail to regulate phosphorus metabolism, the serum phosphorus concentration

rises.

Acceleration of PTH synthesis/secretion, parathyroid cell growth, and parathy-

roid hyperplasia occur due to hyperphosphatemia-induced relative hypocalcemia, a
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Fig. 6.3 Extracellular calcium-induced changes in the parathyroid hormone (PTH) secretion-

regulating mechanism and changes in pathological condition [25]. (a) Normal PTH-Ca sigmoid

curve. In accordance with the changes in serum calcium, PTH is produced. The serum calcium

concentration corresponding to the midpoint PTH value between maximal and minimal PTH

secretion is called the set point, which is used to evaluate parathyroid sensitivity to serum calcium

concentration. The increase of the set point indicates a reduction of sensitivity to serum calcium,

suggesting decreased calcium-sensing receptor (CaSR) expression in the parathyroid. (b) The case

where only the number of secretory cells increases with no set-point abnormality. The PTH-Ca

sigmoid curve only moves upward with no rightward shift and no hypercalcemia. (c) In primary

hyperparathyroidism or severe secondary hyperparathyroidism, the number of secretory cells

increases, and the PTH-Ca sigmoid curve moves upward, thus reducing CaSR expression in the

parathyroid, with elevation of the set point and a rightward shift of the PTH-Ca sigmoid curve. In

such a condition, hypercalcemia and excessive PTH concentration in the blood may coexist. (d) In

autosomal dominant hypocalcemia induced by an activating mutation of the CaSR, parathyroid

sensitivity to serum Ca increases, with a leftward shift of the PTH-Ca sigmoid curve due to the

lowered set point. Calcimimetic CaSR agonists such as cinacalcet also lower the set point
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direct effect of hyperphosphatemia on the parathyroid, and vitamin D activation

disorder. In such conditions, PTH activity becomes excessive, transferring phos-

phorus from bone to blood and further aggravating the hyperphosphatemia, leading

to progression of CKD. Even if hemodialysis or peritoneal dialysis is introduced, its

capacity to remove phosphorus is limited, and hyperphosphatemia persists,

resulting in aggravation of SHPT.

According to the analysis of uremia-associated parathyroid tumors removed by

parathyroidectomy (PTX) in the patients with medically refractory SHPT, many of

these tumors were found to be monoclonal tumors (produced from a single cell)

with somatic mutations [31]. The parathyroid initially demonstrates diffuse hyper-

plasia due to polyclonal growth but undergoes somatic mutation by a persistent

proliferative stimulus and finally progresses to monoclonal nodular hyperplasia

originating in a single cell [24] (Fig. 6.5). In such uremia-associated parathyroid

tumors, decreased expression of VDR and CaSR is observed [32, 33].

Reduction of CaSR expression in the cellular membrane induces an abnormality

in the extracellular Ca-sensing mechanism. The mechanism of regulating PTH

secretion according to the serum Ca concentration is then impaired, and the

PTH-Ca sigmoid curve is shifted to the right [24] (Fig. 6.3), indicating that a higher

concentration of extracellular Ca is required to suppress PTH secretion. When the

sigmoid curve is shifted substantially to the right due to progression of SHPT, the
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Fig. 6.4 Time profile of changes in plasma fibroblast growth factor 23 (FGF-23), Klotho, active

vitamin D, and phosphate levels as chronic kidney disease (CKD) progresses [30]. With progres-

sion of CKD, the serum Klotho concentration decreases and the serum FGF-23 concentration

increases, thereby suppressing the elevation of serum P concentration. However, with further

deterioration of renal function, the 1,25-dihydroxyvitamin D3 (1,25-(OH)2D3) concentration

decreases, and the serum parathyroid hormone (PTH) concentration increases in order to maintain

the serum P concentration, but the serum P concentration goes up due to substantial progression of

CKD. eGFR estimated glomerular filtration rate
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serum Ca concentration may sometimes exceed the normal level to induce

hypercalcemia.

Due to progression of CKD and hyperphosphatemia, the activity of 1-

α-hydroxylase in kidney tubules decreases, and the serum 1,25-(OH)2D concentra-

tion is reduced. In the parathyroid, expression of VDR, one of the nuclear receptors,

is reduced [32]. The PTH secretion-suppressing activity via 1,25-(OH)2D and

parathyroid cell proliferation-suppressing activity are disturbed, resulting in further

progression of SHPT.

Fig. 6.5 Formation of uremia-associated parathyroid tumors (modification of reference [24]). (a)

In primary hyperparathyroidism (parathyroid adenoma), a sequence of somatic mutations occurs

and provides the cells with proliferative predominance. In such cells with increased proliferative

potency, additional somatic mutations are likely to occur. Eventually, monoclonal tumors are

formed. (b) With progression of chronic kidney disease (CKD), polyclonal parathyroid tumors are

formed by growth stimulation on parathyroid gland. The actively dividing cells are likely to induce

somatic mutations. As a result of proliferative predominance through somatic mutation, mono-

clonal uremia-associated parathyroid tumors are formed
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In the physiological state, FGF-23 has phosphaturic activity as well as PTH

secretion-suppressing activity. In the patients on maintenance hemodialysis

(CKD5D), despite a substantial increase of the FGF-23 concentration in blood,

FGF-23 is positively correlated with PTH. Even a high concentration of FGF-23

cannot sufficiently suppress PTH secretion [34], possibly because reduction of

Klotho and FGFR expression in the parathyroid gland [35] impairs the FGF-23

signal transmission to parathyroid cells via the FGFR-Klotho complex, leading to

the failure to suppress PTH secretion.

As discussed above, PTH secretion and parathyroid cell proliferation increase

due to hyperphosphatemia, impaired vitamin D activation, and dysfunctions of

various receptors in the parathyroid gland (CaSR, VDR, and FGFR-Klotho com-

plex) (Table 6.3), finally resulting in the substantial collapse of Ca-P homeostasis in

serum [25].

6.3.3 Role of FGF-23 in Bone Fragility

In Swedish-elderly males who participated in the multicenter prospective MrOS

study, a positive correlation was demonstrated between serum FGF-23 concentra-

tion and fracture [36]. After correction for renal function, correlations were found

between FGF-23 concentration and the total fracture risk (age-corrected hazard

ratio 1.20 [95 % confidence interval 1.03–1.40]) and vertebral facture risk

(age-corrected hazard ratio 1.33 [95 % confidence interval 1.02–1.75]). In this

study, whether FGF-23 itself induced bone fragility could not be determined, but

FGF-23 was shown to be a prognostic factor for fracture risks.

When phosphaturia is likely to occur without much impairment of renal func-

tion, excessive FGF-23 may cause bone calcification disorder due to

hypophosphatemia and vitamin D activation disorder induced by accelerated phos-

phaturia [37]. However, in CKD, there is no or a very limited incidence of

phosphaturia, and the state of hypophosphatemia does not emerge, which raises

the question of whether or not the bone tissue would be directly affected by

excessive FGF-23 levels in the blood of CKD patients.

In a cellular experimental system (in vitro), excessive FGF-23 has been reported

to suppress osteoblast differentiation and matrix calcification, via FGFR1 [38],

indicating a direct effect of FGF-23 on bone tissue. However, in a model mouse

of primary hyperparathyroidism with accelerated bone turnover, FGF-23 gene

expression increased in bone tissue [39]. Increased FGF-23 in fracture patients

may be caused by accelerated bone turnover. The question of a direct effect, or not,

of FGF-23 on bone will have to be further studied.
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6.4 Treatment for Bone Fragility in CKD

ROD classification-based treatment is recommended for the patients with advanced

CKD, when lower bone density or bone fragility is observed, and a bone biopsy is

sometimes required to confirm the histological type [6]. However, a bone biopsy is

not always carried out before treatment, and treatment may be started by guesswork

regarding histological type based on metabolism markers and other serological test

results. Treatment of bone in CKD is usually carried out with three types of agents:

antiresorptive agents such as bisphosphonate, denosumab, and selective estrogen

receptor modulators (SERMs); osteoporosis drugs such as bone-forming agents

(e.g., teriparatide); and drugs used to treat CKD-MBD.

6.4.1 Bisphosphonates

In nine clinical studies including 8,996 women with CKD (stages 1–3) and post-

menopausal osteoporosis, risedronate was found to reduce the fracture rate [40],

even in a group with significant renal dysfunction (median GFR �30 mL/min). In

the Fracture Intervention Trial (FIT), alendronate lowered the fracture rate, regard-

less of renal function at the start of the trial [8]. However, in a 6-month placebo-

controlled study in CKD5D patients, alendronate significantly, although modestly,

suppressed the decrease of femoral bone density [41]. Therefore, the usefulness of

bisphosphonates in CKD5D will have to be further examined. Although the use of

bisphosphonates in CKD is an interesting subject, awareness is needed in advanced

CKD that it may result in adynamic bone formation.

6.4.2 Denosumab

In mild to moderate CKD, the efficacy of denosumab has been demonstrated

[42]. However, hypocalcemia has been reported to develop in some patients with

kidney failure requiring hemodialysis [43]. Therefore, denosumab must be cau-

tiously administered in advanced CKD patients.

6.4.3 Selective Estrogen Receptor Modulators

Aiming to elucidate the fracture-preventing activity of raloxifene, a large-scale

clinical study (Multiple Outcomes of Raloxifene Evaluation [MORE] study) was

carried out in 180 centers of 25 countries. The subjects were 7705 osteoporotic

women at least 2 years away from menopause. Whether or not they had fractures
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previously, the onset of new vertebral fracture was prevented [44]. From among the

MORE study participants, 7316 patients whose serum creatinine had been mea-

sured at the time of study initiation were reanalyzed. Regardless of the level of renal

function, raloxifene increased femoral bone density and vertebral bone density. It

further reduced the vertebral compression fracture rate [45] (Fig. 6.6).

Bazedoxifene, an SERM, lowered bone metabolism marker levels, regardless of

renal function before treatment, and improved lumbar and femoral density [46]. Fur-

thermore, no serious adverse reactions were reported in association with renal

dysfunction.

In a study of CKD5D, raloxifene increased vertebral density [47]. Furthermore,

administration of raloxifene for 1 year improved calcaneal density and bone

metabolism marker levels in diabetic as well as nondiabetic CKD5D patients

[48]. Based on these findings, SERMs are considered useful in improving bone

fragility of CKD patients including CKD5D patients.

6.4.4 Teriparatide

Although the efficacy of teriparatide was demonstrated in mild to moderate CKD

[49], it is considered a contraindication for patients with SHPT [50]. Some people

recommend teriparatide for CKD with adynamic bone disease [51]. However, a

report suggested that the bone of CKD patients is less responsive to PTH [52], and

therefore, further investigation is required in this area.

Fig. 6.6 Effect of raloxifene to increase bone density [45]. From among 7,705 participants in the

MORE study, 7,316 patients (chronic kidney disease stages 1–3) whose serum creatinine had been

determined at the time of study initiation were reanalyzed. Analysis was made of three groups

divided by estimated glomerular filtration rate calculated by the modification of diet in renal

disease (MDRD) method:�45, 45–59, and�60 mL/min. In all of the groups, raloxifene increased

lumbar and vertebral density and reduced the rate of vertebral compression fracture. No effects

were found on the nonvertebral fracture rate
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6.4.5 Therapy for CKD-MBD

Dietary therapy is first conducted to sufficiently control the serum P level. How-

ever, in the case of insufficient control, a phosphate binder should be orally

administered. In the past, calcium-based phosphate binders (e.g., calcium carbon-

ate) were used, but the concurrent use of VDR agonists (VDRAs) easily induced

hypercalcemia or increased the calcium-phosphate product, and therefore, non-

calcium-based phosphate binders such as sevelamer hydrochloride and lanthanum

carbonate have been more frequently used.

In the parathyroid gland, VDRAs suppress PTH gene transcription and PTH

secretion as well as proliferation of parathyroid cells. However, in the uremia-

associated parathyroid tumors, the expression of VDR, the target molecule for

VDRAs, is reduced, and therefore, the effect of the VDRA is limited. Furthermore,

VDRAs accelerate calcium absorption in the small intestine, inducing hypercalce-

mia depending upon the dose level. Accordingly, the dosage level is restricted, and

serum PTH cannot be fully suppressed in many cases.

CaSR agonists (calcimimetics) allosterically act on the CaSR in the parathyroid

gland and suppress PTH secretion [26, 53], thus reducing the serum calcium-

phosphate product. Furthermore, the calcimimetics inhibit parathyroid cell prolif-

eration [28]. The effect of calcimimetics is maintained to a certain level even in

parathyroid tumors where expression of the target CaSR is reduced [54].

According to the results of a combined analysis of four studies on cinacalcet in

maintenance hemodialysis patients, the risks for PTX-, fracture-, and cardiovascu-

lar event-related hospitalization were significantly reduced by cinacalcet [55]. Fur-

thermore, in maintenance hemodialysis patients in the EVOLVE trial, cinacalcet

significantly reduced the incidence of fracture with a hazard ratio of 0.84 by

intention-to-treat analysis after correction for fracture risk factors (history of

fracture, age, smoking, etc.) [56].

PTX is recommended for SHPT that is refractory to medical treatment. In a

matched cohort study to monitor the long-term effect of PTX, PTX reduced the

occurrence of femoral fracture by 32 % and the combined rate of fracture in femur,

vertebra, and distal forearm by 31 % [57]. However, sometimes there are five or

more parathyroid glands, and ectopic parathyroid tumors may be found in the

mediastinum or thyroid. Therefore, the parathyroid should be fully observed before

and during surgery. Subtotal resection, total resection, and autograft after total

resection are recommended as surgical procedures.
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6.5 Conclusion

CKD stages 1–3 patients can be treated by the same drug therapy as osteoporotic

patients with normal renal function. However, the treatment of CKD-MBD is the

central therapy for CKD stages 4, 5, and 5D. SHPT control, in particular, can reduce

cardiovascular events and prevent fragility fracture in CKD-MBD.

In CKD patients, decreased bone quality due to deterioration of the collagen

bridge is another cause of bone fragility. Improvement of bone quality by SERM

treatment is expected to reduce the fracture rate. Progression of osteoporosis in

cortical bone is also considered to reduce bone quality in CKD. However, it is still

difficult to evaluate bone quality in the clinical setting. Further advancement in this

area is expected for the future.
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Chapter 7

Impaired Parathyroid Function and Bone

Formation: A Risk for Development

of Adynamic Bone Disease to Enhance

Vascular Calcification

Shinsuke Yamada

Abstract The prognosis of diabetes mellitus (DM) patients on hemodialysis

(HD) is markedly worse than for non-DM HD patients. One of the causes for

poor prognosis in DM HD patients is pointed out: the presence of specific bone

metabolic disorders. Bone metabolic abnormalities are closely related to the onset

of vascular calcification, and both of these complications are thought to be caused

by inappropriate glycemic control. Because osteoblast/osteocyte function is

impaired and parathyroid hormone (PTH) secretion ability is suppressed under

the sustained hyperglycemic status, bone turnover becomes low and adynamic

bone disease (ABD) is exhibited. As a direct result of ABD, cushioning action of

serum calcium and phosphorus on the bone is weakened, in addition to vascular

calcification.

Meanwhile, both hyperinsulinemia and obesity positively affect bone status.

Accordingly, these factors should have been excluded to investigate the influences

of glycemic control alone on bone status. We will give an outline into focus on DM

HD patients who are not obese and generally have depleted insulin secretion ability.

Keywords Hyperglycemia • Bone turnover • Adynamic bone • Vascular

calcification

7.1 Introduction

The population of diabetes mellitus (DM) patients is increasing worldwide every

year. The current number of patients also including borderline DM patients is

estimated to exceed 400 million people in the world. Plantinga et al. analyzed the

medical examination data of 8,188 randomly extracted individuals and found that

39.6 % had impaired glucose tolerance and 41.7 % of whom had a diagnosis of
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chronic kidney disease (CKD) [1]. Thus, DM is an important risk factor for CKD

and it is estimated that many DM patients already are in latent CKD.

Diabetic nephropathy is highly likely to develop into end-stage renal disease. As

a reflection of this, approximately one-third (about 600,000 patients) of the esti-

mated two million dialysis patients worldwide has been DM patients on dialysis

(HD). In general, prognosis and quality of life (QOL) are markedly worse in DM on

hemodialysis (HD) patients than in non-DM HD patients. It may be considered that

DM HD patients tend to be older or they often already have cardiovascular disease

when HD treatment is newly initiated, but it is a severe medical problem that the

5-year survival rate after initiation of HD treatment is only 60 % in DM HD

patients.

One significant reason for poor prognosis in DM HD patients is the high

complication rates of bone metabolism disorders and vascular calcification. Not

only bone metabolism disorders and vascular calcification share many common risk

factors such as aging, lack of exercise, smoking, and alcohol consumption, there is

also the relationship called the “bone-vascular axis,” whereby each pathophysiol-

ogy is related as risk factors for the other. In particular, bone metabolism disorders

and vascular calcification are closely linked in DM HD patients. This report will

focus on DM HD patients who could also be said to be in the terminal stage of DM

nephropathy and give an outline of the relationship between bone metabolism

disorders and vascular calcification.

7.2 The Present State of Glycemic Control in DM HD

Patients

DM HD patients can often have severe hypoglycemia easily for some factors such

as serum insulin accumulation accompanying renal dysfunction or serum glucose

losing due to HD treatment itself. HbA1c level also decreases in most patients after

initiating of HD treatment. Accordingly, the focus of glycemic control in clinical

site tends to be placed on prevention of hypoglycemia and it is common for insulin

treatment to be discontinued after the initiation of HD treatment.

Since the Diabetes Control and Complications Trial (DCCT; [2]), HbA1c has

become the standard clinical indicator for glycemic control in DM patients in Japan.

However, HbA1c has often exhibited false low values compared to glycoalbumin

(GA) in DM HD patients, because lifespan of red blood cell is shortened due to the

increasing immature erythrocyte by erythropoietin use or blood loss by the HD

treatment itself [3, 4]. The simultaneous measurement of actual HbA1c and GA

levels in 538 randomly selected DM HD patients revealed significant dissociation

of patient distribution between HbA1c and GA levels, indicating that HbA1c levels

lead to overestimation of glycemic control (Table 7.1) [4]. Lately, it has been

reported that only GA but not HbA1c is a glycemic control index related to

100 S. Yamada



mortality risk [5], and the “Diabetes Treatment Guidelines for Dialysis Patients” in

Japan in 2012 recommend using GA, rather than HbA1c for glycemic control.

Accordingly, this means that glycemic control of DM HD patients is being less

strictly managed than is optimal – a key point in understanding the high rates of

bone metabolism disorders and vascular calcification in DM HD patients.

7.3 Low-Turnover Bone Loss in DM Patients

Because osteoblasts contain insulin and insulin growing factor (IGF)-1 receptor, the

lack of these factors impairs osteoblast function, leading to low-turnover bone loss.

Accordingly, most of type 1 DM patients with absolute insulin deficiency exhibit

bone loss, because type 1 DM develops before reaching bone peak mass around the

age of 20 years [6–8].

Meanwhile, type 2 DM patients are known to exhibit decreased osteoblast

function with worse glycemic control [9]. Therefore, in a sustained hyperglycemic

state, the same low-turnover bone loss seen in type 1 DM occurs even without an

insulin deficiency. Furthermore, the tumor necrosis factor that is involved in the

pathology of type 2 DM impairs osteoblast function and promotes osteoclast

function [10]. It has been reported that the bone mass of type 2 DM patients who

have had the disease for 5 years or longer is significantly decreased compared to

normal individuals [11]. However, in some disease stages of type 2 DM, factors that

are favorable for bones such as obesity or hyperinsulinemia may become dominant.

Therefore, bone turnover and bone mass are not necessarily decreased in type 2 DM

like in type 1 DM.

7.4 High-Turnover Bone Loss in CKD Patients

When vitamin D is absorbed from the intestinal tract, 25-hydroxylation in the liver

and 1-alpha- hydroxylation in the kidneys activate the vitamin D (1,25(OH)2D) so

that it exhibits effects. However, decreased kidney function lowers the amount of

Table 7.1 HbA1c, GA patient distribution in 538 DM HD patients

Glycemic control HbA1C GA

Excellent (HbA1C�6 %, GA�18 %) 307 (57.1 %) 152 (28.3 %)

Good (6 %<HbA1C�7 %, 18 %<GA�21 %) 128 (23.7 %) 106 (19.7 %)

Good (7 %<HbA1C�8 %, 21 %<GA�24 %) 65 (12.1 %) 84 (15.6 %)

Poor (8 %<HbA1C, 24 %<GA) 38 (7.1 %) 196 (36.4 %)

Cited from reference Inaba et al. [4]/partially revised

Simultaneous measurement of HbA1c and GA in 538 DM HD patients shows how much HbA1c

overestimates the state of glycemic control

7 Impaired Parathyroid Function and Bone Formation: A Risk for Development. . . 101



1-alpha-hydroxylase, therefore leading to a decrease in 1,25(OH)2D. This impairs

reabsorption of calcium from the intestinal tract, causing hypocalcemia and pro-

moting the secretion of parathyroid hormones (PTH). Decreased nephron number

accompanying decreased kidney function lowers the amount of phosphate excretion

in urine, leading to elevated serum phosphate levels. This encourages secretion of

fibroblast growth factor (FGF)-23, a bone-derived phosphaturic hormone

[12]. Increased serum FGF-23 levels also lower 1,25(OH)2D through decreased

1-alpha-hydroxylase activation, promoting PTH secretion [13]. Through these

mechanisms, particularly in stage 3 or higher CKD patients who have GFR of

below 60 ml/min/1.73 m2, decreased GFR lowers serum 1,25(OH)2D levels [14],

causing serum PTH levels to rise [15]. Thus, CKD patients develop secondary

hyperparathyroidism as their CKD stage progresses. As a result, high-turnover bone

metabolism is exhibited, causing decreased bone mass.

7.5 Histological Classification of Renal Osteodystrophy

After tetracycline double labeling, iliac bone biopsy specimens underwent

histomorphometry, and measurements including osteoid mass, fibrous tissue

mass, and ossification rate, etc. were calculated. Based on these, bone metabolism

abnormalities accompanying CKD were classified into the five types shown in

Table 7.2 [16]. A general name for this condition is renal osteodystrophy (ROD).

Conventionally, osteitis fibrosa (OF) type accompanying secondary hyperparathy-

roidism was frequent. However, the recent increases in the number of people with

DM and overtreatment with calcium or vitamin D preparations have led to an

increase in adynamic bone disease (ABD) type.

OF is a type of high-turnover bone metabolism abnormality in which excessive

secretion of PTH causes abnormally increased bone turnover. Lamellar bone with

normal stratification decreases and is replaced with reticular woven bone, increas-

ing fibrous tissue. In osteomalacia (OM) type, 1,25-dihydroxyvitamin D3 (1,25

(OH)2D3) deficiency and deposition of aluminum and iron in the mineralization

front impair calcification, causing abnormal osteoid proliferation. The calcification

disorder leads to a lowered ossification rate. Mixed type cases exhibit mixed OF and

OM histology, with both increased fiber components and increased osteoids. This

pathology is also considered a subtype of secondary hyperparathyroidism. In the

mild change type (MIL), bone state is almost normal.

ABD cases initially appear to exhibit histology results identical to MIL cases.

However, they can be distinguished by the fact that there is hardly any uptake of the

tetracycline labeled prior to the biopsy. Therefore, it can be considered to be a

low-turnover bone metabolism disorder in which bone turnover is extremely

decreased. Risk factors for ABD onset include decreased PTH secretion due to

aging or after total parathyroidectomy, excessive doses of calcium or vitamin D

preparations, or relative deficiency accompanying decreased PTH responsiveness

of bone due to accumulation of aluminum or iron. In DM patients, direct effects on
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parathyroid cells accompanying a hyperglycemic state could inhibit PTH secretion

[17]. However, currently, the molecular mechanism and physiological significance

have yet to be clarified.

7.6 Bone Metabolic Markers

It is extremely important to grasp the histological type of ROD. However, bone

biopsy, which is the current gold standard for diagnosing ROD, is highly invasive,

and it is not practical to perform it in routine clinical practice. Therefore, bone

metabolism marker measurement is recommended. The measurement of bone

metabolism markers makes it possible to accurately and simply grasp the current

state of bone metabolism. Bone metabolism markers are biological markers that

reflect the state of bone resorption and formation at the time of measurement. As

bone formation is stimulated by bone resorption, elevation of bone resorption and

formation markers signifies the promotion of bone resorption-dominant bone

metabolism.

For example, if PTH is extremely high and both formation and resorption

markers greatly exceed the upper limit of the normal range, OF type is highly

likely. Meanwhile, if PTH elevations are inhibited and bone formation markers

have dropped to below the lower limit of the normal range, the case is likely

low-turnover type – ABD. If bone metabolism markers are within the normal

range but blood aluminum and/or iron levels are high, OM type should be taken

into consideration and bone biopsy performed.

However, because there is the risk that in CKD patients, bone metabolic markers

that accumulate in serum with decreased kidney function will exhibit false high

Table 7.2 ROD histological classifications

Osteoid mass (%)

Fibrous tissue

mass (%)

Ossification

rate (%)

PTH concentrationOV/BV OV/TV Tb. V/TV BFR/BV

OF <15 % <3 % >0.5 % Accelerated High

MIX >15 % >3 % >0.5 % Normal–low Mildly elevated

OM >15 % >3 % <0.5 % Low Normal–mildly elevated

MIL <15 % <3 % <0.5 % Normal Normal–mildly elevated

ABD <15 % <3 % <0.5 % Low Low

Cited from reference Sherrard et al. [16]/partially revised

ROD histological classifications

OF osteitis fibrosa, MIX mixed type, OM osteomalacia, MIL mild change, ABD adynamic bone

disease, OV osteoid volume, BV bone volume, TV tissue volume, Fb fibrosis tissue volume, BFR
bone formation rate
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values that are greater than the increased bone metabolism accompanying hyper-

parathyroidism onset, it is best to use bone-specific alkaline phosphatase (BAP) as a

bone formation marker and tartrate-resistant acid phosphatase isoform 5b (TRACP

5b) as a bone resorption marker as these markers are not greatly influenced by

decreased kidney function [18].

7.7 Bone Mass of DM HD Patients Is Maintained at

a Higher Level Than Non-DM HD Patients

In general, secondary hyperparathyroidism starts to appear in CKD patients when

GFR falls below 60 ml/min/1.73 m2. Bone metabolism markers rise almost directly

along with this (Fig. 7.1), causing marked high-turnover type decreased bone mass

and OF type bone lesions. However, because PTH rises tend to be suppressed in

DM patients, bone turnover is not as greatly increased as in non-DM patients.

Accordingly, low-turnover, gradual bone mass decreases are seen in DM patients

and ABD type bone lesions are exhibited.

We previously investigated the relationship between PTH and bone mass in

83 male HD patients (DM, 42 cases; non-DM, 41 cases). As expected, PTH levels

were significantly low in DM HD patients and osteosono index (OSI) values were

significantly higher in DM HD patients (Fig. 7.2). However, when discussing these

results, one must remember that bone mass is not maintained in relation to poor

glycemic control. In fact, the OSI values of the 42 male DMHD patients exhibited a

significant negative correlation with GA (Fig. 7.3), suggesting that bone mass

decreases more with poor glycemic control [19]. Thus, different mechanisms lead

to bone metabolism abnormalities in DM and non-DM patients, and once secondary

hyperparathyroidism begins to complicate the condition, non-DM patients exhibit

greater acceleration of bone loss than DM patients. This leads to a bone loss

reversal phenomenon with decreased kidney function.

0

0.6

1.0

1.4

50 100 150 200

p=0.2850
r -0.053

p<0.0001
r -0.508

Log (TRACP5b)

GFR (ml/min/1.73m2)

Normal subjects CKD patients

Fig. 7.1 Relationship

between GFR and bone

markers. Data from our past

research. Generally,

secondary

hyperparathyroidism starts

to develop when GFR drops

below 60 ml/min/1.73 m2.

In accordance with this,

bone markers rise in a

relatively straight line, and

OF bone lesions appear in

CKD patients of stage 3 or

greater
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7.8 Fracture Risk in DM Patients: Independent

of Bone Mass

Although some reports have stated that the bone mineral density (BMD) of type

2 DM patients is greater than that of non-DM patients, other reports have stated that

it is the same or even lower. Almost all reports, however, state that fracture risk is

Fig. 7.2 Compared to non-DM HD patients, DM HD patients exhibited low intact PTH levels and

high calcaneal OSI (Z score) levels (Cited from reference Yamada et al. [18]/partially revised).

Because PTH elevation tends to be inhibited in DM HD patients, these patients exhibit more

low-turnover, gradual bone loss than non-DM HD patients and bone mass tends to be maintained

-2.0

0

2.0

4.0

0.7 0.8 0.9 1.0
log  (HbA1C)

-4.0

Calcaneal OSI (Z score)

-4.0

-2.0

0

2.0

4.0

1.2 1.3 1.4 1.5
log (GA)

r = -0.350

p = 0.0232

Calcaneal OSI (Z score)

Fig. 7.3 Relationship between glycemic control and calcaneal OSI (Z score). Cited from refer-

ence Yamada et al. [18]/partially revised. Calcaneal OSI levels of DM HD patients exhibit a

negative correlation with GA, rather than HbA1c. Thus, when glycemic control state is accurately

evaluated with GA, one can see that poorer glycemic control indicates greater reduction in

bone mass
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significantly high in the proximal femur [20], antebrachial [21], and vertebral

[22]. Yamamoto et al. reported that in type 2 DM patients, there was no correlation

between BMD and fracture risk in the proximal femur, radius, or vertebral and that

fracture risk could not be predicted with BMD [21].

We also previously investigated the presence of a relationship between BMD

and lumbar spine fractures in postmenopausal female HD patients aged 65 years or

older (DM, 31 cases; non-DM, 83 cases) [22]. As a result, we found that the fracture

rate was approximately 13 % (11/83 cases) in the non-DM group but approximately

32 % (10/31 cases) in the DM group, indicating significantly higher fracture risk in

the DM group. As stated above, the DM group had maintained significantly high

BMD in the lumbar, vertebral, and radius and no relationship was noted between

fractures and BMD in the DM group despite cases of fractures in the non-DM group

having significantly lower BMD (Table 7.3). Thus, it is difficult to determine

fracture risk based on BMD in DM HD patients.

7.9 The Concept of Lifestyle-Related Osteoporosis

In recent years, the concept of bone quality being a more important factor than bone

density in contributing to increased fractures in DM is becoming more widely

accepted.

When a sustained hyperglycemic state causes increased oxidative stress, more

advanced glycation end products (AGEs) are synthesized. Pentosidine, one of these

AGEs, causes bones to lose their suppleness and become brittle by forming

nonphysiological bridges between bone collagen fibers [23]. Oxidative stress is

also said to suppress osteoblast function and encourage osteoclast function, leading

to decreased bone mass. DM and CKD are representative types of “lifestyle-related

osteoporosis” diseases as they cause increased oxidative stress. The deterioration of

bone quality in DM CKD patients, who have these diseases, is likely to be quite

pronounced.

Despite being such a crucial factor, there are currently no methods for objec-

tively evaluating bone quality on a clinical level. Although various methods such as

using blood pentosidine levels as a marker of bone quality or directly evaluating

bone quality with ultrasound equipment have been tried, further research is required

as none of these methods can currently be practically used in clinical practice.

7.10 Vascular Calcification Is Promoted by Osteoblast

Deterioration

Okazaki et al. reported that type 2 DM patients with poor glycemic control exhibit

high levels of BAP, which is secreted in the early stage of osteoblast differentiation,

and low levels of osteocalcin (OC), which is secreted in the late stage of
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differentiation, but that these abnormalities could be improved with correct glyce-

mic control [24]. However, in a previous study in which we evaluated serum OC

levels before and after administering 1,25 dihydroxy vitamin D (1,25D) to DM

patients, we found lower serum OC elevation rates after 1,25D administration and

higher HbA1c levels [9]. These results suggest that poor glycemic control in DM

patients impairs osteoblast differentiation and maturation, causing decreased oste-

oblast function. Conversely, OC-deficient mice were found to develop an insulin

deficiency followed by onset of diabetes, suggesting that decreased OC is a factor in

DM onset. Accordingly, osteoblast deterioration and decreased OC secretion,

which occur in a hyperglycemic state, negatively affect glycometabolism and

cause a malignant cycle to form between glycometabolism and bone metabolism.

It has also been reported that a negative correlation exists between OC and

arteriosclerosis, suggesting that OC may also affect the advance of arteriosclerosis

in DM patients.

Jono et al. discovered that when vascular smooth muscle cells were cultured in

high phosphate conditions, smooth muscle cells lost characteristics of smooth

muscle and acquired osteoblastic characteristics instead [25]. Conventionally, it

had been thought that ectopic calcification was simply a passive process caused by

calcium deposits. However, after the release of this report, numerous types of

transcription factors and extracellular matrix expression were confirmed to be

involved in bone differentiation of regions of ectopic calcification in the blood

vessels. Now, increased serum phosphate concentration is considered to be a

powerful factor that induces bone differentiation of vascular smooth muscle cells.

Ishimura et al. reported that increased serum phosphate levels in non-DM HD

patients were an independent risk factor for peripheral vascular calcification

[26]. However, an investigation of whether peripheral artery calcification had

occurred in the hands of 123 HD patients (DM, 49 cases; non-DM, 74 cases)

found that the prevalence was approximately 27 % (20/74 cases) in the non-DM

group but over 65 % (32/49 cases) in the DM group, indicating significantly high

risk for vascular calcification in the DM group (Table 7.4). This indicated that the

factor determining vascular calcification in DM patients was not serum phosphate

level or HbA1c level, but GA elevation [27].

FGF-23, a phosphaturic hormone, is secreted from osteoblasts and osteocyte.

Because osteoblast function decreases in a hyperglycemic state, secretion of

FGF-23 may be decreased in DM patients with poor glycemic control in particular.

Yoda et al. used an oral phosphate loading test on DM and non-DM patients to

Table 7.4 DM HD patients

exhibit high vascular

calcification rates

Peripheral artery calcification in hands

Yes No Onset rate

DM patients 32 cases 17 cases 65.3 %

Non-DM patients 20 cases 54 cases 27.0 %

Cited from reference Yamada et al. [27]/partially revised

The vascular calcification rate of DM HD patients is much higher

than that of non-DM HD patients
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measure and comparatively investigate phosphate, PTH, and FGF-23 levels before

loading and after 2 and 4 h of loading. Although no difference was noted between

the groups for serum phosphate, PTH, and FGF-23 levels before loading, they

found that both serum PTH and FGF-23 levels rose significantly after loading in the

non-DM group and no significant changes were noted in the DM patients until 2 h

after loading, when serum phosphate levels rose significantly in the DM patients

only [28]. Thus, impairment of osteoblast and osteoclast function in DM patients

lowers additional PTH and FGF-23 secretion ability, which may destroy the

defense mechanism against postprandial hyperphosphatemia. This may cause not

only impaired glucose tolerance but also promote vascular calcification by means of

sustained exposure to hyperphosphatemia.

This suggests that although serum phosphate concentration is a direct risk factor

for vascular calcification in non-DM dialysis patients [26], sustained hyperpho-

sphatemia accompanying worsened glycemic control in diabetic patients on hemo-

dialysis is the risk factor for such cases. Either way, because the appearance of

vascular calcification has a markedly negative effect on prognosis [29], we believe

that physicians should have a grasp of the above difference and implement not only

phosphate control but also strict glycemic control for diabetic patients.

7.11 Treatment for ABD

Basically, from CKD stages 1–2 when GFR is 60 ml/min/1.73 m2 or greater, the

same treatment should be performed as for general osteoporosis patients. From

CKD stages 3–5, patients should be treated in accordance with the CKD-mineral

and bone disorder (CKD-MBD) concept, by appropriately managing levels of

serum calcium, phosphate, and PTH. CKD-MBD is a clinical concept proposed

by the international kidney treatment guideline creating body, Kidney Disease

Improving Global Outcomes (KDIGO), which recommends that CKD be treated

as a systemic disease including bones and blood vessels.

However, one must note that bone turnover is suppressed in patients in a

hyperglycemic state, which negatively affects bones and blood vessels. Therefore,

bone resorption inhibitors such as bisphosphonate are inappropriate for treating

such patients. Although PTH preparations that promote bone formation may appear

to be an appropriate selection, the physiological mechanism for PTH suppression in

a sustained hyperglycemic state has yet to be clarified, and, in some cases, it may be

lowered to correct some sort of nonphysiological state. Therefore, further research

is needed to determine whether the use of PTH preparations is appropriate. With

regard to the use of phosphorus adsorbents for hyperphosphatemia, if ABD is

present, there is a risk that the administration of preparations containing calcium

will cause the calcium to accumulate in blood vessels, promoting vascular calcifi-

cation [30]. Therefore, types not containing calcium should be selected as much as

possible. In a previous investigation, we switched 27 HD patients with PTH

suppressing tendencies who were being treated with phosphorus adsorbents
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containing calcium to lanthanum carbonate which does not contain calcium, and

observed their progress over 24 weeks. As a result, we found that serum calcium

levels dropped, PTH rose, and bone formation and absorption markers indicated

improvement from excessive suppression to within the normal range [31]. Further-

more, patients using sevelamer hydrochloride, an agent that does not contain

calcium, have also been reported to have more inhibited coronary artery and aortic

calcification than patients using phosphorus adsorbents containing calcium. In DM

HD patients in whom ABD is suspected, it is important to eliminate excessive

inhibition of PTH by removing calcium loading as much as possible to make bone

turnover return to a normal level and maintain it at such a level.

7.12 Conclusions

When OF progresses, vertebral and femoral fractures and ectopic calcification of

surrounding joints, soft tissue, heart valves, and blood vessels may occur. However,

this has been reported as even more serious in DM complicated with ABD, as

fractures occur frequently, patients are susceptible to vascular calcification, and

there is a high likelihood of developing hypercalcemia if treated with calcium or

vitamin D preparations. Prognosis has also been reported as poor in cases of

decreased PTH secretion with suspected ABD. It appears that even once HD has

been initiated, proactively implementing strict glycemic control is the best option as

it not only prevents bone metabolism abnormalities but may also improve the

prognosis of DM HD patients, who are in an extremely serious condition.
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Chapter 8

Bone as an Endocrine Organ: Diabetic Bone
Disease as a Cause of Endocrine Disorder via
Osteocalcin, FGF23 Secreted fromOsteocyte/
Osteoblast

Koichiro Yoda

Abstract Endocrine effects occur when organs secrete humoral physiologically

active substances into the blood or other bodily fluids, and these active substances

exert their physiological activities in target tissues. Fibroblast growth factor (FGF)

23, which is secreted by osteocytes, acts on the renal tubule and is involved in

phosphorus metabolism. Osteocalcin, which is secreted by osteoblasts, acts on

pancreatic β-cells and adipocytes and plays a role in insulin secretion and

glycometabolism, in addition to its conventional role as a bone matrix protein.

Thus, FGF23 and osteocalcin secreted from bone tissues function as endocrine

hormones. Osteocyte and osteoblast functions are decreased in diabetes. Conse-

quently, the secretion of FGF23 and osteocalcin is hindered. The decreased func-

tion of FGF23 causes hyperphosphatemia and leads to the progression of

arteriosclerosis. The decreased function of osteocalcin results in decreased insulin

secretion and increased insulin resistance. In this article, we describe the role of

bone as an endocrine organ and its association with diabetes.

Keywords Undercarboxylated osteocalcin (ucOC) • Fibroblast growth factor

23 (FGF23) • Diabetes • Atherosclerosis • Hyperphosphatemia

8.1 FGF23

8.1.1 Overview

FGF23 is a 251-amino acid endocrine hormone produced primarily in osteoblasts/

osteocytes. This hormone is encoded by the FGF23 gene, which was identified as a

causal gene in a linkage analysis of families with a history of autosomal dominant

hypophosphatemic rickets or osteomalacia. FGF23 belongs to the FGF13
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subfamily, which includes other structurally related homologues, FGF19 and

FGF21. FGF23 is found in the serum of healthy people at a concentration of several

tens of pg/mL. It regulates phosphorus metabolism, facilitates phosphorus excretion

in the renal tubule, and further reduces phosphorus absorption from the digestive

tract by suppressing the activity of vitamin D3 [1,25(OH)2D3]. As the functions of

osteocytes and osteoblasts decrease in diabetes, FGF23 secretion resulting from

phosphorus loading decreases, and serum phosphorus levels increase after meals. In

chronic renal failure, in which the urinary secretion of phosphorus is decreased, the

FGF23 level starts to increase when the glomerular filtration rate reaches approx-

imately 60 mL/min. This is prior to PTH, which plays a similar role in the urinary

secretion of phosphorus. Decreased FGF23 secretion facilitates the stimulation of

bone metabolism turnover caused by the increase in PTH, resulting in the stimula-

tion of Ca recruitment to blood from bone. This increased serum phosphorus or Ca

level can be a risk factor for Monckeberg medial calcific sclerosis, a characteristic

feature of patients with diabetes or chronic renal failure. In summary, decreased

FGF23 function is associated with arteriosclerosis progression, cardiovascular

events, and an increase in the mortality rate.

