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Abstract: Recent publications highlight a frequent loss of muscle mass in chronic liver diseases,
including nonalcoholic fatty liver disease (NAFLD), and its association with a poorer prognosis.
In NAFLD, given the role of muscle in energy metabolism, muscle loss promotes disease progression.
However, liver damage may be directly responsible of this muscle loss. Indeed, muscle homeostasis
depends on the balance between peripheral availability and action of anabolic effectors and catabolic
signals. Moreover, insulin resistance of protein metabolism only partially explains muscle loss during
NAFLD. Interestingly, some data indicate specific alterations in the liver–muscle axis, particularly in
situations such as excess fructose/sucrose consumption, associated with increased hepatic de novo
lipogenesis (DNL) and endoplasmic reticulum stress. In this context, the liver will be responsible
for a decrease in the peripheral availability of anabolic factors such as hormones and amino acids,
and for the production of catabolic effectors such as various hepatokines, methylglyoxal, and uric acid.
A better understanding of these liver–muscle interactions could open new therapeutic opportunities
for the management of NAFLD patients.
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1. Introduction

The loss in muscle mass, often wrongly referred to as sarcopenia, has long been largely neglected in
liver diseases. This is probably partly because of possible difficulties in its assessment due, for example,
to fluid retention. However, several recent studies have shown frequent loss of muscle mass associated
with poor prognosis in various chronic liver diseases. The progressive deterioration of muscle
trophicity in these diseases is therefore receiving increasing attention. Overall, studies demonstrate
muscle loss in nearly 60% of patients with end-stage liver diseases and this is associated with a
worse prognosis [1]. However, muscle loss is already present in the early stages of liver disease and
worsens with its severity [2]. This is particularly the case of nonalcoholic fatty liver disease (NAFLD),
which encompasses a broad spectrum of disorders ranging from simple steatosis to nonalcoholic
steatohepatitis (NASH), cirrhosis, and hepatocellular carcinoma, and where loss of muscle mass can
occur very early during the disease. Indeed, in addition to the disturbances in muscle homeostasis
related to metabolic disorders, several pieces of evidence indicate a specific role of the alterations
in liver function in muscle loss. This is particularly important as the progressive deterioration of
muscle trophicity promotes NAFLD progression, given the role of the muscle in energy metabolism.
The alterations in the liver–muscle axis, due to hepatic steatosis, initiate a vicious circle in which liver
disease favors defective muscle protein accretion and in which muscle loss favors metabolic alterations
as well as hepatic steatosis and inflammation.
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After examining some epidemiological data on muscle loss in chronic liver diseases and NAFLD,
the authors of this review focus on muscle homeostasis and the different mechanisms by which NAFLD
can act on muscle protein metabolism, including the decreased peripheral availability and action of
anabolic factors such as hormones and amino acids, and the production of catabolic effectors such as
various hepatokines, methylglyoxal, and uric acid.

It should be noted that many authors speak of sarcopenia while patients present only this loss of
muscle mass. Indeed, the European society for clinical nutrition and metabolism defines sarcopenia, a
term first coined for geriatric patients, as “a syndrome of its own characterized by the progressive and
generalized loss of skeletal muscle mass, strength and function (performance) with a consequent risk
of adverse outcomes” [3].

2. Muscle Loss in Chronic Liver Diseases

The interest in muscle mass loss in liver diseases is the result of recent evidence of its frequency
and its consequences in terms of morbidity and mortality. A meta-analysis of 7 Asian studies and
13 Western studies in patients with liver cirrhosis of various etiologies concluded that muscle loss was
present in 48.1% of patients, more prevalent in men (61.6%) than in women (36%) [4]. Several studies
have shown that muscle loss in liver transplant candidates is associated with increased mortality [2]
and increased risk of complications [4] In a recent systematic review and meta-analysis, the pooled
hazard ratios of muscle loss was 1.84 (95% CI: 1.11–3.05, p = 0.02) for post-transplantation mortality [5].
Moreover, muscle loss appeared to be associated with increased complications, such as infections [6],
ascites, encephalopathy, and variceal hemorrhage [7].

More specifically for NAFLD, most data come from studies in the Korean population. Using data
from the Korean National Health and Nutrition Examination Surveys (KNHANES), Lee et al. [8]
showed that NAFLD was present in 2761 (28.5%) out of 9676 subjects, and that 337 NAFLD patients
(12.2%) had low muscle mass. Hong et al. [9] studied the relationship between muscle mass and liver
disease evaluated by serum gamma-glutamyl transferase (GGT) in 3193 adults aged over 50 years
from the fifth KNHANES. They observed that patients in the highest GGT quintile were 2.3 times more
likely to have low muscle mass than those in the lowest quintile. In a seven-year Korean longitudinal
study [10] on 12,624 subjects without initial NAFLD, followed for occupational medicine purpose,
14.8% of the subjects developed NAFLD and the highest tertile of muscle mass was inversely associated
with the incidence of NAFLD compared to the lowest tertile. Finally, in the study by Koo et al. [11] of
309 subjects with signs of hepatic steatosis, the prevalence of low muscle mass was 8.7% in patients
without NAFLD and 17.9% and 35%, respectively, in biopsy-proven nonalcoholic fatty liver and
NASH patients. In this study, as in Lee’s study [8], low muscle mass was associated with fibrosis
(OR: 2.05, 95% CI: 1.01–4.16, p = 0.034), independently of body mass index and insulin resistance.
This relationship between low muscle mass and fibrosis has also been confirmed in a European cohort
of biopsy-proven NAFLD patients [12].

