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Structured Abstract

Purpose of review—To summarize the epidemiology of myosteatosis and its association with
diabetes.

Recent findings—The role of myosteatosis (fat infiltration in skeletal muscle) in diabetes has
received considerable attention. There is reasonably consistent evidence that myosteatosis
contributes to glucose and insulin abnormalities and diabetes, possibly even independent of overall
obesity. Novel hypotheses that link myosteatosis with insulin resistance and type 2 diabetes have
also recently been proposed. These hypotheses suggest that impaired secretion of adipokines and/
or modulation of nutritive blood flow to skeletal muscle may be of importance for the
development of myosteatosis. Recent longitudinal data also suggests that myosteatosis increases
with aging, regardless of changes in body weight.

Summary—~Further studies are needed to identify the specific physiological mechanisms that
influence myosteatosis, and the mechanisms that link this fat depot with insulin resistance.
Longitudinal studies are also needed to evaluate the remodeling of skeletal muscle fat with aging,
across a wider age spectrum, and across different populations, especially those at high-risk of
developing diabetes. There is also a need to evaluate if myosteatosis influences the incidence of
type 2 diabetes independent of overall adiposity. A better understanding of the factors that regulate
myosteatosis may lead to the development of novel therapies that influence a more metabolically
“healthy” skeletal muscle.
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Introduction

Adipose tissue is considered an endocrine organ that influences numerous physiological and
pathological processes. While most individuals with type 2 diabetes (T2D) are overweight or
obese, the relationship between excess body fat and impaired glucose homeostasis is still
incompletely understood. Excessive body weight or total adiposity, but also the distribution
of fat, may determine metabolic risk. During weight gain and with aging, adipocytes can
reach their capacity to store fat, which increases ectopic storage of fat around and within the
non-adipose tissue organs, such as skeletal muscle, liver, and pancreas. These tissues
normally contain only small amounts of fat not intended for long-term lipid storage, but to
be used as a source of energy in periods of low glucose supply. There is increasing evidence
to suggest that this ectopic fat storage may lead to impaired functions of surrounding tissues
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and organs. In the past decade, myosteatosis (the infiltration of fat in skeletal muscle) has
emerged as an important fat depot associated with insulin resistance and T2D. The aim of
this review is to evaluate and summarize the epidemiology of myosteatosis and its role in
T2D.

Quantification of Myosteatosis

There are two fat depots within skeletal muscle: fat infiltration within myocytes
(intramyocellular fat) and visible fat within the fascia surrounding skeletal muscle
(intermuscular fat). The quantification of both skeletal muscle fat depots can be determined
by using invasive analyses such as skeletal muscle biopsy samples, or, by using noninvasive
radiological techniques such as computed tomography (CT), magnetic resonance imaging
(MRI) and magnetic resonance spectroscopy (MRS). Although the accuracy and limitations
of these approaches are not the focus of this review, it is important to emphasize potential
limitations of the most utilized methods. In particular, one of the limitations of many recent
studies is the relatively high coefficients of variation (CVs) of intermuscular fat
measurements [1]. This is usually not an issue for intramyocellular fat as their CVs are
generally substantially lower than those for intermuscular fat [1]. One of the limitations of
the CT technique, utilized frequently in large epidemiological studies, is that it cannot
directly measure the lipid content or detect the location of fat storage within myocytes
(intramyocellular fat) or lipid droplets surrounding myocytes (extramyocellular fat, which
are present in very small quantities) [2]. Most of the studies that utilized CT scans have
examined either intermuscular fat or muscle density (also known as muscle attenuation),
which is believed to reflect intramuscular fat content. MRS on the other hand, can clearly
distinguish between intra- and extra-myocellular fat [2]. Nevertheless, Larson-Mayor et al.
have shown that the density of the soleus muscle measured by CT is well correlated with
intramyocellular lipid measured by MRS [2]. Goodpaster et al. have shown that the density
of the thigh muscle obtained by single-slice CT scan correlates well with the skeletal muscle
fat content of percutaneous biopsy specimens [3]. Therefore, despite the aforementioned
limitations, both CT and MRS are considered to be reliable methods for assessing skeletal
muscle fat content.