8.1.2 Localization

FGF23 is considered to be mainly located within bone tissues in vivo. The expres-

sion of FGF23 mRNA increases in a concentration-dependent manner in human

osteoblast-like cells in response to increased levels of extracellular phosphate

[1]. Furthermore, elevated FGF23 expression in osteocytes and osteoblasts has

been confirmed in a murine model of X-linked dominant hypophosphatemic rick-

ets, in which FGF23 is overexpressed due to an abnormality in the phosphate-

regulating gene with homologies to endopeptidase on the X chromosome (PHEX)

gene [2]. Functions of FGF23-producing osteocytes and osteoblasts decrease in

diabetes (Fig. 8.1). Mesenchymal stem cells normally differentiate into osteocytes

Fig. 8.1 Diabetes and bone-generated hormone interaction via osteoblast/osteocyte impairment.

Several factors associated with diabetes impair osteoblast/osteocyte differentiation and function

where FGF23 and osteocalcin were generated. AGEs advanced glycation end products, MSC
mesenchymal stem cell
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via preosteoblasts, immature osteoblasts, and mature osteoblasts. The differentia-

tion of osteoblasts is inhibited by conditions commonly found in diabetes, such as

hyperglycemia, impaired insulin function, and decreased blood flow to bones that

accompanies microangiopathy. Hyperglycemia is directly toxic to osteoblasts

themselves. Acute hyperglycemia and its associated hyperosmolality suppress the

expression of genes involved in osteoblast maturation [3]. High blood glucose leads

to the enhanced formation and accumulation of advanced glycation end products

(AGEs) in bone. It has been shown that AGEs stimulate osteoblast apoptosis

[4]. Hyperglycemia and oxidative stress may also affect mesenchymal stem cell

differentiation. Culturing mesenchymal stem cells in high glucose media reduced

the levels of osteoplastic markers such as osteocalcin and osteopontin [5]. Diabetes

is also linked to generalized damage of blood vessel walls, which results in micro-

and macrovascular complications. Oxygen tension within the marrow microenvi-

ronment is physiologically lower than that in other tissues, and the presence of

diabetes may further alter cellular homeostasis. Indeed, it has been reported that

differentiation of mesenchymal stem cells toward either the adipose or osteoblast

phenotypes is reduced under hypoxic conditions [6].

8.1.3 Regulation of Phosphorus Metabolism

Serum phosphorus levels are mainly regulated by phosphorus absorption from the

digestive tract and phosphorus reabsorption in the renal tubule (Fig. 8.2). Most of

the phosphorus filtered in the glomerulus is reabsorbed in the proximal renal tubule.

Type 2a and 2c sodium–phosphate cotransporters are responsible for the physio-

logical reabsorption of phosphorus in the proximal renal tubule. FGF23 acts on the

Klotho–FGF receptor (FGFR) complex in the renal tubule and suppresses phos-

phorus reabsorption by decreasing the expression of type 2a and 2c sodium–

phosphate cotransporters [7]. In the kidney of streptozotocin-induced diabetic

rats, decrease of Klotho and FGFR expression by high glucose has been

documented [8]. FGF23 also decreases the level of activated vitamin D3 [1,25

(OH)2D3], which accelerates phosphorous absorption from the digestive tract, by

decreasing the expression of Cyp27b1 (1α-hydroxylase), an enzyme producing 1,25

(OH)2D3, and by facilitating the expression of Cyp24 (24-hydroxylase), which

transforms 1,25(OH)2D3 into a metabolite with lower activity [9]. As shown

above, FGF23 decreases serum phosphorus levels by suppressing phosphorus

reabsorption in the renal tubule as well as phosphorus absorption from the digestive

tract by decreasing the serum 1,25(OH)2D3 level.

We previously reported a decrease in FGF23 responsiveness to phosphorus

loading in patients with diabetes (Fig. 8.3) [10]. Phosphorus (1 g) was orally

administered to patients with type 2 diabetes (n¼ 10) and nondiabetic patients

(n¼ 10), and then, the short-term effect was examined. Patients in both groups
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were confirmed to have no renal dysfunction. The serum FGF23 level was signif-

icantly increased in the nondiabetic group 2 and 4 h after the administration of

phosphorus, whereas no increase was observed in the diabetic group. The serum

iPTH level also increased significantly in the nondiabetic group 4 h after the load,

whereas no increase was seen in the diabetic group. Serum phosphorus levels were

significantly increased in both groups 2 h after phosphorus administration.

Although the serum phosphorus level continued to increase in the diabetic group

up to 4 h after the administration, it was suppressed in the nondiabetic group. Next,

the long-term effect of phosphorus loading was examined by administering phos-

phorus (2 g per day) orally on two consecutive days. Significant increases in both

serum FGF23 and iPTH levels were observed only in the nondiabetic group 3 days

after the administration. When phosphorus was orally administered for 7 days to

patients with chronic renal failure, the serum FGF23 level continued to increase

from the basal value in the nondiabetic group during the investigation, whereas no

such change was seen in the diabetic group [11].

Fig. 8.2 Possible influence of diabetes on the regulation and action of FGF23. Increased serum Pi

causes FGF23 to be released from skeletal osteoblasts/osteocytes. The major known effects of

FGF23 are inhibition of Na–Pi cotransport in the kidney and the resultant phosphaturia and

inhibition of 1α(OH)D3 hydroxylase, which reduces levels of activated vitamin D3 [1,25

(OH)2D3]. Reduced 1,25(OH)2D3 levels decrease gastrointestinal Pi absorption. In diabetes,

impaired production of FGF23 at osteoblasts/osteocytes and downregulation of FGF23-specific

receptor that is composed of Klotho and FGF receptor 1 (FGFR1) may lead to decrement in

phosphaturia and increment in Pi absorption
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Fig. 8.3 Impaired responses of serum FGF23 and iPTH to oral Pi stimulation test. (a) Time

courses of serum FGF23 and iPTH from 0 to 4 h after intake of Pi on day 1. In nondiabetic patients,

serum FGF23 elevated significantly (P¼ 0.046 by ANOVA) and showed a significant increase at

2 h after Pi stimulation (P< 0.05 by Fisher test). In contrast, serum FGF23 was significantly

reduced in diabetic patients (P¼ 0.018 by ANOVA) and showed a significant decrease at 4 h
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8.1.4 Association with Arteriosclerosis

Because an increase in the serum phosphorus level is a risk factor for cardiovascular

calcification and reduced life expectancy, the serum FGF23 level, which decreases

the serum phosphorus level, helps predict the onset of cardiovascular calcification

and reduced life expectancy. Chronic renal failure is one of the pathological

conditions in which the serum phosphorus level is increased. When renal function

decreases, this phosphaturic effect is hindered, and phosphorus accumulates in the

body. In chronic renal failure, FGF23 increases when the estimated glomerular

filtration rate reaches around 60 mL/min, which is before PTH [12], and this

protects against an increase in the serum phosphorus level. For this reason, the

FGF23 increase is a predictive factor for the progression of chronic renal failure,

which is independent of the amount of albumin excreted into the urine [13]. When

renal failure reaches the advanced stage, FGF23 levels are progressively increased

to compensate for persistent phosphate retention, but this results in reduced renal

production of activated vitamin D and decreased serum Ca and leads to secondary

hyperparathyroidism (Fig. 8.4). As a result, Ca and phosphorus are recruited from

bone to blood and increase the risk of cardiovascular calcification. Vessel calcifi-

cation caused by this mechanism is called Monckeberg medial calcific sclerosis to

distinguish it from the atherosclerotic plaques in the vascular intima. It is charac-

terized by calcification within the vascular media. Increased areas of Monckeberg

calcification are involved in the onset of cardiovascular events and the increase in

the mortality rate [14]. The frequency of Monckeberg calcification in the peripheral

artery (the artery in the hand) [15] and in the abdominal artery [16] reportedly

increases in diabetic patients compared with nondiabetic patients. This suggests

diabetes is a state where it is easy to accumulate phosphate and leads to secondary

hyperparathyroidism. Based on this background, the increase in serum FGF23 can

serve as a predictive factor for total death, in addition to cardiovascular events, in

patients with chronic renal failure [17] or in patients on dialysis [18].

Some studies have suggested the direct involvement of FGF23 in the progression

of vascular calcification, in addition to its indirect involvement via phosphorus

metabolism. The FGF23 signal is transmitted through its binding to the Klotho–

FGFR complex, which consists of membrane-bound Klotho and FGFR-1 and

FGFR-3. Lim et al. reported that the Klotho–FGFR complex was expressed not

Fig. 8.3 (continued) (P< 0.05 by Fisher test). During oral Pi stimulation, serum iPTH signifi-

cantly increased from 0 to 4 h in nondiabetic patients (P¼ 0.007) but not in diabetic patients

(P¼ 0.072). (b) Comparison of serum FGF23 and iPTH levels on day 1 (0 h) and day 3 (0 h). An

oral Pi load for 2 days significantly increased serum FGF23 and iPTH in nondiabetic patients

(P¼ 0.009, P¼ 0.048) but not in diabetic patients (P¼ 0.241, P¼ 0.507). (c) Comparison of

serum Pi changes in nondiabetic and diabetic patients. Serum Pi significantly increased between

2 and 4 h in diabetic patients (P¼ 0.020), whereas there was no significant change in nondiabetic

patients (P¼ 0.574). The serum Pi changes from 2 to 4 h differed significantly between the two

groups (P¼ 0.027)
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only in the renal tubule but also in the arteries of healthy people [19]. When

examined in arterial smooth muscle cells, the sensitivity of the Klotho–FGFR

complex toward FGF23 decreased, and the calcification of vascular media was

accelerated under the condition of high glucose and/or uremia. Even in clinical

trials, the decrease in FGF23 was reported to be a risk factor, independent of the

increase in the Ca/phosphorus product, of the calcification of peripheral arteries

[20] and the arch aorta [21], and these reports support the direct involvement of

FGF23 in suppressing vascular calcification.

8.2 Osteocalcin

8.2.1 Overview

Osteocalcin was identified as a bone matrix protein mainly secreted by osteoblasts.

Osteocalcin is carboxylated by γ-carboxylase, and most of it is embedded within the

bone as part of the bone matrix. In blood, osteocalcin exists in the following two

forms: one with all three glutamic acid residues carboxylated and the other with less

carboxylation of the residues. Undercarboxylated osteocalcin (ucOC) facilitates the

synthesis and secretion of insulin in the pancreas and increases the insulin sensi-

tivity of peripheral tissues. In addition, insulin signaling in osteoblasts activates

osteocalcin by regulating the interaction between osteoblasts and osteoclasts. In this

manner, bone tissue creates a positive feedback mechanism that acts on pancreatic

β-cells and adipose tissues via hormones such as ucOC and insulin. Some reports on

clinical studies in humans have also suggested that ucOC facilitates insulin secre-

tion and enhances insulin sensitivity.

Fig. 8.4 The role of FGF23 in chronic kidney disease – mineral and bone disorder. In patients

with chronic kidney disease, circulating FGF23 levels are progressively increased to compensate

for persistent phosphate retention, but this results in reduced renal production of activated vitamin

D3 [1,25(OH)2D3] and leads to secondary hyperparathyroidism. Ca and Pi are recruited from bone

to blood and increase the risk of cardiovascular calcification known as Monckeberg calcific

sclerosis
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8.2.2 Feedback Mechanism of Insulin and ucOC (Fig. 8.5)

In murine research, insulin directly acts on osteoblasts to facilitate osteocalcin

synthesis [22]. Furthermore, it inhibits the synthesis of osteoprotegerin (OPG),

which has a suppressive effect on osteoclast differentiation factor (RANKL)

[23]. Osteocalcin synthesized in osteoblasts is further modified with the addition

of a carbonate ion to a γ-glutamic acid residue by vitamin K-dependent carboxyl-

ase, which is then secreted as γ-carboxylated osteocalcin (cOC) [24]. cOC binds to

hydroxyapatite within the bone matrix and accumulates in bone tissues. Meanwhile,

because a decrease in OPG secretion enhances the function of RANKL, osteoclast

formation is facilitated. As a result, bone resorption by osteoclasts is stimulated.

Proton (H+) and chloride ions (Cl�) are secreted from the ruffled borders of

osteoclasts into resorption cavities to form an acidic environment, which leads to

the decalcification of bone minerals. In such an acidic environment, cOC bound to

hydroxyapatite undergoes decarboxylation to yield ucOC, which is released into the

Fig. 8.5 A feedforward loop links insulin, bone resorption, and osteocalcin activity. Insulin

signaling in osteoblasts acts on osteoblasts to facilitate osteocalcin synthesis via addition of a

carbonate ion to a γ-glutamic acid residue by vitamin K-dependent γ-carboxylase, which is then

secreted as γ-carboxylated osteocalcin (cOC). Secreted cOC is stored in the bone extracellular

matrix (ECM). Furthermore, insulin signal inhibits the synthesis of osteoprotegerin (OPG).

Because a decrease in OPG secretion enhances the function of osteoclast differentiation factor

(RANKL), bone resorption by osteoclasts was activated. The acidic pH in resorption lacunae

decarboxylates cOC stored in the bone EMC. Undercarboxylated osteocalcin (ucOC) then stim-

ulates insulin secretion by the β-cells of the pancreatic islets. Ins R, insulin receptor
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blood [23]. ucOC functions as an endocrine hormone for pancreatic β-cells and

adipocytes. In pancreatic β-cells, ucOC facilitates insulin secretion, whereas it

facilitates the secretion of adiponectin in adipocytes. For this reason, when ucOC

is administered to mice, insulin sensitivity is increased, and blood glucose increases

after glucose loading is suppressed [25]. Furthermore, ucOC administration causes

a decrease in the amount of fat [25]. These results suggest that bone tissue creates a

positive feedback mechanism that acts on pancreatic β-cells and adipose tissues via
hormones such as ucOC and insulin, implying the presence of a close relationship

between bone metabolism and glycometabolism.

8.2.3 Association of Osteocalcin with Diabetes

Clinical examinations have also been conducted to investigate the association of

osteocalcin with glycometabolism and insulin sensitivity in humans. A cross-

sectional study in patients with type 2 diabetes revealed that a decrease in ucOC

was associated with fasting blood sugar levels and high HbA1c levels. In addition,

its association with increases in body fat and the ratio of visceral fat to subcutaneous

fat was revealed using a dual-energy X-ray absorptiometry method and CT, respec-

tively [26]. In a large-scale cross-sectional study that involved 2,966 elderly males

(70–89 years old), the levels of ucOC, total osteocalcin (TOC), and collagen type

IC-terminal cross-linked telopeptide (CTX), which is a bone resorption marker,

were all significantly reduced in patients with diabetes compared with those in

nondiabetic patients, and these levels were associated with an increased risk of

developing diabetes, independently of age, BMI, and renal function. In a multivar-

iate model in which ucOC, TOC, and CTX were simultaneously incorporated,

although both ucOC and CTX were risk factors for developing diabetes, TOC

demonstrated no significant association, indicating that ucOC was involved in

glycometabolism independently of bone metabolism turnover [27]. Even in hemo-

dialysis patients with abnormalities of bone metabolism, increased levels of ucOC,

which were associated with bone metabolism markers, were inversely associated

with indices of glucose metabolism such as plasma glucose, hemoglobin A1c, and

glycated albumin [28]. Concerning its association with insulin sensitivity, a longi-

tudinal study in elderly males (55–80 years old) demonstrated that the rate of ucOC

increase was related to the rate of HOMA-IR decrease [29], which is an index of

insulin resistance. According to a study by Levinger et al., a significant increase in

ucOC was observed together with increased insulin sensitivity after a 60-min

exercise load, whereas no change was observed in TOC. In addition, an association

was observed between the ucOC increase and the increase in insulin sensitivity

before and after exercise [30]. These reports suggest that ucOC affects both insulin

secretion and insulin sensitivity enhancement.
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Part II

Muscle Diseases



Chapter 9

Overview

Nobuharu L. Fujii

Abstract The skeletal muscle is the largest site for glucose metabolism in the

human body. According to insulin-clamp measurements, the contribution by the

skeletal muscle accounts for 70 % of the total glucose utilization rate, substantially

exceeding the contribution by other organs such as the brain (~15 %) and adipose

tissue (~5 %). Therefore, impaired glucose metabolism in the skeletal muscle

greatly affects blood glucose control in the body. Glucose metabolism is an

intracellular event. The extra- to intracellular passage of glucose is facilitated by

glucose transporters (GLUTs). Glucose transporter 1 (GLUT1) and 4 (GLUT4) are

expressed in the skeletal muscle. GLUT1 constitutively spans the cell membrane

and takes up glucose into the skeletal cell in accordance with the glucose concen-

tration gradient between the inside and outside of the cell. In contrast, GLUT4 is

usually incorporated into small vesicles and localized in the cell and is translocated

and incorporated into the cell membrane upon stimulation by insulin, which induces

glucose uptake. Among multiple GLUTs, GLUT4 is the only isoform that is

regulated by translocation, and its distribution is also limited to the skeletal muscle,

heart, and adipose tissue. GLUT4 acts as a master regulator of glucose metabolism

in response to changes in blood glucose. Several factors regulate GLUT4 expres-

sion and its translocation to, and retention in, the cell membrane. These factors

include intracellular insulin signal transduction, insulin-independent glucose

metabolism, and ectopic fat. A failure in any of these factors leads to the develop-

ment of diabetic conditions in the body. Exercise and physical activity can coordi-

nate these factors, acting favorably to turn the diabetic condition to a healthier state.

Keywords Skeletal muscle • Insulin • Contraction • Intracellular signal

transduction • Glucose uptake
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9.1 Insulin Signal Transduction in the Skeletal Muscle

Insulin is an essential hormone for maintaining glucose homeostasis [1]. When the

blood glucose level rises, insulin is released from pancreatic β-cells and then acts on
various organs to bring the blood glucose back to the basal level. The skeletal

muscle, in particular, is the largest target organ for insulin, where insulin facilitates

the uptake of a large amount of glucose by muscle cells, to be used for ATP

production or stored in cells as an energy source after conversion to glycogen

[2]. Glycogen, a polymer synthesized through the dehydration of glucose, has a

multibranched structure consisting of many glucose molecules. If glucose is stored

without being converted to glycogen, its intracellular concentration increases to the

order of millimolars, impacting the osmotic pressure of the cell. When glucose is

stored in the form of glycogen, the impact on osmotic pressure can be eliminated.

Before glycogen is used as an energy substrate in the skeletal muscle, it is first

converted to glucose-6-phosphate. Because the liver has glucose-6-phosphatase

that converts glucose-6-phosphate into glucose, it can release glucose into the

circulating blood as an energy substrate for other organs. However, glucose-6-

phosphatase is not expressed in the skeletal muscle, and therefore, glucose-6-

phosphate enters the glycolytic pathway and subsequently is used in energy pro-

duction for the skeletal muscle. Because the skeletal muscle is a large organ,

accounting for 40–45 % of body weight, its potential for glucose consumption is

very high. The initial rate-determining step for glucose utilization by the skeletal

muscle constitutes glucose uptake into the skeletal muscle cells.

The extra- to intracellular passage of glucose is facilitated by glucose trans-

porters (GLUTs) in the skeletal muscle [3, 4]. Thus far, at least 14 types of GLUTs

have been identified [5], and glucose transporter 1 (GLUT1) and glucose trans-

porter 4 (GLUT4) are the main isoforms expressed in the skeletal muscle. GLUT4

is responsive to insulin and promotes glucose uptake [3–5]. When blood glucose is

at basal levels, a large amount of GLUT4 is localized intracellularly. Once the

blood glucose level increases with food consumption, insulin is secreted from

pancreatic β-cells and binds to the insulin receptor (IR) on the cell membrane of

the skeletal muscle. The activated IR phosphorylates the tyrosine residue of insulin

receptor substrate (IRS) [6]. IRS functions as a platform for insulin signal trans-

duction [7]. Phosphoinositide 3-kinase (PI3-K) binds to the phosphorylated IRS to

make it active. PI3-K promotes the production of phosphatidylinositol (3,4,5)-

trisphosphate (PIP3) on the cell membrane [8], and then the downstream Akt is

activated [9]. While there are several Akt isoforms, Akt2 is considered to play the

most important role in regulating glucose metabolism and in anabolic events such

as cell proliferation and hypertrophy [10]. The activated Akt suppresses GAP

activity of molecules containing the Rab-GAP domain, namely, Akt substrate 160

(AS160) and TBC1 domain family member 1 (TBC1D1), resulting in Rab activa-

tion and GLUT4 translocation [11].

Besides this signal transduction pathway from IR to Akt, studies indicate that

PKCλ/δ [12], a member of the atypical PKC family, and the CAP/c-Cbl/TC10
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signaling pathway [13] are also involved in the process of glucose metabolism.

However, very few studies have been conducted after publication of the original

paper, and no significant developments have been reported.

9.2 Insulin Resistance

Lowered insulin sensitivity of cells, coupled with decreased insulin response, is

known as insulin resistance where the insulin-dependent stimulation of glucose

uptake is reduced in the skeletal muscle. Insulin resistance is closely associated

with a number of diseases, including diabetes. The foremost role of insulin is to

promote anabolic processes. Therefore, insulin facilitates absorption and storage of

glucose, lipids, and amino acids and suppresses their catabolism. In obese people

with an imbalance between food intake and the amount of energy exerted through

physical activity, a sufficient amount of nutrients has already been stored in cells,

with no need for additional supply, and a mechanism at the cellular level is likely

triggered in the form of insulin resistance (Fig. 9.1).

The working mechanism of insulin resistance is complex, probably involving

numerous factors, including defective tyrosine phosphorylation of IRS-1. IRS-1 is

phosphorylated on a tyrosine residue for signal transduction to the downstream

pathway. More than 50 phosphorylation sites exist on serine/threonine residues and

hinder the phosphorylation of tyrosine residues. C-Jun N-terminal kinase (JNK) and

nuclear factor-kB (IkB) are representative serine/threonine kinases for IRS-1

[14]. At first, JNK is activated by TNFα, and then JNK phosphorylates serine

307 of IRS-1, which suppresses phosphorylation of the major tyrosine residue of

IRS-1 and subsequently attenuates insulin signaling [14]. Further, when S6kinase

Fig. 9.1 The factors that affect to GLUT4 translocation and glucose utilization in the skeletal

muscle
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(S6K) is activated by insulin and amino acids, phosphorylation of serine 636/639 of

IRS1 is accelerated, leading to attenuation of insulin signaling [15]. Phosphorylation

of IRS-1 serine/threonine residues inhibits binding to PI3-K and accelerates

proteasomal degradation of IRS-1 [16]. However, recent detailed analysis of the

IRS phosphorylation sites suggests that serine/threonine phosphorylation does not

necessarily lead to negative regulation of insulin signaling and that, in contrast,

insulin signaling may be enhanced depending on the combinations of different

phosphorylation sites. Under diverse physiological/pathological conditions, IRS-1

appears to modulate insulin signaling by transmitting the message for enhancing or

suppressing insulin signals [17].

The findings available so far concerning how Class IA PI3-K is involved in

insulin resistance are confusing [18]. PI3-K consists of a catalytic subunit with lipid

kinase activity and a regulatory subunit that binds to the phosphorylated tyrosine

residue of IRS. In mammals, the regulatory subunit is encoded by three genes,

namely, pik3r1, pik3r2, and p55PIK [19]. While pik3r1 encodes three splice

variants (p85α, AS53, and p50α), pik3r2 and p55PIK encode p85 and p55PIK,

respectively [19]. Short isoforms, AS53, p50, and p55PIK, are expressed in limited

cells or tissues while p85α and p85β are ubiquitously expressed, though expression
of p85α is considered significant. In the skeletal muscle of patients with type

2 diabetes, the expression of these regulatory subunits increases [20]. Surprisingly,

even in p85alpha [21] and p85beta [22] knockout mice, insulin sensitivity can be

strengthened. It is difficult to fully explain these results. It is possible that p85 plays

an essential role in insulin signaling by guiding P13-K toward IRS, though excess

p85 suppresses insulin signaling. Phosphatase and tensin homolog (PTEN) deleted

on chromosome ten is a phosphatase that antagonizes P13-K by dephosphorylating

PIP3. It was difficult to induce insulin resistance in the skeletal muscle-specific

PTEN knockout mice with a high-fat diet [23]. Therefore, insufficient regulation of

the PIP3 production by PI3-K and PTEN may cause insulin resistance.

Protein-Tyrosine phosphatase 1B (PTP1B) is a phosphatase that dephosphory-

lates tyrosine residues of IR and IRS. Expression of PTP1B is increased in human

insulin-resistant skeletal muscle [24]. Insulin sensitivity increases in skeletal

muscle-specific PTP1B knockout mice and protects the body from high-fat diet-

induced obesity and diabetes [25] and from TNFα-induced insulin resistance

[26]. Based on these findings, PTP1B is being considered as a therapeutic target

for treating insulin resistance.

9.3 Ectopic Fat

Males and postmenopausal women do not have sufficient estrogen, which functions

to facilitate the accumulation of subcutaneous fat; therefore, visceral fat is easily

accumulated. When this fat reaches a certain level, the energy that can no longer be

stored as visceral fat must accumulate in the skeletal muscle and the liver, which do

not primarily function as sites of fat storage. This accumulated fat can be consumed
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as a source of energy, but when the fat remains in these tissues for an extended

period, insulin resistance intensifies. Asian populations, including the Japanese,

have a low capacity for accumulating subcutaneous fat and instead have a tendency

to accumulate ectopic fat; therefore, they are predisposed to diabetes. Accordingly,

ectopic fat, along with visceral fat, should be strictly monitored.

We do not fully understand how the lipid in the skeletal muscle induces insulin

resistance. However, new findings rule out the traditional explanation, and new

hypotheses have been developed (see a review by Sulman for a detailed explanation

[27]). According to the traditional theory, ectopic lipids accumulate in skeletal

muscle and fatty acid oxidation increases. This causes the concentration of mito-

chondrial acetyl-coenzyme A to increase, which is followed by the following

sequence of events: supression of pyruvate dehydrogenase (PDH), inhibition of

glucose oxidation and intracelluar citrate concentration, suppression of phospho-

fructokinase (PFK), increase in intracellular glucose-6-phosphate concentration,

suppression of hexokinase (HK) activity, increase in intracellular glucose concen-

tration, and suppression of glucose transport (the so-called Randle’s hypothesis

[28]). However, according to recent reports, the concentrations of intracellular

glucose-6-phosphate and glucose are in fact reduced by lipid accumulation.

Based on this result, the following alternate hypothesis was proposed: the increase

in intracellular diacylglycerol (DAG) concentration activates PKCθ, serine 1101 of
IRS-1 is phosphorylated, and insulin signaling is suppressed.

The author’s group performed three different lipidomics analyses in rats com-

paring the effects of a 10-week running exercise regime and a 16-week high-fat diet

to determine the difference in the profiles of lipid species in the skeletal muscle

[29]. The authors found that DAG content was not affected by either exercise or by

high-fat diet, while insulin sensitivity of skeletal muscle was increased by exercise

and suppressed by high-fat diet. These results indicate that DAG may not be the

only causal agent in insulin resistance. Further, linoleic acid-containing phospha-

tidylcholine, sphingomyelin, and docosahexaenoic acid-containing phosphatidyl-

choline were found to be chronic exercise-induced lipids. In contrast, arachidonic

acid-containing phosphatidylcholines, phosphatidylethanolamines, and phosphati-

dylinositol were found to be high-fat diet-induced lipids. In addition, minor

sphingomyelin, which has long-chain fatty acids, was identified as a high-fat diet-

specific lipid. There are numerous lipid species in the skeletal muscle, and their

physiological activities vary. Therefore, a detailed analysis of the behaviors of these

lipid species by mass spectrometry or by other methods would further delineate the

mechanisms that lead to insulin resistance.
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9.4 Effect of Exercise (Muscle Contraction) on Glucose

Transport in the Skeletal Muscle

The importance of exercise in the control of blood glucose has been widely

recognized. Dynamic contraction of large muscle groups, even for a relatively

short time, promotes glucose uptake into the skeletal muscle. When the skeletal

muscle from rodent hind limb was cultured in the presence of oxygen and electri-

cally stimulated to induce contraction, glucose uptake occurred, as in the case of

insulin stimulation [30]. Glucose uptake in response to muscle contraction has the

same effect as glucose uptake in response to insulin, because GLUT4 translocation

eventually occurs, though the signal transduction pathway to the final step is

different. Even in insulin-resistant patients with type 2 diabetes, normal glucose

uptake into the skeletal muscle can often be maintained by exercise, as long as their

condition is not serious [31]. This is because of the activation of different signal

transduction pathways by exercise and by insulin. This difference can be demon-

strated by a classical experiment in which muscle contraction-induced glucose

uptake is not suppressed by the PI3-K inhibitor [32–34]. Further, in the skeletal

muscle of IR knockout mice, normal muscle contraction-induced glucose uptake is

maintained [35]. In general, there are some factors that can evoke or intermediate

exercise- and contraction-induced intracellular signaling (Fig. 9.2). Nevertheless,

the identity of the specific intracellular molecules that are involved in this process

remained unknown for a long time. A major breakthrough occurred when the role of

AMP-activated protein kinase (AMPK) was discovered [30].

AMPK is the serine/threonine kinase that is activated when intracellular energy

decreases [30]. AMPK is a heterotrimer consisting an α subunit, which contains the

catalytic domain; a γ subunit, which mediates binding to ATP/ADP/AMP; and a β

Fig. 9.2 Intracellular signaling evoked by exercise and muscle contraction
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subunit, which links the other two subunits and contains a glycogen binding domain

[36]. Kinase activity is enhanced or suppressed when AMP or ATP, respectively,

binds to the γ subunit. When AMPK is activated, catabolic action is enhanced for

energy production, while anabolic action for energy consumption is concurrently

suppressed, so that the intracellular energy level increases. In summary, upon

AMPK activation, glucose and fatty acid uptake, glycolysis, and oxidation are

promoted, whereas the synthesis of lipids, glycogen, and protein is suppressed. A

number of studies into the regulation of muscle contraction-associated glucose

uptake were the starting point for understanding the multiple physiological activ-

ities of AMPK.

At the time of muscle contraction, the intracellular energy level goes down while

the ratio of AMP to ATP increases. Subsequently, AMPK is activated, and an

intracellular signaling cascade for GLUT4 translocation is initiated. AMPK phos-

phorylates downstream TBC1 domain family member 1 (TBC1D1) [37] and mem-

ber 4 (AS160) [38] and suppresses the GTP hydrolytic enzymes of these proteins.

These molecules become active when dephosphorylated. Usually activated in the

state of abundant intracellular energy, these molecules suppress the downstream

Ras homologous from brain (Rab) and prevent the translocation of GLUT4 to cell

membrane. Rab8A, Rab13, Rab14, and other Rab proteins are known to be

involved in GLUT4 regulation in the skeletal muscle [4], but additional molecules

may be identified in the future. The GTP-bound and GDP-bound forms are the

active and inactive forms of Rab, respectively. Therefore, when TBC1D1 and

AS160 are phosphorylated and the GTPase activity is inactivated, the

GTP-bound, active form of Rab increases and accelerates the translocation of

GLUT4. Further, upon phosphorylation, TBC1D1 and AS160 bind to 14-3-3 and

are prevented access to Rab [39].

A recent study suggests that sucrose nonfermenting AMPK-related kinase

(SNARK) is an upstream factor involved in inactivation of TBC1D1 and AS160

[40]. SNARK, a member of the AMPK-related kinase family, is a serine/threonine

kinase that, like AMPK, is phosphorylated by LKB-1. However, since LKB1 is

constitutively activated, the status of the downstream target molecule likely deter-

mines whether the signal is transmitted. For instance, the site at which LKB-1

phosphorylates AMPK is exposed when AMPK is in the AMP-bound state (when

the intracellular energy is low). Phosphorylation of threonine at this site works as a

switch for the activation of AMPK. In contrast, in the case of SNARK, it is not

known which signal, for example, a change in the cell environment or the presence

of a second messenger, is a trigger for phosphorylation by LKB-1. In either case,

AMPK and SNARK are the molecules that transmit the glucose uptake signal

induced by muscle contraction. AMPK is stable as a heterotrimer of the α, β, and
γ subunits. When the α-γ linking β subunit is missing, the trimer cannot be formed,

leading to collapse of AMPK. In AMPK β1/β2 double knockout mice that lack the

two β subunit isoforms (β1, β2), the muscle contraction-induced glucose uptake is

reduced to approximately half [41]. A similar reduction is found in the LKB-1

knockout mouse [40]. Based on these findings, there may be other signaling
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molecules besides AMPK and SNARK that are associated with muscle contraction-

induced glucose uptake.

9.5 Effect of Exercise (Muscle Contraction) on Insulin

Sensitivity in the Skeletal Muscle

It has been widely recognized that continuous, daily exercise can enhance insulin

sensitivity in the skeletal muscle and improve insulin resistance. Nevertheless, the

underlying mechanism for this phenomenon is mostly unknown. In a recent study, a

test subject rode a bicycle with one foot for 1 h (no movement of the other resting

foot), and an insulin clamp test was conducted 6 h afterwards. In the foot that was

actively cycling, insulin sensitivity increased when compared to the sensitivity in

the foot that was at rest [42]. Such improvement in insulin sensitivity probably

continued to gradually increase after each repetitive exercise.

To enhance insulin sensitivity by muscle contraction, cross talk between muscle

contraction-induced intracellular signal and the insulin-signaling pathway should

exist. Both TBC1D1 and AS160 are multiply phosphorylated, and the phosphory-

lation sites are specific to the insulin pathway or the muscle contraction pathway,

though some of phosphorylated amino acid residues are overlapping. Akt phos-

phorylates the molecules in the insulin pathway, while AMPK phosphorylates the

molecules in the muscle contraction pathway. Therefore, the amino acid residues

that are phosphorylated by AMPK likely enhance the efficiency of insulin signaling

and GLUT4 translocation via a unique mechanism.

Alternative explanations for enhancement of insulin sensitivity by continuous

exercise include the increase in GLUT4 expression level [43] and an increase in the

number of mitochondria [44]. When lipids accumulate in the skeletal muscle,

insulin resistance occurs, as is widely known. Continuous exercise generally

reduces the accumulated lipid and is thus expected to alleviate insulin resistance.

However, despite a high level of insulin sensitivity, the intracellular lipid content of

highly trained athletes that are middle-distance and long-distance runners is large.

This phenomenon is called the athlete’s paradox [45] and indicates that not all lipids
in the skeletal muscle work to induce insulin resistance. In fact, in studies with rat,

lipid molecular species that specifically increased with running exercise and those

that specifically increased with high fatty food were identified, and therefore,

differences in lipid composition may be an important matter for consideration

(Fig. 9.3) [29].
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Chapter 10

Mechanism of Skeletal Muscle Contraction:

Intracellular Signaling in Skeletal Muscle

Contraction

Yasuko Manabe

Abstract Regular exercise contributes to maintaining the skeletal muscle mass and

quality, which may prevent type II diabetes, hypertension, coronary heart disease,

and/or sarcopenia. Exercise/muscle contraction induces activation or inactivation

of the intracellular molecules for a short period, which results in an increased

glucose uptake, fatty acid oxidation, and protein synthesis. Exercise also affects

transcription factors and coactivators, which change the target gene expression and

are related to muscle adaptations such as increasing glucose transport-related

protein, mitochondrial biogenesis, and the muscle fiber type transition over a long

period. Alterations of these molecules are mediated by changes in the intracellular

Ca2+ level, energy status level, and/or the activated mitogen-activated protein

kinase (MAPK) signaling pathway. In this section, the intracellular signaling

pathway induced by skeletal muscle contraction is discussed.

Keywords AMPK • Calcium signaling • MAPK

10.1 Introduction

Skeletal muscle contraction induces dynamic metabolic changes including glucose

metabolism, fatty acid metabolism, and protein synthesis. These metabolic changes

are caused by biochemical modulations of the intracellular molecules for a short

period and alterations of gene expression for a long period.

Exercise/muscle contraction increases intracellular Ca2+ levels from the sarco-

plasmic reticulum. Increased levels of Ca2+ activate different kinds of signaling

molecules such as Ca2+/calmodulin-dependent protein kinase (CaMK), calcineurin

(Ca2+/calmodulin-dependent phosphatase), and protein kinase C (PKC), which

results in an increase in glucose uptake, mitochondrial biogenesis, and/or fiber

type transition (Fig. 10.1).
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When skeletal muscles start contraction, intracellular energy levels are dynam-

ically changed. Muscle contraction accelerates ATP consumption and increases

AMP. Namely, the intracellular AMP/ATP ratio is increased, which results in the

activation of AMP-activated protein kinase (AMPK). AMPK serves as a metabolic

regulator, which activates and/or inactivates the different kinds of signaling pro-

teins related to glucose, fatty acid, and protein metabolism (Fig. 10.1).

The mitogen-activated protein kinase (MAPK) signaling pathway, including

p38, c-jun NH2-terminal kinases (JNK), and extracellular signal-regulated kinase

(ERK), is known to transmit environmental changes into intracellular responses.

MAPK is ubiquitously expressed and regulates gene transcriptions and metabo-

lisms. Exercise/contraction also activates the MAPK signaling pathway, which

regulates gene expressions and metabolism (Fig. 10.1). Understanding these sig-

naling pathways and resultant metabolic regulations may contribute toward

explaining the beneficial effects of exercise.

MAP Kinase 

Exercise / Skeletal muscle contraction 

p38 

AMPK  

Ca2+ signaling AMPK signaling 

[Ca2+] 

CaMK Calcineurin PKC LKB1 ERK1/2 JNK CaMKK 

ACC 

c-Jun 

Glucose 
metabolism 

Fiber type 
transition 

Fatty acid 
metabolism 

Myogenesis 
Adaptation 

PGC-1  
TBC1D4 
TBC1D1 

AMP/ATP ratio 

ERK MEF2 ATF2 NFAT 
MEF2 

p90 rsk 

PGC-1  

Fig. 10.1 Proposed model of exercise-induced signaling pathway in the skeletal muscle. Classi-

fied into three signaling pathways: AMP-activated protein kinase (AMPK), Ca2+, and mitogen-

activated protein kinase (MAPK). AMPK is activated by detection of an increased intracellular

AMP/ATP ratio. LKB1 and Ca2+/calmodulin kinase kinase (CAMKK) are also known as upstream
kinases of AMPK. AMPK serves as a metabolic regulator, which activates and/or inactivates the

downstream molecules related to metabolic regulation. Ca2+ activates Ca2+/calmodulin-dependent

protein kinase (CaMK), calcineurin, and protein kinase C (PKC). These signaling pathways

regulate transcriptional factors and regulate glucose metabolism and fiber type transition. The

MAPK signaling pathway including p38, c-jun NH2-terminal kinases (JNK), and extracellular

signal-regulated kinase (ERK) is also activated by muscle contraction. MAPK mainly regulates

downstream transcription factors and coactivators, which results in myogenesis and muscle

adaptation
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10.2 Ca2+ Signaling Pathway Induced by Muscle

Contraction

Ca2+ is the first trigger to induce muscle contraction. The action potential traverses

the T-system [1] and reaches the sarcoplasmic reticulum to release Ca2+. An

increase in sarcoplasmic Ca2+ plays a pivotal role to induce not only excitation–

contraction coupling but also serves as the regulator for many cellular events via

several pathways including the activation of CaMK, calcineurin, and PKC [2].

CaMK is a serine/threonine protein kinase which is classified into the following

two categories: kinases with a single substrate such as phosphorylase kinase,

CaMKIII, and myosin light chain kinase, and multifunctional kinases with several

substrates such as CaMKI, CaMKII, and CaMKIV [3]. Of those, CaMKII is of

particular interest in the skeletal muscle. CaMKII has four isoforms (α, β, γ, and δ)
and each isoform is encoded by separate genes [3]. CaMKII consists of 8–12 similar

homologous subunits held together by interactions between a C-terminal associa-

tion domain and forms a pinwheel-like structure [3]. When one subunit is activated

by binding a Ca2+–calmodulin complex, it phosphorylates the other subunits in the

same enzyme (inter-subunit autophosphorylation). This complex system results in

the delayed regulation of CaMKII activity in response to elevated Ca2+. Therefore,

CaMKII is considered to act as the stimulation–frequency decoder in the skeletal

muscle, which decodes the frequency of Ca2+ spikes into graded amounts of kinase

activity [4].