Given the importance of muscle in energy and nitrogen homeostasis, this muscle loss negatively
affects whole-body metabolism [13]. The consequences on hepatic metabolism are clearly shown,
for example, in the study by Flannery et al. [14] of healthy sedentary elderly subjects. These authors
observed, after a test meal, a twofold higher hepatic de novo lipogenesis (DNL), a threefold higher
postprandial hepatic triglyceride (TG) content, and significantly increased plasma TG compared to
healthy, young subjects. Note that, in a study of 452 apparently healthy adults from the Korean
Sarcopenic Obesity Study [15], patients in the lowest quartile of muscle mass had a 5.2-fold increased
risk of NAFLD compared to the highest quartile (95% CI: 1.63–16.33, p = 0.041). In this study,
hepatic steatosis and skeletal muscle mass index were negatively correlated with insulin resistance,
low grade inflammation, and arterial stiffness, and positively correlated with plasma TG and
alanine aminotransferase.
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3. Muscle Protein Homeostasis

To understand the mechanisms by which hepatic disorders may affect muscle protein homeostasis,
the authors will first briefly review some main aspects of the control of protein metabolism in muscle.
Muscle homeostasis in healthy individuals depends on the fasting–feeding alternation and, at the
cell level, on the balance between protein synthesis and catabolism. Protein synthesis is activated by
anabolic factors such as hormones (insulin and insulin-like growth factor 1 [IGF-1]), and amino acid
(AAs) availability (with AAs such as leucine and arginine playing specific regulatory roles), and it
is inhibited by nutrient deficiency and inflammatory processes. Conversely, protein catabolism is
activated by energy and AA deficiency and inflammatory processes, and it is inhibited by anabolic
hormones [16].

During the postprandial period, anabolic effects of feeding result from increased protein synthesis
and decreased catabolism due to increased availability and action of anabolic effectors. AAs stimulate
protein synthesis; insulin has a permissive effect and increases the supply of nutrients to muscles
through its vasodilatory properties. Insulin-induced inhibition of proteolysis is enhanced by AA
availability [17]. In addition, the activation of protein synthesis depends on specific AAs such as
leucine and arginine; thus, the anabolic effects of feeding also depend on specific qualitative variations
in AA availability [18]. Finally, the vasodilatory effects of insulin play an important role in the
physiological coupling between hemodynamic and metabolic homeostasis [19]. The increase in the
metabolic activity of skeletal muscle requires adequate availability of the substrate for nitric oxide
(◦NO) synthesis (i.e., arginine) to increase blood flow for substrate supply.

On the long term, maintaining skeletal muscle mass also depends on the growth hormone
(GH)/IGF-1 axis. Blood IGF-I is 80% dependent on its GH-induced liver production. Plasma IGF-I is
associated positively with lean body mass and muscle function, and negatively with body fat mass.
IGF-I action is also regulated by its binding to circulating IGF-1 binding proteins (IGFBP) produced by
the liver [20].

Overall, the maintenance of muscle mass requires that the muscles be responsive to these
anabolic effectors and that the anabolic effectors actually and quantitatively reach the muscles.
As indicated below, NAFLD may be associated with a decrease in muscle mass as a consequence
of (i) insulin-resistance; (ii) decreased IGF-1 production by the liver; (iii) decreased AA flows to the
muscles due to increased splanchnic utilization; (iv) a defective postprandial peripheral vasodilatory
response; or (v) the catabolic effect of various mediators, including hepatokines, produced by the liver
in steatosis-induced situations of endoplasmic reticulum (ER) stress.

4. Insulin Resistance and Muscle Homeostasis

A first process that can promote muscle loss is insulin resistance. Depending on the
pathophysiological situation, insulin resistance may either precede NAFLD, due to increased adiposity,
or result from NAFLD as the steatotic liver is the site of increased glucose and TG production; in all
cases, the two processes reinforce each other. Decreased sensitivity of protein turnover to insulin action
has been described in both type 1 and type 2 diabetes [21]. This decrease in insulin sensitivity may
result from several mechanisms such as lipotoxicity, glucotoxicity, and inflammation.

Increased circulating free fatty acid (FFA) concentration favors ectopic lipid deposition and
altered insulin signaling due to the accumulation of TG deposition, for example, in muscle [22].
Moreover, specific FFAs (e.g., palmitate) and lipid metabolites (e.g., ceramide and diacylglycerol) may
induce insulin resistance. It should be noted that palmitate also activates toll-like receptor 4 (TLR4)
and triggers inflammatory processes [23].

Excess glucose induces oxidative stress in muscles and the production of advanced glycation end
products (AGEs) that interact with the receptors of AGEs on muscle cells. These receptors induce the
production of reactive oxygen species and cause inflammation via mitogen-activated protein kinases
and nuclear factor κB pathways [24]. For example, Howard et al. [25] showed that high glucose and
AGEs induce a defect in myocyte membrane repair.
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Excess adipose tissue, particularly visceral adipose tissue, is associated with the increased
secretion of pro-inflammatory cytokines, such as tumor necrosis factor α and interleukin-6,
and adipokines (leptin and resistin, whereas insulin-sensitizing adiponectin production decreases)
which promote insulin resistance [26]. Interestingly, in the authors’ model of fructose-induced NAFLD
in rats, muscle loss was associated with increased visceral adiposity and an inflammatory state [27].

A last mechanism by which insulin resistance may contribute to muscle loss is the above-mentioned
defect in the postprandial peripheral vasodilatory response as it reduces the flow of anabolic factors
to the muscle. Indeed, in addition to its essential metabolic actions, insulin stimulates the production
of nitric oxide (◦NO) by endothelial ◦NO synthase (eNOS). Therefore, in the post-prandial period,
insulin induces vasodilation, increased blood flow and increased availability of substrates and
hormones for target tissues. Insulin resistance is associated with impaired endothelium-dependent
vasodilation and vascular function [19]. There is thus a reciprocal interaction between insulin resistance
and the defect in endothelial ◦NO production. The pathophysiological mechanisms linking these two
processes contribute to metabolic disorders and the cardiovascular features of the metabolic syndrome.
Moreover, insulin resistance states are associated with decreased availability of an important AA,
arginine, the substrate of eNOS for ◦NO synthesis.

5. Metabolic Disorders, Liver Steatosis, and Endoplasmic Reticulum Stress

Although insulin resistance may affect muscle function, it cannot by itself explain the defect in
muscle protein accretion associated with NAFLD and, more specifically, with the excessive consumption
of fructose. Therefore, another process must contribute to muscle protein loss. One explanation could be
excess DNL, the cause of steatosis, leading to hepatic oxidative stress, inflammation, and ER stress.