Age-related changes in skeletal muscle fat infiltration

Aging is associated with changes in both total and regional fat distribution. Cross-sectional
studies suggest that both intramyocellular and intermuscular fat may increase with
advancing age [1]. A proposed mechanism for these alterations involves the possible age-
related change in activation, proliferation and differentiation of quiescent skeletal muscle
precursor “stem” cells (i.e., satellite cells) into adipocytes in response to a range of stimuli
that occurs with aging [4]. All of the previous studies included relatively small sample sizes
and were of cross-sectional design. A study by Delmonico et al, published in October 2009,
is the first to examine longitudinal changes in skeletal muscle fat infiltration among older
adults. The authors examined changes in CT measures of intermuscular fat over five years in
1678 relatively healthy, higher-functioning men and women of African and European
ancestry aged 70-79 years [5]. Intermuscular fat in the mid-thigh increased with aging in
both men and women, regardless of weight loss or weight gain or whether participants were
weight stable. Percent intermuscular fat increased among all weight change groups in men
(35.5% to 74.6%) and women (16.8% to 50.0%). Although this finding indicates that fat
infiltration in skeletal muscle is a consistent characteristic of aging, independent of obesity,
the participants of this study were relatively healthy and high-functioning. Therefore,
additional longitudinal studies are still needed to better understand the natural history,
magnitude and patterns of change in skeletal muscle fat infiltration with aging, across a wide
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range of ages and populations recruited without the regard of their health status. A better
documentation of changes in skeletal muscle fat distribution with aging may help to identify
individuals who are particularly prone to myosteatosis.

Intramyocellular fat and Intermuscular fat: Emerging Risk Factors for Diabetes

Skeletal muscle accounts for up to 80% of glucose disposal, and in the rested state, skeletal
muscle fatty acid oxidation includes about 90% of the energy requirements [6]. The main
pathophysiological state, observed in more than 90% of individuals with T2D, is
unresponsiveness of myocytes to an insulin stimulus, and consequently impaired glucose
uptake into muscle cells [7]. Skeletal muscle is therefore a crucial organ for maintaining
glucose homeostasis.

In the past decade, numerous reports described a positive association between
intramyocellular fat and insulin resistance. Earlier studies have reported this relationship
among obese, older, sedentary lean and diabetic individuals [8], as well as among healthy
individuals [9], and offspring of type 2 diabetes patients [10]. The link has not been found
among endurance-trained individuals [8], indicating that greater intramyocellular fat is
probably a response to the high oxidative requirements during exercise in these individuals.
All previous studies were cross-sectional in their design, and included only a small number
of participants. Two cross-sectional studies published in the last year, one in 33 obese non-
diabetic patients with metabolic syndrome and controls [11], and the other in 54 Caucasians
without type 2 diabetes [12], have reported a novel inverse relationship between
intramyocellular fat measured by MRS and adiponectin, an adipokine that has anti-
inflammatory and insulin-sensitizing properties [13].