CaMKII activation induced by acute exercise enhances glucose transport. In

mice, overexpression of the specific inhibitor of CaMKII in the skeletal muscle

decreased glucose transport induced by muscle contraction without affecting

AMPK phosphorylation. This suggests that CaMKII has a critical role in the

regulation of glucose uptake independent of the AMPK pathway [5]. CaMK also

affects gene expression levels related to glucose transport and mitochondrial

biogenesis. Myocyte enhancer factor-2 (MEF2), a transcription factor, and class

II histone deacetylases (HDACs) are the key factors for regulating gene expressions

related to glucose transport [6–8]. In the basal state, a complex of HDACs and

MEF2 bind to the MEF2 target genes and deacetylates histones surrounding the

MEF2 binding domain and represses the transcription of target genes [9]. When

activated, CaMKII phosphorylates HDACs. Then, MEF2 is released from the

phosphorylated HDACs and exported to the cytoplasm. The released MEF2 is

able to associate with coactivators such as p300 and PGC-1α, which induce

transcription [10, 11]. In rats, swimming exercises increased MEF2 binding to the

glucose transport type 4 (Glut4) promoter, a critical glucose transporter in the

skeletal muscle, and in the acetylation of histone H3 on the Glut4 gene [12]. Rats

injected with KN-93, an inhibitor of CaMK, attenuated the MEF2 binding, histone

acetylation, and Glut4 expression [12]. This suggests that CaMKII activation is

important to increase Glut4 expression.

Calcineurin is a Ca2+-dependent serine/threonine phosphatase which is the

heterodimer of a catalytic unit, calcineurin A (α, β, or γ), and a regulatory subunit,
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calcineurin B (1 or 2). In the skeletal muscle, calcineurin A-α, calcineurin A-β, and
calcineurin B1 are expressed [13]. Calcineurin is activated by calmodulin [14],

which is related to muscle hypertrophy [15, 16] and muscle fiber transition [17, 18].

Calcineurin-deficient mice showed reduced type I fibers [19]. Mice overexpressing

muscle-specific calcineurin showed an increase in type I fibers and mitochondrial

oxidative function [17, 18], suggesting that calcineurin regulates type I fiber

transition. In addition, calcineurin activated the myosin heavy chain (MHC) IIa

promoter rather than the MHCIIb promoter [20, 21], suggesting that calcineurin

also serves as the fiber type transition within the type II fiber. Two transcription

factors, nuclear factor of activated T-cells (NFAT) and MEF2, are the downstream

targets of calcineurin in muscle fiber type regulation. Calcineurin directly binds to

dephosphorylate NFAT. Then NFAT is translocated to the nucleus and regulates

gene expression including myf5, myoglobin, MHC, and troponin [22]. Calcineurin

also stimulated the transcriptional activation function of MEF2 in the skeletal

muscle using transgenic mice and cultured myocytes [6], and cyclosporin A, a

calcineurin inhibitor, blocked this effect [23]. These studies suggest MEF2 and

NFAT serve as important transcriptional factors in the fiber type transition. On the

other hand, whether calcineurin is related to muscle hypertrophy is still controver-

sial. With reference to many genetically modified mice models, some have reported

that calcineurin is not related to muscle size [17, 19, 24], while others showed

calcineurin was related to muscle size [15, 16]. There is a relationship between fiber

type transition and muscle size as the type I fiber is resistant to muscle atrophy in

comparison to the type II fiber [25]. Therefore, to determine whether calcineurin

contributes to hypertrophy, a comprehensive understanding of the mechanism,

including fiber type transition and atrophy, is needed.

PKC is classified into three groups. The conventional PKC (cPKCs, α, β1, β2,
and γ isoforms) is directly activated by Ca2+[26], the novel PKCs (nPKCs, δ, ε, θ,
and η isoforms) are dependent on only diacylglycerol for activation, and the

atypical PKCs (aPKCs, ζ, and λ isoforms) are activated independent of Ca2+ and

diacylglycerol. cPKC activation is regulated by the frequency of Ca2+ spikes and

the temporal coordination between Ca2+ spikes and diacylglycerol signals in rat

basophilic leukemia 2H3 cells [27], although how this applies to the skeletal muscle

still remains unclear. In early reports, total PKC was activated by muscle contrac-

tion in the rat skeletal muscle [28, 29]. However, recent studies suggested that

isoform-specific analyses of cPKC and nPKC were not affected by exercise in

humans [30, 31]. In contrast, aPKCs are reported to be activated by exercise in rats

and humans [30–33]. In rat muscle and L6 myotubes, aPKCs were also activated by

5-aminoimidazole-4-carboxamide-1-β-D-riboside (AICAR), an activator of

AMPK, and specific aPKC inhibitors blocked glucose uptake stimulated by

AICAR. This suggests that glucose uptake via the AMPK pathway is mediated

via aPKCs. Although some studies suggest that the effect of aPKC on glucose

uptake was mediated by ERK signaling [32, 33], exercise-stimulated glucose

uptake was not related to ERK signaling ([34] as described below). Therefore

further studies to elucidate the effect of aPKC on glucose uptake will be required.
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10.3 AMPK Signaling Pathway Induced by Muscle

Contraction

Exercise/muscle contraction alters the energy status in the skeletal muscle. During

exercise, AMPK senses an increased AMP level and decreased ATP level (an

increase in the intracellular AMP/ATP ratio), and then AMPK is phosphorylated

at the Thr172 site and regulates downstream molecules resulting in an increase in

glucose uptake and fatty acid oxidation. Therefore, AMPK is considered as a fuel

gauge regulating energy metabolism in the cells [35].

AMPK is a serine/threonine kinase that consists of a catalytic subunit

(α-subunit) and regulatory subunit (β-subunit and γ-subunit). Each subunit has

some isoforms: α-subunit (α1 and α2), β-subunit (β1 and β2), and γ-subunit (γ1,
γ2, and γ3). Although the skeletal muscle expresses all isoforms, the major isoform

is the heterodimer complex of α2β2γ1, α1β2 γ1, and α2 β2 γ3 in the human vastus

lateralis muscle [36, 37]. The γ-subunit of AMPK has four cystathionine beta

synthase (CBS) domains, which bind either AMP or ATP. When cellular energy

status is low, such as from prolonged fasting or exercise, AMP binds to the CBS

domain of γ-subunit. This results in a conformational change, activating AMPK,

which turns on the ATP regenerative pathway and inhibits the ATP-consuming

pathway.

In addition to detecting the energy status change, upstream molecules of the

tumor suppressor protein kinase LKB1 [38] and Ca2+/calmodulin kinase kinase

(CaMKK) [39] also phosphorylate Thr172 in AMPK and regulate AMPK activity.

Muscle-specific LKB1 knockout mice showed a significant decrease in AMPKα2
activity under basal and contractive stimulation [40, 41]. LKB1 is a constitutively

active protein and is not rate limiting for activation of AMPK [42]. When AMPK

undergoes a conformational change induced by AMP binding to a CBS domain,

LKB1 can easily access AMPK and serves to accelerate AMPK phosphorylation.

Unlike AMPKα2, AMPKα1 activity is not affected by LKB1 knockout mice,

suggesting that LKB1 is the predominantly upstream kinase of AMPKα2.
Another upstream kinase is CaMKK. CaMKKII is considered to be a dominant

upstream of AMPK [39, 43]. In endothelial cells, activated AMPK via CaMKKII

was dependent on thrombin but independent of LKB1 [44]. In T lymphocytes, T-

cell antigen receptor stimulus activates AMPK via the CaMKK-dependent pathway

without change of energy status [45]. In the skeletal muscle, CaMKK inhibitors of

KN-93 and STO-609 reduced AMPK phosphorylation and activity, while the

inhibitors did not affect the AICAR-stimulated glucose uptake or LKB1 activity

[46]. This suggests that CaMKK regulates AMPK phosphorylation and glucose

uptake independent of energy status and LKB1 pathway.

AMPK has been of considerable interest with respect to exercise-induced glu-

cose uptake. Exercise/contraction induced activation of AMPK in humans [47, 48]

and rodents [49, 50] and increased glucose uptake independent of the insulin

pathway. Interestingly, genetically modified mice with an ablation of AMPK

activity showed a normal contraction-induced glucose uptake [51, 52]. On the
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other hand, contraction-induced glucose uptake was inhibited in LKB1 knockout

mice [40, 41], suggesting that other downstream molecules of LKB1 besides

AMPK are related to contraction-induced glucose uptake. A recent study suggests

that sucrose nonfermenting AMPK-related kinase (SNARK) is another substrate of

LKB1 for regulating glucose transport [53]. As downstream molecules of AMPK,

GTPase-activating proteins of the TBC1 domain family, members 4 and 1

[TBC1D4 (AS160) and TBC1D1] have been reported (see the review [54]). Acti-

vated AMPK by muscle contraction phosphorylates TBC1D4/TBC1D, which

enhances Glut4 translocation and an increase in glucose uptake.

Activation of AMPK also promotes fatty acid metabolism. Carnitine

acyltransferase 1 (CPT1) is a mitochondrial fatty acid transporter, which is alloste-

rically inhibited by the malonyl-CoA. Malonyl-CoA is synthesized from acetyl-

CoA catalyzed by acetyl-CoA carboxylase (ACC). AMPK activation inhibits ACC

activity via an increase in ACC phosphorylation, which therefore decreases

malonyl-CoA synthesis, resulting in CPT1 activation and promotes fatty acid

uptake into mitochondria and an increase in fatty acid oxidation. Although

AMPK plays a role in ACC phosphorylation, the necessity of AMPK in fatty acid

oxidation in the skeletal muscle remains unclear. Mice with skeletal muscle-

specific AMPKα2-deficient and AMPKα1-dominant-negative transgenes showed

increased fatty acid oxidation when stimulated by in vivo exercise and isolated

muscle contraction [55]. It was also reported that ACC is not the only regulator of

fatty acid oxidation [55]. Therefore, fatty acid activation stimulated by exercise is

not fully explained with an inactivation of ACC by AMPK activation. Some

redundant pathway may exist for fatty acid oxidation induced by contraction.

Activated AMPK regulates not only downstream phosphoproteins related to

metabolism but also gene expressions via transcription factors and a transcriptional

coactivator [56]. PGC-1α is one of the transcriptional coactivators that interacts

with the transcription factors and regulates many genes of energy homeostasis

related to fat oxidation and mitochondrial biogenesis [57]. Activated AMPK

directly phosphorylates PGC-1α at thr177 and ser538 [57]. Phosphorylation of

PGC-1α regulates the gene expression of glut4, mitochondrial genes such as

cytochrome C, ucp1/2, and even pgc-1 itself. AMPK also affects the transcription

factors. Activated AMPK enhances the nuclear respiratory factor-1 (NRF-1) bind-

ing activity to its promoter, which enhances mitochondrial biogenesis [58]. AMPK

directly phosphorylates and activates glut4 enhancer factor, which recruits the

MEF2 and enhances glut4 transcription [59]. These data suggest that AMPK

indirectly regulates gene expression via enhancement of coactivator activity and

transcriptional factors. It is also reported that AMPK is related to fiber type

transition. Continuous dosing of AICAR in rats showed a decreased ratio of type

IIb fibers and an increased ratio of type IIx fibers in the extensor digitorum longus

muscle [60]. AMPKγ1 transgenic mice with a chronic activation of AMPK showed

an increase in type IIa/x fiber [61]. As a downstream molecule related to fiber type

transition, PGC-1α is known to regulate fast-to-slow fiber type transformation [62].

However, AMPKα2 knockout mice [63] and dominant-negative mice [61] showed

an increase in exercise-induced PGC-1α gene expression in the skeletal muscle with
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only a little impairment in the exercise-induced fiber transition. Therefore, it is not

well understood how AMPK regulates fiber type transition.

10.4 The Mitogen-Activated Protein Kinase Signaling

Pathway Induced by Muscle Contraction

MAPK signaling cascades play important roles in various kinds of cells, which are

stimulated by environmental stressors, cytokines, and growth factors. Activation of

the MAPK signaling pathway phosphorylates downstream substrates and finally

transmits the transcription factors and coactivators. This results in the regulation of

physiological processes such as cell proliferation, cell differentiation, apoptosis,

inflammation, hypertrophy, energy metabolism, and gene transcription [64]. In the

skeletal muscle, the MAPK signaling pathway such as the ERK1/ERK2, p38, and

JNK is rapidly induced by muscle contraction [65].

10.4.1 p38 MAPK

Four isoforms of p38 (p38α, p38β, p38γ, and p38δ) were reported. p38α and p38β
were ubiquitously expressed, while p38γ is expressed mainly in the skeletal muscle

and p38δ is expressed mainly in the lung and kidney [66]. Muscle contraction

increases p38 phosphorylation in rodents [67, 68] and humans [69, 70]. In an early

study, activation of p38 MAPK by muscle contraction was thought to regulate

glucose metabolism, since SB203580, a p38α/β antagonist, inhibited glucose

uptake stimulated by AICAR [71]. However, later studies suggested that

overexpression of p38γ in the skeletal muscle negatively regulates Glut4 expression

and contraction-mediated glucose uptake [72]. In another report, overexpression of

dominant-negative p38α/β did not affect insulin-stimulated glucose uptake [73].

Therefore, inhibition of SB203580 in the early study is considered to come from the

direct inhibition of the glucose transporter [74]. It seems that activation of p38

induced by muscle contraction is not directly related to glucose transport in the

skeletal muscle.

Activation of p38 by muscle contraction induced PGC-1α expression via the

activation of transcription factor 2 (ATF2), a transcription factor of PGC-1α in

C2C12 cells [75], and is related to the muscle adaptation. Skeletal muscle-specific

expression of MKK6E, a constitutively active activator of p38, increased PGC-1α
and cytochrome c oxidase IV (COX IV) protein expression in fast type skeletal

muscles [75]. Muscle-specific ablation of p38γ, but not p38α and p38β, reduced
endurance exercise-induced pgc-1α mRNA expression and mitochondrial proteins

such as COX IV and cytochrome c [76]. p38 activation is also involved in myogenic

differentiation. Using the primary myoblasts from the skeletal muscle of neonatal

mice deficient in p38α, p38β, p38γ, or p38δ, p38α plays a critical role in
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myogenesis and p38γ plays a role in cellular fusion [77]. Although the relative

contribution of the p38 subtypes in response to physiological conditions such as

contraction and proliferation still remains unclear, at least p38 seems to contribute

to myogenesis.

10.4.2 c-jun NH2-Terminal Kinases

JNK, members of the stress-activated protein kinase family, are encoded by three

genes, juk1, juk2, and juk3 and produce ten isoforms via alternative splicing [78].

Transcripts derived from three juk genes produce 46 kDa (JNK1) and 55 kDa

(JNK2) isoforms [78], although the functional difference of two splice variants

remains unclear. JNK activity is related to insulin resistance [79, 80]. JNK1

knockout mice were protected from obesity-induced insulin resistance [81].

These JNK KO mice that were fed a high-fat diet had a significantly lower blood

glucose level and decreased adipose size than the control mice [81]. In the muscle-

specific JNK KO mice study [82], the mice showed improved high fat-induced

insulin resistance. However, these mice did not influence diet-induced obesity. In

particular, adipose tissue-specific JNK1 KO also showed improved insulin sensi-

tivity with the diet-induced obesity phenotype [83], while liver-specific JNK KO

mice did not [84]. In the skeletal muscle, muscle contraction and physical exercise

increase JNK activity in the rat and human skeletal muscle [65, 70, 85–87].

Considering that the JNK KO mice showed improved insulin resistance, the

activation of JNK by muscle contraction is confusing. One interpretation is that

JNK in the skeletal muscle is not directly related to glucose metabolism but

regulates other events via regulation of gene expression. The glycogen content

and glycogen synthase activity stimulated by contraction was not different between

control and skeletal muscle-specific JNK overexpressed muscles [88]. In addition,

glucose uptake stimulated by the insulin or muscle contraction was not significantly

different between control and JNK KOmuscles [88], suggesting that JNK activity is

not related to glucose metabolism in the skeletal muscle. JNK activation induced by

muscle contraction is associated with an increased mRNA level of c-Jun, a down-

stream molecule of JNK in humans and rats [87, 89]. c-Jun is known as the

transcription factor which regulates various cell events including cellular prolifer-

ation, apoptosis, DNA repair, and inflammation [90–92]. Therefore, JNK activation

stimulated by muscle contraction may contribute to these events via c-jun.

10.4.3 Extracellular Signal-Regulated Kinase 1/2

ERK, a major MAP kinase family, is also activated by exercise such as treadmill

running in rodents [65, 67], in vitro contraction in rats [93, 94], cycle ergometer

exercise and running in humans [95, 70], and a knee extensor resistance exercise
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[96]. Phosphorylation of ERK is dependent on the intensity of exercise [97]. When

one leg was exercised using a cycle ergometer and the other leg was rested, ERK

activation was detected only in the exercised muscle [86, 70]. This suggested that

ERK is activated as a local response to muscle contraction rather than as a systemic

response. Insulin is also known as an activator of the ERK signaling pathway [65,

98, 99].

In response to exercise, the upstream kinase of ERK1/ERK2 phosphorylation,

Raf-1, and the upstream kinase MAP/ERK kinase (MEK1/MEK2) are reported [86,

100]. Insulin also activates ERK phosphorylation via MEK activation, which is

activated by the upstream molecules of Ras and Raf via classical receptor tyrosine

kinase pathways [101, 102]. Although ERK phosphorylation induced by insulin

stimulation was diminished by the pre-treatment of phosphatidylinositol (PI)

3-kinase inhibitors, wortmannin, and LY-294002, ERK phosphorylation induced

by muscle contraction was not. This suggests that the ERK phosphorylation stim-

ulated by contraction uses a different mechanism from that by insulin [34]. The

ERK activation mechanism stimulated by contraction still remains unclear.

P90 ribosomal S6 kinase (p90rsk) is the downstream target of ERK1/ERK2 [93,

103]. In an isolated rat muscle, contraction-induced activation of p90rsk was

concomitant with ERK1/ERK2 phosphorylation [93]. Inhibition of MEK-ERK

inhibitor, PD98059, completely abolished the p90rsk activation induced by con-

traction, suggesting that the p90rsk is ERK dependent [93]. Mitogen- and stress-

activated kinase 1/2 (MSK1/MSK2) is also reported as a downstream target of

ERK1/ERK2. MSK1/MSK2 is activated in response to muscle contraction in the

human skeletal muscle [69, 103]. The activation pattern of MSK1/MSK2 by

exercise is related to the ERK phosphorylation pattern; therefore, MSK1/MSK2 is

also considered to be regulated by ERK phosphorylation [104].

ERK activation is not related to glucose uptake induced by muscle contraction.

Glucose uptake stimulated by contraction was not inhibited by PD-98059, a MEK

inhibitor, in rat muscle [34]. On the other hand, some studies suggested that ERK

activity is related to the fatty acid uptake in the skeletal muscle. Fatty acid uptake

was significantly correlated with ERK1/ERK2 phosphorylation from low- to

moderate-intensity muscle contraction in rat muscles [105]. To support this data,

contraction-induced palmitate uptake was abolished by the PD-98059, suggesting

that ERK phosphorylation is related to fatty acid uptake. Although muscle contrac-

tion has been shown to activate ERK1/ERK2, more studies will be required on how

ERK activation induced by exercise contributes to metabolic regulations.
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Chapter 11

Mechanism of Skeletal Muscle Contraction:

Role of Mechanical Muscle Contraction

in Glucose Homeostasis

Yasuro Furuichi

Abstract Physical exercise has beneficial effects on whole-body glucose homeo-

stasis and reduces the risk of metabolic diseases such as obesity, diabetes, and

insulin resistance. Muscle contraction increases glucose uptake by skeletal muscle

cells via an insulin-independent signaling mechanism. There is an increasing

evidence that contraction-induced glucose uptake is mediated by AMP-activated

protein kinase (AMPK), an energy sensor in skeletal muscle. Recent studies have

identified another signaling pathway involving sucrose nonfermenting AMPK-

related kinase that is activated by muscle contraction. Acute muscle contraction

also activates insulin-induced glucose transport, and TBC1D4 has been identified as

a regulator of insulin sensitization. Increased lipid oxidation and utilization

resulting from chronic muscle contraction can stimulate insulin-induced glucose

transport, since tissue accumulation of lipid metabolites—that is, lipotoxicity—is a

basis for insulin resistance. Carnitine also normalizes intracellular lipid state by

buffering excess accumulation of acetyl coenzyme A, a potent inhibitor of key

enzymes in glucose metabolism. Finally, chronic exercise affects not only skeletal

muscle but also pancreatic function and enhances insulin secretion. The current

knowledge regarding the mechanism of glucose uptake induced by muscle con-

traction is summarized in this chapter.

Keywords AMPK • TBC1D4 • Insulin sensitivity • Lipotoxicity

11.1 Introduction

The skeletal muscle is the largest organ to take up blood glucose and accounts for

70 % of glucose disposal [1, 2]; thus, dysregulation of the glucose transport

mechanism in skeletal muscle cells causes an elevation of blood glucose levels,

leading to diabetes. Exercise is widely recognized as having beneficial effects for
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patients with diabetes mellitus because muscle contraction directly stimulates

glucose uptake in skeletal muscle. This was first demonstrated two decades ago

by a study that compared glucose uptake in skeletal muscle during cycling between

insulin-resistant diabetic patients and healthy subjects, which found that glucose

uptake in leg muscles was increased to a comparable degree in both groups [3]

(Fig. 11.1). These results demonstrated that although insulin signaling is impaired

in diabetic patients, the signaling mechanism for muscle contraction-induced glu-

cose uptake remains intact, suggesting that it is independent of insulin signaling.

Direct evidence for contraction-induced glucose transport was demonstrated in an

in vitro muscle contraction model in which excised skeletal muscle was electrically

stimulated [4], enabling the effect of muscle contraction on glucose transport in

skeletal muscle to be examined independently of in vivo factors such as hormone

and metabolite levels and blood flow. The role of muscle contraction as a stimulator

of glucose uptake is now universally accepted, and much is known about the

underlying signaling pathways.

Muscle contraction also improves whole-body glucose homeostasis, since a bout

of muscle contraction can enhance insulin-induced signaling. Although insulin- and

muscle contraction-induced glucose transport occur via independent mechanisms,

muscle contraction affects molecules involved in the insulin cascade and is required

to maintain intracellular lipid balance. Excess lipid accumulation in skeletal muscle

cells caused by overfeeding potently inhibits insulin signaling, while chronic

exercise increases the expression of proteins involved in glucose transport and

mitochondrial biogenesis and improves pancreatic insulin secretion, suggesting

that muscle contraction affects organs other than skeletal muscle. Understanding

the mechanistic basis for improved glucose homeostasis resulting from muscle

contraction is essential for developing effective drugs and optimizing exercise-

based intervention strategies for disease. This chapter summarizes the current

knowledge regarding the mechanism of glucose uptake induced by muscle

contraction.
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11.2 Regulation of Glucose Transport by Insulin-

and Muscle Contraction-Induced Signaling

Glucose uptake by skeletal muscle cells is mediated by glucose transporters

(GLUTs). Two of these, GLUT1 and GLUT4, are expressed in skeletal muscle;

however, the latter is responsible for the acute regulation of glucose uptake. In the

basal state, vesicles containing GLUT4 are pooled in the cytosol and translocated to

the sarcolemma and T-tubules; glucose transport therefore depends on the presence

of GLUT4 on the muscle cell surface, which is enhanced by insulin and muscle

contraction via distinct signaling pathways. The current understanding of the

molecular mechanisms of insulin- and contraction-induced glucose transport in

skeletal muscle cells is summarized in Fig. 11.2.
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11.2.1 Glucose Transport Mediated by Insulin Signaling

Insulin produced by beta cells in the pancreas is a potent stimulator of glucose

transport into skeletal muscle cells. The regulation of glucose transport involving

the insulin signaling pathway and the activation of various intracellular proteins has

been summarized by recent review articles [5]. Briefly, the binding of insulin to its

receptor triggers the activation of the associated tyrosine kinase, leading to tyrosine

phosphorylation of insulin receptor substrate (IRS)-1 and activation of phosphati-

dylinositol 3-kinase (PI3K) followed by Akt, resulting in the translocation of

GLUT4 to the muscle cell surface where glucose transport occurs via facilitative

diffusion (Fig. 11.2). As described later, muscle contraction affects insulin signal-

ing and increases insulin sensitivity.

11.2.2 Muscle Contraction Increases Glucose Transport via
AMP-Activated Protein Kinase (AMPK) Activation

AMP-activated protein kinase (AMPK) is a heterotrimer composed of a catalytic

α-subunit (α1 and α2) and regulatory β- (β1 and β2) and γ-subunits (γ1, γ2, and γ3).
Only three combinations of these exist in skeletal muscle, namely, α1/β2/γ1, α2/β2/
γ1, and α2/β2/γ3 [6]. The γ-subunit has a binding domain for ATP, ADP, and AMP

and thereby acts as an energy sensor. Thr172 is the regulatory phosphorylation site

of the α-subunit, and its phosphorylation is essential for catalytic activity

[7, 8]. Liver kinase B1 (LKB1) was identified as an enzyme that phosphorylates

Thr172 in the skeletal muscle [9] and is the major kinase regulating AMPKα:
muscle-specific deletion of LKB1 abolishes AMPKα2 activity under basal and

contraction-stimulated conditions [10].

A decrease in intracellular energy stores is a major trigger for contraction-

induced glucose uptake. Intracellular ATP is consumed during muscle contraction,

which increases AMP and ADP concentrations. This leads to the activation of

AMPK, a serine/threonine kinase belonging to a family that is highly conserved

among eukaryotic species and acting as a sensor of energy levels in the skeletal

muscle [11]. Increases in AMP:ATP and ADP:ATP ratios cause conformational

changes in the APMK complex, which induces AMPK phosphorylation by

upstream kinases [12, 13].

Contraction-induced glucose uptake is mediated by AMPK activation. This was

established by pharmacological experiments using the AMPK activator

5-aminoimidazole-4-carboxamide-1-β-4-ribofuranoside (AICAR), which was

shown to stimulate glucose transport in skeletal muscle independently of the effects

of insulin [14, 15]. AICAR is taken up by muscle cells and phosphorylated to yield

5-aminoimidazole-4-carboxamide ribonucleotide, a monophosphorylated deriva-

tive that mimics the effects of AMP on AMPK. The effect of AICAR treatment

on glucose transport was comparable to that of muscle contraction, which was not
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inhibited by the PI3K inhibitor wortmannin [15]. These findings suggest that

AICAR stimulates glucose transport via an insulin-independent signaling

mechanism.

11.2.3 Sucrose Nonfermenting AMPK-Related Kinase
(SNARK) Mediates Contraction-Induced Glucose
Transport

Contraction-induced glucose uptake occurs via the LKB1/AMPK axis. The contri-

bution of AMPK to glucose transport in skeletal muscle has been evaluated in

transgenic mice that express a dominant-negative form of AMPKα in this tissue

[16, 17]. As expected, AICAR- and contraction-induced AMPKα activity was

completely abolished in these mice; however, AICAR- but not contraction-

stimulated glucose uptake was inhibited [17]. These results suggest that AMPK

regulates contraction-induced glucose transport but that other molecules are also

likely to be involved.

While AMPKα2 mutant mice showed normal contraction-stimulated glucose

transport [17], this was markedly reduced in muscle-specific LKB1 knockout mice

lacking AMPKα2 activity [10], implying that one or more additional LKB1 sub-

strates are involved. SNARK has been identified as a contraction-activated signal

that mediates glucose transport in skeletal muscle [18]. Muscle contraction

increased SNARK activity in skeletal muscles of normal mice but was abolished

in LKB1 knockout mice, suggesting that SNARK is a downstream effector of

LKB1 in the regulation of glucose transport [18].

11.2.4 Effect of Ca2+ Signaling on Skeletal Muscle Glucose
Transport

Ca2+ released from the sarcoplasmic reticulum initiates muscle contraction and is

thought to directly regulate glucose uptake. Skeletal muscle glucose uptake was

increased in response to low concentrations of caffeine, a stimulator of sarcoplas-

mic reticulum Ca2+ release, in the absence of contractile activity and alternation of

cellular energy status [19, 20]. These reports suggest that Ca2+ release is sufficient

to increase glucose uptake in a signaling mechanism that is independent of AMPK.

However, several studies have demonstrated that caffeine induces AMPK activa-

tion in the absence of muscle contraction [21, 22]; from this it was concluded that

Ca2+ release per se does not regulate glucose transport [23, 24]. It has been

proposed that increased cytosolic Ca2+ reuptake into the sarcoplasmic reticulum

increases energy demand and results in AMPK activation [23].

11 Mechanism of Skeletal Muscle Contraction: Role of Mechanical Muscle. . . 159



Ca2+-sensitive signaling molecules regulates glucose transport during muscle

contraction. Ca2+/calmodulin-dependent protein kinase kinases (CaMKKs) phos-

phorylate Thr172 of AMPK, potentially activating AMPK signaling [25, 26], and

CaMKKα overexpression in mouse skeletal muscle increases AMPK Thr172 phos-

phorylation as well as glucose uptake [27]. Ca2+/calmodulin-dependent protein

kinase (CaMK)II is also considered as a regulator of contraction-induced glucose

uptake in skeletal muscles: the transfection of a CaMKII-specific inhibitory peptide

into mouse skeletal muscle in vivo reduced contraction-induced glucose transport

[28]. However, it has been suggested that the contribution of CaMK-mediated

glucose transport is relatively low and its role is now less certain [23].

11.2.5 Downstream Effectors of Glucose Transport During
Muscle Contraction

Although insulin- and contraction-induced signaling pathways in glucose uptake

are distinct, both stimuli induce the translocation of GLUT4. Recent studies have

shown that the insulin- and contraction-induced signaling pathways converge on

some molecules in skeletal muscle. The molecules at the nexus are Tre-2/Bub2-

Cdc16 (TBC)1 and domain family TBC1D1 and TBC1D4 (also known as Akt

substrate of 160 kDa or AS160), which are Rab GTPase-activating proteins (GAPs)

that regulate GLUT4 traffic. When TBC1D1 and TBC1D4 are phosphorylated by

upstream signaling, they bind 14-3-3 protein and inhibit GAP activity, leading to

the conversion of inactive GDP-loaded to active GTP-loaded Rab. The active form

recruits various effectors and allows the transport and fusion of GLUT4 storage

vesicles to the plasma membrane [29]. TBC1D1 and TBC1D4 exhibit GAP activity

toward a number of Rab proteins [30, 31], suggesting that these participate in

GLUT4 translocation via their GTPase activities.

11.3 Exercise Increases Insulin Sensitivity in Skeletal

Muscles

Another important beneficial effect of muscle contraction on glucose homeostasis is

the improvement of insulin sensitivity in skeletal muscle. The direct effect of

muscle contraction on glucose uptake declines within a few hours, but insulin-

induced glucose uptake in exercised muscle remains elevated for several hours

[32–35]. This insulin sensitization by muscle contraction was first reported in an

investigation of the effect of one-legged exercise on glucose uptake in response to

insulin infusion [36]. The results demonstrated that glucose uptake was signifi-

cantly higher in exercised than in rested legs 4 h after exercise. In support of these

findings, it was shown in both humans and rodents that acute muscle contraction is
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associated with increased insulin sensitivity for up to 72 h after the acute effect

of exercise on glucose uptake has disappeared [32, 33, 35]. Insulin-stimulated

glucose transport following several hours of exercise is accompanied by enhanced

GLUT4 translocation without an associated increase in GLUT4 expression or

proximal insulin signaling [37, 38]. Interestingly, insulin sensitization following

pre-muscle contraction is observed in insulin-resistant muscle from mice fed with a

high-fat diet [37]. Therefore, insulin sensitization by muscle contraction is gaining

attention for its potential application in pharmaceutics for the treatment of obesity-

related diabetes.

It is unknown which molecules are responsible for insulin sensitivity after

muscle contraction, but recent studies have shown that acute contraction increased

phosphorylation of GAPs [32]. In experiments on isolated rat skeletal muscles, site-

specific phosphorylation of TBC1D4 was increased in exercise relative to rested

muscle [37, 39, 40]. It was also reported the acute exercise increased insulin-

stimulated glucose transport, which was correlated with TBC1D4 phosphorylation

in healthy human subjects [41, 42], whereas insulin-stimulated phosphorylation of

TBC1D1 remained unaffected by pre-exercise [40, 41]. Taken together, these data

suggest that muscle contraction enhances insulin sensitivity via stimulation of

TBC1D4 phosphorylation.

11.4 Chronic Exercise Improves Glucose Homeostasis

11.4.1 Effect of Chronic Exercise on Glucose Transport
Mediated by Insulin Signaling in Skeletal Muscle

Physical activity is known to improve glucose homeostasis in healthy and diabetic

individuals. Insulin sensitivity is correlated with degree of physical activity [43];

therefore, regular exercise is a therapeutic means of improving glucose metabolism.

Various studies have shown that exercise training improves glucose tolerance and

insulin action in insulin-resistant individuals [44] or type 2 diabetic patients

[45]. The molecular mechanism underlying enhanced glucose uptake with chronic

exercise may be linked to increased expression and activity of proteins involved in

glucose uptake and metabolism in skeletal muscle: chronic exercise was shown to

increase GLUT4 expression and enhance glucose uptake in resting and contracting

muscles [46, 47].

Exercise training improves insulin-stimulated glucose uptake by enhancing

insulin signaling, which is impaired in skeletal muscles of diabetic individuals

[48]. Importantly, chronic exercise increased insulin-stimulated PI3K activity—a

regulatory step in glucose uptake—in skeletal muscles with a concomitant increase

in PI3K activity and IRS-1 expression [40–42], suggesting that IRS-1 is likely the

predominant factor responsible for exercise-induced changes in insulin signaling to

PI3K in skeletal muscles.
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Another mechanism for the enhancement of insulin sensitivity following chronic

exercise is the upregulation of TBC1D4 phosphorylation. Actually, chronic endur-

ance training increased TBC1D4 protein expression and its phosphorylation

induced by insulin stimulation [49, 50]. Recently, Consitt et al. showed that

TBC1D4 phosphorylation by insulin signaling was impaired in insulin resistance

subjects, and long-term chronic endurance exercise increased whole body insulin

action and reversed the impairments in TBC1D4 phosphorylation [51]. These

findings suggest that increases in insulin-induced glucose uptake can be explained

by altered TBC1D4 signaling.

11.4.2 Effect of Chronic Exercise on Insulin Secretion by
Pancreatic Islets

Chronic exercise can affect whole-body glucose metabolism by enhancing insulin

secretion by the pancreas. In general, chronic exercise is associated with a reduction

in blood-insulin concentration [52]. This does not reflect a decrease in the ability of

the pancreas to secrete insulin, but results from an increase in insulin sensitivity in

skeletal muscles due to exercise, which reduces the amount of insulin required to

maintain glucose availability.

The effect of chronic exercise on insulin secretion by the pancreas has been

extensively studied, but the findings remain controversial, likely due to differences

in experimental models such as the in vivo model [53, 54], isolated islets [55, 56],

and single beta cell assay [57, 58] that have been used to evaluate insulin secretion.

To evaluate the ability of islets to secrete insulin without the influence of an

extracellular environment, our group has used isolated pancreatic islets maintained

by a perfusion system to examine insulin secretion in response to high-glucose

stimulation, since pancreatic beta cells sense glucose levels in the circulation and

consequently secrete insulin [59]. Chronic exercise on a treadmill enhanced

glucose-induced insulin secretion while pancreatic insulin level and tissue weight

were unaltered [60]. It is unclear how chronic exercise (i.e., muscle contraction)

improves pancreatic function, but the cross talk between the skeletal muscle and the

pancreas may be explained by activities of glucagon-like peptide (GLP)-1—which

is a stimulator of insulin secretion—and interleukin (IL)-6, which was shown to

enhance insulin secretion by stimulating GLP-1 secretion from intestinal L and

pancreatic alpha cells [61]. IL-6 is a myokine whose concentration in blood

increases markedly during exercise [62]; therefore, the exercise-induced improve-

ment of islet function may be explained by IL-6 and GLP-1 signaling.
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11.5 Muscle Contraction Improves Intracellular Lipid

State

11.5.1 Effect of Muscle Contraction on Lipid-Induced
Insulin Resistance

Lipids are important metabolic substrates in the maintenance of skeletal muscle

contractile activity. During muscle contraction, skeletal muscle cells take up fatty

acids as a source of ATP. However, an imbalance between lipid supply and

demand—for instance, caused by excess accumulation of intracellular lipid metab-

olites—leads to various metabolic disorders such as insulin resistance, type 2 dia-

betes, and obesity [63, 64]. Intracellular lipids are used to synthesize complex lipids

including diacylglycerol, which activates serine kinases such as protein kinase C

and cJun terminal kinase and subsequently inhibits insulin signaling molecules such

as insulin receptor and IRS-1 [65–67]. This lipid-induced dysregulation of glucose

metabolism is referred to as lipotoxicity [68].

Lipid-induced insulin resistance in muscle results from an impaired lipid oxida-

tion capacity in mitochondria [69], which was shown to be reduced in insulin-

resistant subjects relative to controls [70, 71]. An impaired capacity for oxidizing

fatty acids leads to intramyocellular fat accumulation and reduced insulin sensitivity.

Muscle contraction is the most effective way of reducing lipid accumulation and

preventing lipid-induced insulin resistance. Chronic exercise increases the oxidative

capacity of skeletal muscle by inducing the upregulation of proteins involved in

mitochondrial biogenesis such as peroxisome proliferator-activated receptor-γ
coactivator [72]. Endurance training was shown to enhance insulin sensitivity via

increased skeletal muscle fat oxidation [73], and muscle contraction induced by

electrical stimulation in the rat hindlimb increased insulin-stimulated glucose trans-

port, which was associated with reductions in diacylglycerol and ceramide

levels [74].

11.5.2 Carnitine Relieves Acetyl-CoA-Induced Inhibition
of Glucose Metabolism

Carnitine transports fatty acids across the mitochondrial membrane in skeletal

muscle cells. Although it is primarily known for the translocation of acyl coenzyme

A (CoA) into the mitochondrial matrix for beta oxidation, recent studies have

shown that carnitine also buffers excess mitochondrial acetyl CoA, an intermediate

metabolite of beta oxidation and glycolytic metabolism that enters the tricarboxylic

acid (TCA) cycle and is oxidized to generate ATP [75]. However, excess accumu-

lation of acetyl CoA inhibits pyruvate dehydrogenase (PDH), a rate-limiting

enzyme for pyruvate entry into the TCA cycle [76], resulting in negative regulation
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of glucose uptake; this occurs upon increased energy production, such as during

exercise or after feeding [77, 78]. Under these conditions, acetyl CoA accumulation

is reversed by carnitine acetyltransferase (CrAT) present in the mitochondrial matrix,

which converts acetyl CoA to acetylcarnitine and free CoA, thereby buffering acetyl

CoA and CoA levels (Fig. 11.3). Given that impaired mitochondrial function induces

insulin resistance in skeletal muscle, CrAT has been proposed as a key regulator

of glucose homeostasis in skeletal muscle [79]. Muscle-specific CrAT knockout mice

showed glucose intolerance, insulin resistance, and metabolic inflexibility [80], and

it is reported that skeletal muscle CrAT activity is impaired in obese and diabetic mice

[81], providing evidence of a pathophysiological role for CrAT.

Carnitine metabolism changes during muscle contraction based on its role in

energy production and maintenance of acetyl CoA concentration. Exercise causes a

rapid decrease in the level of carnitine, which is converted to acetylcarnitine, in

skeletal muscle [82, 83]. We recently visualized the distribution of endogenous

acetylcarnitine in rat skeletal muscle by matrix-assisted laser desorption/ionization

imaging mass spectrometry, which integrates microscopy and mass spectrometry

[84]. Acetylcarnitine accumulation upon muscle contraction corresponded to

regions of glycogen depletion, suggesting that carnitine acetylation occurs as a

result of high metabolic demand during sustained muscle contraction.