Under normal conditions, at the hepatic level, FFAs come from white adipose tissue (WAT)
lipolysis during the fasting period, from diet, and from DNL. FFAs will either be esterified into TG
and then exported to the blood as very-low-density lipoproteins (VLDL) or degraded by β-oxidation.
Pathological accumulation of lipids in the liver may result from the excessive entry of FFAs released by
insulin-resistant WAT, particularly visceral adipose tissue, excessive activation of DNL, and alterations
in β-oxidation and lipid excretion as VLDL. In NAFLD patients, approximately 60% of FFAs
come from lipolysis in WAT, nearly 25% result from DNL, and the remainder come from diet [28].
Nutritional factors, such as a diet rich in sucrose/fructose and lipids, and the disequilibrium of the
energy balance thus play a major role in the occurrence of this pathology.

Excessive sucrose or fructose consumption can significantly contribute to liver steatosis
and disease progression. Experimental studies repeatedly demonstrated that a high-sucrose or
high-fructose diet promotes subcutaneous and visceral obesity, insulin resistance, dyslipidemia,
increased blood uric acid, and hypertension [29]. Even moderate doses of fructose can induce
metabolic syndrome, fatty liver, and type 2 diabetes even in the absence of excess energy intake [30].
In humans, a high-fructose intake (>1.5 g/kg/day) can double the intrahepatic fat content within
six days [31]. Conversely, in a pilot study of 15 NAFLD patients, Volynets et al. [32] showed
that a dietary intervention focusing on a 50% reduction in fructose intake was associated with
decreased hepatic steatosis and improved liver function and glucose tolerance. This can be at least
in part explained by the specificities of fructose metabolism in the liver and the excessive activation
of DNL. Indeed, fructose is both a substrate and an activator of DNL through the activation of
carbohydrate-responsive element-binding protein (ChREBP) and sterol regulatory element-binding
protein 1c, two transcription factors controlling the main enzymes involved in DNL [33]. Excess DNL
causes oxidative stress in liver cells and is associated with the development of hepatic inflammation
and insulin resistance [34,35]. It also induces ER stress, which contributes to the aggravation of
NAFLD [34]. The superposition of ER stress and inflammation may lead to the production of various
mediators, such as cytokines, hepatokines, and carbohydrate and lipid derivatives, which can act at
the whole-body level and contribute to alterations in whole-body metabolism [36,37].
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With respect to muscle mass loss, studies [27,38,39] have shown that excessive consumption of
fructose or sucrose leads to changes in body composition with fat accumulation and alterations of muscle
protein pool. Interestingly, in a study of community-dwelling elderly subjects, Laclaustra et al. [40]
showed an association between added sugar consumption and the appearance of frailty. Several lines
of evidence indicate that sucrose-related alterations in liver metabolism, at least in part due to the
conversion of sucrose into lipids in the process of DNL, lead to changes in peripheral organ metabolism
and muscle protein accretion. This is illustrated by the comparison of mouse models of primary
steatosis, resulting from an increase in hepatic DNL, and secondary steatosis resulting from ectopic
lipid deposition, primary steatosis being associated with significantly lower lean body mass [41].

6. Hepatic Endoplasmic Reticulum Stress and Muscle Homeostasis

The question therefore arises about the mechanisms by which these alterations in liver homeostasis
may affect muscle protein metabolism.

6.1. Alterations of the GH/IGF-1 Axis

The bidirectional relationship between steatosis and insulin resistance has already been mentioned.
Steatosis is also associated with alterations of the GH/IGF-1 axis. While data on plasma GH are
inconsistent [42,43], studies agree on a decrease in plasma IGF-1 in NAFLD [42–44]. The liver being
the main organ contributing to plasma IGF-1 concentration, this suggests that NAFLD alters IGF-1
production. Runchey et al. [45] showed in 4172 adults who participated in the NHANES III that
the highest quartiles of IGF-1 and IGF-1/IGFBP-3 were associated with a lower likelihood and
grade of NAFLD. Note that in an exploratory study of healthy volunteers on a high-sucrose diet,
the authors observed an association between increased liver lipid content and decreased plasma
IGF-1 [46]. In a model of Western diet-induced NAFLD in mice, steatosis was associated with a 40%
decrease in IGF-1 hepatic expression [47]. This seems to be specific for liver steatosis, as suggested
by Chishima et al. [43] in a study of Japanese patients with NAFLD or Hepatitis C virus (HCV)
chronic liver disease where IGF-1 levels were decreased in patients with NAFLD but not with HCV.
Moreover, serum IGFBP-3 levels were also decreased, indicating a reduction in blood half-life of IGF-1.
Conversely, hepatic ER stress is associated with the stimulation of IGFBP1 secretion [48]. IGFBP1 is a
modulator of IGF-1 action and its overexpression is associated with hyperinsulinemia and glucose
intolerance [49]. Experimentally, hepatic steatosis-related alterations in GH/IGF-1 axis are associated
with a decrease in muscle myofibrillar protein content and a reduction in muscle strength in the
absence of significant inflammation [47].

6.2. Alterations of Amino Acid Interorgan Fluxes

Disorders of nitrogen homeostasis in situations of stimulated DNL may be an early event
during the development of steatosis [33]. In an experimental model of fructose-induced NAFLD
in rats, the prolonged administration of a fructose-rich diet was associated with a decrease in
lean body mass, an increase in visceral fat mass, and changes in AA plasma levels, notably in
arginine bioavailability. Conversely, an increase in AA availability enable to decrease DNL and
associated alterations in body composition [27]. In healthy volunteers, an essential AA supplement
reduced fructose-induced intrahepatic lipid accumulation [50]. Interestingly, based on their results
showing alterations in blood AA profile in non-diabetic NAFLD patients with or without obesity,
Gaggini et al. [51] concluded that the observed increase in AAs such as branched-chain and aromatic
AAs resulted from an increase in muscle proteolysis. Finally, in overweight hypertriglyceridemic
patients, fructose infusion was associated with altered AA plasma levels and increased splanchnic
extraction [33]. Similarly, postprandial AA availability was impaired in healthy volunteers receiving a
high-sucrose diet [46]. Taken together, these data suggest that excess hepatic DNL is associated with a
reorientation of AA fluxes towards the liver at the expense of muscle protein homeostasis.
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6.3. Hepatokines and Muscle Homeostasis