While most of the earlier studies focused on the metabolic impact of intramyocellular fat,
until recently intermuscular fat has not been studied extensively. Goodpaster et al. have
reported a positive association between intermuscular fat measured by CT in the mid-thigh
and T2D among 2964 elderly men and women [14]. A study conducted in 1249 middle-aged
and older men of African ancestry reported intermuscular fat, measured by CT in the calf, to
be positively associated with T2D, independent of total or central obesity, even in a subset
of lean men [15]. The same study also suggested that the association between intermuscular
fat and T2D may be modified by a family history of T2D [15]. This finding implies that
certain individuals may be genetically susceptible to T2D in the presence of greater
intermuscular fat. In a recent study of 1623 older men of African and Caucasian ancestry,
CT measured intermuscular fat of the calf was greater in men of African ancestry despite
their lower total adiposity levels, and positively associated with T2D in both ethnic groups
[16]. A study of 249 Caucasian men and women has recently reported that women have
considerably less intermuscular fat than men, and that this fat depot is associated with
insulin resistance in both genders [17]. A positive association of intermuscular fat with
insulin resistance and pro-inflammatory factors (leptin and C-reactive protein (CRP)) [18],
and type 2 diabetes [19,20] has been reported in a few other small studies. A recent study of
the pro-inflammatory markers, interleukin-6 (IL-6), CRP, and tumor necrosis factor-o (TNF-
o) among 2651 Caucasian and African-American men and women aged 70-79 years
participating in the Health ABC study has reported significant ethnic and gender differences
in the association between inflammatory adipokines and intermuscular fat [21]. Higher
intermuscular fat was associated with higher concentrations of IL-6 in men of both
ethnicities, higher concentrations of CRP in African-American men, and higher
concentrations of IL-6, CRP, and TNF-a in Caucasian women [21]. Coen et al. have recently
investigated whether the association between intramyocellular fat and insulin resistance is
dependent on muscle fiber type in a sample of 22 obese women [22]. They reported a novel
and intriguing finding that insulin resistance is associated with greater intramyocellular fat
content in type | but not type Il myocytes.
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All of these studies were cross-sectional, and many included a small sample size. While
these studies consistently support the possibility that both intramyocellular and
intermuscular fat are positively associated with insulin resistance and type 2 diabetes, a
causal relationship has not yet been established, and remains to be confirmed in larger
longitudinal studies. It is of great interest that De Feyter et al. recently reported in their
longitudinal study that intramyocellular fat increases the development of T2D in Zucker
diabetic fatty rats [23], but such findings are yet to be confirmed in humans. Future studies
should also explore the relationship between myosteatosis and incidence of T2D and
deterioration of insulin sensitivity, independent of overall adiposity and weight gain.
Additionally, as some have previously hypothesized that in addition to impaired cellular
mechanisms regulating lipid storage and utilization, an overflow of fat into the intermuscular
compartment may be due to a defect in the ability of subcutaneous fat to store excess fatty
acids [24], the question of whether fat reduction in the subcutaneous depot or fat
accumulation in the intermuscular depot is associated with insulin resistance and type 2
diabetes also remains to be clarified and confirmed in longitudinal studies.

Skeletal Muscle Fat Infiltration and Type 2 Diabetes: Potential Mechanisms

The mechanisms linking accumulation of fat within skeletal muscle with insulin resistance
and type 2 diabetes are still unclear. Some have proposed that accumulation of
intramyocellular lipid may impair the insulin receptor substrate 1 (IRS1)/
phosphatidylinositol 3-kinase (P13K) pathway and growth-factor-regulated protein kinase B
(Akt/PKB) pathway of insulin signaling [25]. Others have suggested that increased
accumulation of lipid intermediates, such as diacylglycerol, long-chain fatty acyl-CoA
species, ceramides, and oxidized lipid mediators, due to increased accumulation of fat in the
myocytes, may be responsible for the suppression the insulin signaling [26]. It has been
hypothesized that mitochondrial dysfunction in advanced obesity, T2D and aging actually
leads to increased intramyocellular fat accumulation [27]. Further studies are clearly needed
to clarify whether intramyocellular fat accumulation is a marker or a mediator of insulin
resistance.

The mechanisms linking intermuscular fat and insulin resistance are possibly quite different
than those underlying the influence of intramyocellular fat on insulin signaling. One theory
suggests that the biology of intermuscular adipocytes differ from that of adipocytes from
other anatomical sites, though data to support this hypothesis are available only in animal
models [28]. One possible mechanism linking intermuscular fat with type 2 diabetes may be
through impaired secretion of adipokines [28]. Increased accumulation of intermuscular fat
could induce changes in muscle metabolism and insulin sensitivity via local secretion of
inflammatory adipokines from fat cells surrounding muscle fibers [28]. Another theory
suggests that intermuscular fat may modulate nutritive blood flow to muscle, and thus,
contribute to insulin resistance by impairing insulin action and insulin diffusion capacity
[29]. However, our understanding of the mechanisms linking skeletal muscle fat infiltration
with diabetes, and the reasons why some individuals store more fat in insulin-sensitive
tissues than others are currently still very limited.