In addition to its role in relieving PDH inhibition, it was hypothesized that

acetylcarnitine is exported from skeletal muscle cells in response to an increase in

intracellular acetylcarnitine concentration and serves as a biologically active sub-

strate [79]. For example, acetylcarnitine inhibited tumor necrosis factor-α-induced
insulin resistance via the AMPK pathway in cultured cells [85], and plasma

acetylcarnitine concentration was found to increase during human exercise [86],

suggesting that acetylcarnitine produced duringmuscle contraction may be exported

to serve a different function. Muscle contraction also increased carnitine transport

from the blood to skeletal muscle cells via the carnitine transporter OCTN2 [87, 88];

however, additional studies are needed to assess the physiological significance of

this observation.
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Chapter 12

Ectopic Fat Accumulation and Glucose

Homeostasis: Ectopic Fat Accumulation

in Muscle

Katsuhito Mori, Tomoaki Morioka, Koka Motoyama, and Masanori Emoto

Abstract Adipocytes can serve as energy storage reservoirs against calorie

overload. Beyond its capacity, the spillover of stored energy from adipose tissue

results in ectopic fat accumulation in tissues, including skeletal muscle. The

development of medical technology has enabled the quantification of intramyo-

cellular lipid (IMCL) content. IMCL levels may be regulated by the balance

between lipid influx and its mitochondrial oxidation. Therefore, it is plausible

that increased IMCL content is strongly associated with insulin resistance, possibly

through excessive lipid overload accompanied by obesity and/or mitochondrial

dysfunction due to aging and inherited abnormalities such as type 2 diabetes.

However, it is known that trained athletes with high insulin sensitivity paradoxi-

cally display high levels of IMCL. Therefore, in addition to the quantity of IMCLs,

lipid moieties (quality), including diacylglycerol, should be considered to discuss

IMCLs and insulin resistance. Recent emerging evidence suggests that intramyo-

cellular enzymes such as diacylglycerol acyltransferase 1 and stearoyl-CoA

desaturase-1 can regulate muscle insulin sensitivity regardless of the amount of

IMCLs. In this chapter, we focus on IMCLs and insulin resistance considering

intramyocellular lipid moieties and insulin signaling.

Keywords Intramyocellular lipid • Insulin resistance • Skeletal muscle • Fatty acid

12.1 Introduction

Insulin resistance plays a major role in onset and progression of type 2 diabetes.

Although the precise underlying mechanisms remain unclear, obesity is believed to

be deeply involved in these processes. In simple terms, an overload of calorie intake

can cause adiposity. Adipocytes can serve as energy storage reservoirs against a
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certain level of caloric overload. However, excess intake beyond the capacity of

adipocytes might lead to lipid overflow from adipose tissue into other organs, such

as the liver and skeletal muscle. As these organs are not equipped to store excess fat,

it is hypothesized that ectopic fat accumulation induced by lipid overload could

provoke their dysfunction. In addition to simple vision, recent intensive research

has provided substantial knowledge and information such as the concepts of

‘adipokines’, ‘visceral adiposity’, and ‘intramyocellular lipids’ (IMCLs) or

‘intramyocellular triglycerides’ [1]. In this chapter, we discuss the inseparable

association between adiposity and insulin resistance based on glucose and lipid

metabolism. Moreover, we focus on ectopic fat accumulation in skeletal muscle,

which could not be clarified previously. I defined the term ‘lipid’ as fatty acids

(FAs) in the following sections.

12.2 Overview of Carbohydrate and Lipid Metabolism

To maintain homeostasis, dietary intake is necessary. For example, digested car-

bohydrates are distributed throughout the body as glucose, which are the most

common monosaccharide and primary energy source in humans. Under physiolog-

ical conditions, glucose that enters into cells is aerobically metabolized by the

tricarboxylic acid (TCA) cycle via glycolysis, resulting in efficient ATP synthesis.

Regarding glycolysis, three rate-limiting enzymes exist. Hexokinase (HK), phos-

phofructokinase (PFK), and pyruvate kinase irreversibly catalyze their own sub-

strates. Pyruvate, the end product of aerobic glycolysis, is further converted by

pyruvate dehydrogenase (PDH) into acetyl-CoA, which is a major fuel for the TCA

cycle (Fig. 12.1). PDH is regulated by elevated levels of acetyl-CoA and nicotin-

amide adenine dinucleotide (reducing form) NADH via negative feedback

(Fig. 12.2: left side). The remaining glucose is stored as glycogen (glycogen

synthesis) mainly in the liver and skeletal muscle. Glycogen stored in muscle

provides a source of ATP during muscle contraction, whereas that stored in the

liver helps to maintain blood glucose levels, especially during the early stages of

fasting (Fig. 12.1). Thus, against energy demand, glycogenolysis is rapidly

engaged. Excess amounts of carbohydrates (glucose) are converted to FAs, which

are stored as triacylglycerol (TG), via acetyl-CoA (Fig. 12.1). TG is the most

concentrated source of energy, especially in adipocytes.

Concerning lipids, diet-originated FAs are transported in the circulation as either

TG in lipoprotein and hydrolyzed by lipoprotein lipase or bound to albumin

[2]. After uptake into cells, a CoA moiety is ligated to FA by acyl-CoA synthase.

Fatty acyl-CoA enters mitochondria for oxidation or the TG synthesis pathway for

energy storage, especially in adipocytes (Fig. 12.1). Against energy demand, FAs

from TG in lipid droplets are catalyzed by three lipases. Adipose triglyceride lipase,

hormone-sensitive lipase, and monoacylglycerol lipase degrade TG, diacylglycerol

(DG), and monoacylglycerol, respectively. Finally, the generated FAs and glycerol

are released into the bloodstream for transport to other tissues (Fig. 12.1) [2, 3].
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Fig. 12.1 Overview of carbohydrate and lipid metabolism. Glycolysis is utilized by all tissues for

the catabolism of glucose to provide energy in the form of ATP. Pyruvate dehydrogenase

irreversibly converts pyruvate, the end product of glycolysis, into acetyl-CoA. This compound is

a primary fuel for the TCA cycle and the platform for FA synthesis. The major function of the TCA

cycle is the oxidation of acetyl-CoA to CO2 and H2O. In this process, NADþ is reduced to NADH,

resulting in the generation of ATP. Glucose is stored as glycogen in an easily metabolizable form.

Glycogen is rapidly degraded in contracting muscle. Excess amounts of glucose are converted to

FAs through acetyl-CoA and acyl-CoA. Dietary FA enters cells and forms FA-CoA. When needed

as fuel, FA is subjected to β oxidation in mitochondria. For storage, FA is esterified as TG and then

incorporated into lipid droplets. When energy is needed, TG is reversely degraded into FA and

glycerol.Glucose 6-P glucose 6-phosphate, FA fatty acid, FA-CoA fatty acyl-CoA,MGmonoacyl-

glycerol, DG diacylglycerol, TG triacylglycerol, TCA cycle tricarboxylic acid cycle, NADþ
nicotinamide adenine dinucleotide, IMCL intramyocellular lipid
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12.3 Intramyocellular Lipid Metabolism and Insulin

Resistance

12.3.1 Insulin Resistance and Ectopic Fat Accumulation
in Skeletal Muscle

As opposed to adipose tissue, which can be visualized as obesity under high calorie

intake, it has been difficult to quantify IMCLs. Through muscle biopsy, it has been

reported that TG content of skeletal muscle is usually less than 0.5 % volume

density in a lean subject and can increase to more than 1.5 % in obese individuals

[4]. However, proton nuclear magnetic resonance spectroscopy (1H-MRS) has

made it possible to noninvasively measure IMCLs consisting primarily of TG

[5]. Recent findings suggest that IMCLs are strongly associated with insulin

resistance in skeletal muscle [6, 7]. Diet- and exercise-induced reduction of

IMCL levels resulted in improvement of muscle insulin resistance [8]. Therefore,

IMCLs appear to be a causal factor for obesity-related insulin resistance. However,

trained athletes with high insulin sensitivity display relatively high levels of

IMCLs. This phenomenon is known as ‘the athlete’s paradox’ [9], as we will discuss
later. To solve this mystery, both IMCLs (intramyocellular fat accumulation) and

extracellular and/or intracellular lipid (FAs) should be considered. The complicated

interactions among these factors could induce insulin resistance as a consequence.

Insulin resistance is defined as a failure of insulin-stimulated glucose uptake into

skeletal muscle through the glucose transporter 4 (GLUT4). Therefore, we attempt

to discuss the mechanism by which either an extracellular or intracellular lipid

could interrupt intracellular insulin signaling, considering the following connection

with intracellular lipids (IMCLs).

12.3.2 Extramyocellular FAs and Insulin Resistance

12.3.2.1 The Glucose-FA Cycle Described by Randle et al.

It has long been known that FAs can induce insulin resistance. Randle

et al. proposed a hypothesis considering the link between intracellular glucose

and lipid metabolism [10]. High concentrations of extracellular FAs could increase

its influx into cells. Consequently, enhanced β oxidation of FAs occurs in mito-

chondria, resulting in increased ratios of acetyl-CoA to CoA and NADH to NADþ
(Fig. 12.2: left side). As lipid oxidation (increase of acetyl-CoA content) provides a

sufficient energy supply for the TCA cycle, PDH is inactivated, and glucose

oxidation is reduced. The accumulation of citrate resulting from the increased β
oxidation of FAs inhibits PFK, which is one of the rate-limiting enzymes of

glycolysis. Then, an increase of glucose 6-phosphate (glucose 6-P) levels results

in additional negative feedback and HK inhibition. Therefore, an increase in
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intracellular glucose levels could inhibit insulin-stimulated glucose uptake as a

negative feedback mechanism of energy balance (Fig. 12.2: left side). This hypoth-

esis is attractive and apparently theoretical. In this case, increased intracellular

concentrations of glucose and glucose 6-P as well as glycogen are expected in

skeletal muscle. However, it has been extremely difficult to prove this hypothesis in

humans without repeated muscle biopsies. Even if a sample can be obtained, short-

term hypoxia induces changes in metabolite concentrations.

12.3.2.2 Revision of the Traditional Hypothesis

To overcome these difficulties, Shulman’s group adopted carbon-13 (13C) and

phosphorus-31 (31P) MRS. This state-of-the-art technique has enabled

non-invasive measurements of intramyocellular G6P, glycogen, and glucose levels.

Insulin-stimulated glucose uptake and intracellular glucose metabolism were eval-

uated in the presence of high FA levels under a euglycemic hyperinsulinemic clamp

using 13C-MRS and 31P-MRS combined with muscle biopsy samples. Surpris-

ingly, reductions in intramyocellular glucose 6-P and glucose concentrations and

decreased glycogen synthesis were observed, suggesting that insulin-stimulated

glucose transport activity was inhibited by FA [11]. Therefore, the traditional

hypothesis that impaired insulin-stimulated glucose uptake due to negative feed-

back of FA-induced inhibition of glycolysis has been revised [12, 13].

The next question is at what point is insulin signaling inhibited in FA-induced

insulin resistance. Although the detailed mechanism of insulin-stimulated glucose

uptake via GLUT4 translocation to the plasma membrane is unclear, FAs appear to

inhibit a relatively proximal step of insulin signaling [14]. Examination using

muscle biopsy samples unveiled reduced insulin receptor substrate-1 (IRS-1) –

associated phosphatidylinositol 3-kinase (PI3K) activity as described in subsequent

sections.
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12.3.3 Intramyocellular Lipid and Insulin Resistance

Excess circulating FAs are taken up into skeletal muscle by passive diffusion and

protein-mediated transport [15]. Excess intramyocellular FAs are oxidized or

esterified as TG and then incorporated into lipid droplets for storage. As described

previously, because IMCL content is strongly associated with insulin resistance, it
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Fig. 12.2 FA-induced insulin resistance (hypothesis and revision). Intracellular FA influx causes

β oxidation, resulting in increased ratios of acetyl-CoA to CoA and NADH to NADþ in mito-

chondria. As a result, PDH is inactivated. Simultaneously, the accumulation of citrate inhibits PFK

and the subsequent increase of glucose 6-P levels, inhibition of HK, and promotion of glycogen

synthesis. Therefore, intracellular glucose accumulation inhibits glucose uptake (left side). How-
ever, recent findings suggest that both intracellular glucose 6-P and glucose levels are decreased in

FA-induced insulin-resistant skeletal muscle. Alternatively, it has been hypothesized that

FA-induced impairment of insulin stimulates glucose uptake. Increased transport of FA transiently

increases DG content, leading to PKC-θ activation. Stimulated PKC-θ induces serine phosphor-

ylation in IRS-1, which antagonizes the insulin-stimulated tyrosine phosphorylation in IRS-1.

Thus, the binding of IRS-1 to PI3K is blocked, resulting in the inhibition of downstream insulin

signaling, including the final step of GLUT4 translocation (right side). Glucose 6-P glucose

6-phosphate, HK hexokinase, PFK phosphofructokinase, PDH pyruvate dehydrogenase, TCA
cycle tricarboxylic acid cycle, NADþ nicotinamide adenine dinucleotide, FA fatty acid, FA-CoA
fatty acyl-CoA, DG diacylglycerol, TG triacylglycerol, PKC-θ protein kinase C θ, IR insulin

receptor, IRS-1 insulin receptor substrate-1, PI3K phosphatidylinositol 3 kinase, GLUT4 glucose

transporter 4
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appears to partly explain obesity-related insulin resistance in skeletal muscle.

However, based on this concept, ‘the athlete’s paradox’ is not fully understood [16].

12.3.3.1 IMCL and Diacylglycerol Acyltransferase 1 (DGAT1)

One of the key factors for explaining this discrepancy may be DGAT1, which

transfers FAs from fatty acyl-CoA to DG to create TG (Fig. 12.3). In other words,

DG but not TG appears capable of playing a central role in insulin resistance. For

example, mice overexpressing DGAT1 in skeletal muscle display a dissociation of

DG and TG content. These mice accumulate TG with low DG content in skeletal

muscle, but they are protected against fat-induced insulin resistance in skeletal

muscle [17]. In addition, a single session of exercise increased muscle DGAT1

expression accompanied by increased TG, reduced DG, and improved FA-induced

insulin resistance in humans. In turn, activation of the pro-inflammatory

JNK/NF-κB pathway was suppressed regardless of IMCL accumulation

[18]. These findings suggest that DG but not TG can cause insulin resistance. TG

may be metabolically ‘inactive.’
Focusing on the function of DGAT1 in skeletal muscle, it could act as a protector

against insulin resistance. On the contrary, DGAT1-null mice are resistant to diet-

induced obesity and insulin resistance. Interestingly, transplantation of adipose

tissue from DGAT1-null mice to wild-type mice results in decreased adiposity

and increased insulin sensitivity [19]. Contrary to skeletal muscle, SCD1 deficiency

in adipose tissue may be favorable. We must always consider the organ being

discussed and the links among organs.

12.3.3.2 IMCLs and Stearoyl-CoA Desaturase-1 (SCD1)

Another factor may be stearoyl-CoA desaturase-1 (SCD1), which converts satu-

rated fatty acids (SFAs) into monounsaturated fatty acids (MUFAs). SCD1 intro-

duces cis-double bonds between the 9th and 10th carbons of acyl-CoA, mainly in

stearoyl-CoA (18:0) or palmitoyl-CoA (16:0) to generate oleoyl-CoA (18:1 (9)) or

palmitoleoyl-CoA (16:1 (9)), respectively [20, 21] (Fig. 12.3). Regarding the SCD1

and SCD5 isoforms in humans, SCD1 is highly expressed in skeletal muscle [21]. It

is known that SFAs, such as stearic acid (18:0), are generally toxic. In comparison,

MUFAs, such as oleic acid (18:1), are cytoprotective [22]. Similarly, SFAs can

more readily induce insulin resistance compared to MUFAs [23]. Moreover, SCD1

contributes to lipid bilayer fluidity by adjusting the appropriate ratio of MUFAs/

SFAs in the cell membrane through the conversion of SFAs to MUFAs [21].

Thus, it is expected that higher SCD1 expression could be beneficial with regard

to metabolic disorders. In fact, both acute bouts of aerobic exercise [18] and chronic

endurance exercise [4] can increase SCD1 expression in skeletal muscle. SCD1

expression is higher in athletes than that in sedentary subjects [4], although both

groups display increased IMCL levels. Elevated SCD1 may promote increased
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MUFA content in IMCLs, which may result in higher lipid quality. Again, SCD1

may explain ‘the athlete’s paradox’ [21].
However, as previously noted in DGAT1-null mice, whole-body SCD1-deficient

mice adversely exhibit enhanced energy expenditure and improved insulin signal-

ing [24, 25]. Unfortunately, data from skeletal muscle-specific SCD1 deficient mice

are not available at present. Regardless, further studies will be needed to clarify the

role of SCD1 in skeletal muscle.

12.3.3.3 DG and Protein Kinase C (PKC)-θ

The next issue is the mechanism by which DG, a substrate of DGAT1, induces

insulin resistance in skeletal muscle. Recent intensive research suggested the

involvement of the PKC family. The PKC family, a group of serine-threonine

kinases, consists of conventional, novel, and atypical PKCs [26]. Among them,

novel PKCs (δ, ε, η, and θ) intrinsically have high affinity for DG [27]. Compared to

the importance of PKC-ε in hepatic insulin resistance [12], PKC-θ appears to play a
critical role in muscle insulin resistance (Fig. 12.2: right side).

Acute elevation of circulating FAs induced skeletal muscle insulin resistance in

rats. In this process, insulin-stimulated phosphorylation of IRS-1 was inhibited in

association with PKC-θ activation [28]. An increase in circulating FA levels

increased intracellular acyl-CoA and DG levels, resulting in PKC-θ stimulation in

rats. Activated PKC-θ antagonizes the insulin-stimulated tyrosine phosphorylation

Stearic acid (18:0)

Oleic acid (18:1)

(SFA)

(MUFA)

+ DG

+ DG

DGAT1SCD1

Insulin resistance

(SFA)

(MUFA)

Lipid droplet

?

TG
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Fig. 12.3 DGAT1, SCD-1, and IMCLs. IMCLs, which reflect TG content in skeletal muscle, are

not always associated with insulin resistance. For example, endurance athletes with high insulin

sensitivity exhibit high IMCL levels. DGAT1 and SCD1 may be involved in this discrepancy.

DGAT1 transfers FAs to DG to form TG, which is metabolically inactive. Thus, DGAT1 appears

to improve insulin resistance induced by DG through the formation of TG. SFAs display lipotoxic

and pro-inflammatory properties compared with MUFAs. Because SCD1 converts SFAs into

MUFAs, it appears to protect against FA-induced insulin resistance in skeletal muscle. IMCL
intramyocellular lipid, DGAT1 diacylglycerol acyltransferase 1, SCD1 stearoyl-CoA desaturase-1,

SFA saturated fatty acid, MUFA monounsaturated fatty acid, DG diacylglycerol, TG
triacylglycerol
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of IRS-1 through an increase of serine phosphorylation of IRS-1 (Fig. 12.2: right

side) [29]. The central role of PKC-θ in lipid-induced insulin resistance was

identified using mice lacking PKC-θ. Fat-induced insulin resistance was prevented

in these mice [30]. Moreover, it was confirmed whether PKC-θ – mediated serine

phosphorylation of IRS-1 could inhibit fat-induced inhibition of insulin signaling.

For this purpose, transgenic mice in which serines in IRS-1 were mutated to

alanines in a muscle-specific manner were generated. Expectedly, these transgenic

mice exhibited a significant increase in insulin-stimulated IRS-1 – associated PI3K

activity and downstream Akt phosphorylation in skeletal muscle under high-fat diet

feeding compared with wild-type mice [31]. These findings suggest that serine

phosphorylation of IRS-1 induced by PKC-θ is critical in FA-induced insulin

resistance in skeletal muscle.

Another question is whether these phenomena are observed in humans. In

response, a recent study performed serial muscle biopsies before and during lipid

infusion in healthy subjects. In this process, intramyocellular DG levels transiently

increased within 2.5 h and subsequently decreased at 4 h after the lipid infusion.

The transient rise of DG content preceded myocellular PKC-θ activation, which

was observed at 4 h. Increased serine phosphorylation in IRS-1 and inhibited Akt

phosphorylation in response to insulin stimulation were also observed simulta-

neously. This study uncovered a similar significant association between intramyo-

cellular DG content and PKC-θ activation in subjects who were obese and who had
type 2 diabetic and muscle insulin resistance [32]. These findings suggest that

DG-induced PKC-θ activation plays a critical role in lipid-induced insulin resis-

tance in human skeletal muscle.

12.3.4 Mitochondrial FA Oxidation and Insulin Resistance

In addition to FA uptake into cells, the intracellular oxidative disposal of FAs in

mitochondria also regulates IMCL levels (Fig. 12.4). To assess mitochondrial

oxidative and phosphorylation activity, 13C and 31P MRS, respectively, have

been adopted. Using these methods, it has been reported that both mitochondrial

TCA flux and mitochondrial ATP synthesis rates were reduced in elderly subjects

compared to young subjects with similar body constitution, suggesting aging-

induced mitochondrial dysfunction. This acquired defect in mitochondria was

inversely associated with IMCL content [33]. Moreover, inherited mitochondrial

defects were also identified. Mitochondrial rates of ATP production were reduced

in the young, lean, insulin-resistant offspring of type 2 diabetic subjects compared

with matched control subjects without insulin resistance [34]. Increased IMCL

levels were also found in subjects whose parents have diabetes, which may be

due to diminished mitochondrial activity. These findings suggest that acquired

and/or inherited mitochondrial disorders can lead to decreased fat oxidation,

resulting in insulin resistance via the intracellular accumulation of DG and TG

[13, 35].
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The link between impaired mitochondrial FA oxidation and insulin resistance

may be acceptable. However, it remains controversial which type of lipid is critical

in inducing insulin resistance, although DG is one of the likely candidates, as

described previously. A recent study focused on IMCL metabolites using compre-

hensive mass spectrometry-based lipidomics to qualify individual molecular spe-

cies of sphingolipids including ceramide, DG, and acyl-CoA. Intriguingly,

sphingolipids, and not DGs, were significantly elevated within the skeletal muscle

of severe obese women, accompanied by lower mitochondrial contents and

capacities [36].

12.4 Summary and Future Directions

The measurement of IMCLs has been a breakthrough in the research fields of

diabetes and obesity. The quantification of TG in skeletal muscle has provided

many clues regarding the mechanism of insulin resistance. However, many ques-

tions that are not solved by a simple story remain, such as the athlete’s paradox. We

should consider IMCL components (quality) in addition to lipid content (quantity).

Although DGAT1 and SCD1 in skeletal muscle were discussed in this chapter, the

exact role of these enzymes in insulin resistance has not been completely eluci-

dated, especially in the whole body. Another remaining problem may be IMCL

moieties such as DG, fatty acyl-CoA, and ceramide. In particular, ceramide is the

‘hub’ lipid in sphingolipid metabolism. Ceramide is a precursor for the

Adipose tissue

Skeletal muscle

Caloric overload

Spillover of FA

IMCL

DG
Ceramides

oxidation 
in mitochondrion

Aging 
Inherited defect 

DGAT1 
SCD1

Flux

Fig. 12.4 IMCL depends on the net balance of FA influx and oxidation. The input of FA into

skeletal muscle may depend on caloric intake. Mitochondrial oxidation contributes to FA con-

sumption. This balance might regulate IMCL content. Apart from its amount, the quality of

intracellular lipid (moieties) affects insulin resistance in skeletal muscle. IMCL intramyocellular

lipid, FA fatty acid
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sphingomyelin and glycosphingolipid families. It is also generated from

dihydroceramide or the breakdown of sphingomyelin [37]. Further studies are

necessary to address dynamically controlled IMCLs considering the complexity

of lipid moieties.
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Chapter 13

Ectopic Fat Accumulation in the Liver

and Glucose Homeostasis

Toshinari Takamura, Hirofumi Misu, and Shuichi Kaneko

Abstract Liver fat is associated not only with enhanced hepatic glucose produc-

tion but also with skeletal muscle insulin resistance, supporting a central role of

fatty liver in systemic insulin resistance and existence of a network between the

liver and skeletal muscle. Palmitate and cholesterol act as toxic lipids to cause

hepatic insulin resistance via mitochondria-derived oxidative stress. Obesity-

mediated disruption in crosstalk among protein-, glucose- and lipid-metabolism

pathways results in hepatic insulin resistance, enhanced gluconeogenesis and liver

steatosis by impairing proteasome function. The liver plays as an endocrine organ

to produce functional hepatokines and thereby mediates fatty liver-associated

skeletal muscle insulin resistance through unique mechanisms. Selenoprotein P is

upregulated through FoxOs and hyperglycemia and causes resistance to insulin,

angiogenesis and exercise through reductive stress. LECT2 is upregulated in satiety

through AMPK inactivation and contributes to the development of muscle insulin

resistance and obesity by activating JNK and by impairing myogenesis,

respectively.

Therefore, overnutrition evokes remodeling of nutrient homeostasis by toxic

lipids and proteasome dysfunction in the liver. The remodeling also results in the

overproduction of hepatokines that disrupt inter-organ network leading to pathol-

ogy of diabetes.

Keywords Fatty liver • Insulin resistance • Hepatokine • Selenoprotein P • LECT2
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13.1 Introduction

Insulin resistance is a core pathology of type 2 diabetes mellitus, nonalcoholic fatty

liver disease (NAFLD) and cardiovascular diseases. The severity of insulin resis-

tance may differ among the major insulin-target organs, the liver, skeletal muscle

and adipose tissue, suggesting that these organs crosstalk each other to keep whole

body energy homeostasis. Disruption of inter-organ networks leads to insulin

resistance. Over-nutrition is one of the major environmental factors that disrupt

the inter-organ networks [1]. Although obesity is less common [2], diabetes is a

huge and growing problem in Asia [3], suggesting that Asian people may be

feasible to obesity-associated metabolic dysregulation. Accumulating evidence

suggests that ectopic fat accumulation in insulin-target organs leads to the devel-

opment of insulin resistance in each organ by altering oxidative stress [4, 5] and

gene expression profiles [6, 7]. Specifically, the liver functions as a center to

maintain whole body energy homeostasis by sensing nutrient stimuli and by

producing a variety of nutrients and bioactive substances.

In this review, we show the clinical evidence for significance of liver fat in whole

body glucose homeostasis, remodeling of nutrient homeostasis in the liver and

interorgan networks via liver-derived hormone hepatokines.

13.2 Ectopic Fat Accumulation and Organ-Specific Insulin

Resistance

Disruption of hepatic insulin signaling in liver-specific insulin receptor knockout

(LIRKO) mice results in fasting and postprandial hyperglycemia and the subse-

quent development of peripheral (muscle) insulin resistance [8], whereas glucose

homeostasis remains normal in mice of disrupted insulin signaling both in the

skeletal muscle and adipose tissue [9]. These observations suggest that hepatic

insulin resistance is the primary event leading to diabetes and the subsequent

development of peripheral tissue insulin resistance. Indeed, liver steatosis is asso-

ciated with whole-body insulin resistance, independently of body mass index

(BMI), in Japanese patients with NAFLD [10]. However, the role of intramyo-

cellular fat accumulation in insulin sensitivity is also on debate, and no previous

studies have demonstrated the association among the insulin-targeting organs

comprehensively and simultaneously. Therefore, to understand organ networks

that sense excessive energy and regulate insulin action, elucidating the association

between fat accumulation and organ-specific insulin resistance among the liver,

skeletal muscle and adipose tissue, is important, especially in humans.

We have addressed the association of ectopic fat accumulation with organ-

specific insulin resistance among the liver, skeletal muscle and adipose tissue in

Japanese patients with NAFLD, systematically using reliable methods including

liver biopsy, assessment of glucose metabolism measured by an euglycemic
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hyperinsulinemic clamp study with stable-isotope-labeled glucose, bioelectrical

impedance analysis and proton magnetic resonance spectroscopy (1H-MRS)

[11]. As shown in Fig. 13.1, both histological liver steatosis score and intrahepatic

lipid (IHL) are significantly correlated negatively with a muscle insulin sensitivity

index Rd and positively with a hepatic insulin resistance index HGP� fasting

plasma insulin (FPI) (Fig. 13.1). In the multiple regression analysis, liver steatosis

score is significantly correlated with both HGP� FPI (β¼ 0.284, P <0.05) and Rd

(β¼�0.300, P <0.01) after adjusted with age, sex and BMI. Unexpectedly,

intramyocellular lipid (IMCL) is not associated with any of organ-specific insulin

resistance indices (Fig. 13.1). Adipose tissue mass is correlated with HGP� FPI

and Rd, but not with % suppression of free fatty acids, an adipose tissue insulin

sensitivity index (Fig. 13.1) [11]. Therefore, indices of fat accumulation in the

skeletal muscle and adipose tissue are not associated with their own organ-specific

insulin resistance (Fig. 13.2). It is known that IMCL is increased not only with

obesity but also by enhanced physical fitness [12]. Therefore, absolute fat contents

do not always predict insulin resistance in the skeletal muscle. Rather, toxic lipids

that cause insulin resistance in the skeletal muscle should be further researched. On

the other hand, hepatic steatosis per se is central surrogate pathology indicative of

insulin resistance in both liver and skeletal muscle in patients with NAFLD

(Fig. 13.2). There may be a network between the liver and skeletal muscle to

maintain whole body energy homeostasis (Fig. 13.2). To date, whether hepatic

steatosis is a consequence or cause of skeletal muscle insulin resistance remains

uncertain because a longitudinal observation of the relationship is lacking. How-

ever, some possibilities are assumed for the link as follows: (1) Skeletal muscle

insulin resistance causes obesity and subsequent hepatic steatosis as experimentally

shown in mice with muscle-selective insulin resistance [13]. Indeed, Flannery et al.

reported that skeletal muscle insulin resistance promotes increased hepatic de novo

lipogenesis and hepatic steatosis in the elderly [14]. (2) The neuronal pathway from

the liver might modulate peripheral insulin sensitivity [15]. (3) Some nutrients,

such as fatty acids and amino acids, might link hepatic steatosis and skeletal muscle

insulin resistance [16]. (4) A liver-derived hormone named as hepatokine affects

the distant organ insulin sensitivity [17]. Molecular mechanisms underlying the link

between liver fat and altered glucose metabolism are discussed in the following

sections.

13.3 Possible Molecular Mechanisms Underlying Mystery

of the Selective Insulin Resistance in the Type

2 Diabetic Liver

In the liver, insulin suppresses glucose production and enhances lipogenesis.

Indeed, total insulin resistance in the liver observed in the LIRKO mice present

hyperglycemia without fatty liver [8]. However, in the liver with type 2 diabetes,
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HGP FPI %HGP Rd Rd/SSPI %FFA
r p r p r p r p r p

Steatosis 0.401** 0.001 -0.161 0.187 -0.495*** <0.001 -0.460*** <0.001 -0.086 0.483

Grade 0.397** 0.001 -0.151 0.214 -0.359** 0.002 -0.361** 0.003 -0.061 0.616

Stage 0.227 0.060 -0.109 0.371 -0.300* 0.012 -0.248* 0.042 -0.001 0.991

IHL 0.245 0.089 -0.114 0.436 -0.315* 0.028 -0.271 0.062 -0.135 0.356

IMCL 0.250 0.065 -0.215 0.115 -0.156 0.256 -0.183 0.185 -0.060 0.662

Fat-free 
mass 0.031 0.801 -0.117 0.347 -0.216 0.079 -0.211 0.090 -0.433*** <0.001

Total fat 
mass 0.495*** <0.001 -0.147 0.235 -0.594*** <0.001 -0.536*** <0.001 -0.205 0.096

Body fat 
percentage 0.481*** <0.001 -0.115 0.355 -0.518*** <0.001 -0.478*** <0.001 -0.001 0.994

VO2 -0.129 0.342 0.191 0.158 0.418** 0.001 0.405** 0.002 0.115 0.397

Fig. 13.1 Univariate correlation between ectopic fat and organ-specific insulin resistance

HGP, hepatic glucose production; FPI, fasting plasma insulin; SSPI, steady state plasma insulin;

IHL, intrahepatic lipid; IMCL, intramyocellular lipid; VO2, basal oxygen consumption rate per

body weight. *p< 0.05, **p< 0.01, ***p< 0.001 (Modified from Ref. [11])

HGP IHL

IMCL

Adipose tissue 
IR

Obesity Skeletal muscle 
IR

Fig. 13.2 Relationship between intracellular lipid accumulation and organ-specific insulin resis-

tance among three major insulin-targeting organs, the liver, skeletal muscle and adipose tissue

Skeletal muscle insulin resistance is not associated with intramyocellular lipid accumulation, but

with hepatic steatosis, suggesting that there is inter-organ network between the liver and skeletal

muscle in human (Modified from Ref. [11])
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insulin fails to suppress gluconeogenesis but still activates lipogenesis, the pathol-

ogy of which is regarded as a ‘selective insulin resistance’-like phonotype [18]

(Fig. 13.3). Notably, the indices for hepatic fat accumulation are associated with

HGP� FPI, but not with % suppression of HGP during the hyperinsulinemic clamp

(Fig. 13.1) [11], suggesting that the liver fat is associated with basal HGP itself,

possibly independently of insulin resistance. Indeed, HGP is not solely regulated by

insulin, but also by other hormones such as glucagon and glucocorticoid. Tran-

scription factors such as forkhead box protein O (FoxO), cAMP response element-

binding protein (CREB), peroxisome proliferator-activated receptor gamma

coactivator 1-alpha (PGC-1α), hepatocyte nuclear factor 4α (HNF4α) and gluco-

corticoid receptors are involved in the regulation of gluconeogenesis by the hor-

mones and nutrients. In addition, hepatic steatosis also occurs independently of

insulin resistance. Of the triacylglycerol accumulated in the liver of patients with

NAFLD, 59.0 % arises from non-esterified fatty acids mainly derived from the

adipose tissue and 14.9 % from the diet, whereas only 26.1 % from de novo
lipogenesis [19]. Transcription factors such as liver X receptor (LXR), sterol

regulatory element-binding protein-1c (SREBP-1c) and carbohydrate response

element binding protein (ChREBP) are involved in the de novo lipogenesis. Of

these, SREBP-1c is a master regulator of hepatic de novo synthesis of fatty acids

and is activated not only by insulin but also by glucose, fatty acids, amino acids,

SREBP-1c itself, LXR, mechanistic target of rapamycin complex 1 (mTORC1) and

endoplasmic reticulum (ER) stress [20].

Triglyceride itself is not a toxic lipid and rather may be protective to prevent

toxic effects of free fatty acids. Rather, free cholesterol and saturated free fatty acid

palmitate are regarded as toxic lipids that cause hepatic insulin resistance via

oxidative stress [17] as follows:

1. Mice fed an atherogenic diet rich in cholesterol and cholate show steatohepatitis,

oxidative stress and hepatic insulin resistance [4]. In the liver of this model,

SREBP-1c is upregulated possibly via cholesterol-mediated LXR activation,

HGP  

Fatty acid synthesis Fatty liver 

Hyperglycemia 

Fig. 13.3 Selective insulin

resistance-like phenotype in

the liver with type

2 diabetes

In the liver with type

2 diabetes, insulin fails to

suppress gluconeogenesis

but continues to activate

lipogenesis, which is

regarded as a ‘selective
insulin resistance’-like
phonotype
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leading to de novo lipogenesis in the liver. In addition, hepatic expression of

insulin receptor substrate (IRS)-2 was downregulated by cholesterol diet.

Shimano et al. discovered that SREBP-1c binds to E-box in the promoter of

IRS-2 competitively with TFE3 and FoxO1, and thus downregulates IRS-2 [21].
These findings may link lipogenesis and insulin resistance in the liver.

2. In an in vitro fatty liver system using H4IIEC3 hepatocytes, a saturated fatty acid

palmitate, but not an unsaturated fatty acid oleate, inhibits insulin-stimulated

tyrosine phosphorylation of insulin receptor substrate 2 and serine phosphory-

lation of Akt, through c-Jun NH2-terminal kinase (JNK) activation [5]. In this

model, mitochondrial β oxidation-derived reactive oxygen species (ROS) play a

causal role in the palmitate-induced JNK activation [5]. Therefore, toxic lipid-

induced mitochondrial ROS may also underlie the link between steatosis and

insulin resistance in the liver. Indeed, in human, genes involved in mitochondrial

oxidative phosphorylation (OXPHOS) are coordinately upregulated and posi-

tively correlated with those involved in a ROS-related pathway in the livers of

obese type 2 diabetic patients compared with those of non-obese type 2 diabetic

patients [7]. These findings in toxic lipids-induced hepatic steatosis also con-

tribute to the selective insulin resistance-like phonotype in type 2 diabetic

livers [18].

13.4 Crosstalk Among Glucose, Protein and Lipid

Metabolic Pathways in the Liver

Growing evidence suggests that chronic endoplasmic reticulum (ER) stress in the

liver is a major contributor to obesity-induced insulin resistance [22, 23]. ER is

responsible for protein quality control [24]. The burden of unfolded proteins in the

ER lumen is identified as an ER stress by several ER stress sensors, known as

ATF6, PERK and IRE-1. The ER stress sensors trigger cellular adaptation for

unfolded protein accumulation to restore normal function of the cell, which is

called as the unfolded protein response (UPR). Chronic UPRs are causally linked

to the pathogenesis of humanmetabolic diseases such as obesity and type 2 diabetes.

Accumulating evidence suggests that obesity promotes ER stress, which is detected

as an enhanced UPR signaling, that activates JNK and impairs insulin signaling at

the level of IRSs in the liver and adipose tissue [25]. However, the molecular

mechanisms linking obesity and ER stress were not fully understood.

In searching for metabolic pathways that are significantly altered by obesity in

the livers of people with type 2 diabetes, we found that genes involved in ubiquitin-

proteasome pathways are coordinately upregulated in obese individuals

[7]. Proteasomes play fundamental roles in processes that are essential for cell

viability by degrading misfolded proteins [26]. Unexpectedly from the expression

data, liver proteasome activity was reduced by approximately 30–40 % in mouse

models of obesity, such as genetically obese ob/ob mice, diabetic db/db mice and

C57BL/6 mice fed a high fat diet (HFD) [27]. As a consequence, ubiquitinated
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proteins were accumulated in the liver of these obese model mice. These results

suggest that liver proteasome activity is reduced in animal models of obesity. Thus,

coordinate upregulation of the genes involved in the ubiquitin-proteasome pathway

in obese patients and mouse models of obesity may compensate for impaired

proteasome function. Therefore, we hypothesized that proteasome dysregulation

in the liver is involved in the development of hepatic insulin resistance in obesity

and type 2 diabetes. To test this hypothesis, we generated PA28α-PA28β-PA28γ
triple-knockout (PA28 KO) mice, the genes of which are up-regulated in the livers

of patients with obesity and in those of mice fed HFD [27], as a model of impaired

proteasome function and investigated their metabolic phenotypes as follows:

(1) Hepatic proteasome activity in PA28 KO mice fed a standard chow is reduced

by 35 % as compared with wild-type mice. As expected, ubiquitinated proteins are

accumulated in the liver of the PA28 KO mice. (2) Electron micrographs reveals

massive expansion of the ER in the livers of PA28 KO mice, suggestive of UPR.

Indeed, the liver in PA28 KO mice show the evidence of ER stress, such as

increased levels of Grp78, CHOP, p-PERK, p-eIF2α and p-IRE-1α, as well as ER
stress-inducible mRNAs encoding CHOP and the spliced form of XBP-1 (XBP-1s),

as compared with wild-type mice. (3) Phosphorylation of JNK and its downstream

target c-Jun are significantly increased in the livers of PA28 KO mice as compared

with those of wild-type mice. (4) Although body weight is not altered, PA28 KO

mice fed the standard chow present glucose intolerance. Hyperinsulinemic-

euglycemic clamp experiments and western blot analysis of the insulin signaling

pathway reveal that PA28 deficiency impairs insulin signaling mainly in the liver,

but not in the skeletal muscle, and thereby induces systemic glucose intolerance

in vivo. These findings illustrate that proteasome dysfunction causes ER stress, JNK

activation and thereby cause insulin resistance in the liver (Fig. 13.4). Yang

et al. reported that hepatic autophagy is downregulated in the livers of ob/ob mice

and that defective autophagy in Atg7 KO mice causes ER stress and hepatic insulin

resistance [28]. Therefore, it is possible that both proteasome- and autophagy-

mediated protein degradation are impaired in the livers of obese individuals, further

exacerbating ER stress.

(5) PA28 KO mice show hepatic steatosis associated with upregulated Srebf1
and Acc1 and increased cleaved/active SREBP-1c (Fig. 13.4). SREBP-1c is acti-

vated by ER stress [20]. In addition, proteasome dysfunction results in increased

protein levels of SREBP-1c because proteasome is responsible for the degradation

of SREBP-1c [29].