In situations of hepatic ER stress, induced for example by steatosis, an increased production of
some hepatokines and inflammatory cytokines has been demonstrated [52]. In cultured hepatocytes,
steatosis has been associated with changes in the secretion of approximately 30 hepatokines [53].
Some of these mediators may be involved in muscle loss through a direct effect or through the
deterioration of insulin sensitivity. For example:

(1) Fetuin A is a glycoprotein associated with alterations in glucose and lipid metabolism.
Both experimental and clinical studies showed increased hepatic expression and plasma levels
of Fetuin A during NAFLD. Studies in humans showed a close relationship between plasma
Fetuin A and the metabolic syndrome [54]. Its production by hepatocytes is strongly stimulated
by ER stress [55]. This protein produced primarily by the liver is an endogenous inhibitor
of the insulin receptor tyrosine kinase in skeletal muscle [56]. Fetuin A may also bind TLR4,
stimulating inflammatory pathways [52].

(2) Fibroblast growth factor 21 (FGF21) is a mediator produced primarily by the liver that contributes to
the regulation of energy metabolism and insulin sensitivity [57]. FGF21 is now recognized as a key
player in the adaptive response to starvation and feeding [58]. Fructose induces FGF21 production
by the activation of the transcription factor ChREBP [59]. ER stress modulates FGF21 expression in
the liver [60]. FGF21 is an intriguing hepatokine as it is generally considered as beneficial [59];
however, some data indicate either states of FGF21 resistance or deleterious effects, as suggested
by the very high FGF21 plasma levels observed in patients with insulin resistance [52]. In male
and female rats fed a high-fat high-fructose diet, FGF21 was increased only in males and this was
associated with marked liver damage, inflammation, and oxidative stress [61]. AA deprivation is
also a potent inducer of hepatic FGF21 production via ER stress response [62]; very high levels of
FGF21 could potentially alter nitrogen homeostasis in the context of NAFLD-associated muscle mass
loss. It should be noted that transgenic mice overexpressing FGF21 exhibit increased gluconeogenesis
in the fed state, and that acute treatment with FGF21 induces key enzymes in the gluconeogenic
pathway [62], suggesting an increased hepatic utilization of AAs.

(3) Hepassocin (HPS, hepatocyte-derived fibrinogen-related protein 1 [HFREP1], fibrinogen-like
protein 1 [FGL1]) is increased in NAFLD and induces insulin resistance in muscle [52]. Wu et al.
have shown in humans that increased plasma HPS is independently associated with insulin
resistance [63]. In primary hepatocytes or in vivo in mice, HPS expression is induced by ER stress.
In differentiated myotubes, depending on the dose, HPS activated the c-Jun N-terminal kinase
inflammatory pathway and altered insulin sensitivity [64]. In mice, hepatic HPS overexpression
induced insulin resistance, while its knockdown was associated with improved insulin sensitivity
in high-fat fed mice [63].

6.4. Hepatic Production of Catabolic Factors

Finally, carbohydrate metabolism may lead to the release by the liver of metabolites with
significant peripheral effects.

During normal glycolysis, small amounts of methylglyoxal (MG) may be released. MG is
produced by the fragmentation of the two products of aldolase B, namely glyceraldehyde-3-phosphate
and dihydroxyacetone phosphate. MG is a powerful glycating agent leading to the generation of
AGEs. Under normal conditions, its formation rate represents 0.1–0.4% of glycolytic flux [65], but the
acceleration of glycolytic flux by fructose greatly increases MG formation. MG induces endothelial
dysfunction [66]. Dhar et al. [67] showed an increase in MG formation associated with hypertension in
fructose-fed rats. By acting on vascular function, MG may therefore contribute to a decrease in the
peripheral availability of anabolic hormones and AAs.

A high-fructose intake results in an increased plasma uric acid level [39,68]. First, uric acid can
contribute to fructose-induced metabolic disorders by impairing endothelial function, thereby decreasing
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insulin sensitivity by preventing insulin-induced muscle vasodilation. In addition, Zhu et al. [69]
recently showed in mice that uric acid inhibits insulin signaling in muscle and induces insulin resistance.
This effect may be related to uric acid-induced oxidative stress. In a study of severely obese subjects,
Fabbrini et al. [70] observed a 40% decrease in insulin sensitivity in those with increased plasma uric
acid. In an analysis of data from 7544 subjects who participated in the NHANES III, Beavers et al. [71]
showed an association between increased blood uric acid levels and low muscle mass.

7. Conclusions

Chronic liver diseases contribute to alterations in muscle protein homeostasis, already at the stage
of hepatic steatosis. While this review is limited to alterations in the liver–muscle axis, the situation is
probably even more complex because NAFLD can be considered as a systemic disease affecting not only
the liver and muscles, but also the gut and adipose tissue. High-fat and high-fructose diets, which promote
the development of NAFLD, are associated with alterations in gut microbiota, increased gut
permeability, and bacterial toxin translocation that can affect muscle homeostasis through systemic
inflammation and insulin resistance [72]. Similarly, excessive sucrose consumption is associated with
an increase in visceral adipose tissue in which has a higher production of pro-inflammatory factors
and metabolic alterations than subcutaneous adipose tissue [26]. Muscle mass and function can be
influenced by this adipose tissue dysfunction. The difficulty now becomes to establish the respective
contribution of these different mechanisms in order to better define therapeutic targets.
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AA amino acid
AGE advanced glycation end products
ChREBP carbohydrate-responsive element-binding protein
DNL de novo lipogenesis
eNOS endothelial ◦NO synthase
ER endoplasmic reticulum
FFA free fatty acid
FGF21 fibroblast growth factor 21
GGT gamma-glutamyl transferase
GH growth hormone
HCV Hepatitis C virus
HPS hepassocin
IGF insulin-like growth factor
IGFBP IGF binding protein
KNHANES Korean National Health and Nutrition Examination Surveys
MG methylglyoxal
NAFLD nonalcoholic fatty liver disease
NASH nonalcoholic steatohepatitis
NHANES national health and nutrition examination survey
◦NO nitric oxide
TG triglycerides
TLR4 toll-like receptor 4
VLDL very-low-density lipoprotein
WAT white adipose tissue