Skeletal Muscle Fat Infiltration in Obese Individuals

It has been well documented that skeletal muscle fat infiltration increases in obesity [30].
Various metabolic changes in muscle lipid metabolism occur in obesity, such as reduced fat
oxidation and low basal ATP concentrations, leading to increased fat accumulation in
skeletal muscle [30]. Malenfant et al. suggested that fat depots in skeletal muscle of obese
individuals may be less easily metabolized as fat accumulation is greater in the central
region of muscle fibers, where the concentration of mitochondria is lower [31]. Others have
proposed that skeletal muscle fat accumulation may be due to a reduction in the utilization
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of fatty acids (i.e. reduced lipolysis and lipid oxidation), increased fatty acid transport and
uptake into muscle, or excess lipid availability [32]. Currently, it is thought that there are
two different pathways leading to increased intramyocellular fat. The first is a functional
adaptation to the increased energy demand in endurance trained athletes. The second is an
adaption in conditions of lipid oversupply, including a decrease in fat oxidation, impaired
adipogenesis, or a combination of these processes [33]. A recent clinical trial in 16 male
healthy offspring of patients with type 2 diabetes and 8 control subjects has shown that
fructose overconsumption causes increased skeletal muscle lipid deposition, suggesting that
individuals with a family history of T2D may be more prone to develop metabolic
disturbances if their diet contains high levels fructose [34]. Shortreed et al. have recently
shown that skeletal muscle in mice responds to 8 weeks of high fat diet with an early
increase in intramyocellular fat in gastrocnemius/plantaris, but not in soleus [35]. Their
findings are of importance as they indicate that high fat diet may induce early adaptive
increase of fat infiltration in the skeletal muscle, which occurs in a muscle-specific pattern
[35]. Another hypothesis suggests that impaired skeletal muscle mitochondrial function,
observed in obesity, leads to impaired fatty acid metabolism, which subsequently results in
increased skeletal muscle fat content [25,32]. Nonetheless, whether skeletal muscle fat is
simply the consequence of obesity or is a marker of disordered fat partitioning independent
of obesity, is still not clear.

A recent study has shown that lean African ancestry non-diabetic men when compared to
lean African ancestry diabetic men had significantly greater intermuscular fat, but similar
levels of total and central adiposity [15]. Additionally, men of African ancestry may have
greater intermuscular fat than Caucasian men, even when matched on age and total body fat
[16]. This observation is of particular interest, as differences in body weight, total and
central adiposity have failed to explain the excess risk of T2D in African compared with
Caucasian ancestry men [36]. Thus, it is possible that independent of overall or central
increased adiposity, skeletal muscle fat infiltration may be an important risk factor for T2D
in populations of African ancestry, especially among lean individuals. Similarly, lean
offspring of parents with T2D have reduced mitochondrial activity and increased
intramyocellular fat and insulin resistance, indicating a possible modulating effect of family
history of T2D on the development of intramyocellular fat. Further studies are warranted to
define the mechanisms for increased fat accumulation in skeletal muscle of lean individuals
with T2D. These studies should include populations of different ethnicities.

Myosteatosis, the infiltration of fat in skeletal muscle, increases with aging and may play a
role in the development of type 2 diabetes. Carefully designed and adequately powered
longitudinal studies are needed to asses a causal relationship between skeletal muscle fat
infiltration and type 2 diabetes, and evaluate the remodeling of skeletal muscle fat with
aging, across a wider age spectrum, and between different populations. A better
understanding of the factors that regulate fat distribution in skeletal muscle may lead to the
development of novel therapies that influence metabolic health.
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