(6) FoxO1 protein amounts dramatically increase in both cytoplasmic and

nuclear fractions, probably due to proteasome dysfunction in the liver of PA28

KO mice (Fig. 13.4). Spliced XBP-1 directly binds FoxO1 and promotes its protein

degradation via the proteasome [30]. In the liver of PA28 KO mice, spliced XBP1

protein is increased, probably due to increased phosphorylation of IRE1α, an
endonuclease for XBP1 gene. In addition, hepatic insulin resistance caused by ER

stress/JNK pathway and increased SREBP-1c that downregulates IRS-2 further

accumulates FoxO1 in the nucleus, leading to induction of genes involved in

gluconeogenesis such as Pepck1.
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These findings suggest that proteasome dysfunction may be a primary event

linking obesity and ER stress-induced insulin resistance in the liver. In addition,

there seems to be a crosstalk among protein-, glucose- and lipid-metabolism

pathways (Fig. 13.3). Notably, the activation of SREBP-1c and FoxO1 occurred

independently of insulin resistance, and may mimic so-called ‘selective insulin

resistance’ in the liver with type 2 diabetes, that is, coexistence of fatty liver and

enhanced gluconeogenesis (Fig. 13.2).

Proteasome function seems to be altered differently in different tissues.

Insulinopenic hyperglycemia impairs proteasome activity in the liver and kidney

[31, 32], whereas proteasome activity is enhanced in the wasted muscle of obese
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Fig. 13.4 Crosstalk among protein, glucose and lipid metabolic pathways

Proteasome function is impaired in the state of obesity, followed by endoplasmic reticulum

(ER) stress, JNK activation and insulin resistance in the liver. Proteasome dysfunction also results

in increased protein levels of FoxO1 and SREBP-1c because proteasome is responsible for the

degradation of FoxO1 and SREBP-1c, which are master transcription factors for gluconeogenesis

and lipogenesis, respectively. SREBP-1c is also activated by ER stress. Such activation of these

factors occurs independently of insulin resistance and may mimic so-called ‘selective insulin

resistance’ in the liver with type 2 diabetes, that is, coexistence of fatty liver and enhanced

gluconeogenesis (Modified from Ref. [27])
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diabetic db/db mice [33]. Taken together, these findings indicate that obesity

predominantly induces proteasome dysfunction in the liver. This clarifies the

previous finding that ER stress causes insulin resistance in the liver together with

the adipose tissue [22] and brain [34]. Significance of enhanced proteasome activity

in the skeletal muscle of obese model mice should be investigated in future.

13.5 Role of Hepatokines that Mediate Inter-Organ

Network During Remodeling of Energy Homeostasis

As described above, we hypothesized that a liver-derived hormone, hepatokine,

affects the distant organ insulin sensitivity. Human hepatic gene expression infor-

mation accumulated by using serial analysis of gene expression (SAGE) technique

and DNA chip methods [35, 36] were used to identify genes with signal peptides

whose hepatic expression levels were significantly correlated with glycemic control

(HbA1c), obesity (BMI) or insulin resistance (HOMA-R and metabolic clearance

rate). Expression of the candidates hepatokine genes were further referred to the

various animal models of diabetes, obesity and fatty liver [4, 37–39]. Based on

these approaches, we isolated 62 candidate genes for hepatokines associated with

insulin resistance, hyperglycemia and obesity [35].

13.5.1 Selenoprotein P

Of these, we identified a gene encoding selenoprotein P, the expression levels of

which were positively correlated with insulin resistance and hyperglycemia

[40]. Indeed, serum levels of selenoprotein P are elevated in people with type

2 diabetes and significantly correlated with fasting plasma glucose and HbA1c

levels [40]. Selenoprotein P (in humans encoded by the SEPP1 gene) is upregulated
through FoxOs (Fig. 13.5). Insulin downregulates SEPP1 by phosphorylating and

inactivating FoxO1 [41], whereas antidiabetic metformin activates AMP-activated

protein kinase (AMPK), phosphorylates and inactivates FoxO3a, and thereby

downregulates SEPP1 in hepatocytes [42].

Selenoprotein P causes insulin resistance in the liver at least in part by

inactivating AMPK [40] (Fig. 13.5). Selenoproein P also impairs angiogenesis by

inducing VEGF resistance in vascular endothelial cells [43].

Specifically, selenoprotein P acts as a redox protein by activating glutathione

peroxidase. Unexpectedly in the large-scale intervention study, selenium supple-

mentation was paradoxically associated with an increased risk for diabetes in

humans [44]. Also, in our previous study in a cultured hepatocyte cell line,

antioxidant reagents, N-acetyl-L-cysteine, rescued palmitate-induced insulin resis-

tance only partly, whereas it effectively suppressed palmitate-induced activation of
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JNK [5]. To solve this paradox, we addressed the concentration-dependent effects

of ROS on insulin signaling in hepatocytes. Treatment with high concentrations of

H2O2 reduced insulin-stimulated Akt phosphorylation by activating JNK, whereas

lower concentrations of H2O2 enhanced insulin-stimulated phosphorylation of Akt

by suppressing PTP1B activity [45]. Therefore, depending on its concentration,

H2O2 exerts positive or negative effect on insulin signal transduction in hepato-

cytes. It might be possible that selenoprotein P deprives a physiologic ROS burst

that is required for insulin signal transduction and thereby causes insulin resistance,

the condition referred to a reductive stress. Indeed, similar to the selenoprotein P

KO mice, mice lacking one of the selenoproteins involved in the elimination of

physiological ROS, glutathione peroxidase 1, are reported to be protected from

high-fat-diet-induced insulin resistance [46].

Interestingly, supplementation with antioxidants precludes health-promoting

effects of physical exercise in humans [47]. Consistent with the concept of

mitohormesis, exercise-induced oxidative stress ameliorates insulin resistance and

causes an adaptive response promoting endogenous antioxidant defense capacity.

In this regard, we recently identified a putative skeletal muscle receptor for

selenoprotein P. Molecular mechanisms how selenoprotein P causes skeletal

Fig. 13.5 Selenoprotein P causes insulin resistance in the liver and skeletal muscle. SEPP1 is

upregulated through FoxOs

Insulin downregulates SEPP1 by inactivating FoxO1, whereas antidiabetic metformin activates

AMPK, inactivates FoxO3a and thereby downregulates SEPP1 in hepatocytes. Selenoprotein P

causes hepatic insulin resistance at least partly by inactivating AMPK (Modified from Ref. [48])
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muscle insulin resistance are under investigation through investigating the skeletal

muscle-specific selenoprotein P KO mice (Fig. 13.5).

Serum levels of selenoprotein P are inversely associated with those of

adiponectin [48] that enhances skeletal muscle insulin sensitivity [49]. Therefore,

overproduction of selenoprotein P in association with hepatic steatosis, by directly

or indirectly lowering adiponectin levels, causes skeletal muscle insulin resistance.

13.5.2 LECT2

Our second hepatokine is leukocyte cell-derived chemotaxin 2 (LECT2), the gene

of which is most correlated with BMI [50]. LECT2 is a 16 kDa secretory protein

originally identified from cultured supernatant of human T-cell line as a neutrophil

chemotactic factor [51]. LECT2 (in humans encoded by the LECT2 gene) is

expressed preferentially by human adult and fetal liver cells and is secreted into

the blood stream [52]. LECT2 enhances macrophage function via the CD209a/DC-

SIGN receptor and improves immunity in bacterial sepsis [53]. More recently, it has

been reported that LECT2 suppresses hepatocellular carcinoma by direct binding

and inactivating hepatocyte growth factor (HGF) receptor MET [54]. However, the

role of LECT2 in the development of obesity and insulin resistance was unknown.

We characterized molecular aspects of LECT2 as follows: (1) Serum LECT2 levels

are correlated positively with BMI, waist circumference, HOMA-R and HbA1c,

and negatively with insulin sensitivity Matsuda index [50]. These data indicate that

the serum levels of LECT2 are positively associated with both adiposity and the

severity of insulin resistance in humans. (2) Lect2 is upregulated in HFD

(vs. standard chow) feeding, fed (vs. fasted) state and resting (vs. exercise) state.

In these experimental conditions, AMPK phosphorylation is impaired. Indeed,

Lect2 expression in H4 hepatocytes is upregulated by dominant negative-AMPK

infection, whereas downregulated by constitutive active-AMPK transfection. These

findings indicate that AMPK downregulates LECT2 expression in hepatocytes

(Fig. 13.6). (3) Glucose or insulin loading test reveals that Lect2 KO mice show

lower blood glucose levels after glucose or insulin injection. (4) Hyperinsulinemic-

euglycemic clamp studies show that glucose infusion rate and peripheral glucose

disposal are increased in Lect2 KO mice, whereas endogenous glucose production

EGP is unaffected. These results indicate that Lect2 KO mice have better insulin

sensitivity in skeletal muscle but not in the liver. (5) In vitro in C2C12 myocytes,

recombinant LECT2 protein phosphorylates JNK and decreases insulin-stimulated

Akt phosphorylation, which is rescued by double knockdown of JNK1 and JNK2.

(6) To further elucidate the role of LECT2 in the development of obesity-associated

insulin resistance, we feed Lect2 KO mice a 60 % HFD. Lect2 KO mice are

protected from the HFD-induced weight gain. Serum levels of insulin decrease in

the KO mice in both fasting and fed conditions. (7) Lect2 KO mice present higher

heat production in both light and dark phases. This may be caused by enhanced

myogenesis, because all of the subsets of myosin heavy chain are upregulated in the
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Lect2 KO mice. As a consequence, physical-exercise-assessed muscle endurance

was significantly higher in Lect2 KO mice than wild-type mice. These findings

suggest that LECT2 decreases energy expenditure by inhibiting myogenesis

(Fig. 13.6).

In conclusion, LECT2 is a satiety-associated hepatokine that is induced by

inactivating AMPK in the liver. Overproduction of LECT2 contributes to the

development of muscle insulin resistance and obesity by activating JNK and by

impairing myogenesis, respectively (Fig. 13.6).
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Chapter 14

Ectopic Fat Accumulation and Glucose

Homeostasis: Role of Leptin in Glucose

and Lipid Metabolism and Mass

Maintenance in Skeletal Muscle

Tomoaki Morioka, Katsuhito Mori, Koka Motoyama, and Masanori Emoto

Abstract Skeletal muscle plays a major role in glucose homeostasis. Ectopic lipid

accumulation in non-adipose tissue, including skeletal muscle, is an important

feature of insulin resistance and type 2 diabetes. Leptin, an adipocyte-derived

hormone, regulates glucose and lipid metabolism in skeletal muscle, independent

of its central effects on food intake and energy expenditure. While in vitro evidence

shows that leptin interacts with insulin signaling to enhance glucose uptake in

skeletal muscle, in vivo studies indicate that enhanced insulin sensitivity and

glucose uptake induced by leptin in skeletal muscle are mediated by a central

mechanism. On the other hand, a direct effect of leptin on skeletal muscle lipid

metabolism has been demonstrated in mice. Leptin stimulates mitochondrial fatty

acid oxidation by directly activating 50-AMP-activated protein kinase, through

which it depletes the lipid content and reduces lipotoxicity in skeletal muscle. In

a mouse model of obesity and diabetes, the regenerative capacity of skeletal muscle

is impaired, causing sarcopenia. Evidence from several mouse studies indicates that

leptin signaling regulates not only the lipid content of muscle but also muscle mass

by inhibiting protein degradation and enhancing myoblast proliferation and differ-

entiation. Thus, impaired leptin action might be a key factor in the negative

regulation of skeletal muscle regeneration and the development of sarcopenia in

obesity and diabetes. In this chapter, we discuss the current understanding of

leptin’s effects on glucose and lipid metabolism in skeletal muscle and on muscle

mass maintenance and regeneration in the context of obesity and type 2 diabetes.
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14.1 Effects of Leptin on Skeletal Muscle Glucose

and Lipid Metabolism

14.1.1 Leptin and Its Effects on Peripheral Tissues

Leptin is a 16-kDa peptide hormone produced by adipose tissue that plays a pivotal

role in the regulation of food intake and energy expenditure [1]. Many of leptin’s
effects are attributable to its actions in the central nervous system (CNS), especially

in the basomedial hypothalamus, which expresses high levels of a long form of the

leptin receptor (Ob-Rb) [2]. However, the short and long isoforms of the leptin

receptor are widely distributed throughout peripheral organs, including the adipose

tissue [3], skeletal muscle [4], pancreas [5], and liver [6], and leptin exerts its

physiological effects on hematopoiesis, angiogenesis, reproduction, glucose metab-

olism, and lipid metabolism independent of its effects on the CNS [2, 7–9]. Indeed,

in leptin-deficient ob/ob mice, administration of low-dose leptin normalized glyce-

mia and insulinemia, even though body weight and food intake were not reduced

[10], indicating that the metabolic effects of leptin are independent of its effects on

appetite and body weight.

14.1.2 Effects of Leptin on Glucose Metabolism in Skeletal
Muscle

Skeletal muscle contributes to insulin-stimulated glucose disposal and whole-body

fatty acid oxidation. It is one of the primary tissues responsible for insulin resistance

in obesity and type 2 diabetes [11, 12]. Although the mechanism by which leptin

affects glucose metabolism has not been fully determined, crosstalk between leptin

and insulin signaling pathways at the level of insulin receptor substrate (IRS) and

phosphatidylinositol-3 kinase (PI3-kinase) has been observed in cultured muscle

cells [13–16]. Studies using C2C12 myotubes have demonstrated that leptin acti-

vates Janus kinase (JAK) 2, which induces the tyrosine phosphorylation of IRS-2,

leading to activation of PI3-kinase [16] and stimulation of glucose transport and

glycogen synthesis [15]. Leptin has also been shown to increase glucose uptake and

glucose transporter 4 translocation by enhancing the DNA-binding activity of

signal transducer and activator of transcription (STAT) 3 and the activity of

extracellular signal-regulated kinase (ERK) 2 in C2C12 myotubes [14]. PI3-kinase,

but not JAK-2, is also involved in leptin-stimulated glucose uptake in rat L6 muscle

cells [13]. However, studies using isolated muscle have produced conflicting results

regarding the effect of leptin on glucose uptake in skeletal muscle. Leptin acutely

increased glucose uptake in isolated soleus muscles from rat [17] and mouse [18]

without an additive effect of insulin. However, in another study, acute leptin

treatment did not alter glycogen synthesis or insulin-stimulated glycogen synthesis

in isolated mouse soleus and extensor digitorum longus (EDL) muscles [19]. These
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conflicting results might derive from differences in the duration of leptin treatment,

concentration of leptin, or type of muscle fiber. Several studies have investigated

the in vivo effect of leptin on glucose metabolism in skeletal muscle [20, 21]. Acute

intravenous leptin infusion in leptin-deficient ob/ob mice increased whole-body

glucose turnover and stimulated glucose uptake in the brown adipose tissue, brain,

and heart, but not in the skeletal muscle or white adipose tissue [20]. Kamohara

et al. [21] found that acute intravenous leptin infusion into wild-type mice increased

whole-body glucose turnover and glucose uptake in the brown fat, EDL, and soleus

muscle. Similar effects were observed after both intravenous and intracerebroven-

tricular infusion of leptin, and leptin-induced glucose uptake was blunted in dener-

vated muscles, suggesting that the CNS mediates the leptin-induced increase in

glucose metabolism. These in vivo studies indicate that leptin regulates glucose

metabolism via pathways independent of skeletal muscle.

14.1.3 Leptin Directly Regulates Skeletal Muscle Lipid
Metabolism

Ectopic lipid accumulation in non-adipose tissues, including the skeletal muscle,

liver, heart, and pancreas, is an important feature of obesity and is closely associ-

ated with insulin resistance and glucose intolerance [11, 22]. Skeletal muscle from

obese individuals has an increased triacylglycerol (TAG) content, which is strongly

associated with decreased insulin sensitivity [11, 23, 24]. The mechanisms by

which skeletal muscle TAG storage increases in obesity have not been fully

elucidated, but increased fatty acid uptake into muscle from the circulation or

reduced fatty acid oxidation in muscle mitochondria could play a role

[11, 24]. Fatty acid metabolism in resting skeletal muscle is regulated by several

hormones, such as leptin, insulin, and epinephrine [24].

Previous studies have shown that in vivo leptin treatment improves insulin

sensitivity partly through its extraneural effects, through which the fat content of

adipose and non-adipose tissues, including skeletal muscle, is depleted [10, 25,

26]. Direct and acute effects of leptin on fatty acid partitioning toward oxidation

and away from storage have been shown in skeletal muscle isolated from mice

[19, 27] and humans [24] and in C2C12 myotubes [28]. Muoio et al. [19] found that

leptin promoted fatty acid oxidation and decreased fatty acid incorporation into

TAG in soleus muscles isolated from C57BL/6J mice and that leptin attenuated the

antioxidative and lipogenic effects of insulin by 50 % when both hormones were

present. Importantly, the oxidative and anti-lipogenic actions of leptin on skeletal

muscle fatty acid metabolism are mediated by a direct mechanism, while the

stimulatory effects of leptin on glucose metabolism are mediated by a central

mechanism, indicating a critical role of skeletal muscle in mediating leptin’s effects
on adiposity. However, the molecular mechanisms that mediate leptin’s effects on
skeletal muscle lipid metabolism remain to be elucidated.

14 Ectopic Fat Accumulation and Glucose Homeostasis: Role of Leptin in. . . 203



14.1.4 AMPK Mediates Leptin Signaling in Skeletal Muscle

Recent studies have shown that leptin directly activates 50-AMP-activated protein

kinase (AMPK) in skeletal muscle [29, 30]. AMPK is a heterotrimeric enzyme that

senses cellular energy levels to maintain the balance between ATP production and

consumption in all eukaryotic cells [31]. AMPK switches off anabolic pathways

and activates catabolism in response to a decrease in the ATP/AMP ratio by

phosphorylating key enzymes involved in intermediate metabolism [31]. Activation

of AMPK is involved in glucose transport in skeletal muscle induced by metabolic

stress, such as contraction and hypoxia [32–34]. Therefore, direct AMPK activation

by leptin in skeletal muscle could partly explain leptin-induced glucose uptake and

metabolism [35].

The AMPK pathway also activates fatty acid oxidation and prevents fatty acids

from accumulating in skeletal muscle cells as TAG [35, 36]. When activated during

exercise and skeletal muscle contraction, AMPK inhibits acetyl-CoA carboxylase

(ACC) to reduce the malonyl-CoA concentration and the entry of long-chain acyl-

CoA into the mitochondria for β-oxidation, thereby restoring energy balance

[36]. Olsen et al. [37] observed that activation of AMPK by 5-aminoimidazole-4-

carboxamide ribonucleotide ameliorated fatty acid-induced insulin resistance in

isolated rat EDL muscles; the effect was abolished by an AMPK-specific inhibitor.

Minokoshi et al. [30] found that leptin selectively stimulated the phosphorylation

and activation of the α2 catalytic subunit of AMPK in mouse skeletal muscle. They

examined AMPK activity in skeletal muscle after intrahypothalamic and intrave-

nous injection of leptin in mice. Leptin acted directly on muscle to activate AMPK

at an early time point (15 min), whereas leptin acted through the hypothalamic-

sympathetic nervous system axis to activate AMPK at a later time point (6 h)

[30]. In parallel with its activation of AMPK, leptin phosphorylated and inactivated

ACC, thereby stimulating fatty acid oxidation in skeletal muscle. AMPK inactiva-

tion by dominant-negative AMPK inhibited the leptin-induced phosphorylation of

ACC [30]. Thus, the direct activation of AMPKmight be a critical pathway through

which leptin promotes fatty acid oxidation and prevents the deleterious effects of

intramyocellular lipid accumulation.

14.1.5 Leptin Resistance and Skeletal Muscle Lipid
Accumulation

In most forms of obesity, circulating leptin levels are elevated and the effect of

leptin on appetite and body weight is diminished, a phenomenon referred to as

leptin resistance [38, 39]. A number of mechanisms have been proposed to explain

leptin resistance, including alterations in the transport of leptin across the blood-

brain barrier, alterations in cellular leptin receptor signaling, and perturbations in

developmental programing [38, 39]. Although a defect in leptin action in the CNS is
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considered a determinant of leptin resistance, little is known about whether leptin

resistance occurs in peripheral tissues, including skeletal muscle. Steinberg

et al. demonstrated that leptin treatment increased the partitioning of fatty acids

toward oxidation and away from storage in skeletal muscle from lean controls,

whereas the effects were absent in skeletal muscle from obese individuals [24] and

rats fed a high-fat diet [40]. Dulloo et al. [41] found that leptin failed to stimulate

thermogenesis in soleus muscles from diet-induced obese mice, but not in those

from lean mice. These experimental observations suggest that leptin resistance in

skeletal muscle contributes to myocellular lipid accumulation and underlies the

pathogenesis of insulin resistance in obesity and type 2 diabetes.

14.2 Leptin Regulates Skeletal Muscle Mass

and Regeneration

14.2.1 Sarcopenia and Insulin Resistance

In addition to the dysregulation of glucose and lipid metabolism in skeletal muscle,

an age-related decline in muscle mass and strength, a process named sarcopenia

[42], also contributes to insulin resistance and type 2 diabetes, especially in the

elderly [43, 44]. Conversely, insulin resistance and/or obesity might underlie the

development of sarcopenia [43, 45]. The combination of sarcopenia and obesity,

termed sarcopenic obesity, produces important age-related changes in body com-

position. Sarcopenic obesity is more closely associated with insulin resistance [44],

metabolic syndrome [46], atherosclerosis [47], functional decline, and mortality

than obesity or sarcopenia alone [43, 45, 48]. Therefore, sarcopenic obesity is a

growing concern in the elderly population [43].

Several mechanisms might underlie sarcopenic obesity: impaired secretion

and/or action of anabolic hormones, including growth hormone, insulin, and

insulin-like growth factor-I; secretion of pro-inflammatory factors or cytokines,

including tumor necrosis factor-α, interleukin (IL)-6, and C-reactive protein; secre-
tion of bioactive proteins from adipocytes (adipocytokines), including adiponectin

and leptin; and production of anti-inflammatory cytokines, including IL-10 and

IL-15 [49].

14.2.2 Leptin Might Link Obesity to Sarcopenia

Obesity and insulin resistance are often accompanied by elevated levels of circu-

lating leptin and leptin resistance, in which the effects of leptin on energy and

glucose are impaired [38, 39]. In addition, sarcopenia contributes to the develop-

ment of age-related insulin resistance and type 2 diabetes [43, 44]. Therefore,
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elevated leptin levels in the circulation or leptin resistance might play an important

role in sarcopenic obesity. A few studies have investigated the clinical association

between leptin and sarcopenia and/or obesity [50–52]. In a study of elderly patients

over 80 years old who required continuing inpatient care (n¼ 30), Hubbard

et al. [50] reported that frail patients had lower serum leptin levels than those

who were not frail, probably because of their low body fat. In a study of healthy

elderly subjects (n¼ 45, mean 77.6 years old), Waters et al. [52] found that subjects

with sarcopenic obesity had higher serum leptin levels than sarcopenic, obese, or

normal lean subjects and that the appendicular skeletal muscle mass was indepen-

dently and negatively correlated with leptin levels in all groups. Kohara et al. [51]

used computed tomography to measure the thigh muscle cross-sectional area and

visceral fat area in middle-aged and elderly subjects in the general population

(n¼ 782) and found that the thigh muscle mass was negatively associated with

plasma leptin levels independent of other parameters, including visceral fat area

and C-reactive protein. They also found that plasma leptin levels were higher in

subjects with sarcopenic visceral obesity than in those with sarcopenia or visceral

obesity alone. The clinical findings indicate that high leptin levels or leptin resis-

tance plays an important role in the development of sarcopenia and in the link

between obesity and sarcopenia. Although the mechanisms require further investi-

gation, leptin or leptin resistance might contribute directly to sarcopenia through

the activation of immune cells to produce pro-inflammatory cytokines [53], the

negative interaction between leptin and the growth hormone/insulin-like growth

factor-I axis [54, 55], a reduction in skeletal muscle protein synthesis [56], and

impairment of the regenerative capacity of skeletal muscle [57].

14.2.3 Impaired Skeletal Muscle Regeneration in Obesity

Recent advances in stem cell research have shown that skeletal muscle has tissue-

resident stem cells, called satellite cells, that are mainly responsible for the regen-

erative activity in skeletal muscle. The satellite cells are required for early postnatal

muscle growth and for the repair of muscle injury throughout adult life [58]. Path-

ological dysregulation of satellite cell function appears to play an important role in

the age-dependent decline of muscle function and in muscle dystrophic diseases; it

is also tightly related to metabolism [59]. Indeed, alterations in the metabolic state,

such as those that occur with exercise [60] and calorie restriction [61], directly

affect the activity of satellite cells. Several lines of evidence suggest that regener-

ation is impaired following muscle injury in rodent models of obesity and diabetes,

possibly because of impaired muscle progenitor cell function [57, 59, 62]. Although

the mechanisms underlying the impaired muscle regeneration in obesity remain

elusive, recent experimental findings suggest that lipid overload in skeletal muscle

under conditions of obesity affects not only insulin sensitivity but also muscle

maintenance and regeneration through multiple factors, including toxic lipid

metabolites, low-grade inflammation, and insulin/leptin resistance [57, 63].
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14.2.4 Leptin Regulates Skeletal Muscle Mass
and Regeneration

Previous studies have shown that ob/ob mice [64] and obese Zucker rats [65],

lacking leptin or a functional leptin receptor, respectively, exhibit reduced skeletal

muscle mass with decreased proliferative activity of muscle satellite cells when

compared to their lean controls. More recently, Nguyen et al. [66] demonstrated

that muscle injury induced by cardiotoxin injection resulted in delayed skeletal

muscle regeneration in ob/ob and db/db mice, but not wild-type mice fed a high-fat

diet as a less severe model of obesity. These findings indicate an important role of

leptin signaling in skeletal muscle regeneration. The study also suggested that

impaired muscle regeneration in ob/ob and db/dbmice was associated with reduced

macrophage accumulation, angiogenesis, and myoblast activity [66]. Leptin-

specific regulation of skeletal muscle mass in mice has also been investigated in

several recent studies. Arounleut et al. [67] reported that primary myoblasts from

aged mice lacking all functional leptin receptor isoforms (POUND mice) exhibited

impaired proliferation and decreased MyoD and myogenin expression when com-

pared to control mice; leptin treatment attenuated these defects. Saintz et al. [68]

also reported that administration of recombinant leptin in leptin-deficient ob/ob
mice increased skeletal muscle mass and fiber size; the effects were associated with

the inhibition of factors that promote protein catabolism (FoxO3, MAFbx, MuRF)

in a pathway involving AMPK and PGC-1α, enhancement of muscle growth

(reduced myostatin), and cell cycle progression (PCNA, cyclin D1). Moreover,

alterations in the expression of skeletal muscle microRNAs have been associated

specifically with age-related muscle atrophy in mice [69] and humans

[70]. Hamnrick et al. [69] recently found that leptin treatment increased hind

limb muscle mass and EDL fiber size in aged mice by modulating the expression

of atrophy-related microRNAs in aging skeletal muscle. The experimental findings

from mice, albeit not all mammalian species [71], indicate that leptin directly

regulates skeletal muscle mass by inhibiting myofibrillar protein degradation and

by promoting satellite cell proliferation and differentiation, thus adding a new

mechanism for the regulation of insulin sensitivity and glucose metabolism by

leptin. Because leptin resistance is commonly observed in obesity and type 2 dia-

betes [38, 39], a lack of leptin signaling could negatively impact skeletal muscle

regeneration by impairing macrophage activity, angiogenesis, and satellite cell

proliferation and differentiation.

14.3 Conclusions

Growing evidence indicates that adipocyte-derived leptin, in addition to acting

centrally, acts directly on skeletal muscle to regulate whole-body glucose homeo-

stasis. Although leptin increases glucose uptake in cultured myotubes and isolated
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murine skeletal muscle at least partly by interacting with insulin signaling, in vivo

studies have shown that leptin enhances glucose uptake and metabolism through a

central mechanism, not through skeletal muscle [20, 21]. On the other hand, recent

studies have provided evidence that leptin acts directly on skeletal muscle to

deplete the intramyocellular lipid content and improve insulin sensitivity [10, 25,

26]. Direct activation of AMPK with inhibition of ACC is a critical pathway

through which leptin promotes fatty acid oxidation and prevents the toxic effects

of intramyocellular lipid accumulation in skeletal muscle [29, 30]. Because ele-

vated circulating leptin levels are commonly observed in obesity, leptin insensitiv-

ity to fatty acid oxidation in skeletal muscle might cause intramyocellular lipid

accumulation and thereby contribute to the pathogenesis of insulin resistance and

diabetes (Fig. 14.1).

Recent studies have extended our understanding of the role of leptin in obesity

and diabetes. The findings suggest there is a close association between leptin and

the age-related changes in body composition that occur with sarcopenia or

sarcopenic obesity, a condition that involves deteriorating insulin resistance and

diabetes [43, 44]. Several studies have indicated that elevated leptin levels are

associated with sarcopenia independent of obesity in adult humans [51, 52]. In a
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Fig. 14.1 Schematic representation of the leptin’s effects on glucose and lipid metabolism in

skeletal muscle
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rodent model of obesity and diabetes, muscle regeneration was impaired following

muscle injury because of the diminished proliferation and differentiation of satellite

cells, tissue-resident stem cells in skeletal muscle [57, 59, 62]. Several studies in

rodents have indicated that leptin signaling plays an important role in promoting

skeletal muscle regeneration through the regulation of several proteins [66–68] and

microRNAs [69] linked to muscle growth, cell cycle progression, and protein

catabolism. Thus, the loss of functional leptin signaling might negatively impact

skeletal muscle regeneration and contribute to sarcopenia in obesity and diabetes

(Fig. 14.2).

Despite marked progress in recent years toward understanding the regulatory

role of leptin in skeletal muscle lipid accumulation and glucose homeostasis,

several questions pertaining to leptin’s potential therapeutic use in patients with

obesity and/or diabetes remain to be answered. For example, does leptin resistance

occur at the local level of skeletal muscle, and, if so, how does it develop in skeletal

muscle during obesity? The fact that impairment of the regenerative capacity of

muscle satellite cells has been observed only in extremely obese mice in which

leptin activity was genetically ablated (ob/ob and db/db) is another important issue

[66–68]. Further investigation is warranted to elucidate whether moderate impair-

ment of leptin action, commonly observed in diet-induced obesity, affects the

regenerative capacity of skeletal muscle in humans and to identify factors or

signaling pathways that link muscle lipid accumulation and impaired satellite cell

function in the context of leptin resistance. Given the information currently avail-

able, exercise [60] and caloric restriction [61, 72] might be promising ways to

enhance skeletal muscle fatty acid oxidation and promote skeletal muscle mass
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Fig. 14.2 Mechanisms by which leptin signaling regulates skeletal muscle mass. Leptin reduces

intramyocellular lipid that impairs the activity of satellite cells. Leptin also directly promotes

skeletal muscle regeneration through the regulation of several proteins and microRNAs linked to

satellite cell proliferation/differentiation, muscle growth, and protein catabolism. Impaired leptin

signaling in obesity might negatively impact skeletal muscle regeneration and contribute to

sarcopenia
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maintenance via the regeneration of satellite cells in obese and diabetic patients

with leptin resistance. Continued advances are expected to improve our understand-

ing of leptin’s effects on glucose/lipid metabolism and skeletal muscle mass

maintenance and to facilitate the therapeutic use of leptin in the treatment of

human obesity and diabetes.
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Chapter 15

Evaluation of Insulin Resistance in Diabetes:

Standard Protocol for a Euglycemic-

Hyperinsulinemic Clamp Using an Artificial

Pancreas

Masanori Emoto, Tomoaki Morioka, Hisayo Yokoyama,

Yuko Sawada-Yamazaki, Koka Motoyama, Katsuhito Mori,

Kiyoshi Maekawa, Yoshiki Nishizawa, and Masaaki Inaba

Abstract Insulin resistance plays a pivotal pathognomonic role in various patho-

physiological states, including diabetes, obesity, and metabolic syndromes. A

euglycemic-hyperinsulinemic (EH) clamp, the gold-standard method for evaluating

insulin resistance in humans, has been performed according to the original protocol

for each hospital or institute, which makes it difficult to compare the findings of

different studies. We have established a standard protocol for the EH clamp using

an artificial pancreas (AP, models STG-22 and STG-55, Nikkiso Co. Ltd. Tokyo),

which has been widely used in Japan since 1987. Among the 351 Japanese subjects,

301 were type 2 diabetics, 12 were impaired glucose tolerance with obesity, and

38 had normal glucose tolerance. In this chapter, the standard protocol using the AP

and the insulin resistance data are described in detail. By using an AP for the clamp,

stable steady-state euglycemia and glucose infusion rates (GIR, metabolizable

glucose [M] value) were achieved with high precision. The insulin resistance

index, M/I, in type 2 diabetics was approximately 49 % lower than in patients

with normal glucose tolerance and had a strong inverse correlation with body mass

index. Furthermore, the validity and clinical implications of insulin resistance were

clarified and reported according to the standard protocol for an EH clamp using an

AP. In conclusion, a standard protocol for using an AP for an EH clamp would

allow us to evaluate insulin resistance in detail and with high precision in various

pathological states/diseases.

M. Emoto (*) • T. Morioka • Y. Sawada-Yamazaki • K. Motoyama • K. Mori • K. Maekawa •

M. Inaba

Metabolism, Endocrinology and Molecular Medicine, Osaka City University Graduate School

of Medicine, 1-4-3, Asahi-machi, Abeno-ku, Osaka 545-8585, Japan

e-mail: memoto@med.osaka-cu.ac.jp

H. Yokoyama

Research Center for Urban Health and Sports, Osaka City University, Osaka, Japan

Y. Nishizawa

Osaka City University, Osaka, Japan

© Springer Japan 2016

M. Inaba (ed.), Musculoskeletal Disease Associated with Diabetes Mellitus,
DOI 10.1007/978-4-431-55720-3_15

215

mailto:memoto@med.osaka-cu.ac.jp


Keywords Insulin resistance • Euglycemic-hyperinsulinemic clamp • Artificial

pancreas • Diabetes • Japanese

15.1 Introduction: Evaluation of Insulin Resistance

in Humans

Insulin resistance is the predominant pathognomonic state for hyperglycemia in

type 2 diabetes, the incidence of which is rapidly increasing in Japan and the Asian

region. Furthermore, hyperinsulinemia due to insulin resistance is an underlying

condition in hypertension, dyslipidemia, hyperuricemia, and atherosclerotic cardio-

vascular diseases in obesity and metabolic syndromes. Some oral antidiabetic drugs

used in clinical practice have the potential to improve insulin resistance. In Japan,

metformin, a biguanide, and pioglitazone, a thiazolidinedione, are usually pre-

scribed for type 2 diabetes with obesity and/or insulin resistance. Other drugs

such as glimepiride, a sulfonylurea drug, and some angiotensin-converting

enzyme/angiotensin II receptor blocker inhibitors can also improve insulin resis-

tance in addition to their main antihypertensive effects. Therefore, it is important

and critical to evaluate insulin resistance in a practical clinical setting in patients

with various lifestyle-related diseases as well as type 2 diabetes.

To date, various indexes and methods for evaluating insulin resistance in

humans have been reported. The direct indexes for representing insulin resistance

include the insulin tolerance test and the insulin suppression test, while indirect

indexes include the homeostasis model assessment (HOMA-R), quantitative insulin

sensitivity check index (QUICKI), Matsuda index, etc. In order to validate the

precision of these indexes, a gold-standard index is needed for the evaluation of

insulin resistance in humans. Since a proposal by DeFronzo in 1979, the

euglycemic-hyperinsulinemic clamp technique, a glucose clamp technique, has

been established and used as the gold-standard technique for the evaluation of

insulin resistance in humans [1]. In this chapter, the standard protocol for a

euglycemic-hyperinsulinemic clamp using an artificial pancreas for evaluating

insulin resistance in Japan and its clinical implications are described in detail.

15.2 The Euglycemic-Hyperinsulinemic Clamp as a

Gold-Standard Technique

15.2.1 Glucose Clamp Technique

In 1979, DeFronzo et al. proposed the glucose clamp technique, a method to

quantitatively measure insulin sensitivity and insulin secretion in humans [1]. The

glucose clamp technique includes two techniques: a euglycemic-hyperinsulinemic

clamp and a hyperglycemic clamp. The former measures insulin sensitivity in the
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whole body, mainly in the muscle, in steady physiological and/or supraphy-

siological hyperinsulinemic conditions, while the latter measures insulin secretion

capacity from the pancreas in response to a steady hyperglycemic physiological

state. In the euglycemic-hyperinsulinemic clamp, metabolized glucose uptake in

the whole body, in a steady hyperinsulinemic state within the physiological range,

is measured quantitatively, which mainly represents the insulin sensitivity in the

muscle.

15.2.2 The Principle of the Glucose Clamp Technique

The main actions of insulin in glucose metabolism in vivo are the increase of

glucose uptake in the muscle, adipose tissue, and liver and a decrease of hepatic

glucose production. In view of a hormone’s dose-response curve, the maximum

glucose uptake in the whole body is regarded as the responsiveness of insulin, and
50 % of the maximum glucose uptake is the sensitivity of insulin [2]. In the narrow

sense, insulin resistance is a state of decreased insulin sensitivity, which is strictly

different from insulin unresponsiveness, a decrease of insulin responsiveness.

In healthy subjects, the maximum glucose uptake in the whole body is achieved

when the plasma immunoreactive insulin level (IRI) is around several hundred μU/
mL (~500 μU/mL), while 50 % of the maximum is achieved for an IRI around

100 μU/mL. In a euglycemic-hyperinsulinemic clamp, the insulin sensitivity is

represented by the metabolized glucose uptake (M value) in the whole body,

when the IRI is around 100 μU/mL, which is when it is equal to 50 % of the

maximum glucose uptake. In this physiological hyperinsulinemic state, insulin

completely inhibits hepatic glucose production, and infused glucose is necessary

to maintain euglycemia (around 90 mg/dL). The amount of infused glucose is equal

to that of metabolized glucose uptake in the muscle and adipose tissue, because

urinary glucose excretion is neglected. It has been reported that approximately 80 %

of the glucose uptake by the whole body in a hyperinsulinemic state is metabolized

in the muscle, while some glucose is also metabolized in the adipose tissue

[3, 4]. Furthermore, metabolized glucose (M value) is regarded as an index of

insulin sensitivity in the muscle.

In DeFronzo’s original technique [1], a small polyethylene catheter was inserted

under local Xylocaine anesthesia into a brachial artery for blood sampling. In the

contralateral forearm vein, insulin was infused at a constant rate (40 mU/min/m2)

within 10 min of an insulin priming injection. Various amounts of 20 % glucose

solution were infused to maintain euglycemia (clamp), which is equal to the

metabolized glucose uptake in the whole body. In most cases, the monitored

glucose level and the glucose infusion rate (GIR, mg/kg/min), which were equal

to the metabolized glucose uptake, were increased gradually to reach the steady

state after 120 min of the clamp. The metabolized glucose uptake (M value) is
defined as the mean of the GIRs for every 20 min of the 120-min clamp, and theM/I
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value is an index where the M value is corrected by the IRI during the 120 min

steady state. The M value is often expressed as the glucose disposal rate.

15.2.3 Literature About the Adoption of a Euglycemic-
Hyperinsulinemic Clamp

Since the euglycemic-hyperinsulinemic clamp was proposed [1], many clinical

studies have been reported. In a PubMed literature search using the keywords

glucose clamp, euglycemic-hyperinsulinemic clamp, and/or hyperglycemic

clamp, 1,491 English publications were found, out of which 1,343 (90 %) were

regarding the euglycemic-hyperinsulinemic clamp, and 101 (7 %) were from Japan.

After the mid-2000s, publications have been decreasing gradually both worldwide

and in Japan (Fig. 15.1). To date, there are 20 reports in English where the standard

protocol of the clamp was performed using an artificial pancreas (AP) [5–24].

15.3 Artificial Pancreas in Japan

15.3.1 History of the Development of the Artificial Pancreas

Professor E Perry McCullagh, an endocrinologist at the Cleveland Clinic, proposed

the concept of the AP in 1959, as a substitute for decreased pancreatic beta cell

function and insulin secretion in response to blood glucose levels [25]. The AP is
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Fig. 15.1 Change in the number of clinical research publications in English regarding the glucose

clamp technique, euglycemic-hyperinsulinemic clamp, and/or hyperglycemic clamp, from 1979 to

2014. A PubMed search was conducted using the following parameters: “glucose clamp” or

“euglycemic clamp” or “hyperglycemic clamp” in any field, “subjects” or “patients” in the

abstract, and English as the language
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strictly the artificial endocrine pancreas (AEP) because it is unable to perform the

pancreas’s exocrine functions. However, the word “artificial pancreas, AP” is

adopted in this review because the STG model produced by the Nikkiso Co. Ltd.

has a Japanese name “Zinkosuizou,” which corresponds to artificial pancreas and is

approved by the Pharmaceuticals and Medical Devices Agency in Japan. The

bedside-type AP with a closed-loop regulatory system consists of a continuous

glucose monitoring system, a computer system equipped with a regulatory algo-

rithm, and an insulin infusion system [25]. Albisser [26, 27] in 1974 in Toronto and

Shichiri in 1975 in Osaka [28, 29] were the first to successfully use the AP

clinically. This AP consisted of an Autoanalyzer for blood glucose determination,

a minicomputer system, and a pump-drive system. After downsizing and improving

the equipment, the bedside-type AP was introduced into the clinical and research

fields of diabetes. Two models are available, namely, the Biostator (Miles Labora-

tory Inc., Elkhart, IN, USA) and the STG model (Nikkiso Co. Ltd., Tokyo, Japan).