Nutrients 2018, 10, 1195 8 of 11

References

1. Bhanji, R.A.; Narayanan, P.; Allen, A.M.; Malhi, H.; Watt, K.D. Sarcopenia in hiding: The risk and consequence
of underestimating muscle dysfunction in nonalcoholic steatohepatitis. Hepatol. Baltim. Md. 2017, 66, 2055–2065.
[CrossRef] [PubMed]

2. Anand, A.C. Nutrition and muscle in cirrhosis. J. Clin. Exp. Hepatol. 2017, 7, 340–357. [CrossRef] [PubMed]
3. Cederholm, T.; Barazzoni, R.; Austin, P.; Ballmer, P.; Biolo, G.; Bischoff, S.C.; Compher, C.; Correia, I.;

Higashiguchi, T.; Holst, M.; et al. ESPEN guidelines on definitions and terminology of clinical nutrition.
Clin. Nutr. 2017, 36, 49–64. [CrossRef] [PubMed]

4. Kim, G.; Kang, S.H.; Kim, M.Y.; Baik, S.K. Prognostic value of sarcopenia in patients with liver cirrhosis:
A systematic review and meta-analysis. PLoS ONE 2017, 12, e0186990. [CrossRef] [PubMed]

5. Van Vugt, J.L.A.; Levolger, S.; de Bruin, R.W.F.; van Rosmalen, J.; Metselaar, H.J.; IJzermans, J.N.M.
Systematic review and meta-analysis of the impact of computed tomography-assessed skeletal muscle
mass on outcome in patients awaiting or undergoing liver transplantation. Am. J. Transplant. 2016, 16,
2277–2292. [CrossRef] [PubMed]

6. Lucidi, C.; Lattanzi, B.; Di Gregorio, V.; Incicco, S.; D’Ambrosio, D.; Venditti, M.; Riggio, O.; Merli, M. A low
muscle mass increases mortality in compensated cirrhotic patients with sepsis. Liver Int. 2018, 38, 851–857.
[CrossRef] [PubMed]

7. Montano-Loza, A.J.; Duarte-Rojo, A.; Meza-Junco, J.; Baracos, V.E.; Sawyer, M.B.; Pang, J.X.Q.; Beaumont, C.;
Esfandiari, N.; Myers, R.P. Inclusion of sarcopenia within MELD (MELD-Sarcopenia) and the prediction of
mortality in patients with cirrhosis. Clin. Transl. Gastroenterol. 2015, 6, e102. [CrossRef] [PubMed]

8. Lee, Y.; Kim, S.U.; Song, K.; Park, J.Y.; Kim, D.Y.; Ahn, S.H.; Lee, B.W.; Kang, E.S.; Cha, B.S.; Han, K.H.
Sarcopenia is associated with significant liver fibrosis independently of obesity and insulin resistance in
nonalcoholic fatty liver disease: Nationwide surveys (KNHANES 2008–2011). Hepatology 2016, 63, 776–786.
[CrossRef] [PubMed]

9. Hong, N.; Lee, E.Y.; Kim, C.O. Gamma-glutamyl transferase is associated with sarcopenia and sarcopenic
obesity in community-dwelling older adults: Results from the Fifth Korea National Health and Nutrition
Examination Survey, 2010-2011. Endocr. J. 2015, 62, 585–592. [CrossRef] [PubMed]

10. Kim, G.; Lee, S.E.; Lee, Y.B.; Jun, J.E.; Ahn, J.; Bae, J.C.; Jin, S.M.; Hur, K.Y.; Jee, J.H.; Lee, M.K.; et al.
Relationship between relative skeletal muscle mass and non-alcoholic fatty liver disease: A 7-year longitudinal
study. Hepatology 2018. [CrossRef] [PubMed]

11. Koo, B.K.; Kim, D.; Joo, S.K.; Kim, J.H.; Chang, M.S.; Kim, B.G.; Lee, K.L.; Kim, W. Sarcopenia is an
independent risk factor for non-alcoholic steatohepatitis and significant fibrosis. J. Hepatol. 2017, 66, 123–131.
[CrossRef] [PubMed]

12. Petta, S.; Ciminnisi, S.; Di Marco, V.; Cabibi, D.; Cammà, C.; Licata, A.; Marchesini, G.; Craxi, A. Sarcopenia is
associated with severe liver fibrosis in patients with non-alcoholic fatty liver disease. Aliment. Pharmacol. Ther.
2017, 45, 510–518. [CrossRef] [PubMed]

13. Rossi, P.; Marzani, B.; Giardina, S.; Negro, M.; Marzatico, F. Human skeletal muscle aging and the oxidative
system: Cellular events. Curr. Aging Sci. 2008, 1, 182–191. [CrossRef] [PubMed]

14. Flannery, C.; Dufour, S.; Rabøl, R.; Shulman, G.I.; Petersen, K.F. Skeletal muscle insulin resistance promotes
increased hepatic de novo lipogenesis, hyperlipidemia, and hepatic steatosis in the elderly. Diabetes 2012, 61,
2711–2717. [CrossRef] [PubMed]

15. Hong, H.C.; Hwang, S.Y.; Choi, H.Y.; Yoo, H.J.; Seo, J.A.; Kim, S.G.; Kim, N.H.; Baik, S.H.; Choi, D.S.;
Choi, K.M. Relationship between sarcopenia and nonalcoholic fatty liver disease: The Korean Sarcopenic
Obesity Study. Hepatology 2014, 59, 1772–1778. [CrossRef] [PubMed]

16. De Bandt, J.P. Leucine and mammalian target of rapamycin-dependent activation of muscle protein synthesis
in aging. J. Nutr. 2016, 146, 2616S–2624S. [CrossRef] [PubMed]

17. Boucher, J.; Kleinridders, A.; Kahn, C.R. Insulin receptor signaling in normal and insulin-resistant states.
Cold Spring Harb. Perspect. Biol. 2014, 6, a009191. [CrossRef] [PubMed]

18. Gryson, C.; Walrand, S.; Giraudet, C.; Rousset, P.; Migné, C.; Bonhomme, C.; Ruyet, P.L.; Boirie, Y. “Fast
proteins” with a unique essential amino acid content as an optimal nutrition in the elderly: Growing evidence.
Clin. Nutr. 2014, 33, 642–648. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/hep.29420
http://www.ncbi.nlm.nih.gov/pubmed/28777879
http://dx.doi.org/10.1016/j.jceh.2017.11.001
http://www.ncbi.nlm.nih.gov/pubmed/29234200
http://dx.doi.org/10.1016/j.clnu.2016.09.004
http://www.ncbi.nlm.nih.gov/pubmed/27642056
http://dx.doi.org/10.1371/journal.pone.0186990
http://www.ncbi.nlm.nih.gov/pubmed/29065187
http://dx.doi.org/10.1111/ajt.13732
http://www.ncbi.nlm.nih.gov/pubmed/26813115
http://dx.doi.org/10.1111/liv.13691
http://www.ncbi.nlm.nih.gov/pubmed/29323441
http://dx.doi.org/10.1038/ctg.2015.31
http://www.ncbi.nlm.nih.gov/pubmed/26181291
http://dx.doi.org/10.1002/hep.28376
http://www.ncbi.nlm.nih.gov/pubmed/26638128
http://dx.doi.org/10.1507/endocrj.EJ15-0119
http://www.ncbi.nlm.nih.gov/pubmed/25913781
http://dx.doi.org/10.1002/hep.30049
http://www.ncbi.nlm.nih.gov/pubmed/29679374
http://dx.doi.org/10.1016/j.jhep.2016.08.019
http://www.ncbi.nlm.nih.gov/pubmed/27599824
http://dx.doi.org/10.1111/apt.13889
http://www.ncbi.nlm.nih.gov/pubmed/28028821
http://dx.doi.org/10.2174/1874609810801030182
http://www.ncbi.nlm.nih.gov/pubmed/20021391
http://dx.doi.org/10.2337/db12-0206
http://www.ncbi.nlm.nih.gov/pubmed/22829450
http://dx.doi.org/10.1002/hep.26716
http://www.ncbi.nlm.nih.gov/pubmed/23996808
http://dx.doi.org/10.3945/jn.116.234518
http://www.ncbi.nlm.nih.gov/pubmed/27934653
http://dx.doi.org/10.1101/cshperspect.a009191
http://www.ncbi.nlm.nih.gov/pubmed/24384568
http://dx.doi.org/10.1016/j.clnu.2013.09.004
http://www.ncbi.nlm.nih.gov/pubmed/24090685


Nutrients 2018, 10, 1195 9 of 11

19. Muniyappa, R.; Quon, M.J. Insulin action and insulin resistance in vascular endothelium. Curr. Opin. Clin.
Nutr. Metab. Care 2007, 10, 523–530. [CrossRef] [PubMed]

20. Song, Y.H.; Song, J.L.; Delafontaine, P.; Godard, M.P. The therapeutic potential of IGF-I in skeletal muscle
repair. Trends Endocrinol. Metab. 2013, 24, 310–319. [CrossRef] [PubMed]

21. Short, K.R.; Irving, B.A.; Basu, A.; Johnson, C.M.; Nair, K.S.; Basu, R. Effects of type 2 diabetes and insulin
on whole-body, splanchnic, and leg protein metabolism. J. Clin. Endocrinol. Metab. 2012, 97, 4733–4741.
[CrossRef] [PubMed]

22. Masgrau, A.; Mishellany-Dutour, A.; Murakami, H.; Beaufrère, A.M.; Walrand, S.; Giraudet, C.; Migne, C.;
Gerbaix, M.; Metz, L.; Courteix, D.; et al. Time-course changes of muscle protein synthesis associated with
obesity-induced lipotoxicity. J. Physiol. 2012, 590, 5199–5210. [CrossRef] [PubMed]

23. Shen, H.; Eguchi, K.; Kono, N.; Fujiu, K.; Matsumoto, S.; Shibata, M.; Oishi-Tanaka, Y.; Komuro, I.; Arai, H.;
Nagai, R.; et al. Saturated fatty acid palmitate aggravates neointima formation by promoting smooth muscle
phenotypic modulation. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 2596–2607. [CrossRef] [PubMed]

24. Ibrahim, Z.A.; Armour, C.L.; Phipps, S.; Sukkar, M.B. RAGE and TLRs: Relatives, friends or neighbours?
Mol. Immunol. 2013, 56, 739–744. [CrossRef] [PubMed]

25. Howard, A.C.; McNeil, A.K.; Xiong, F.; Xiong, W.C.; McNeil, P.L. A novel cellular defect in diabetes:
Membrane repair failure. Diabetes 2011, 60, 3034–3043. [CrossRef] [PubMed]

26. Trayhurn, P. Hypoxia and adipocyte physiology: Implications for adipose tissue dysfunction in obesity.
Annu. Rev. Nutr. 2014, 34, 207–236. [CrossRef] [PubMed]

27. Jegatheesan, P.; Beutheu, S.; Ventura, G.; Nubret, E.; Sarfati, G.; Bergheim, I.; De Bandt, J.P. Citrulline and
nonessential amino acids prevent fructose-induced nonalcoholic fatty liver disease in rats. J. Nutr. 2015, 145,
2273–2279. [CrossRef] [PubMed]

28. Fuchs, C.D.; Claudel, T.; Trauner, M. Role of metabolic lipases and lipolytic metabolites in the pathogenesis
of NAFLD. Trends Endocrinol. Metab. 2014, 25, 576–585. [CrossRef] [PubMed]