The induction of Biostator into the market started in 1983 and its production ended

in 1987. The STG model was introduced to the market in 1987 and is now available

in Japan. The various applications of the STGmodel in the clinic and in the research

of diabetes and related diseases have been vigorously examined by the Osaka

University and Kumamoto University study groups in Japan. Since 1988, medical

insurance in Japan has approved clinical applications of the STG model on a short-

term basis, including blood glucose control in diabetic coma, surgery, delivery,

hypoglycemia, and the prediction of insulin requirements in special medical insti-

tutes and hospitals with specialist Japan Diabetes Association-approved diabetol-

ogists. According to the 2002 report by the Artificial Organs Registry in Japan, the

STGmodel has been cumulatively used in 14,418 cases from 1983 to 2002. In 2002,

465 cases reportedly used the STG model, among which 29 (6.2 %) were used for

glycemic control, 341 (73.3 %) for laboratory and clinical research (mainly glucose

clamp [61.9 %]), and 95 (20.4 %) for animal experiments [25].

15.3.2 The STG-22 Model and the New STG-55 Model

To date, the STG-22 AP model (Fig. 15.2a) produced by Nikkiso Co. Ltd. has been

used most widely. Its new model, STG-55 (Fig. 15.2b), was approved by the

Pharmaceuticals and Medical Devices Agency in 2009 and was introduced into

the clinic in 2010. The STG-55 models are largely improved; they are more

convenient and highly precise. First, the equipment is more compact and light-

weight (STG-22, 505[W]� 565[D]� 1,600[H] mm, 62 kg; STG-55, 375[W]� 425

[D]� 1,630[H] mm, 36 kg). Second, a largely improved enzyme membrane has

been included for continuous blood glucose measurement. Third, the complex

circuits for glucose measurement were combined to one-set apron (Fig. 15.3).

Fourth, an automatic priming system was introduced for the preparation of the

machine. Fifth, the cost of the equipment was largely reduced. Among these

improvements, the improved enzyme membrane in STG-55 has great advantages
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Fig. 15.2 STG-22 (a) and STG-55 (b) models of the artificial pancreas (Nikkiso Co. Ltd., Tokyo),

which are widely used in Japan and have been approved by the Pharmaceuticals and Medical

Devices Agency since 1987 (The photographs are provided courtesy of Nikkiso Co. Ltd.)

Fig. 15.3 One-set apron circuit for glucose measurement with the glucose and insulin infusion

system in model STG-55 of the artificial pancreas (The photograph is provided courtesy of Nikkiso

Co. Ltd.)
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over the STG-22 model in terms of the improvement in the validity and stability of

glucose measurements and the shortened calibration time in the preparation step. As

stated below, the parameters of variability for the clamp using STG-55 demonstrate

the same degree of validity as with STG-22 in spite of fewer subjects.

15.4 Standard Protocol for a Euglycemic-

Hyperinsulinemic Clamp Using the STG Artificial

Pancreas

15.4.1 Standard Protocol for a Euglycemic-
Hyperinsulinemic Clamp Using an Artificial Pancreas

The euglycemic-hyperinsulinemic clamp was performed, 10–12 h after an over-

night fast, according to a previously described standard protocol, using the AP

models STG-22 or STG-55 [6, 8–10, 15, 16, 18]. On the morning of the study, a

20-gauge catheter was inserted into a forearm vein in a retrograde manner for

constant monitoring of blood glucose levels. In the same arm, a 22-gauge catheter

was inserted into the wrist vein for blood sampling. Blood sampling was performed

every 30 min during the clamp study to assay the plasma insulin level. Another

22-gauge catheter was inserted into an antecubital vein of the other arm for the

administration of human regular insulin (Humulin; Eli Lilly and Company,

Indianapolis, IN) and a 10 or 20 % glucose solution. After baseline blood sampling,

insulin was first manually infused at a priming infusion dose during the first 9 min

of the clamp according to the manipulation manual for STG-22 or STG-55 and

afterward automatically at a continuous rate of 1.25 mU/kg/min. The dose of

constantly infused insulin corresponded to the dose in DeFronzo’s original

protocol [1].

Blood glucose levels were determined every 1 min in both STG-22 and STG-55

models during the 120-min clamp study, and euglycemia (90 mg/dL, 5.0 mmol/L)

was automatically maintained by infusion of different amounts of a 10 or 20 %

glucose solution according to the glycemic control algorithm. The parameters for

the algorithm were always set at the same constant values according to the STG-22

or STG-55 manipulation manual; in particular, setting the inputs at 1.25 mU/kg/min

for insulin infusion rate was important. This is very crucial in the standard protocol

as performing the glucose clamp in the same condition is required for the compar-

ison of insulin sensitivity among subjects and/or within the same subject. If the

parameters for the algorithm are set up differently for each subject or each clamp, it

is difficult to compare GIR between and within subjects.

Figure 15.4 shows the schematic representative time course for monitored blood

glucose, IRI, and GIR according to the aforementioned standard protocol. The real

reports for a patient, a printout sheet in STG-22 and a control panel in STG-55, are

shown in Fig. 15.5a, b. The various parameters for the standard protocol of a

euglycemic-hyperinsulinemic clamp using the artificial pancreas, STG-22 or

STG-55, are defined in Table 15.1. The M value, an index of insulin sensitivity in
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the original report [1], is represented as the mean of the GIRs during the last 30 min

of the 120-min clamp. Finally, we use the M/I value, which is obtained by dividing

the meanGIR by the steady-state plasma insulin (SSPI) levels during the last 30 min

of the clamp. This is an index of insulin sensitivity as previously reported. For

convenience, the M/I value is multiplied by 100.
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Fig. 15.4 Schematic time course of monitored steady-state blood glucose (SSBG), steady-state

plasma insulin (SSPI) levels, and glucose infusion rates (GIR) according to the standard protocol

for a euglycemic-hyperinsulinemic clamp using the STG model of the artificial pancreas. The bar

represents mean � SE (standard error). Priming, insulin priming infusion during the first 9 min;

IIR insulin infusion rate

Fig. 15.5 Real printout sheet for a patient in the STG-22 model and control panel in the STG-55

model of the artificial pancreas. IIR insulin infusion rate, GIR glucose infusion rate, SSBG steady-

state blood glucose
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15.4.2 Precision of the Standard Protocol Using the STG
Model of the Artificial Pancreas

Since 1993, we have performed the euglycemic-hyperinsulinemic clamp according

to the aforementioned standard protocol using the AP model STG-22 in 394 Japa-

nese subjects. Among these subjects, clamp studies could not be performed in only

nine subjects (2.3 %) mainly because of difficulties and/or troubles with the blood

sampling route in the forearm vein. Finally, GIR/M values were measured from the

clamp study in 385 subjects (97.5 %). In order to examine insulin resistance in

Japanese subjects with different glucose tolerances, we excluded patients with

factors strongly affecting insulin resistance, morbid obesity (BMI [body mass

index] greater than 35 kg/m2), chronic renal insufficiency, and type 1 diabetes.

Finally, the data from 337 subjects, including 38 with normal glucose tolerance

(NGT), 12 with impaired glucose tolerance (IGT), and 287 with type 2 diabetes

(T2DM), were analyzed for the STG-22 model. The clinical characteristics are

shown in Table 15.2. These age, BMI, and glycated hemoglobin profiles are

concordant with those in Japanese patients who are admitted to hospitals for health

checks/education programs.

For all 337 subjects, the coefficient of variance of steady-state blood glucose

(SSBG) was found to be 2.49� 2.1 %, while in each of the NGT, IGT, or T2DM

Table 15.1 Definitions of parameters for the standard protocol of a euglycemic-hyperinsulinemic

clamp using the artificial pancreas models STG-22 or STG-55

Abbreviation Units Term Definition

SSBG [mg/dL] Steady-state

blood glucose

Blood glucose level in the steady state*

CV of SSBG [%] Coefficient of

variance for

SSBG

An index of precision of the clamp blood glu-

cose levels

SSPI [μU/mL] Steady-state*

plasma insulin

level

MCR of

insulin

[/kg] Metabolic clear-

ance rate of

insulin

Calculated as IIR � 1,000/(SSPI – (pre-IRI �
post-CPR/pre-CPR))

GIR [mg/kg/

min]

Glucose infusion

rate

Equal to M value or glucose disposal rate

(mg/kg/min); mean of each glucose infusion

rate in the steady state*

SD of GIR [mg/kg/

min]

Standard devia-

tion of GIR

An index of the stability of the GIR

M/I value [mg/kg/

min (μU/
mL)]

M value

corrected by

SSPI

Calculated as (GIR/SSPI) �100; M value

corrected by the plasma insulin level

The steady state (*) means 90–120 min of the clamp. IIR insulin infusion rate, pre-IRI immuno-

reactive insulin level before the clamp, pre- and post-CPR serum immunoreactive C-peptide level

before and at the end of the clamp
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groups, it was approximately 3 %, which was within a very narrow range compared

to that (around 5–10 %) for the manual program without AP (Tables 15.2 and 15.3).

Because of the strict glucose clamp in the steady state, the standard deviation (SD)/

standard error for each GIR in the steady state was also small indicating less

variability in each subject (Table 15.3). These parameters of the clamp demon-

strated the high precision of the standard protocol using STG-22. Although the

precision of a euglycemic clamp has not been fully clarified in the available

literature, superiority of the standard protocol using STG-22 is expected compared

to the manual protocol without artificial pancreas.

On the other hand, the steady-state plasma insulin (SSPI) level varies consider-

ably in spite of a constant insulin infusion rate (IIR, 1.25 mU/kg/min) after the same

priming dose in the standard protocol. This is mainly attributed to different meta-

bolic clearance rates of insulin in mainly the liver and the kidneys, which could not

be predicted by other data before the clamp study. The mean � SD, median, and

interquartile of the range of SSPI for all 337 subjects were 113� 34.6, 105.1, and

37.5 μU/mL, respectively. In terms of the distribution of SSPI (Fig. 15.6), SSPI

values of 51.9 % of all subjects were within 80–130 μU/mL. When the formula for

Table 15.2 Clinical characteristics, precision of the clamp, and the insulin resistance index for the

standard protocol for the euglycemic-hyperinsulinemic clamp using the models STG-22 or

STG-55 artificial pancreas

STG-22 STG-55

NGT IGT T2DM T2DM

Characteristics of subjects

N (M/F) 38 (25/13) 12 (3/9) 287 (171/116) 14 (7/7)

Age, years 38.1� 20.2

(17–75)

46.3� 15.0 53.3� 12.8

(15–74))

61.6� 13.8

(33–77)

BMI, kg/m2 23.7� 4.2

(17.3–34.7)

29.0� 3.2 25.2� 3.9

(14.6–34.9)

26.2� 3.4

(20.8–32.5)

FPG, mg/dL 89.6� 8.8 93.0� 11.6 143.7� 40.7 121.0� 29.6

HbA1c, % 4.87� 0.55 5.25� 0.43 8.66� 1.93 8.71� 1.92

IRI, μU/ml 7.0� 6.3 11.1� 8.3 9.0� 7.1 10.4� 4.5

Parameters of precision of clamp

SSBGa 92.2� 5.1 92.5� 1.6 91.0� 2.9 92.2� 1.7

CV of SSBGa 3.56� 2.79 3.20� 1.85 2.39� 2.0 2.27� 2.7

SSPIa 116.5� 45.0 123.6� 34.6 112.1� 32.4 114.8� 23.8

MCR of

insulin

12.49� 5.49 12.73� 5.39 12.41� 3.37 11.59� 2.65

Insulin resistance index

M or GIR 9.43� 4.69 4.42� 1.9 4.52� 2.12 3.95� 1.52

SD of GIR 0.85� 0.62 0.79� 0.47 0.73� 0.61 0.67� 0.49

M/I value 9.33� 5.74 4.09� 2.07 4.56� 2.89 3.74� 2.31

All values represent mean � SD or (range)

All abbreviations and units are the same in Table 16.1. BMI body mass index, FPG fasting plasma

glucose mg/dL, HbA1c glycated hemoglobin (%), IRI immunoreactive insulin level (μU/ml), SD
standard deviation
aThe steady state means 90–120 min of the clamp
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predicting SSPI from simple clinical parameters was examined by multiple regres-

sion analysis, approximately 40 % of SSPI could be explained by the following

formula:

SSPI ¼ 18:2þ 0:6� ageð Þ þ 2:6� BMIð Þ þ 1:9� IRIð Þ � 13:7� 1=sCreð Þ

where age is represented in years, BMI in kg/m2, fasting IRI in μU/mL, and serum

creatinine level (sCre) in mg/dL (R2¼ 0.398, p< 0.0001).

According to this formula, the SSPI of a 60-year-old patient with a BMI of 25 kg/m2,

fasting IRI of 6 μU/mL, and sCre of 0.6 mg/dL will be 114 μU/mL before the clamp

protocol.

Table 15.3 Insulin resistance index and parameters of precision in a euglycemic-

hyperinsulinemic clamp using STG-22 according to the standard protocol in 337 Japanese subjects

Mean SD/SE Median IQR Range

SSBG 91.2 3.2/0.2 91.3 2.9 76.0–116.8

CV of SSBG 2.49 2.06/0.13 1.83 1.82 0.45–16.22

SSPI 113.0 34.6/1.9 105.1 37.5 47.0–245.0

MCR of insulin 12.4 3.6/0.2 12.2 4.3 5.2–27.5

GIR (¼M) 5.07 2.97/0.16 4.63 2.96 0.82–21.20

SD of GIR 0.74 0.60/0.04 0.56 0.58 0.07–4.36

M/I 5.09 3.64/0.20 4.04 3.74 0.54–22.20

The abbreviations and units are the same as in Table 15.1. SD/SE standard deviation and error of

each GIR in the steady state, IQR interquartile of the range

80-130 μU/mL
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15.4.3 Arterialization of the Forearm Vein for Glucose
Monitoring: A Controversial Issue

The issue of whether blood flow in the forearm vein should be arterialized by

warming for continuous glucose measurement in a euglycemic-hyperinsulinemic

clamp or not has been controversial [30–33]. In DeFronzo’s original technique [1],
continuous sampling for glucose monitoring was performed from the brachial
artery, which is invasive and risky. An alternative technique for arterial blood

sampling as described in the literature is sampling from forearm veins arterialized

by warming to various temperatures using a warming box. However, most recent

publications do not include a detailed description of the clamp technique, including

the arterialization of venous sampling for glucose monitoring.

The mechanism of how arterialization of venous blood sampling affects the

result of the euglycemic-hyperinsulinemic clamp has not been elucidated. Andrews

et al. demonstrated no significant differences in the SSPI, SSBG, and M values with

or without arterialization using a water heat pad at 40–50 �C in 16 healthy and

diabetic patients [30]. Wahab et al. also failed to find any significant differences

between arterialization using a 55 �C warm air box and non-arterialization in nine

healthy subjects in terms of the GIRs and coefficients of variance of SSBG for a

euglycemic-hyperinsulinemic clamp with high and low SSPI levels [31]. On the

other hand, using almost the same arterialization technique in six healthy subjects,

Morris et al. demonstrated that arterialization induced increases in monitored blood

glucose levels and oxygen saturation, as well as significant increases in M/I values

(from 10.5� 3.0 to 11.7� 3.2) despite no changes in either SSPI or SSBG

[32]. Increased heart rates and decreased blood pressure were also observed. In

another report, using only nine healthy subjects, both the monitored blood glucose

levels and oxygen saturation (%) increased (0.2–0.5 mM [3.6–9 mg/dL] and 9 %,

respectively), although there were no data regarding M or M/I values [33].

In the early days of our study, the forearm used in glucose monitoring was

warmed by a heater. However, some patients showed a mild decrease in blood

pressure and increased heart rates, probably as a response to warming, via the

autonomic nervous system. Possibly, they could not endure the forearm warming

during the clamp. Therefore, in most cases, we do not arterialize the forearm vein

by warming to avoid risks to the patient.

15.5 Insulin Resistance in Japanese Type 2 Diabetes

Patients

It is well established that GIR in the steady state is largely affected by SSPI [3]. In

our previous studies [6, 8–10, 15, 16, 18], the mean SSPI levels in the examined

groups were greater than 100 μU/mL, the aforementioned target level of SSPI.

However, as SSPI differs considerably in each subject, we adopted the M value

corrected by SSPI, i.e., the M/I value, as an insulin resistance or sensitivity index in

most of our previous reports. As expected, M/I values in IGT patients with obesity
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and T2DM patients were approximately 44 % and 49 % lower, respectively, than

those for patients with NGT. There was no significant difference between the M/I

values for IGT patients with obesity and T2DM patients (Table 15.2). When the M

values among these three groups were compared, almost the same results were seen

(Table 15.2). These findings were in accordance with those for Caucasian data. The

frequency distributions of M/I values in NGT, IGT, and T2DM patients are shown

in Fig. 15.7. The distributions for IGT and T2DM patients are clearly shifted toward

the left, i.e., these patients are more insulin resistant than patients with NGT.

Furthermore, it is noteworthy that subjects with NGT are widely distributed

between an insulin-resistant and an insulin-sensitive state. Some patients with
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NGT showed severe insulin resistance because of severe obesity and were admitted

for weight reduction (as indicated by a downward arrow in Fig. 15.7).

Among 300 Japanese type 2 diabetes patients, there is a strong hyperbolic

association of BMI with the insulin resistance index as follows (Fig. 15.8):

M=I value ¼ 1266= BMIð Þ1:777 r ¼ �0:517, p < 0:0001ð Þ

Thus, if a patient who has a lower M/I value of 5.0, which is approximately equal to

the mean-1 SD of a healthy subject, is insulin resistant, approximately 60 % of

Japanese T2DM patients and approximately 80 % of people with BMIs greater than

25 kg/m2 are estimated to be insulin resistant.

15.6 Clinical Application of the Standard Protocol Using

the STG Model of the Artificial Pancreas

15.6.1 Search for Surrogate Clinical Indexes of Insulin
Resistance

15.6.1.1 HOMA-R and Related Indexes

In general, euglycemic-hyperinsulinemic clamps to evaluate insulin resistance in

humans are very laborious, invasive to some extent, and time-consuming. There-

fore, a simple and precise surrogate index of insulin resistance is needed in a

clinical setting in order to evaluate insulin resistance repeatedly and/or in many

subjects. To date, several surrogate indexes of insulin resistance have been pro-

posed, and their validity has been examined in comparison with an index for the

euglycemic-hyperinsulinemic clamp. Among these indexes, the simplest index is

the homeostasis model assessment (HOMA-R) insulin resistance index, which has

15 20 25 30 35 40 45 50 55
BMI

0
2.5
5.0
7.5

10.0
12.5
15.0
17.5
20.0
22.5
25.0

M
/I 

va
lu

e

Y=1266/X1.777

n=300
r=-0.517 
P<0.0001

kg/m2

cut-off line: 
mean-1SD in NGT

(m
g/

kg
/m

in
/μ

U
/m

L)

Fig. 15.8 Strong

hyperbolic association of

the body mass index (BMI)

with an insulin resistance

index, the M/I value, in type

2 diabetic patients. The

percentage of subjects with

an M/I value less than 5.0, a

tentative cutoff level of

mean-1SD in subjects with

normal glucose tolerance

(NGT), and a BMI greater

than 25 kg/m2 is 79 %

among 300 type 2 diabetic

patients. SD standard

deviation

228 M. Emoto et al.



been proposed by the Oxford group [34–36]. Furthermore, a reciprocal index of

logarithmic HOMA-R, the quantitative insulin sensitivity check index (QUICKI),

was also reported to be a useful index for insulin resistance [37, 38]. These indexes

are calculated using conventional units for convenience as follows:

HOMA-R ¼ FIRI� FPG=405
QUICKI ¼ 1= Log FIRIð Þ þ Log FPGð Þf g
QUICKI ¼ 1= Log HOMA-Rð Þ þ 6:00f g

where FIRI represents fasting IRI (μU/mL) and FPG is the fasting plasma glucose

level (mg/dL).

We also found that in T2DM patients treated with diet therapy alone and

sulfonylurea, HOMA-R is closely associated with M/I values obtained according

to the standard protocol of the euglycemic-hyperinsulinemic clamp as stated above

[9]. Furthermore, such close associations were also found in T2DM patients with

and without obesity or with relatively higher fasting plasma glucose up to

<200 mg/dL [15, 16]. The QUICKI, a reciprocal index of logarithmic HOMA-R,

also showed an association with M/I values [15, 16]. Furthermore, we have also

proposed a HOMA-R index combined with serum adiponectin level, HOMA-AD

[19], using a collaborative study of three university hospitals using AP in Japan.

Adiponectin, an adipocytokine specifically secreted from the adipose tissue, is

abundant in serum, and its level is also inversely correlated with insulin resistance

[18]. HOMA-AD is calculated from the following formula:

HOMA-AD ¼ FPG� Fasting IRI=AD

where AD is the serum level of adiponectin (mg/dL).

In 117 subjects with T2DM, IGT, or NGT, HOMA-AD showed a stronger

association with the M value than HOMA-R or the adiponectin level alone.

15.6.1.2 The Insulin Tolerance Test, KITT

An insulin tolerance test is a direct method for measuring insulin sensitivity in

humans and animals. In 1962, Lundbaek first proposed the concept and method of

an insulin tolerance test, KITT (%/min), as an index for insulin sensitivity [39]. KITT

indicates the slope of the decreasing line of the log-transformed blood glucose level

against time (min) after an intravenous bolus injection of insulin (0.1 U/kg). The

formula is as follows:

Log PGð Þ ¼ aþ b� Time

t1=2 ¼ Log 1=2ð Þ=b ¼ �0:3� b

KITT ¼ 0:693=t1=2
� �� 100 ¼ �230:2� b

where PG is the plasma glucose level (mg/dL), time is the min after insulin

injection, a is the intercept, and b is the slope of the regression line.
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Bonora et al. have reported a strong association of KITT with an index measured

by the euglycemic-hyperinsulinemic clamp. Only 25 healthy, obese, or T2DM

patients were analyzed in the study, and the correlation coefficient between the

two indexes was 0.811 [40]. To clarify the usefulness of KITT in a clinical setting,

we evaluated KITT according to the original methods of Lundbaek and Bonora

et al. and the M/I value by the standard protocol for a euglycemic-hyperinsulinemic

clamp in 61 Japanese T2DM patients. Figure 15.9 shows the relatively moderate

association of KITT with M/I values (r¼ 0.446, p¼ 0.0003), which is not much

stronger than the previously reported association with HOMA-R, HOMA-AD, or

QUICKI [9, 15, 16].

In addition, we have summarized the correlation coefficients of surrogate

indexes as well as the M/I value and possible cutoff level of each surrogate marker

for clinical use (Table 15.4). The cutoff level for insulin resistance in each index is

equal to the mean-1 SD for 30 healthy subjects. The determination of cutoff levels

for the evaluation of insulin resistance has a lot of limitations and issues, since the

cutoff levels are widely distributed even in healthy subjects. However, the cutoff

levels of each index (Table 15.4) are likely to be reasonable and plausible for

clinical diabetologists and physicians. Further studies with a sufficient number of

subjects from multicenter, multiethnic populations using the standard protocol for a

euglycemic clamp study is needed for a more precise and definitive surrogate index

of insulin resistance.

15.6.1.3 New Reports Using the Standard Protocol with the STGModel

of the Artificial Pancreas

Tajiri et al. have proposed a new index, estimated glucose infusion rate (EGIR), as a

surrogate index for insulin resistance, from a study of 25 healthy subjects and

24 T2DM patients. They used multiple regression models and the standard

euglycemic-hyperinsulinemic clamp protocol with the STG-22 model of the AP

[22]. EGIR is calculated from waist circumference (WC, cm), serum triglyceride
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levels (TG, mg/dL), and high-density lipoprotein cholesterol levels (HDL-C,

mg/dL) as follows:

EGIR ¼ 25:772� 0:101�WC� 9:444� Log TGð Þ=Log HDL-Cð Þ

The EGIR index reportedly had a strong correlation with the GIR measured using a

euglycemic-hyperinsulinemic clamp in healthy and T2DM patients (r¼ 0.791 and

r¼ 0.702, respectively).

Kato et al. examined the association between ectopic fat and organ-specific

insulin resistance in insulin-target organs in 69 patients with nonalcoholic fatty

liver disease using the standard euglycemic-hyperinsulinemic clamp protocol with

tracer infusion [24]. In their study, hepatic glucose production was reduced to an

average of 0.69 mg/kg/min (69 %) from the basal level of 2.43 mg/kg/min when the

average SSPI was 110 μU/mL. They found that liver fat accumulation as measured

by proton magnetic resonance spectroscopy was closely associated with insulin

resistance in the liver and skeletal muscle and proposed a central role for liver fat

accumulation in insulin resistance in the whole body.

15.6.2 Clinical Implications of Insulin Resistance in Various
Diseases

The clinical implications of insulin resistance in various pathophysiological states

can be clarified by evaluating the insulin resistance index as measured by the

standard euglycemic-hyperinsulinemic clamp protocol using the AP models

Table 15.4 The correlation coefficient for surrogate indexes of insulin resistance (IR) with M/I

values and possible cutoff levels for insulin resistance for the clinical use of each surrogate marker

Healthy with

NGT (n¼ 120)

Type 2 diabetes

mellitus (n¼ 121)

Correlation

coefficient, ra

Cutoff

level for

IRb

Practical

cutoff

levelc

M/I value 10.3� 5.1d 5.41� 2.87 – <5.20 –

KITT
e – 2.72� 1.4d 0.446e <2.61e –

HOMA-R 1.22� 1.16 2.06� 1.60 �0.540 >2.28 >2.5

FIRI 5.16� 4.4 5.87� 3.9 �0.579 >6.37 >8.0

1/HOMA-R 1.23� 0.82 0.76� 0.52 0.681 <0.71 <0.4

QUICKI 0.39� 0.04 0.36� 0.04 0.685 <0.36 <0.34

NGT normal glucose tolerance,M/I value, an insulin resistance index, KITT a measure of the insulin

tolerance test, FIRI fasting immunoreactive insulin level,HOMA-R homeostasis model assessment

insulin resistance index, QUICKI quantitative insulin sensitivity check index
aCorrelation coefficient for each index from univariate regression analysis with M/I values
bCutoff level to mean-1 standard deviation estimated from univariate regression analysis of

120 healthy subjects with NGT
cPossible cutoff level for each index in view of simplicity and clinical practice
dMean� standard deviation of M/I values in 30 healthy subjects with NGT and a mean body mass

index of 22.02 kg/m2

eOnly 61 subjects with type 2 diabetes mellitus were included in this test
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STG-22 or STG-55. We have previously demonstrated the impact of insulin

resistance on early alterations of atherosclerosis in T2DM patients.

The stiffness parameter β and intima-media thickness (IMT) of the common

carotid artery (CCA), which are noninvasively measured by high-resolution ultra-

sound with an echo-tracking system, are well-established surrogate markers of

subclinical atherosclerosis in cardiovascular diseases. Both the stiffness parameter

β and IMT of the CCA exhibit significant inverse associations with the insulin

resistance index, M/I value, in T2DM patients [8, 13]. Since the stiffness parameter

β showed a closer association with the M/I value than IMT, we investigated whether

a trial intervention to improve insulin resistance by aerobic exercise would improve

the stiffness of the CCA [17]. In T2DM patients who performed aerobic exercise for

3 weeks, the stiffness parameter β of the CCA was improved according to the

degree of improvement in the insulin resistance, i.e., the M/I value. Furthermore,

microalbuminuria failed to show any significant impact on insulin resistance in

T2DM patients after adjustment of obesity, but the decrease in the glomerular

filtration rate was significantly associated with insulin resistance [6]. Even in

T2DM patients with a decreased glomerular filtration rate, the HOMA-R index

was closely associated with the M/I value, which indicates its clinical usefulness

even in such patients [11]. In T2DM patients, both nephropathy and insulin

resistance contributed independently to the plasma homocysteine level, which is a

known risk factor for cardiovascular disease [10]. Similarly, the plasma leptin level

was also attributed to insulin resistance as well as the state of diabetic nephropathy

in T2DM patients [7].

Furthermore, the combination of a euglycemic-hyperinsulinemic clamp with

indirect calorimetry or glucose tracer infusion could allow us further detailed

analysis of glucose, fat, and protein metabolism in the whole body [18, 20,

24]. In fact, using the standard protocol with the STG model of AP, we demon-

strated that plasma adiponectin level was associated with non-oxidative glucose

disposal but not with the oxidative glucose disposal rate [18] and that aerobic

exercise improved insulin resistance by restoring the reduced non-oxidative glucose

disposal rate in T2DM patients [20].

15.7 Conclusion

Insulin resistance, mainly in the muscle in humans, plays a pivotal role in the

pathophysiology not only of glucose homeostasis but also of various diseases such

as cardiovascular diseases. The evaluation of insulin resistance is needed in the

clinical and research fields. Among several methods for the measurement for

insulin resistance, a euglycemic-hyperinsulinemic clamp, a glucose clamp tech-

nique, is a gold-standard technique in humans. In Japan, the AP (Nikkiso Co. Ltd.,

Tokyo, Japan), models STG-22 and STG-55, have been widely used since 1987 to

perform glucose clamp techniques as well as to control glucose in surgery, brittle

diabetes, etc. for a short-term period. The standard protocol using model STG-22
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and STG-55, the new model, which is more advanced than model STG-22, is

derived from our data and experience with approximately 400 Japanese patients.

The protocol is substantiated by many publications in prestigious journals, although

it is faithfully based on the original euglycemic clamp method of DeFronzo. The

parameters regarding the validation of the clamp are expected to be highly precise

and more reproducible than or at least comparable to those in previous reports,

where the clamp was performed manually by specific algorithms. Therefore, the

standard protocol for the euglycemic-hyperinsulinemic clamp using models

STG-22 and STG-55 would make it possible for us to compare and evaluate insulin

resistance among patients in various pathophysiological states. In the near future,

further studies are needed to investigate the clinical implications of insulin resis-

tance on various diseases using the standard protocol for the euglycemic-

hyperinsulinemic clamp using the STG-22 and/or STG-55 models of the AP in a

cross-sectional and/or longitudinal multicenter design.
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Chapter 16

Sarcopenia in Diabetes Mellitus

Ken Sugimoto, Chung-Chi Wang, and Hiromi Rakugi

Abstract Sarcopenia is an age-related loss of skeletal muscle mass and strength. In

this chapter, advances in the association of sarcopenia and diabetes mellitus are

discussed. Falls in diabetic patients associate with decline of muscle mass or

strength in the elderly. Insulin resistance impairs the protein regeneration in skeletal

muscle and also induces the protein breakdown and muscle wasting, leading to

development of sarcopenia. This insulin resistance suggests the most important

linkage between sarcopenia and diabetes. Sarcopenia and obesity appear to have

additive effects on insulin resistance and age-related changes in body composition.

Loss of skeletal muscle mass affecting glucose disposal and impaired energy

homeostasis affecting muscle protein content, together, might lead to a vicious

cycle. Insulin resistance and inflammation leads to muscle wasting through the

pathways involved in Akt/PKB, FoxOs, PGC-1α, and AMPK. The accumulation of

AGEs through glucose intolerance enhanced by mitochondrial ROS with promotion

of apoptosis leads to the development of muscle wasting. Exercise is known as the

most efficient treatment of sarcopenia with diabetes but less information is known

for nutritional replenishment or medications. Sarcopenia in diabetes mellitus would

have higher physical dysfunction and mortality risks than those in nondiabetic older

adults.

Keywords Sarcopenia • Diabetes mellitus • Obesity • Insulin resistance • AGEs

16.1 Introduction

The aging population is increasing worldwide. The older population of those aged

65 years is expected to reach 16.2 % of the total world’s population and the “oldest-
old” aged 80 years or older will increase from 1.6 to 4.4 % by 2050 [1]. In the

elderly, functional decline is typically associated with the increase of body fat and

the reduction of lean muscle quality; this contributes to physical disability [2]

known as sarcopenia. Sarcopenia is related to frailty, glucose homeostasis
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impairment [3], and geriatric syndromes [4] which affect 20–50 % of adults aged

over 60 [5]. Obesity and diabetes appeared to be at higher risks of processing

metabolic dysfunction, contributing to the progression of sarcopenia [6] related to

alterations of decreased insulin sensitivity [7], unbalanced fuel oxidation [8], and

reduced muscle protein content [9].

Diabetes is currently viewed as the most common metabolic dysfunction of this

century and referred to high levels of circulating glucose and overall insulin

resistance. Epidemiological studies reported that the number of new diabetic

patients has increased by 50 % over the last 10 years [10]. The incidence of type

2 diabetes (T2D) in people older than 60 years old was more than 20 % higher than

in younger people [11], and around 80 % of people with T2D were obese [12]. Var-

ious clinical studies also indicated that obesity and insulin resistance were associ-

ated with T2D, which might play important roles in the pathogenesis of physical

function decline and sarcopenia [13]. The interplay between obesity and diabetes in

an age-related sarcopenia population is now considered as an important concern in

geriatrics. Here, we discussed the interactions and mechanisms of sarcopenia in

diabetes mellitus and considered the future perspectives of this area.

16.2 Evidence in Clinical Studies for Sarcopenia

and Diabetes

16.2.1 Fall in Skeletal Muscle Function Decline with T2D

The primary function of the skeletal muscle is to generate force and to provide

locomotion. Fall is one of the geriatric syndromes, which has approximately 30 %

of people aged 65 and older fall each year [14] and frequently leads to the risks of

injury and disability. It has been reported that increased falls in diabetic patients

with hypoglycemia [15] are associated with 1 % muscle size decline per year after

age 50 [16]. Further, older adults with T2D have shown an accelerated decline in

leg lean mass, muscle strength, and functional capacity in comparison with

normoglycemic controls [17]. In addition, in T2D patients in the elderly, leg muscle

strength has been presented to be 30 % lower compared with nondiabetic controls in

a 3-year-period study [18]. Therefore, T2D may be associated with increasing fall

risks through loss of skeletal muscle mass and strength, especially in older adults.

16.2.2 Insulin Resistance and Skeletal Muscle

Insulin, which maintains blood-glucose homeostasis, induces glucose uptake into

muscle tissues and mediates lipolysis in adipose tissues. Skeletal muscle plays an

important role in glucose metabolism and mediates whole-body insulin-stimulated
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glucose uptake [19]. In T2D, insulin resistance impairs the balance between protein

synthesis and degradation in skeletal muscle cells, which induces muscle wasting

[20] and leads to the development of sarcopenia. This insulin resistance suggests

the most important linkage between sarcopenia and T2D. T2D and muscle weak-

ness may provide a vicious cycle: loss of skeletal muscle mass affects glucose

disposal and energy homeostasis impairment affects muscle protein content.

16.2.3 Sarcopenic Obesity

Recently, obesity incidence has also increased in the older population. Sarcopenia

and obesity in elderly subjects appeared to have additive effects on insulin resis-

tance and age-related changing in body composition compared with the obesity

condition [21]. Interestingly, insulin resistance is associated with sarcopenia in both

non-obese and obese individuals, but only sarcopenic obese individuals have

established the associations with insulin resistance and dysglycemia, with or with-

out diabetes [22]. This suggested that sarcopenia could be developed independently

from obesity and sarcopenic obese individuals with more unfavorable physical

dysfunction than individuals with neither sarcopenia nor obesity. Altogether,

sarcopenic obesity could be described as having a larger amount of fat but lower

lean muscle mass, excess of energy intake, physical dysfunction, impairment of

insulin sensitivity, and glucose homeostasis [23]. The diagnostic criteria for

sarcopenic obesity in the early stages could be helpful in the clinical observation

for the reduction of health risks in the aged society. The interactions of sarcopenia,

diabetes, and obesity have been summarized in Fig. 16.1.

16.3 Evidences in Basic Studies for Sarcopenia

and Diabetes

16.3.1 Muscle Fiber-Type Switching

Evaluation of changes in skeletal muscle fiber composition during the early stages

of the metabolic syndrome and diabetes is required to provide essential insights as

to fiber-type distribution. Age-related sarcopenia is associated with muscle consti-

tution in differing amounts, in individual skeletal muscle [24], and a decrease of

size and number of fast type II muscle fiber has been observed [25, 26]. The EDL, or

the extensor digitorum longus glycolytic muscle, is predominantly composed of

type IIb fibers which has mainly reduced by 25–30 % in the cross-sectional area of

the skeletal muscle of humans aged 70 [27]. In addition, insulin resistance is

associated with higher proportions of glycolytic fast-twitch type IIb fibers

[28]. The muscle transformation studies of the extended periods of bed rest have

16 Sarcopenia in Diabetes Mellitus 239



observed the slow-to-fast muscle transitions (myosin heavy chain, MyHCI to

MyHCII) [29]. This shift in fiber-type composition may lead to the increase of

the total EDL content in the aging process of muscle atrophy; however, this increase

failed to prevent natural muscle aging and resulted in total skeletal muscle mass

reduction in sarcopenia. The decrease in total type II fiber may have negative

effects on the production of essentially muscular power in daily life, which is a

pathognomonic change in sarcopenia or sarcopenia in diabetes.

16.3.2 Inflammation in Skeletal Muscle

Inflammation, an important mediator in the pathogenesis of insulin resistance, has

been observed in both diabetes mellitus and sarcopenia. Since the muscle is the

primary tissue which produces and responds to a variety of hormones and cyto-

kines, it has been involved in modulating muscle protein degradation and

myogenesis through the prevention of inflammation; further, pro-inflammation is

counteracted by insulin resistance [30]. TNF-α is highly expressed in adipose

tissues from obese subjects, which develops insulin resistance, induces IL-6 [31],

and blocks muscle tissues differentiation leading to sarcopenia [32]. In addition,

IL-6 and TNF-α activate TNF-α-related apoptosis-inducing ligand receptors

Fig. 16.1 Interaction between sarcopenia and diabetes. Insulin resistance in skeletal muscle is the

most important link between sarcopenia and diabetes. Sarcopenia and obesity appear to have

additive effects on insulin resistance and age-related changing in body composition. Diabetes,

sarcopenia, and obesity may provide a vicious cycle: loss of skeletal muscle mass affects glucose

disposal and energy homeostasis impairment affects muscle protein content. Coexistence of

sarcopenia with diabetes or/and obesity increases the risk for fall or disability and cardio- and

cerebrovascular diseases
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Fig. 16.2 Molecular mechanism of muscle wasting in diabetes. Decline of skeletal muscle mass

or strength occurs under a variety of conditions and involves the regulation of muscle protein

catabolism and mitochondrial dysfunction: FoxO1 and FoxO3 induce a decrease in muscle mass

associated with an upregulation of ubiquitin E3 ligases MAFbx/atrogin-1 and MuRF1 expression.

In cancer cachexia and sepsis, FoxOs inhibit the MAFbx/atrogin-1, MuRF1, and Bnip3 mRNA

expression, which has been associated with inhibition of muscle fiber atrophy. NF-kB induces

muscle breakdown by promoting protein degradations in skeletal muscle by regulation of

ubiquitin-proteasome pathway (UPS). AGEs and angiotensin II via the angiotensin type 1 (AT1)

receptor activate NADPH oxidase and lead to ROS production, facilitating activation of caspases,

which contributes to muscle mass loss. IL-6 and TNF-α activate TNF-α-related apoptosis-inducing
ligand receptors (TNFR1) which stimulate inhibitor of κB kinase (IKK) and cause NF-κB
activation, thus processing the protein degradations in muscle. Signal transducer and activator of

transcription 3 (STAT3) links the activation of signal transducers of the Janus kinase (JAK) protein

and increases activity of the transcription factor C-EBPß and C-EBPδ involved in muscle wasting

through ActII receptor and myostatin. Suppressor of cytokine signaling (SOCS3) targets IRS-1 in

inflammation-induced insulin resistance. IRS-1 is rapidly degraded after IGF-1 stimulation and

blocks FoxO1, leading to inhibition of atrophy. IRS-1 phosphorylation links to dephosphorylation

of Akt, which mediates insulin resistance. Inactivation of tuberous sclerosis complex 1/2 (TSC1/

TSC2) stimulates Akt–mTOR signaling and leads to “incomplete” autophagy in muscle wasting.