29. Bizeau, M.E.; Pagliassotti, M.J. Hepatic adaptations to sucrose and fructose. Metabolism 2005, 54, 1189–1201.
[CrossRef] [PubMed]

30. Roncal-Jimenez, C.A.; Lanaspa, M.A.; Rivard, C.J.; Nakagawa, T.; Sanchez-Lozada, L.G.; Jalal, D.;
Andres-Hernando, A.; Tanabe, K.; Madero, M.; Li, N.; et al. Sucrose induces fatty liver and pancreatic
inflammation in male breeder rats independent of excess energy intake. Metabolism 2011, 60, 1259–1270.
[CrossRef] [PubMed]

31. Lecoultre, V.; Egli, L.; Carrel, G.; Theytaz, F.; Kreis, R.; Schneiter, P.; Boss, A.; Zwygart, K.; Le, K.A.;
Bortolotti, M.; et al. Effects of fructose and glucose overfeeding on hepatic insulin sensitivity and intrahepatic
lipids in healthy humans. Obesity 2013, 21, 782–785. [CrossRef] [PubMed]

32. Volynets, V.; Machann, J.; Küper, M.A.; Maier, I.B.; Spruss, A.; Königsrainer, A.; Bischoff, S.C.; Bergheim, I.
A moderate weight reduction through dietary intervention decreases hepatic fat content in patients with
non-alcoholic fatty liver disease (NAFLD): A pilot study. Eur. J. Nutr. 2013, 52, 527–535. [CrossRef] [PubMed]

33. Jegatheesan, P.; De Bandt, J.P. Fructose and NAFLD: The multifaceted aspects of fructose metabolism.
Nutrients 2017, 9, E230. [CrossRef] [PubMed]

34. Malhi, H.; Kaufman, R.J. Endoplasmic reticulum stress in liver disease. J. Hepatol. 2011, 54, 795–809.
[CrossRef] [PubMed]

35. Collison, K.S.; Saleh, S.M.; Bakheet, R.H.; Al-Rabiah, R.K.; Inglis, A.L.; Makhoul, N.J.; Maqbool, Z.M.;
Zaidi, M.Z.; AI-Johi, M.A.; AI-Mohanna, F.A. Diabetes of the liver: The link between nonalcoholic fatty liver
disease and HFCS-55. Obesity 2009, 17, 2003–2013. [CrossRef] [PubMed]

36. Stefan, N.; Häring, H.U. The role of hepatokines in metabolism. Nat. Rev. Endocrinol. 2013, 9, 144–152. [CrossRef]
[PubMed]

37. Jung, T.W.; Lee, S.Y.; Hong, H.C.; Choi, H.Y.; Yoo, H.J.; Baik, S.H.; Choi, K.M. AMPK activator-mediated
inhibition of endoplasmic reticulum stress ameliorates carrageenan-induced insulin resistance through the
suppression of selenoprotein P in HepG2 hepatocytes. Mol. Cell. Endocrinol. 2014, 382, 66–73. [CrossRef]
[PubMed]

38. Gatineau, E.; Savary-Auzeloux, I.; Migné, C.; Polakof, S.; Dardevet, D.; Mosoni, L. Chronic intake of sucrose
accelerates sarcopenia in older male rats through alterations in insulin sensitivity and muscle protein
synthesis. J. Nutr. 2015, 145, 923–930. [CrossRef] [PubMed]

http://dx.doi.org/10.1097/MCO.0b013e32819f8ecd
http://www.ncbi.nlm.nih.gov/pubmed/17563474
http://dx.doi.org/10.1016/j.tem.2013.03.004
http://www.ncbi.nlm.nih.gov/pubmed/23628587
http://dx.doi.org/10.1210/jc.2012-2533
http://www.ncbi.nlm.nih.gov/pubmed/23032060
http://dx.doi.org/10.1113/jphysiol.2012.238576
http://www.ncbi.nlm.nih.gov/pubmed/22802586
http://dx.doi.org/10.1161/ATVBAHA.113.302099
http://www.ncbi.nlm.nih.gov/pubmed/23968977
http://dx.doi.org/10.1016/j.molimm.2013.07.008
http://www.ncbi.nlm.nih.gov/pubmed/23954397
http://dx.doi.org/10.2337/db11-0851
http://www.ncbi.nlm.nih.gov/pubmed/21940783
http://dx.doi.org/10.1146/annurev-nutr-071812-161156
http://www.ncbi.nlm.nih.gov/pubmed/24819450
http://dx.doi.org/10.3945/jn.115.218982
http://www.ncbi.nlm.nih.gov/pubmed/26246323
http://dx.doi.org/10.1016/j.tem.2014.08.001
http://www.ncbi.nlm.nih.gov/pubmed/25183341
http://dx.doi.org/10.1016/j.metabol.2005.04.004
http://www.ncbi.nlm.nih.gov/pubmed/16125531
http://dx.doi.org/10.1016/j.metabol.2011.01.008
http://www.ncbi.nlm.nih.gov/pubmed/21489572
http://dx.doi.org/10.1002/oby.20377
http://www.ncbi.nlm.nih.gov/pubmed/23512506
http://dx.doi.org/10.1007/s00394-012-0355-z
http://www.ncbi.nlm.nih.gov/pubmed/22543623
http://dx.doi.org/10.3390/nu9030230
http://www.ncbi.nlm.nih.gov/pubmed/28273805
http://dx.doi.org/10.1016/j.jhep.2010.11.005
http://www.ncbi.nlm.nih.gov/pubmed/21145844
http://dx.doi.org/10.1038/oby.2009.58
http://www.ncbi.nlm.nih.gov/pubmed/19282820
http://dx.doi.org/10.1038/nrendo.2012.258
http://www.ncbi.nlm.nih.gov/pubmed/23337953
http://dx.doi.org/10.1016/j.mce.2013.09.013
http://www.ncbi.nlm.nih.gov/pubmed/24055274
http://dx.doi.org/10.3945/jn.114.205583
http://www.ncbi.nlm.nih.gov/pubmed/25809681