AMPK inactivates mTOR and decreases the activation of ribosomal protein S6 kinase 1 (S6K1),

an activator of protein synthesis, thereby increasing the rates of muscle mass loss. The autophagic

regulator proteins, Atg12, LC3-II, and apoptotic genes Bnip3, promote mitochondrial disruption

by activation of FoxOs during muscle atrophy
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(TNFR1) which stimulate inhibitor of κB kinase [33, 34], causing NF-κB activation

resulting in processing protein degradation in the muscle. The effects of insulin

antagonizing mediated by IL-6 on skeletal muscle have been described and chronic

exposure to IL-6 caused inflammation which impaired insulin-stimulated GLUT4

translocation in skeletal muscle [35]. STAT3, signal transducer and activator of

transcription 3, has been characterized in myokines signaling [36] which can link

the activation of signal transducers of the Janus kinase (JAK) protein [37] and

increased activity of the transcription factor C-EBPß and C-EBPδ involved in

muscle wasting [38] through ActII receptor and myostatin [39] (Fig. 16.2).

On the other hand, IL-6 or IL-15 [40, 41], which is secreted from skeletal

muscle, suppresses TNF-α effects on the exercise conditions [42]. These cytokines

produced from skeletal muscle are called “myokines” and exert autocrine, para-

crine, or endocrine effects. The interaction between myokines production and

diabetes is still unclear, but myokines can be the candidate biomarkers for meta-

bolic disorders, including diabetes.

16.3.3 Molecule-Related Signaling Pathways in Muscle
Wasting

Many reports have shown the molecular mechanisms for muscle wasting using

animal models which fed on high-fat or sucrose diet and of diabetes. The molecules

signaling pathways related to muscle wasting has been shown in this section.

16.3.3.1 Akt/PKB Signaling

In skeletal muscle, Akt/PKB plays a key role in insulin and PI3K/Akt/mTOR

signaling pathway, which is regulating energy metabolism and protein synthesis.

Previous studies have shown that SOCS3, suppressor of cytokine signaling,

targeted to IRS-1 in inflammation-induced insulin resistance [43]. IRS-1 is rapidly

degraded after IGF-1 stimulation and blocking of FoxO1 leads to inhibition of

atrophy. The activation of Akt/PKB results in the glucose uptake through the

stimulation and translocation of GLUT4, leading to the increased uptake of glucose,

thus decreasing the amount of circulating glucose and regulating glucose metabo-

lism upon insulin exposure [44, 45]. However, IRS-1 phosphorylation is linked to

dephosphorylation of Akt/PKB [46], which mediates insulin resistance and further

inactivates tuberous sclerosis complex 1/2 (TSC1/TSC2) [47] which stimulated

Akt–mTOR signaling and autophagy in muscular dystrophy (Fig. 16.2), since

signaling through IGF-1/PI3K/Akt activated the mechanistic target of rapamycin

(mTOR) pathway [48] and critically mediated the fork head boxO (FoxO) tran-

scription factors [49]. Protein synthesis in skeletal muscle is strongly related to

Akt/PKB signaling, through the activation of mTOR [48], to regulate GSK3
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(glycogen synthase kinase 3) activity which results in enhanced glycogen synthesis

[50]. Furthermore, the defected of insulin actions may produce the increase of

protein degradation [51]; this is supposed the Akt/FoxO pathway may contribute to

sarcopenia-related muscle protein degradation.

16.3.3.2 FoxOs Transcription Factors

Decline of skeletal muscle mass or strength involves regulation of muscle protein

catabolism and mitochondrial dysfunction. FoxOs are important regulators of

muscle energy homeostasis and carbohydrate catabolism in the fast state

[52]. FoxO1 and FoxO3 induced a decreasing of muscle mass which associated

with an upregulation of ubiquitin E3 ligases MAFbx/atrogin-1 and the muscle ring-

finger protein 1 (MuRF1) expression [53]. Recently, defect in autophagy-dependent

signaling, an important mechanism for maintaining cell self-renew and protein

turnover, is also observed in various muscular dystrophies [54]. The autophagic

regulator proteins, LC3-II, Atg12, and Bnip3, promote mitochondrial disruption by

activation of FoxOs during muscle atrophy [55]. Furthermore, mitochondrial dys-

function has been proposed through FoxOs, switching of muscle type from slow-

twitch oxidative type I fiber to fast-twitch glycolytic fiber (MyHCI to MyHCII).

16.3.3.3 PGC-1α and AMPK

In sarcopenia and sarcopenic obese individuals, insulin resistance is involved in

developing muscle atrophy in aging and diabetes mellitus [56]. Importantly, high-

fat diet-induced insulin resistance observed the reduction of skeletal muscle mito-

chondrial function and decreased expression of peroxisome proliferator-activated

receptor gamma coactivator 1 alpha (PGC-1α) [57]; thus, the hypothesis of mito-

chondrial dysfunction leading to sarcopenia has been in attention. The

downregulation of PGC-1α by high-fat diet implicated the development of skeletal

muscle insulin resistance of T2D individuals compared to nondiabetic individuals

[58–61]. It was also suggested that PGC-1α plays an important role in fiber-type

switching from fast-twitch glycolytic fiber into slow-twitch oxidative type I fiber

[62]. These fiber-type switching effects through PGC-1α might be induced by

PGC-1α1. However, muscle-specific induction of PGC-1α4, but not PGC-1α1,
has shown the increase of muscle mass and strength, resistance to cancer cachexia

through activating IGF-1, and suppressing myostatin gene expression [63]. Alto-

gether, PGC-1α and its isoforms may play a crucial role in regulating mitochondrial

biogenesis and muscle mass and strength.

AMP-activated protein kinase (AMPK) is a primary regulator of skeletal muscle

metabolic homeostasis [64]. AMPK impacts the insulin-mediated effects on muscle

protein synthesis through the interfering by the Akt/PKB signaling pathway [65]

and promotes glucose uptake and oxidation through migration of GLUT4 to the

cellular membrane [66]. Importantly, AMPK activation by AICAR in skeletal
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muscle [67, 68] improved muscle function and mitochondrial activity in muscle

atrophy. In addition, AMPK inactivated mTOR and decreased the activation of

ribosomal protein S6 kinase 1, an activator of protein synthesis, thereby increasing

the rates of sarcopenic muscle mass loss. On the other hand, AMPK-mediated

activation of FoxO3 contributed to the proteolysis with the expression of muscle

atrophy F-box (MAFbx/atrogin-1) and MuRF1 [69]. AMPK also was found to

promote directly the phosphorylation of PGC-1α and to induce mitochondrial

biogenesis [70, 71]. Further investigations will be needed to clarify these

conflicting findings on the role of AMPK in the development of sarcopenia.

16.3.4 ROS and Mitochondrial Dysfunction

ROS and oxidative stress have been considered as important pathogenic compo-

nents of metabolic diseases [72]. Mitochondrial dysfunction produces increased

amounts of ROS, resulting in oxidative damage, which includes decreased mito-

chondrial content and oxidative capacity and increased mitochondrial DNA muta-

tions [73]. Activation of the renin-angiotensin system (RAS) is commonly observed

in patients either with diabetes, obesity, or both. ROS production could be enhanced

by angiotensin II (Ang II), which stimulated the angiotensin type 1 (AT1, G-pro-

tein-coupled) receptor and activated NADPH oxidase. In rodent model, RAS

blockade increases survival rate and prevents age-related defects [74]. Thus, it is

suggested that Ang II contributes to mitochondrial dysfunction in the aging process.

This indicated that diabetes mellitus and age-related sarcopenia may have additive

effects for ROS production. Furthermore, NF-kB induces muscle breakdown by

promoting protein degradations in skeletal muscle through regulation of ubiquitin-

proteasome pathway (UPS) [75]. The maintenance of mitochondrial morphology

and regeneration of self-renewal could be due to the mitochondrial fusion and

fission interactions. This mitochondrial fission contributes to the quality control

of creating new mitochondria and removing of damaged mitochondria during high

cellular stress [76]. Disruptions of either event may induce metabolic disorders and

leads to developmental defects and diseases [77], suggesting that the maintenance

in aging muscle cell mitochondrial morphology may prevent cell dysfunction.

16.3.5 AGE Accumulation and Diabetic Neuropathy

The formation of advanced glycation end products (AGEs) is generated through

nonenzymatic glycation of many heterogenous compounds and the complex and

diverse possibilities of reaction of glucose with proteins, lipids, and nucleic acids

[78]. AGEs are regarded as key molecules to be one source of oxidative stress in

aging [79]. It is well known that long-term high-fat diet and endogenously formed

AGEs contribute to the progression of diabetic complications [80]. AGEs are
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produced endogenously via food, and the concentration of circulating AGEs

increases in high-fat diet [81]. Interestingly, it has been reported that AGE accu-

mulation was decreased in association with administration of insulin and greater in

fast-twitch fibers in non-insulin diabetic animal model [82]. AGE/RAGE in aging

stimulates the activation of ERK1/2 and P38 MAPK pathways and increased

apoptosis transcription factor such as NF-kB [83]. In recent years, the modified

protein methylglyoxal (MG) was observed to involve AGE formation in aged

individuals [84, 85]. MG is believed to induce protein glycation leading to the

formation of AGEs; some reports indicated that MG or AGEs administration to

Sprague-Dawley rats resulted in increased glucose levels and insulin resistance

[86, 87]. Moreover, the direct effects of AGEs from Tanaka’s group have shown

that AGE2 or AGE3 markedly suppressed the expressions of MyoD and myogenin

protein on myoblastic differentiation in C2C12 cells and significantly inhibited

mRNA expression. This suggested that AGEs have direct negative effects on

myogenesis [88].

T2D leads to chronic hyperglycemia and is related to the major age-related

microvascular complications such as microangiopathic and macroangiopathic dam-

age and motor neuropathies (diabetic neuropathy) [89]. Enhanced mitochondrial

apoptosis has also been observed in muscle denervation and implicated in diabetes

and neuropathy in human neuromuscular disorders, which exhibited significant

muscle weakness and reduced functional capacity in the ankle and knee [90]. In

addition, the AGE-RAGE axis and accumulation of AGEs in the peripheral nerve

also play important roles in the pathogenesis of diabetic neuropathy [91], thus

impairing the quality of life of diabetic patients. It is not yet established, but

increasing studies suggested that accumulation of AGEs through glucose intoler-

ance enhanced by mitochondrial ROS together with promotion of apoptosis leads to

an elevated risk of developing sarcopenia.

16.4 Potential Treatments for Sarcopenia with Diabetes

Epidemiological and intervention studies for exercise training have strongly

supported its efficacy for prevention, leading to the management of diabetes and

sarcopenia. In exercising and amino acid supplementation (AAS) study [92], not

only enhanced muscle mass or walking speed but also enhanced muscle strength

was observed in sarcopenic women. In addition, high-intensity progressive resis-

tance training was effective in improving glycemic control and physical activity,

increasing lean mass among high-risk older adults with T2D [93]. Thus, resistance

training and a combination of training and nutritional replenishment, like amino

acids, might also be a beneficial intervention in sarcopenia with diabetes.

As for antidiabetic drugs, a class of thiazolidinediones (TZDs) can activate

AMPK in insulin-resistant animals [94] and mediate mitochondrial effects on

neurodegeneration [95]. In T2D patients, rosiglitazone [96] and pioglitazone [97]

both enhanced insulin reactions and reduced plasma nonesterified fatty acids [97],
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which improved insulin-stimulated muscle glucose disposal. These TZDs may

involve a potential role of age-related mitochondrial dysfunction,

neurodegeneration diseases [98], and diabetes with sarcopenia. Indeed, a combina-

tion of pioglitazone and resistance training leads to a potentiated effect on muscle

power compared with resistance training alone in older obese women [99]. Metfor-

min also activates AMPK and enhances insulin sensitivity in skeletal muscle,

thereby stimulating glucose uptake [100]; however, there has been no reliable

clinical evidence so far. At any rate, insulin resistance and glucose intolerance

can contribute to muscle wasting; therefore, the therapies for improving insulin

resistance and glucose intolerance are supposed to have a potential to prevent

sarcopenia.

16.5 Closing Remarks and Perspectives

We conclude that subjects with sarcopenia in diabetes mellitus would have higher

physical dysfunction and mortality risks than those nondiabetic older adults.

Sarcopenic obesity could be described as independent of sarcopenia and obesity,

both related to insulin resistance and inflammation in diabetes mellitus. We intro-

duce the molecular pathways underlying the pathogenesis of sarcopenia in diabetes

in this chapter and, in particular, mitochondrial dysfunction and AGE accumulation

might be significant targets common to sarcopenia and diabetes. Further studies will

be needed to improve our knowledge on the interaction between diabetes and

sarcopenia and to establish beneficial therapeutic interventions combined with

exercise for slowing down and reversing the loss of muscle mass and strength in

older adults with T2D.
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Chapter 17

Body Temperature Regulation During

Exercise Training

Kazunobu Okazaki

Abstract Physical work and exercise in the heat cause early exhaustion and heat-

related illnesses compared with cooler conditions, and the incidence of the disor-

ders is associated with intensity of activity and ambient conditions. Thermoregu-

latory function is critical during working in the heat, which is affected by individual

somatotype, fitness level, and physiological status. Exercise-induced decrease in

plasma volume (PV) and elevation in plasma osmolality attenuate heat dissipative

responses, skin blood flow, and sweating responses to an increased core tempera-

ture during exercise in a hot environment; furthermore, these responses are exac-

erbated with thermal dehydration. Aerobic exercise training as well as thermal

acclimation improves thermoregulatory responses which is associated with

exercise-induced increase in PV. Thermoregulatory responses are reduced with

biological aging, which would be also improved after exercise training accompa-

nied with an improved maximal oxygen consumption rate, although the improve-

ment is limited in elderly persons relative to young counterparts. Post-exercise

protein and carbohydrate intake during training period accelerates exercise

training-induced PV expansion and therefore thermoregulatory adaptations both

in young and elderly persons (170 wards).

Keywords Thermoregulation • Sweat rate • Skin blood flow • Plasma volume •

Aging

17.1 Introduction

When we perform physical work or sporting activities for a prolonged time in the

heat or under the blazing sun, we are more likely to be exhausted and develop heat-

related illnesses than in cooler conditions. Thermoregulation is the most important

physiological function when we are exposed to such a severe hot environment.
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Especially, the incidence of heat-related illnesses is greater if physical work or

exercise is performed at higher intensities and in conditions with higher ambient

temperatures (Ta) and relative humidity (RH) [1]. On the other hand, the incidence

is greater in persons who are dehydrated, are not heat acclimated, or are healthy but

had little daily activity [1]. In addition, the incidence is greater in individuals with

impaired thermoregulatory responses such as obesity, diabetes mellitus, and car-

diovascular diseases [1, 2] and also in individuals with diminished thermoregula-

tory responses such as skin grafts, spinal cord injuries, and multiple sclerosis [3–

5]. Moreover, such a severe environment is serious for elderly people, even for

those who are healthy [1, 2]. Actually, the morbidity and mortality of heat-related

illnesses have rapidly increased for these two decades in Japan [6] because of rapid

aging of the population and global warming. In this chapter, in the first, thermo-

regulation during work and exercise in the heat and effects of humoral and other

considerable factors on thermoregulation are described physiologically, and then

based on these mechanisms, the effects of exercise training to improve thermoreg-

ulatory responses are described.

17.2 Thermoregulation During Work and Exercise

in the Heat

Body core temperature is determined by the heat equilibrium between heat gain and

loss [1]. In general, body core temperature is increased during whole-body contin-

uous work and exercise. That is because energy produced in contracting muscles is

used for muscle contraction by about 20 %, and the other 80 % is converted to heat

energy and therefore increases muscle temperature. Obviously, the higher the

intensity of exercise, the greater the heat production during exercise. For example,

when a person with 65 kg of body weight works at an intensity of 135W (equivalent

to intensity of running at 160 m/min) for 30 min, the heat energy produced in

contracting muscles is estimated as 233 kcal, and if the heat is not dissipated from

body surface at all, core temperature would increase from 37 �C to about 41 �C.
However, empirically, core temperature increases rapidly within several minutes

after the start of exercise but eventually reaches a steady state when heat dissipation

mechanisms are activated sufficiently to balance the heat production.

Thermoregulatory effectors in the skin are the cutaneous vasculature and the

sweat glands, and increase in skin blood flow (SkBF, cutaneous vasodilation) and

sweating are two major heat dissipation mechanisms in human [1]. The heat

produced in contracting muscles is transferred to the skin surface with the circula-

tion; thus, the increased SkBF elevates skin surface temperature. The heat at skin

surface is transferred to the surrounding air according to the temperature gradient

between the skin and the air (non-evaporative heat dissipation). Therefore,

non-evaporative heat dissipation is effective in a cool environment, but it becomes

negligible or even negative at a warm environment with Ta higher than skin

254 K. Okazaki



temperatures (~30 �C) and acts as a source of heat gain. On the other hand, sweating
enhances heat dissipation from the skin surface to the air with evaporation of sweat

(evaporative heat dissipation). Evaporative heat dissipation is determined by the

water vapor gradient between the skin surface and surrounding air; therefore, it is

effective regardless of Ta and is the main and critical heat dissipation mechanism at

Ta above ~30
�C, whereas it is limited in a humid environment. Consequently, body

core temperature increases rapidly when heat gain exceeds heat dissipation such as

during heavy work and exercise in a hot and humid environment, and therefore we

become extrasusceptible to heat-related illnesses in these situations.

SkBF and sweating are under the regulatory control related to body core and skin

temperatures (thermal factors) and also other factors (nonthermal factors) [1]. Core

and skin temperatures are monitored continuously by the central and peripheral

thermoreceptors, respectively, through an afferent path to the thermoregulatory

center in the preoptic/anterior hypothalamus [1]. SkBF and sweating are increased

through reflex efferent paths of the sympathetic nerve system [1] when the ther-

moregulatory center determines core and skin temperatures higher than the set

point. In humans, neural control of skin blood flow and sweating is accomplished

via two distinct skin sympathetic nerves. Skin blood flow is controlled by a

sympathetic adrenergic vasoconstrictor system and a separate sympathetic cholin-

ergic vasodilator system, and sweating is controlled by sympathetic cholinergic

nerves [1]. The thermal reflex is modulated by nonthermal factors, such as central

commands, mechano- and metaboreflexes, arterial and cardiopulmonary

baroreflexes, blood volume and osmolality, mental stimulus, and so on [1]. These

nonthermal factors affect SkBF and sweating responses differently during exercise

[1]. Basically, SkBF at the same core and skin temperatures is restricted during

exercise compared to resting conditions, and the restriction is greater at higher

intensities of exercise. On the other hand, sweating at the same core and skin

temperatures is likely to be enhanced during exercise compared to resting

conditions.

17.3 Effects of Humoral Factors on Thermoregulation

Most importantly, during work or exercise in a hot environment, the risk of heat-

related illnesses is much higher when levels of dehydration worsen [7]. Rothstein

et al. [8] first suggested the effects of dehydration on thermoregulation in human by

reporting that rectal temperature at breaks between exercises increased by ~0.3 �C
per 1 % loss of body weight by sweating in soldiers marching in the desert. That is

because hypovolemia and hyperosmolality induced by dehydration restrict the

response of SkBF and sweating to increased body temperatures as nonthermal

factors.

17 Body Temperature Regulation During Exercise Training 255



17.3.1 Body Fluid Change During Exercise in a Hot
Environment

Body fluid volume and osmolality are changed dramatically during exercise even in

a cool environment. Indeed, plasma volume (PV) is decreased with an increased

relative intensity of exercise by about 300–500 mL (8–15 %) at maximal exercise.

The PV change during exercise is associated with an increased capillary fluid

filtration from the intra- to the extravascular spaces because of an increased blood

pressure and peripheral vasodilation and with an increased free-water shift from

plasma to intracellular fluid through the interstitium based on osmotic gradient with

accumulated metabolites such as lactic acid in intracellular fluid of contracting

muscles [9]. The volume shifted to the contracting muscles is estimated to be ~1 L

at maximal exercise and about half of the volume is from PV [10]. In addition,

plasma osmolality (Posm) is increased from ~285 mosmol/kgH2O at rest to over

300 mosmol/kgH2O at maximal exercise due to an accumulation of metabolites.

These humoral changes are observed within several minutes after the start of

exercise, therefore those are not caused by dehydration with sweating but associ-

ated with exercise per se.

In addition to the above, the decrease in PV (hypohydration) and the increase in

Posm (hyperosmolality) during exercise are exacerbated when exercise is performed

in a hot environment because of an enhanced SkBF and sweating for thermoregu-

lation. Increased SkBF causes a decreased venous return to the heart due to

excessive pooling of blood in dilated peripheral skin vasculatures. For example,

blood pooling in a person with 75 kg body weight is ~400–500 mL at 18 �C of skin

temperature but increases to ~700–900 mL at 44 �C of skin temperature [11]. Sweat

rate during exercise in a hot environment exceeds ~2 L in 1 h and reaches ~5–6 L

after 2–3 h of intense exercise; therefore, PV is decreased more than ~500 mL with

a profuse sweating because generally ~10 % volume of sweat is lost from plasma

fluid. Moreover, Posm is increased according to sweat rate because sweat is hypo-

tonic. For example, 2 L sweating (1.2 % of 60 kg body weight) increases Posm by

~2–3 mosmol/kgH2O. These humoral changes increase load to the circulation and

act as limiting factors for thermoregulation.

17.3.2 Effects of Hypovolemia on Thermoregulation

Nadel et al. [12] first reported that isotonic hypovolemia achieved by diuretics

administration (change in PV, �700 mL; body weight, �2.7 %) before exercise

significantly increased the esophageal temperature (Tes) threshold for the onset of

cutaneous vasodilation by 0.4 �C and decreased the maximal SkBF by 50 % during

exercise at 55 % of maximal oxygen consumption rate (VO2max) in a hot environ-

ment (Ta, 35
�C). In addition, Mack et al. [13] reported that acute reduction in

venous return to the heart achieved by �40 mmHg of lower body negative pressure
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(LBNP) reduced SkBF and increased Tes during exercise at an intensity

corresponding to heart rate of 125 beats/min in a warm environment (Ta, 28
�C).

In contrast, maneuvers to acutely increase venous return to the heart and cardiac

filling pressure during exercise, isotonic saline infusion [11], change of body

position from upright to supine [14, 15], head-out water immersion [16], and

continuous negative pressure breathing [17] all enhanced SkBF during exercise.

These observations suggest that dehydration-induced hypovolemia suppresses the

response to increase SkBF to an increased core temperature during exercise via

cardiopulmonary baroreflex.

Several previous studies have also suggested that hypovolemia suppresses the

response to increase sweat rate during exercise. Fortney et al. [18] reported that

diuretics-induced isotonic hypovolemia by 9 % before exercise significantly

reduced the sensitivity to increase sweat rate on chest and forearm in response to

increased Tes although Tes threshold for the onset of sweating remained unchanged

during exercise at 65–70 % VO2max in a warm environment (Ta, 30
�C; RH, 40 %).

Mack et al. [13] reported that �40 mmHg of LBNP during exercise noted above

reduced the response to increase in sweat rate as well as SkBF, and another group

[19] reported a reduced skin sympathetic nervous activity by LBNP in passively

heated subjects. In contrast, Kamijo et al. [20] suggested that diuretics-induced

isotonic hypovolemia by 10 % before exercise reduced the response to increase

SkBF similarly as reported by Nadel et al. [12], while it did not change the response

to increase sweat rate at all during exercise at 60 % VO2max in a warm environment

(Ta, 30
�C; RH, 45 %). Thus, the effects of hypovolemia on sweat rate are still

controversial.

17.3.3 Effects of Hyperosmolality on Thermoregulation

The response to increase SkBF and sweat rate during exercise is suppressed by

plasma hyperosmolality. Fortney et al. [21] reported that increase in Posm by

10 mosmol/kgH2O achieved by hypertonic saline infusion before exercise caused

an upward shift of Tes thresholds for cutaneous vasodilation and sweating by 0.2
�C

and also decreased the sensitivity to increase SkBF in response to increased Tes

during exercise at 70 % VO2max in a warm environment (Ta, 30
�C; RH, 40 %).

Additionally, Takamata et al. [22] suggested that Tes thresholds for cutaneous

vasodilation and sweating during passive heating (lower legs immersion in 42 �C
water) at rest shifted upward by 0.044 �C and 0.034 �C per 1 mosmol/kgH2O

increase, respectively, by showing a linear upward shift of the Tes thresholds with

several levels of increase in Posm by hypertonic saline infusion before heating. More

importantly, they also suggested that upward-shifted Tes thresholds during exercise

were caused by an increased Posm with exercise per se, by showing that the upward

shift of Tes thresholds at a given increase in Posm during exercise was identical to

that during passive heating at rest [22]. Mitono et al. [23] supported this evidence by

showing that the upward-shifted Tes threshold for cutaneous vasodilation during
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exercise was attenuated when the increase in Posm during exercise was attenuated

by hypotonic saline infusion prior to exercise. It has been supposed that plasma

hyperosmolality suppresses the response of the thermoregulatory center via

osmoreceptors.

As described above, dehydration suppresses heat dissipative mechanisms during

exercise in the heat, which is a mechanism to prevent cardiovascular failure caused

by reduced venous return to the heart due to excessive pooling of blood in dilated

peripheral skin vasculatures and decrease in PV with sweating. Indeed, it has been

reported that stimulation of oropharyngeal reflexes by drinking such a small amount

of water so as not to change PV and Posm in dehydrated subjects rapidly reduces

thirst sensation and plasma vasopressin secretion [24, 25] and simultaneously

releases the dehydration-induced suppression of SkBF [20] and SR responses

[25], which are followed by a fall in mean arterial pressure [20].

17.4 Effects of Exercise Training on Thermoregulation

It has been well known that aerobic exercise training improves thermoregulatory

responses and reduces physiological strain and therefore enhances cardiovascular and

exercise capacities during exercise in the heat. These adaptations are remarkable

when exercise training is performed under the heat [1]. As shown in Fig. 17.1, the

responses to increase SkBF and sweat rate to an increased Tes during exercise (Ta,
25 �C) increased after a 10-day training in a temperate condition (Ta, 20

�C) and
further after a subsequent 10-day training in a hot condition (Ta, 35

�C) [26]. The
increased SkBF and sweating responses are characterized by the lowered shift of Tes
thresholds for cutaneous vasodilation and sweating [27, 28] and the enhanced

sensitivity to increase SkBF and sweat rate in response to an increased Tes
[27, 28]. Themechanisms of the increase in thermoregulatory responses with exercise

training are suggested to be similar to those with acclimation to repeated heat
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exposures, including adaptations of the thermoregulatory center and thermoregula-

tory effectors [1, 12] as well as an increase in VO2max [29] and PV [27, 30, 31].

17.4.1 Effects of PV Expansion on Thermoregulation

The exercise-induced PV expansion is suggested to be primarily associated with an

increase in total volume of extracellular fluid [32] and secondary with an increase in

plasma protein, mainly albumin content, resulting in drawing fluids into the intra-

vascular space from the interstitium [32–34]. As for the mechanisms about the

former, a facilitated Na+ and water reabsorption [32, 35] and also an increased

voluntary fluid intake with an enhanced thirst sensation [36] due to an activated

renin-angiotensin-aldosterone system and vasopressin release during and after

exercise or dehydration are suggested [37]. As for the mechanisms about the latter,

an enhanced plasma protein synthesis in the liver [38, 39] and an increased protein

translocation from the interstitium to the intravascular space [40] with a decreased

transcapillary protein escape ratio [41] are suggested.

Expanded PV after exercise training associates with an attenuated increase in

Posm due to reduced lactic acid concentration in blood (enhanced lactate threshold)

during exercise at the same absolute intensity and therefore shifts the core temper-

ature threshold for cutaneous vasodilation and sweating downward. Moreover,

expanded PV increases venous return to the heart and cardiac filling pressure and

therefore enhances cardiac stroke volume and the response to increase SkBF and

sweat rate to an increased core temperature during exercise [11, 16, 17]. Indeed,

Ichinose et al. [27] suggested that an increase in cardiac stroke volume and also the

sensitivity to increase SkBF in response to an increased Tes during exercise in a

warm environment (Ta, 30
�C) were closely associated with an increased PV after

10-day endurance training (60 % VO2max for 1 h/day) in the same condition. More

directly, Goto et al. [42] examined the effects of post-exercise protein and carbo-

hydrate (CHO) mixture (Pro-CHO; 3.6 kcal and 0.36 g protein/kg) intake during

5-day exercise training (70 % VO2max for 30 min/day) in a warm environment (Ta,

30 �C) on PV and thermoregulatory responses. They suggested that plasma albumin

content (Albcont) and therefore PV in the Pro-CHO group increased by ~10 % and

~8 %, respectively, which were significantly higher than ~4 % in the placebo intake

group (CNT; 0.9 kcal and 0 g protein/kg body weight). They attributed that the

increase in Albcont was caused by an enhanced hepatic albumin synthesis after

exercise because of an enhanced bioavailability of the substance [38, 39] and

anabolic effects of insulin on hepatocytes [43]. Most importantly, they found that

the sensitivity to increase SkBF and sweat rate in response to an increased Tes in the

Pro-CHO group increased by 44 % and 56 %, respectively, after training, which

were significantly higher than those in the CNT group increased by 10 % and 19 %,

respectively (Fig. 17.2). Moreover, the increases in heart rate and Tes during

exercise were attenuated after training in both groups but more prominent in the

17 Body Temperature Regulation During Exercise Training 259



Pro-CHO group than in the CNT group, indicating decreased cardiovascular and

thermal strains after training with PV expansion (Fig. 17.3).

In addition, Ikegawa et al. [30] confirmed the observations by Goto et al. [42] by

showing an increased PV with a downward-shifted Tes threshold for cutaneous

vasodilation and sweating after the same training protocol and further the

downward-shifted Tes threshold were totally or at least in part abolished after the

increased PV was normalized by administration of diuretics after training. Further-

more, Ichinose et al. [27] suggested that the sensitivity of the upward shift of Tes

threshold for cutaneous vasodilation at a given increase in Posm by hypertonic saline

infusion was reduced after 10-day exercise training (60 % VO2max for 60 min/day)

in a warm environment (Ta, 30
�C) although that for sweating remained unchanged.

They further suggested that the reduction in each subject was significantly corre-

lated with the increase in PV after training, suggesting that the stretch of cardio-

pulmonary baroreceptors due to PV expansion was associated with the reduction.

These results clearly demonstrate that the enhanced thermoregulatory responses
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and cardiovascular capacities after exercise training are closely associated with PV

expansion in addition to the neural adaptation of the thermoregulatory center and

thermoregulatory effectors [1, 12].

17.4.2 Effects of Other Adaptations with Training
on Thermoregulation

In addition, Na+ concentration of sweat decreased after exercise training or heat

acclimation due to an enhanced Na+ reabsorption at the sweat gland duct with an

enhanced sensitivity to aldosterone [44]. Hypotonic sweat is advantageous for

maintaining PV during exercise because hypotonic sweat loss causes a greater

increase in osmolality of extracellular fluid that facilitates water movement from

intracellular fluid to extracellular fluid space according to osmotic gradient between

the spaces [44] and therefore attenuates the reduction in venous return to the heart.

As a result, the decrease in thermoregulatory responses with a given loss of sweat is

attenuated with low sweat Na+ concentration [45]. Moreover, the upward shift of

Tes thresholds for cutaneous vasodilation and sweating at a given increase in Posm
was reduced in heat-acclimated subjects in whom an increase in Posm at a given loss

of sweat was enhanced due to low sweat Na+ concentration [45].
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17.5 Effects of Biological Aging on Thermoregulation

The susceptibility to heat-related illnesses in the elderly [6] is caused by deterio-

rated thermoregulatory responses with aging [46]. Actually, previous studies have

indicated that healthy elderly individuals have an impaired thermal perception [47]

and impaired autonomic [48, 49] and behavioral [50, 51] thermoregulatory

responses. Decreased VO2max and cardiovascular capacity are associated with the

deteriorated thermoregulatory responses in the elderly [49]. However, it has been

suggested that elderly subjects with matched VO2max to younger subjects show a

lowered SkBF response to total body or local passive heating as well as during

exercise in a hot environment than younger subjects [52, 53]. Kenney et al. [53]

suggested that the limited SkBF response to hyperthermia during exercise in a hot

condition was caused not by an enhanced vasoconstrictor system but mainly by a

decreased sensitivity of active vasodilator system to increased Tes, by using

bretylium tosylate to block local release of norepinephrine on the forearm skin. In

addition, total body and local sweat rate in response to passive heating or exercise

are lower in the elderly than in young adults [54].

Moreover, decreased PV and increased Posm at baseline condition [55], dimin-

ished thirst sensation [55] and responses in antidiuretic hormone and aldosterone

after thermal dehydration [37], decreased renal concentrating ability [56], and

lower reabsorptive ability of sweat gland ducts [56] with advancing age are

suggested to be associated with the decreased thermoregulatory responses in the

elderly. Splanchnic and renal vasoconstriction during exercise, which enhance the

redistribution of cardiac output to the skin vasculatures and associate with an

increased cutaneous vasodilation in the youth, were also decreased in the elderly

[57]. Furthermore, it is not uncommon for the elderly to be taking a variety of

prescription drugs that may affect thermoregulatory responses and body fluid

regulation [1]. These diminished body fluid regulations and thermoregulatory

functions with aging can be improved with exercise training and heat acclimation,

although generally the gain is lower or limited relative to their younger

counterparts.

17.5.1 Effects of Exercise Training on Thermoregulation
in the Elderly

Several longitudinal studies have suggested that thermoregulatory responses during

exercise in a hot environment are enhanced with aerobic training performed under

cool, thermoneutral, or hot conditions in initially sedentary elderly subjects [29, 57,

58] as well as in young subjects [26–28]. Thomas et al. [29] reported that a 16-week

aerobic training lowered the mean body temperature threshold for cutaneous

vasodilation during exercise in a hot environment (Ta, 36
�C) both in young and

elderly subjects, whose VO2max increased by �5 %. They also suggested that the
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enhanced cutaneous vasodilation is caused by an enhanced sensitivity of active

vasodilator system [29]. Additionally, Okazaki et al. [58] confirmed and extended

these results by showing that Tes thresholds for cutaneous vasodilation and sweating

during exercise in a warm environment (Ta, 30
�C) were lowered after an 18-week

aerobic and resistance training under cool and thermoneutral conditions, with

improved VO2max, by 20 % and 10 %, respectively, in initially sedentary elderly

subjects. In both studies, on the other hand, the sensitivities to increase SkBF and

sweat rate in response to an increased mean body temperature or Tes remained

unchanged after training in elderly subjects. Okazaki et al. [58] attributed the results

to an attenuated PV expansion after training in elderly subjects, by showing a linear

correlation between changes in the sensitivities and those in PV after training. As

above, in young subjects, PV expansion is considered to be a major mechanism

involved in the training-induced enhancement of thermoregulatory responses by

increasing cardiac stroke volume and/or by suppressing baroreflex-induced atten-

uation of skin vasodilation by increasing venous return to the heart [11]. Addition-

ally, Ho et al. [57] showed that splanchnic and renal vasoconstriction during

exercise were enhanced in young subjects but not in elderly subjects after aerobic

training. Thus, the beneficial effects of training on thermoregulation in elderly

people involve an increased VO2max but are generally attenuated compared with

younger counterparts [57, 58].

The blunted increase in PV with aerobic training in elderly people is likely to be

associated with a reduced fluid intake after thermal dehydration [37, 55] or water

deprivation [59] with aging; however, an attenuated increase in Albcont with

exercise [34, 58, 60] appears to be a primary limiting factor. As above, one

mechanism of the increased Albcont after aerobic training is likely to be an enhanced

hepatic albumin synthesis response to exercise in the younger group [38, 39]; the

smaller increase in Albcont after training in the elderly group could be caused, in

part, by the blunted response of the albumin synthesis to exercise [61, 62] due to

reduced gene expression with aging. However, it is also plausible that this is caused

by protein intake insufficient for albumin synthesis in elderly people since they are

likely habituated to low energy and protein diets due to minimal daily physical

activity, and therefore it would be improved if substrates for plasma albumin

synthesis are given immediately after exercise where albumin synthesis is report-

edly enhanced [39, 62]. In this regard, one study showed that recoveries in Albcont
and PV after acute high-intensity interval exercise were generally attenuated in

elderly versus young subjects when they consumed a non-energy placebo just after

exercise, whereas Albcont and PV recovered more when they consumed a protein

and CHO mixture than when they consumed the placebo in elderly and young

subjects [34].

Based on these results, Okazaki et al. [63] examined the effects of post-exercise

protein and CHO intake during 8 weeks of aerobic training under cool and

thermoneutral conditions on PV and thermoregulatory responses during exercise

in elderly subjects. They suggested that Albcont and PV increased by 6 %, and these

increases were accompanied by enhanced sensitivities for SkBF and sweat rate to

an increased Tes by 18 % and 80 %, respectively, in subjects with protein and CHO
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intake, whereas those remained unchanged in subjects taking the placebo

[63]. Additionally, the enhanced sensitivity was observed with increased stroke

volume during exercise by 10 % [63]. Thus, the blunted increase in cardiovascular

and thermoregulatory capacity in elderly individuals compared with younger coun-

terparts was normalized by increasing PV with exercise in conjunction with post-

exercise protein and CHO intake (Fig. 17.4).

Recent studies have shown that aerobic training improves cutaneous vasodila-

tion by local mechanisms in aged skin [64]. Black et al. [65] blocked NO production

with cutaneous microdialysis of L-NAME (a NO synthase inhibitor) during acetyl-

choline infusions and demonstrated that increased vascular responsiveness follow-

ing 12 and 24 weeks of aerobic training in initially sedentary elderly subjects was

achieved through the increased action of NO in the skin. Similar results were

reported in a longitudinal study [66] although a cross-sectional study reported no

effect [67].

The enhancement of sweating function in summer occurred later and its reduc-

tion in winter occurred earlier, despite a smaller range of seasonal variation in an

elderly group compared with a younger group [68]. To prevent heat disorders in

elderly individuals, we strongly recommend that they engage in exercise training

prior to the summer seasons and regular exercise in general to improve
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thermoregulatory capacity with VO2max and to adopt protein and CHO intake after

exercise to achieve adequate training adaptations.

17.6 Oral Rehydration During Exercise

Finally, to prevent extra thermal and cardiovascular strains during exercise in the

heat and heat-related illnesses, dehydration prior to and during exercise should be

prevented or fairly restituted. Oral rehydration with CHO-electrolytes solutions

(NaCl, 0.1–0.2 %; CHO, 4–8 %) based on thirst sensation is recommended but body

weight reduction during exercise should not exceed 2 % [7]. Persons who work or

exercise with high intensities in the heat and the elderly should start fluid ingestion

prior to and in the early period of work before they feel thirst [7].
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Chapter 18

Clinical Application of Exercise Therapy

in Diabetes

Masayuki Hosoi, Yosuke Yakushiji, and Shiro Tanaka

Abstract This chapter describes the practical prescription for exercise therapy for

diabetes mellitus. After careful medical check, a prescription for exercise must be

ordered from the following viewpoints: the purpose of exercise, the mode of

exercise, the frequency and duration of exercise, the intensity of exercise, the

place for exercise, and the patients to be prohibited or restricted from exercise.

Keywords Diabetes mellitus • Aerobic • Resistance • Exercise • Physical activities

18.1 Clinical Benefits of Exercise in Diabetes Therapy

Exercise, together with diet and pharmacologic therapies, is important as part of the

overall approach to improving glycemic control. In patients with type 2 diabetes,

the improvement of the cardiorespiratory function, blood sugar control, improve-

ment of the lipid metabolism, and improvement of the insulin sensitivity are found

by exercising. Besides, osteoporosis prophylaxis, dementia prevention, and cancer

onset protective efficacy are expected, too.

In type 1 diabetes mellitus, we reduce the cardiovascular risk factor and improve

quality of life. The significance called the mental health maintenance is important.

The many clinical benefits of exercise in diabetic patients are as follows:

• An immediate effect of exercise is to increase the utilization of glucose

and fatty acids and lower blood glucose.

• A long-term glycemic control as a result of the improvement of insulin

resistance.
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• The improved balance between energy intake and expenditure is effective

for the reduction of body weight.

• Exercise can promote loss of adipose tissue with preservation of lean

body mass.

• Exercise can promote a beneficial redistribution of body fat.

• Osteoporosis caused by aging and insufficient exercise can be prevented.

• Exercise can improve dyslipidemia.

• Exercise can lower blood pressure.

• Cardiorespiratory function is improved.

• Mental health maintenance and the prevention of dementia.

• The prevention of cancer.

• Exercise capacity can be increased.

• Exercise can improve QOL, accompanied by the feeling of exhilaration

and increased energy.

18.2 Medical Check and Adaptation for Exercise

When patients start doing exercise, an evaluation (medical check) should be done

beforehand concerning medical questions such as the age of the patients, an

exercise custom, the physical situation, the physical strength, and the degree of

the diabetic complications such as neuropathy, retinopathy, nephropathy, brain

cardiovascular disease, and orthopedic disease.

It is important to take a history of patients’ medication. If they take the beta-

blocker remedy, not having a pulse rise or arrhythmia by exercising may mislead

the medical check. Also it is important to watch out for the presence of orthostatic

hypotension, a sensory nerve disorder, and the pulse beat of the dorsalis pedis

artery.

It is desirable to perform the stress test to detect ischemia in higher-risk patients.

Criteria for consideration of graded exercise stress testing are as follows:

• Patients with insufficient blood glucose control

• Elderly patients

• Patients treated with insulin

• Type 1 diabetes patients (duration of a disease is 15 years or more)

• Type 2 diabetes patients (duration of a disease is 10 years or more)

• Patients with mild or severe hypertension

• Patients with severe obesity

The treadmill test, CT coronary angiography, and myocardium scintigraphy are

useful. Particularly, the search of the silent myocardial ischemia lesion becomes the
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problem. Careful evaluation must be needed because of the sensitivity and speci-

ficity of each stress testing.

18.3 Universal Risks of Exercise in Patients with Diabetes

In the same way as medical therapy, there are a main effect and a side effect in the

exercise therapy. A condition worsens and causes new complications when we take

the wrong adaptation.

There are some significant risks associated with exercise in diabetic patients,

including symptomatic hypoglycemia which can occur in up to 24 h after exercise,

exacerbation of known cardiac disease, worsening of symptoms secondary to

degenerative joint disease, and possible damage to joints in the setting of

neuropathy [1].

18.3.1 Hypoglycemia

Twenty to sixty minutes after exercise, endogenous insulin secretion decreases and

increases the glucogenesis with the liver, but hypoglycemia occurs in the healthy

subject because this insulin secretion inhibition does not occur in patients with use

of insulin and oral hypoglycemic agents.

Also, the insulin sensitivity with the muscle is improved by exercise, and the

blood sugar level decreases for glycogenesis increase.

As for this effect, we might produce hypoglycemia as tardive hypoglycemia

after exercise on the second day of the exercise to continue after exercise for a few

days for several hours.

It is desirable to take an absorption of 80–160 kcal of good carbohydrates when

blood glucose level before the exercise is 100 mg/dl or less.

Especially, insulin adjustment is necessary in type 1 diabetic patients.

Insulin regimen for exercise:

• Multiple injections:

Decrease short-acting insulin dose by 30–50 % before exercise.

Adjust post-exercise doses based on glucose monitoring and experience

with post-exercise hypoglycemia.

• Insulin pump therapy:

Decrease basal infusion rate.

Decrease or omit pre-meal boluses before exercise.

Adjust post-exercise basal rate and boluses based on glucose level.
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18.3.2 Hyperglycemia and Ketotic Aggravation

Because there is the rise of insulin antagonism hormones such as glucagon in

remarkable hyperglycemia and ketotic state on exercise, metabolism states such

as a rise in the further blood glucose level or the ketotic progress aggravate

it. Exercise for this purpose is contraindicated. The exercise is contraindicated in

patients with urine ketones positive and a fasting blood sugar level of 250 mg/dl

or more.

18.3.3 Aggravation of the Diabetic Nephropathy

On the contrary, proteinuria increases and, by exercising, may cause the exacerba-

tion of edema and concurrence of heart failure. It is first, and principle exercise is

possible for stage 2.

When proteinuria increases by exercising in stage 3, we lower the exercise

intensity and need to limit the aerobic exercise.

We assume it a walk and housework of the degree not to reduce physical active

mass for the fourth stage 5.

In patients with advanced complications, it is necessary to prevent them from

reducing physical active mass in their everyday lives as much as possible.

18.3.4 Aggravation of the Diabetic Retinopathy

The normal exercise is good for the simple retinopathy, but requires attention not to

cause excessive elevated blood pressure. The exercise with the Valsalva maneuver

(the movement that demands holding out of one’s breath) prevents it from being

carried out. When maculopathy and proliferative retinopathy, particularly recent

vitreous hemorrhage, are detected, the exercise is contraindicated.

18.3.5 Aggravation of the Diabetic Neuropathy

When there is a sensory nerve disorder, we are unconscious, and an injury by the

exercise may be caused; thus foot care is necessary. When there are autonomic

nervous system disorders, it shows low blood pressure after high blood pressure and

exercise during the exercise and needs attention because lack of self-consciousness-

related hypoglycemia is found. With the advanced thing of autonomic nervous

system disorders, the sudden death is not rare, too, and as for the exercise except in

the everyday life, prohibition is a principle.
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18.3.6 Aggravation of Macro-angiopathy (Cardiovascular
System)

The presence or absence of myocardial infarction and angina is the complication

that is the most serious including anamnestic presence. Particularly, in patients with

diabetes, we may have silent myocardial ischemia and need attention for the

screening.

Attention is necessary for low blood pressure and for blood pressure, a pulse

change by the resistance exercise in particular after high blood pressure, and

exercise during the exercise.

18.3.7 Aggravation (Foot Lesion) of the Skeletal System
Disorder

Wemay have a foot ulcer and gangrene by exercise in patients having sensory nerve

disorder and peripheral arterial disease (PAD) in particular and are to watch out. An

unnoticeable foot deformity (Charcot joint) could be caused by even minutes bone

fractures with a sensory nerve disorder (Fig. 18.1).

Exercise should be prohibited or restricted in the following cases:

• When metabolic control is extremely poor (fasting plasma glucose level

over 250 mg/dl or urinary ketone bodies positive or above).

• When new hemorrhaging in the ocular fundus caused by proliferative

retinopathy occurs. Vigorous exercise can cause retinal hemorrhage or

vitreous bleeding in patients with proliferative retinopathy.

• When renal failure (serum creatinine in men over 2.5 mg/dl and in women

over 2.0 mg/dl) proteinuria tends to increase with exercise in patients with

nephropathy.

• When there is a presence of ischemic heart disease and cardiopulmonary

disorders.

• When there is a presence of diabetic gangrene and bone or joint disease.

Patients with sensory neuropathy should refrain from high-impact exercise

to reduce the risk of soft tissue and joint injury.

• When there is a presence of acute infectious disease.

• When there is presence of severe autonomic neuropathy. The presence of

autonomic neuropathy often decreases aerobic capacity and causes pos-

tural hypotension.
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18.4 Practical Prescription for Exercise Therapy

After careful medical check, a prescription for exercise must be ordered. You

should prescribe the following orders (5W1H):

Why (purpose of exercise)

What (mode of exercise)

When (frequency and duration of exercise)

Where (place for exercise)

Who (patients to be prohibited or restricted from exercise)

How (intensity of exercise)

18.4.1 Mode of Exercise

There are two typical types of exercise, aerobic and resistance. The former consists

of exercise whose intensity is proportional to the consumption of oxygen and

which, if performed regularly, increases insulin sensitivity. Exercises involving

Retinopathy None

Stage 3

Autonomic (Severe)

Diabetic foot
Bone/Joint disease

Acute Infection

Severe metabolic disorder
(FPG > 250mg/dl.

Urinary Ketone body(+))

Ischemic heart disease
Heart/Lung disorder

Stage 4 (CRF)
Stage 5 (Dialysis)

CHD past history
CVD high risk(Hypertension,

Hyperlipidemia, MetS)
Carotid artery disease

Peripheral
Automatic (Mild)

Peripheral artery disease

Poor glycemic control
Elderly
Insulin therapy
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Duration > 10 (T2DM)
Duration > 15 (T1DM)
Severe obesity

SDR/PPDR PDR
Retinal hemorrhage (acute)
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Good control
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Fig. 18.1 Exercise therapy application criteria for patients with diabetes; after careful medical

check, exercise prescription on the type, time, intensity, and frequency must be ordered according

to the degree or extension of diabetic complications
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the whole body, such as brisk walking and jogging, belong to this category.

Resistance exercise, on the other hand, if performed is anaerobic exercise against

a force or resistance. If practiced effectively, this form of exercise can be expected

to increase the mass and strength of the muscles.

Recently, physical activities are focused in addition to the above two exercises.

18.4.1.1 Increase of the Physical Activities (Life Activities)

In “the physical activity indicator for the making of health,” Ministry of Health,

Labor and Welfare advice “Plus 10, let’s move bodies for ten minutes more than

now.” It is said that 3 % of the risks of a disease and the care decrease by moving the

body for 10 min.

Therefore at first, in every age group, we aim for the increase of the physical

active mass.

Other than the case in which complications such as bleeding of ocular fundus or

the highly advanced nephrotic state, we encourage patients to reduce the time spent

sitting down, and to do more actively.

A walk, radio exercises, and light housework are recommended.

18.4.1.2 Aerobic Exercise

Aerobic exercise (walking, jogging, cycling, swimming exercise using the major

muscle of the whole body) in moderate strength is ideal. However, careful exercise

or physical limitation is necessary depending on the degree in patients with

nonproliferative retinopathy and/or nephropathy stage 3 or more.

18.4.1.3 Resistance Exercise

We recommend the muscle training (repetition of eight kinds of training, 10–15

times for one set) more than twice a week.

The exercise using a dumbbell and lifting it, self-respect (squat for knee expan-

sion and contraction in standing position), and the tube training is effective.

We can increase muscular strength and quantity of the muscle. We can also

expect maintenance, increase of the basal metabolic rate, and the prevention of the

arthropathy.

However, it is important that we do not keep on holding our breath (Valsalva

breathing, exercise with the straining), which may increase blood pressure.

Resistance exercise doesn’t have enough evidence about the contraindications of
the exercise therapy.

Past studies reported that resistance exercise is hard to induce ischemic heart

disease as compared with aerobic exercise. For example, high-intensity resistance

exercise does not cause anginal changes such as an ST change or arrhythmia in
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patients with coronary artery disease that can occur in electrocardiogram change by

moderate aerobic exercise (ADA).

Thus, in patients with cardiovascular complications, resistance exercise may be

safer than aerobic exercise if they neither elevate blood pressure nor raise heart rate.

A resistance exercise together with aerobic exercise is more effective.

18.4.1.4 Stretch Exercise

In the case of a stretch exercise, particularly with an old age syndrome, a surveil-

lance bottom is desirable.

18.4.2 Intensity of Exercise

Diabetic patients must select the type of exercise most suitable for themselves.

We recommend moderate aerobic exercise so as to pant lightly. Exercise requir-

ing approximately 50 % of the maximum oxygen consumption is recommended.

The degree can be judged by taking the heart rate during exercise. The pulse during

exercise is kept between 100 and 120 bpm for subjects under 50 years old, and

below 100 for those over 50 years old. The precise target heart rate is set to be as

follows: the target heart rate (40–60 % of VO2max.)¼ {(220-age) – heart rate at

rest}� 40–60 %þ heart rate at rest.

However, if an index of the heart rate cannot be set, the patient’s subjective

feeling of their condition must be used as criterion. With a rating of perceived

exertion, it is optimal exercise for patients to feel that “the degree is comfortable” or

“ is moderately strong-minded.”

If the patient says, “It’s hard,” this should generally be taken to indicate that the

exercise is excessive.

There is a method to express the exercise intensity as a standard of turn overrate

using METs (metabolic equivalent unit, 1METs¼ turnover rate of 3.5 ml of oxygen

consumption per weight, 1 kg per 1 min). Enforcement with or more than 23 exer-

cises (at 1 exercise ¼ 1METs� 1 h time, 4 exercises of those carries out activities

3METS or more) is desirable in a week.

18.4.3 Frequency of Exercise

It is desirable that the patients should include exercise sessions in their daily

schedule. The minimum number of sessions should be no less than three times a

week. Exercising 3–5 days or more is ideal in a week so that the chronic effect of

the exercise decreases within 3 days and disappears in 1 week.
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18.4.4 Duration of Exercise

Diabetic patients should spend 15–30 min twice a day for walking. The amount of

walking should be approximately 10,000 steps in a day, and the amount of energy

expended should be between 160 and 240 kcal.

Even minimal movement is said to be effective even when we carry out activities

150 min or more in total in a week.

18.4.5 Progression of Exercise

It is important that we increase moments in everyday life progressively. We

perform setting-up exercises (warm-up) for approximately 3 min and rearranging

exercises (cooling down) for approximately 3 min before and after exercise.

18.5 Art of the Exercise to Continue

• We attach a record.

• We take a rest without being unreasonable.

• We keep company such as a family member, a friend, and a pet dog.

• We give reward to ourself.

• Even if a fickle Buddhist priest says no on the third, the Buddhist priest

repeats ten times on the third which makes 1 month – it’s a positive

thinking.

It is important to explain to patients as follows:

Ii is first to increase physical activities even a little than the present. Depending on

complications, a kind, degree of the exercise may include a limit [2].
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Chapter 19

Clinical Application of Exercise Therapy

in Diabetes with Chronic Kidney Disease

Hisayo Yokoyama

Abstract A small number of patients with chronic kidney disease (CKD), partic-

ularly those on maintenance hemodialysis, are in the habit of exercise, and this

sedentary lifestyle and poor physical fitness is associated with a high prevalence of

fall-associated fracture and an increased mortality risk. However, exercise training

has various therapeutic benefits in these patients. It delays the progression of

microalbuminuria or CKD, increases physical fitness and strength, improves mental

health, enhances dialysis efficacy, results in a better glycemic control, and reduces

both cardiovascular and mortality risks.

If possible, undergoing a cardiopulmonary exercise test (CPX) before partici-

pating in an exercise program may lead to a safer and more effective training of

these patients. Aerobic exercise training should be started with a low level of

exercise load, and its intensity should be gradually increased along with the

assessment of the patient’s perceived exertion during the sessions. Not only ensur-

ing the safety and enough consideration toward the diabetic complications but also

the involvement of exercise professionals and attractive programs are included as

the key elements of the sustainability of exercise in these patients.
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19.1 Physical Frailty Among Patients with Chronic Kidney

Disease (CKD)

19.1.1 Physical Inactivity Among Patients with CKD

19.1.1.1 A Small Number of the Patients with CKD Are Habitual

of Exercise

Regular exercise is an established non-pharmacological therapeutic strategy for

patients with diabetes with or without chronic kidney disease (CKD) and is

expected to bring about favorable effects on their physical functions and reduce

the cardiovascular and mortality risk factors. In 2005, the National Kidney Foun-

dation recommended in the Kidney Disease Outcomes Quality Initiative (K/DOQI)

cardiovascular guidelines that patients with CKD should perform at least 30 min of

physical activity of moderate intensity every day, if possible [1]. However, this

population, particularly, those on dialysis, has a significantly lower rate of being

habitual to exercise as compared with their healthy sedentary counterparts.

According to the cross-sectional data of 20,920 participants in the Dialysis Out-

comes and Practice Patterns Study (DOPPS), 52.4 % of the patients on maintenance

hemodialysis never exercised or exercised less than once a week, and this sedentary

lifestyle was remarkable when the facility the patients belonged did not provide

specific exercise programs [2]. In addition to the aforementioned findings, obtained

using self-reported physical activity levels, investigations by activity monitors have

quantitatively revealed the physical inactivity of patients on hemodialysis.

Johansen et al. [3] and recently Kim et al. [4] reported in their studies using a

three-dimensional accelerometer that the daily physical activity and the estimated

daily energy expenditure were reduced in dialysis patients with values

corresponding to 60–70 % of those in normal controls.

Several prospective observational studies, including a large cohort of dialysis

patients, revealed that sedentary behavior was associated with an increased risk of

mortality among not only the general population but also these patients [5–7].

19.1.1.2 Why Are They Sedentary?

Most patients on hemodialysis are forced to spend 3–4 h on bed rest during one

dialysis session, which amounts to 9–12 h a week. Actually, the parameters

pertaining to the physical activity level, such as the number of daily steps and

activity-related energy expenditure, are lower on dialysis days as compared with

non-dialysis days [8]. In addition, particularly, patients with diabetes may face

difficulties in getting out of bed due to various complications such as blindness,

stroke sequelae, and leg amputation. However, physical inactivity among these

patients on dialysis is not only a result of this lengthy bed rest period. Delgado

et al. conducted a survey on 100 dialysis patients to identify the barriers, which
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prevent them from participating in exercise [9]. In their report, almost all patients

believed that a sedentary lifestyle was a health risk and that exercising was

beneficial. Nevertheless, a majority of them had at least one barrier toward physical

activity. Shortness of breath, lack of motivation, and having multiple medical

problems were the most common barriers, in addition to fatigue or insufficient

time to exercise on dialysis days.

Although the patients also answered they would exercise if counseled to do so,

the counseling behavior by nephrologists does not seem enough. Few nephrologists

make an assessment of their patients’ physical activity levels and advise them to

increase exercise in spite of the published K/DOQI guidelines [10]. This lack of

guidance by the nephrologists is associated with their concerns about risks associ-

ated with exercise participation and a lack of confidence in the ability to discuss the

topics pertaining to physical activity. Consequently, patients with CKD have little

opportunity to increase their physical activity.

19.1.2 Low Exercise Capacity and Motor Ability
in the Population

19.1.2.1 Low Peak Oxygen Consumption (Peak VO2) and Impaired

Motor Ability

There are several studies regarding limited aerobic fitness in patients with CKD. It

has been reported that patients with stage 3–5 CKD have a lower peak VO2 as

compared with their healthy counterparts, with an average of 50–80 % of reference

values [11]. Furthermore, Leehey et al. in an exercise intervention study showed

that obese diabetic patients with stage 2–4 CKD had an extremely low peak VO2,

averaging 45 % of healthy levels [12]. Their low exercise capacity corresponded to

the Class III determined in New York Heart Function Assessment (NYHA) classi-

fication and probably limited their daily activities to slow walking.

In addition to a low aerobic capacity, muscle atrophy (sarcopenia) and reduced

muscle strength are common complications among patients with CKD, particularly

in the dialysis patients [13]. The cross-sectional areas of thigh muscle are smaller in

dialysis patients than in dialysis-independent patients with CKD and are associated

with aging and low serum albumin concentration [14]. Quadriceps muscle strength

in dialysis patients is also less than 70 % of that in their anthropometrically matched

healthy counterparts, and serum albumin concentration is the only significant

predictor of the loss of muscle strength [15]. Thus, muscle weakness, a well-

recognized feature in dialysis patients, is most likely derived from protein-energy

malnutrition.
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19.1.2.2 Clinical Consequences of Low Exercise Capacity

In elderly people, physical performance and functional independence in daily life

are mainly determined by muscle strength. The same is true for dialysis patients,

and muscle weakness contributes to impairment in mobility such as walking at a

slow speed. Dialysis patients also have higher chances of falling. Cook et al. have

shown by cross-sectional interviews with seniors (65 years and older) on dialysis

that 27 % of them had fallen in the past 12 months and that 4 % of them had reported

a fall-associated fracture or head injury [16]. They also revealed that the rate of

falling in elderly dialysis patients was higher than in the elderly population without

CKD [17]. Trauma or fracture by falling inevitably causes hospitalization and

functional decline and often results in being bedridden or other life-threatening

conditions.

On the other hand, exercise capacity evaluated by peak VO2 is an important

predictor of survival in dialysis patients as well as in the population without CKD

[18]. This is because peak VO2 reflects other factors (e.g., cardiovascular function

or complicated medical conditions), which have been previously established as the

predictors of survival for the patients. Sietsema et al. analyzed 175 dialysis cohorts

over a median follow-up of 39 months and found that a low peak VO2 was a

significant contributor to mortality along with age and chronic heart failure

[19]. Recently, a much simpler test measuring the distance walked in 6 min has

become widely used as the index of functional capacity. This test is closely

associated with peak VO2, and it has been reported as a useful predictor of survival

in dialysis patients, in whom a 100-m increment increased approximately 5 % of the

survival rate [20].

In addition, it is a major problem that these impaired physical performances

adversely affect the mental health and health-related quality of life (QOL) in

patients with CKD, particularly in those on dialysis [21–23], which finally results

in dependency on family members and caregivers.

19.1.2.3 Why Are They Unfit?

Besides physical inactivity, various specific factors in CKD seem to contribute to

low physical fitness, although the exact mechanism has not been fully resolved. To

date, anemia, a very common complication in patients with CKD, has been con-

sidered to be very important in the reduction of exercise capacity in these patients.

A number of studies have reported an improvement in peak VO2 by intense

treatment of anemia in patients with dialysis-dependent and dialysis-independent

CKD. However, in many of these studies, exercise capacity failed to improve as

much as was expected post the extent of the achieved amount of correction in

hemoglobin concentration. Furthermore, some reports found that exercise perfor-

mance fell with the progression of chronic renal failure despite the maintenance of

hemoglobin concentration [24]. Therefore, the impact of anemia in the impairment
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of exercise capacity is still controversial. Other potential causes include uremic

toxins [25], which have been suggested as a mechanism for impaired physical

fitness in CKD, independent of physical inactivity; however, the exact mechanisms

remain unknown. Cardiovascular factors such as endothelial dysfunction and high

cardiac sympathetic nerve activity, which are common features in CKD, may also

contribute to low exercise capacity in this population.

There was an intriguing report which evaluated whether dialysis itself affected

exercise capacity. Moore et al. performed peak exercise testing in dialysis patients

immediately before and during dialysis and demonstrated that peak VO2 and

cardiovascular responses such as cardiac output or stroke volume on testing were

not different between the two conditions [26]. These results suggest that dialysis

itself has no effect on the acute response to exercise, i.e., the hemodynamic changes

on dialysis or water retention could not explain the low physical fitness of dialysis

patients.

19.2 Various Aspects of the Efficacy of Exercise in Patients

with CKD

19.2.1 Delaying the Initiation of Dialysis

Can exercise slow the progression of renal dysfunction in predialytic patients with

CKD? There are only a few interventional studies with small cohorts on this issue.

A non-randomized aerobic exercise trial [27] and a randomized-controlled resis-

tance training trial [28] have shown an increase in glomerular filtration rate (GFR)

in patients with CKD after 12-week interventions. In the predialytic state, a

low-protein diet is prescribed in almost all cases to delay the progression of

CKD, which leads to muscle atrophy and frailty. As a specific effect on this

population, exercise can reduce catabolism by low-protein diet and uremia. No

previous study has supported the adverse effect of exercise on the progression

of CKD.

19.2.2 Increasing Physical Fitness and Strength

The effect of exercise on maximum aerobic capacity has been a major concern in

many clinical trials with aerobic exercise protocols in dialysis patients. In a

systematic review by Cheema et al., 17 of 19 uncontrolled, non-randomized

controlled, and randomized controlled trials (RCTs) succeeded in increasing peak

VO2 by 17–23 % mainly due to aerobic training for a period of 10 weeks to 4 years

in patients maintained on hemodialysis [29]. In another review article, Johansen

demonstrated that trials with aerobic exercise training for 8 weeks to 6 months
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enhanced peak VO2 by 17 %, regardless of the use of erythropoietin to control renal

anemia [30]. Smart et al. reported in a more recent systematic review on 365 patients

from 8 studies that aerobic training increased peak VO2 from 70 to 88 % of

age-predicted value, corresponding to þ5.22 ml/kg/min of peak VO2 [31]. The

improvements in peak VO2 reported in these studies, although significant, were

relatively minor, and the patients could not reach the predicted age-adjusted peak

VO2 even after the intervention.

Muscle strength is the most important contributor to physical performance and

independence in daily life. Particularly in the last 5 years, several RCTs on dialysis

patients concerning the effect of exercise on muscle strength could be found. These

studies reported the positive effect of intradialytic resistance training, with or

without cycle ergometer, on the muscle strength of lower extremities [32–35]. Fur-

thermore, the ACTINUT study, an RCT against protein-energy wasting and muscle

atrophy, is currently ongoing [36]. In addition, a biopsy study also showed the

regeneration of degenerated muscle fibers, increase in capillary density, and favor-

able changes in the structure and number of mitochondria following exercise

training in hemodialysis patients [37]. The improvement in functional abilities

evaluated by gait speed, stair-climbing, 10-m walking, or timed up and go test

was also found to be associated with increased muscle strength.

19.2.3 Positive Psychiatric Effects

Like many other chronic diseases, CKD probably affects the psychological state of

the patients. Based on the high incidence of depression and anxiety among this

population, a concept called “psychonephrology” was proposed to refer to this

problem, particularly, in patients on maintenance hemodialysis and those who have

had a kidney transplant [38]. There are only a few reports that have demonstrated

the favorable effects of aerobic exercise on mental health and health-related QOL.

Most of these used the Short Form-36 questionnaire, which is frequently used

to evaluate QOL in patients on dialysis as well as in the general population

[39–41]. For many elderly patients on dialysis, clinical outcomes such as mental

status and QOL may become more important than mortality. From this perspective,

it is desirable that they increase opportunities to participate in exercise more

actively in the clinical settings of dialysis, although further studies on the effects

of exercise on mental health in this population are necessary.

19.2.4 Enhancing Dialysis Efficacy

Reduced hemodialysis efficiency with insufficient removal of toxins leads to the

accumulation of uremic toxins and systemic damages in a concentration-dependent

manner. To address this issue, the methodologies involved in hemodialysis
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(HD) such as high-flux HD and online hemodiafiltration (HDF) have been devel-

oped, in addition to increasing the dialysis time and frequency. However, the

benefits of these therapies are restricted by inter-compartmental resistance, i.e.,

toxins distributed in intracellular and interstitial compartments are restricted from

being removed by cellular membranes or capillary endothelium. Intradialytic

exercise increases cardiac output and blood flow to low-perfusion skeletal muscle

regions and could possibly increase the exchange between these compartments and

the systemic circulation, therefore, enhancing the removal of uremic toxins. Several

previous studies have reported the improvement of dialysis efficiency, assessed by

Kt/V, clearance of urea and creatinine, and removal of potassium and phosphate, by

intradialytic exercise [42, 43]. A prospective-randomized study, comparing toxin

removal in online HDF and intradialytic exercise in high-flux HD, is also

ongoing [44].

19.2.5 Improving Glycemic Control

Exercise is an established therapeutic strategy for type 2 diabetes, and several meta-

analyses have reported that aerobic exercise, resistance exercise, and a combination

of the two improved glycemic control in this population with HbA1c levels reduced

by 0.6–0.8 % [45–47]. An elevated HbA1c level is an independent contributor to

mortality in diabetic patients with and without CKD and in those on maintenance

hemodialysis [48–50]. Therefore, improved glycemic control is a very important

aspect of health management in patients with diabetes and CKD.

Insulin resistance is a common finding in diabetes with CKD due to impaired

insulin signaling in skeletal muscle cells along with muscle atrophy and metabolic

acidosis [51]. These features are often masked by the prolonged half-life of insulin

secondary to decrease in both the degeneration of insulin and its renal clearance.

DeFronzo et al. demonstrated that peripheral insulin-mediated glucose uptake was

decreased in patients on dialysis [10]. For these reasons, exercise may be more

suitable than therapies with insulin or insulin secretagogues, for glycemic manage-

ment in patients with CKD. A recent interventional study revealed that the effects

of strength training on glucose tolerance by changing in muscle fiber-type compo-

sition in type 2 diabetes on dialysis [52].

19.2.6 Reducing Cardiovascular Risks

Patients with CKD not on dialysis are at the highest risk of cardiovascular diseases

(CVD), and they are more likely to die of CVD than to progress to dialysis

[53]. These patients have a high prevalence of traditional risk factors for CVD,

such as diabetes, hypertension, and dyslipidemia. Various conditions closely

related to CKD itself, including endothelial dysfunction, high sympathetic activity,
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oxidative stress, and inflammation, may also increase the risk for cardiovascular

diseases in this population. Of course physical inactivity itself contributes to the

development of CVD; therefore, exercise or physical activity could ameliorate

CKD-associated cardiovascular dysfunction [54, 55]. However, there is no avail-

able evidence that exercise intervention can reduce the incidence of CVD in

patients with CKD.

Many studies have suggested a counterintuitive relationship between obesity,

hypertension, or hypercholesterolemia and CVD risk in dialysis patients. The lack

of these CVD risk factors, which are generally expected to be ameliorated by

exercise, rather involve malnutrition associated with a higher risk of mortality in

dialysis patients, and this phenomenon is known as “reverse epidemiology”

[56]. Nevertheless, a sedentary lifestyle is still a risk factor for impaired cardiovas-

cular health and high mortality rate in this population [30].

19.2.7 Reducing Mortality Risks

As mentioned in Sect. 19.1.1.1, several observational studies, including the latest

one with a large cohort of dialysis patients, have shown that physical inactivity,

assessed by self-report or interview, was associated with an increased risk of

mortality among these patients [5–7]. On the other hand, there are only a few

studies regarding the effect of exercise intervention on life expectancy in patients

on maintenance dialysis. We could only find one study reporting mortality risk

reduction by cardiac rehabilitation in dialysis patients who have undergone coro-

nary artery bypass grafting (CABG). Huang et al. have shown that over a 42-month

follow-up period, cardiac rehabilitation was associated with a longer cumulative

survival time with an increase of up to 76 days in post-CABG dialysis patients

[57]. Further longitudinal studies are needed to elucidate whether exercise increases

life span in these patients.

19.3 Exercise Practice for Patients with CKD

19.3.1 Cardiopulmonary Exercise Test (CPX)

Exercise testing has mainly been used for screening and identification of myocardial

ischemia for a long time. However, there are no available guidelines specifically for

conducting CPX in patients with CKD or end-stage renal disease. If “asymptom-

atic” patients intend to perform low-intensity physical activity such as walking,

routine CPX before the participation is not necessarily recommended, because it

does not seem to have any significant benefits on serious clinical outcomes even

among patients with diabetes who are at a high risk for silent ischemia [58].
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In addition, requiring routine CPX before exercise may rather be obstructive to

participating in exercises for the patients. Consequently, it is unlikely that

pre-exercise CPX is essential for all patients with CKD or end-stage renal disease.

Even so, in a joint statement in 2010, the American College of Sports Medicine

(ACSM) and the American Diabetes Association (ADA) proposed recommenda-

tions for exercise testing in patients with diabetes. They stated that exercise testing

was advisable in patients with type 2 diabetes who had previously been sedentary

and now planned to undertake physical activity of an intensity more than brisk

walking [59]. The American Heart Association (AHA) guidelines also recommend

that individuals at a greater risk for CVD, such as the patients with diabetes or

known CVD, should be considered for exercise testing before participating in

vigorous exercise programs [60]. According to these statements, it is preferable

that patients with CKD, who are also at a high risk for CVD, undergo CPX not only

for screening but also for the evaluation of prognosis and effect of therapy,

including exercise interventions, if all necessary equipment for the testing is

available. According to the AHA guidelines for exercise testing in older people,

the testing must include an adequate warm-up period at low resistance and progress

with a modest and almost imperceptible increment in exercise load [60]. Such

modulation is also ideal for exercise testing in patients with CKD.

A previous survey reported that one to two myocardial infarctions and sustained

ventricular tachycardia per 10,000 tests are expected [61]. Therefore, exercise

testing is considered an extremely safe procedure. However, a defibrillator and

other appropriate medications should be immediately available, and physicians

supervising the test must be trained in cardiopulmonary resuscitation.

19.3.2 Exercise Prescription for Dialysis Patients

The aforementioned K/DOQI guidelines recommend that dialysis patients should

participate in cardiovascular (aerobic) exercise at a moderate intensity for 30 min

most, if not all, days per week [1]. Moderate intensity generally means exercising to

reach a target heart rate of 60–70 % of the maximal heart rate (220-age). However,

exercise prescriptions based on heart rate may not be suitable for dialysis patients,

because their fluid status and medications such as β-adrenergic blocking agents can
affect their heart rate response to exercise. If the dialysis patients have undergone

CPX, the physicians can prescribe the exercise load at an aerobic threshold as an

appropriate intensity. Another way to determine exercise intensity for dialysis

patients is to use the highly reproducible Borg’s rating of perceived exertion

(RPE) scale, which ranges from 6 (no exertion at all) to 20 (maximal exertion)

and is widely used to assess perceived patients’ exertion during an exercise test in

clinical settings. Because a rating of “13 (somewhat hard)” corresponds approxi-

mately to an aerobic threshold, around “13” on the scale can be adopted as the target

exercise intensity. It is also important to provide several minutes of warm-up at very
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low levels before the true exercise period followed by an adequate cooling-down

period.

In addition to aerobic exercise, resistance training is also recommended with the

aim of strengthening the muscles of the lower extremities. This program has to be

individualized and gradually stepped up from bodyweight exercise, using the

patient’s own weight against gravity as resistance to weight training of the hand

and ankle weights or Thera-Bands. Furthermore, combining this with flexibility

exercises may enhance the efficacy of resistance training and activity level during

walking by improving the range of motion and stride.

19.3.3 Special Concerns About Exercise for Diabetes
with CKD

In the ACSM/ADA joint position statement of 2010, it was suggested that exercise

for diabetes with nephropathy should be started with a low intensity and volume

because of reduced aerobic capacity and muscle function in this population

[59]. These are essential to avoid the patients from feeling that the exercise program

is difficult and losing motivation and to prevent them from unexpected injuries. The

statement also mentioned exercise with Valsalva maneuver, which may not only

cause retinal hemorrhage in patients with active retinopathy but also cause an

excessive elevation of blood pressure (BP) [59]. Although, in many cases, an

increase in urinary albumin excretion by BP elevation during exercise is transient,

the patients should keep away from further otiose hypertension caused by vigorous

exercise. Tight BP control along with the treatment and low-intensity exercise are

more beneficial in delaying the progression of microalbuminuria [62].

If a patient is relatively fit and is able to exercise for longer than 1 h even at low

intensity, frequent monitoring of blood glucose may minimize the risk of exercise-

induced hypoglycemia. The patient may need to decrease insulin dosage by one or

two units and take additional carbohydrate snacks before each exercise session. For

better glucose control, both the patient and physician must regularly discuss the

timing of drug and insulin administration and food intake prior to exercise.

19.3.4 When Should Dialysis Patients Exercise?

19.3.4.1 Exercise During Dialysis

Patients on hemodialysis can participate in facility-based exercise programs during

their dialysis sessions. Investigators have shown favorable efficacy of intradialytic

exercise training on exercise capacity, muscle strength, functional ability, and

mental health [63]. In many cases, exercise professionals supervise intradialytic

exercise; therefore, the patients can be advised on how to perform appropriate
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Fig. 19.1 Intradialytic exercise program (i.e., exercise during dialysis sessions). a Aerobic

exercise using a recumbent cycle ergometer. b Strength training using ankle weights
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exercises based on individual exercise prescriptions. In addition, intradialytic

exercise is expected to enable the patients to save time, improve adherence to

exercise, and avoid boredom during the dialysis treatment. Indeed, exercise pro-

grams during dialysis sessions often have lower dropout rates than outpatient

exercise programs on non-dialysis days [64].

We also have incorporated an intradialytic exercise program into our partnered

artificial dialysis facilities. Many patients begin the training program early in the

dialysis treatment, which is composed of aerobic exercise using a recumbent cycle

ergometer, strength training using silicone rubber bands or ankle weights, and

flexibility exercises (Fig. 19.1a, b). The athletic trainers supervise each session

and encourage the participants to perform exercise with adequate intensity and

procedure. The program has been very successful, particularly, in improving peak

VO2 and physical function.

Exercise professionals often need to be involved in intradialytic exercise pro-

grams because dialysis staff may not have the skills or the inclination to attend the

exercising patients. Furthermore, exercise performed during dialysis is usually

limited to leg exercise because of vascular access complications; therefore, the

patient needs to have another opportunity to exercise the upper extremities.

19.3.4.2 Home-Based Exercise on Non-dialysis Days

Home-based exercise training is an alternative for hemodialysis patients. This type

of training enables them to exercise at their own convenience without being

concerned about fatigue during dialysis, therefore resulting in a low dropout rate.

Koh et al. in a randomized 6-month interventional study reported that home-based

exercise training equally improved exercise capacity as intradialytic exercise in

hemodialysis patients, if they could conduct home-based exercise with appropriate

volume or intensity as advised [65]. However, because such programs cannot be

supervised at all, it is difficult to ensure patient compliance with exercise. Whether

the patients conduct exercise or not may be influenced by their motivation and

mood. Therefore, in home-based exercise, practicing time and intensity are often

insufficient, and there are a few studies, which report the effects of home-based

exercise on cardiorespiratory function to be less than intradialysis exercise [64].

19.3.4.3 In-facility Exercise Programs on Non-dialysis Days

Although some dialysis facilities provide outpatient exercise programs, availability

is still too low for the majority of dialysis patients to benefit from them. The survey

in DOPPS (2005–2006) reported that only 10–20 % of facilities offered exercise

programs to patients not on dialysis in most DOPPS countries [2]. Furthermore,

patients’ adherence to such programs is not satisfactory. They often stop partici-

pating because of lack of spare time on non-dialysis days, transportation difficul-

ties, high morbidity, and lack of motivation [63, 64]. Nevertheless, such supervised
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exercise training on non-dialysis days enables them to perform more aggressive,

high-intensity exercise and further sports activities involving the movement of

upper extremities, which is difficult during the dialysis treatment because of

vascular access. Therefore, this method of exercise program has the greatest effect

on improving cardiorespiratory capacity in maintenance hemodialysis patients as

compared with intradialytic or home-based exercise [64].

19.3.5 The Aspects of Sustainability of Exercise Programs

Because it is widely known that the benefits of exercise are lost within a few weeks

of non-training (detraining), it is important to incorporate exercise programs into

routine care in the population on dialysis. Bennett et al. tried to identify contributing

factors for sustaining hemodialysis exercise programs by examining 28 original

studies and 14 review articles [66]. Other than the aforementioned elements nec-

essary for improving patients’ adherence to exercise, such as exercise professionals’
involvement and conducting exercise programs during dialysis sessions, they

identified other factors as follows: commitment to exercise by dialysis and medical

staff, adequate space and equipment, interesting and stimulating programs or

interventions, and addressing cost implications. Although it is not easy to

meet all these requirements, the staffs in dialysis facilities need to make some

effort toward creating an atmosphere in which the patients feel like participating

continuously in physical activity or exercise.

In regard to the patients on continuous ambulatory peritoneal dialysis (CAPD),

exercise capacity estimated by peak VO2 and aerobic threshold remain unchanged

regardless of whether the dialysis solution was retained in the peritoneal cavity or

drained. However, exercise time was significantly shortened when the solution was

retained directly due to the carrying of extra weight [67]. Therefore, exercising

under conditions in which the solution is drained may be sustainable for this

population.

In addition, difficulty in sustaining physical activity in patients with CKD has

been attributed to anemia. A meta-analysis by Johansen et al. demonstrated that the

treatment of anemia using erythropoiesis-stimulating agents significantly increased

peak VO2 by 24 % in hemodialysis patients, although many studies included were

not controlled trials [68]. The improvement in anemia probably contributes to the

sustainability of exercise, because the patients are freed from shortness of breath

and fatigue, which are both major barriers to continuously participating in exercise

programs, and could overcome discomfort or pain during exercise.
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19.3.6 Safety of Exercise for Patients with CKD

There is a very small amount of data from controlled studies to discuss or quantify

the risks of exercise-induced adverse events in patients with CKD. However, to

date, no published study on exercise training in hemodialysis patients has reported

deaths or cardiovascular events. Therefore, it does not seem that exercise in dialysis

patients necessarily carries additional risks.

According to a scientific statement from AHA, although the incidence of fatal

and nonfatal cardiovascular events during exercise varies with the prevalence of

cardiac disease in a study population, the rate is extremely low even among patients

with chronic heart failure undertaking cardiac rehabilitation programs [69]. In

contrast, the relative risk of cardiac arrest during vigorous exercise as compared

with risk at other times is notably greater in patients who are unaccustomed to

exercise [70]. Regular exercise participation, performed at low to moderate inten-

sity, reduces the long-term risk of cardiac events both during exercise and at rest.

The exercise guide for nephrologists developed by the Life Options Rehabilita-

tion Advisory Council suggested that to minimize the risks of exercise, nephrolo-

gists must be sure to provide adequate dialysis, manage ongoing medical concerns,

control hypertension, and respond to symptoms suggestive of cardiac disease [71].

19.4 Summary

Patients with CKD, particularly, those on dialysis, have been exposed to the

environment where they had a few opportunities to participate in physical activity

due to conventional therapeutic policy. However, now it is evident that a sedentary

lifestyle and low physical fitness result in a poor prognosis for this population. To

engage all the patients in regular exercise, it is important that both patients and

nephrologists discuss exercise positively and that the medical staff encourage the

patients to exercise with a customized training program according to individual

physical strength, medical concerns, and convenience.
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