Nutrients 2018, 10, 1195 10 of 11

39. Stanhope, K.L.; Schwarz, J.M.; Keim, N.L.; Griffen, S.C.; Bremer, A.A.; Graham, J.L.; et al. Consuming
fructose-sweetened, not glucose-sweetened, beverages increases visceral adiposity and lipids and decreases
insulin sensitivity in overweight/obese humans. J. Clin. Investig. 2009, 119, 1322–1334. [CrossRef] [PubMed]

40. Laclaustra, M.; Rodriguez-Artalejo, F.; Guallar-Castillon, P.; Banegas, J.R.; Graciani, A.; Garcia-Esquinas, E.;
Ordovas, J.; Lopez-Garcia, E. Prospective association between added sugars and frailty in older adults. Am. J.
Clin. Nutr. 2018, 107, 772–779. [CrossRef] [PubMed]

41. Jelenik, T.; Kaul, K.; Séquaris, G.; Flögel, U.; Phielix, E.; Kotzka, J.; Knebel, B.; Fahlbusch, P.; Horbelt, T.;
Lehr, S.; et al. Mechanisms of insulin resistance in primary and secondary nonalcoholic fatty liver. Diabetes
2017, 66, 2241–2253. [CrossRef] [PubMed]

42. Koehler, E.; Swain, J.; Sanderson, S.; Krishnan, A.; Watt, K.; Charlton, M. Growth hormone,
dehydroepiandrosterone and adiponectin levels in non-alcoholic steatohepatitis: An endocrine signature for
advanced fibrosis in obese patients. Liver Int. 2012, 32, 279–286. [CrossRef] [PubMed]

43. Chishima, S.; Kogiso, T.; Matsushita, N.; Hashimoto, E.; Tokushige, K. The relationship between the growth
hormone/insulin-like growth factor system and the histological features of nonalcoholic fatty liver disease.
Intern. Med. 2017, 56, 473–480. [CrossRef] [PubMed]

44. Poggiogalle, E.; Lubrano, C.; Gnessi, L.; Mariani, S.; Lenzi, A.; Donini, L.M. Fatty liver index associates
with relative sarcopenia and GH/ IGF-1 status in obese subjects. PLoS ONE 2016, 11, e0145811. [CrossRef]
[PubMed]

45. Runchey, S.S.; Boyko, E.J.; Ioannou, G.N.; Utzschneider, K.M. Relationship between serum circulating
insulin-like growth factor-1 and liver fat in the United States. J. Gastroenterol. Hepatol. 2014, 29, 589–596.
[CrossRef] [PubMed]

46. Jegatheesan, P.; Surowska, A.; Campos, V.; Cros, J.; Stefanoni, N.; Rey, V.; Schneiter, P.; De Bandt, J.P.; Tappy, L.
Dietary protein content modulates the amino-acid and IGF1 responses to sucrose overfeeding in humans.
Clin. Nutr. 2017, 36, S285–S286. [CrossRef]

47. Cabrera, D.; Ruiz, A.; Cabello-Verrugio, C.; Brandan, E.; Estrada, L.; Pizarro, M.; Solis, N.; Torres, J.; Barrera, F.;
Arrese, M. Diet-induced nonalcoholic fatty liver disease is associated with sarcopenia and decreased serum
insulin-like growth factor-1. Dig. Dis. Sci. 2016, 61, 3190–3198. [CrossRef] [PubMed]

48. Marchand, A.; Tomkiewicz, C.; Magne, L.; Barouki, R.; Garlatti, M. Endoplasmic reticulum stress induction of
insulin-like growth factor-binding protein-1 involves ATF4. J. Biol. Chem. 2006, 281, 19124–19133. [CrossRef]
[PubMed]

49. Crossey, P.A.; Jones, J.S.; Miell, J.P. Dysregulation of the insulin/IGF binding protein-1 axis in transgenic
mice is associated with hyperinsulinemia and glucose intolerance. Diabetes 2000, 49, 457–465. [CrossRef]
[PubMed]

50. Theytaz, F.; Noguchi, Y.; Egli, L.; Campos, V.; Buehler, T.; Hodson, L.; Patterson, B.W.; Nishikata, N.;
Kreis, R.; Mittendorfer, B.; et al. Effects of supplementation with essential amino acids on intrahepatic lipid
concentrations during fructose overfeeding in humans. Am. J. Clin. Nutr. 2012, 96, 1008–1016. [CrossRef]
[PubMed]

51. Gaggini, M.; Carli, F.; Rosso, C.; Buzzigoli, E.; Marietti, M.; Della Latta, V.; Ciociaro, D.; Abate, M.L.;
Gambino, R.; Cassader, M.; et al. Altered amino acid concentrations in NAFLD: Impact of obesity and insulin
resistance. Hepatology 2018, 67, 145–158. [CrossRef] [PubMed]

52. Meex, R.C.R.; Watt, M.J. Hepatokines: Linking nonalcoholic fatty liver disease and insulin resistance. Nat. Rev.
Endocrinol. 2017, 13, 509–520. [CrossRef] [PubMed]

53. Meex, R.C.; Hoy, A.J.; Morris, A.; Brown, R.D.; Lo, J.C.Y.; Burke, M.; Goode, R.J.A.; Kingwell, B.A.;
Kraakman, M.J.; Febbraio, M.A.; et al. Fetuin B is a secreted hepatocyte factor linking steatosis to impaired
glucose metabolism. Cell. Metab. 2015, 22, 1078–1089. [CrossRef] [PubMed]

54. Musso, G.; Paschetta, E.; Gambino, R.; Cassader, M.; Molinaro, F. Interactions among bone, liver, and adipose
tissue predisposing to diabesity and fatty liver. Trends Mol. Med. 2013, 19, 522–535. [CrossRef] [PubMed]

55. Ou, H.Y.; Wu, H.T.; Hung, H.C.; Yang, Y.C.; Wu, J.S.; Chang, C.J. Endoplasmic reticulum stress induces
the expression of fetuin-A to develop insulin resistance. Endocrinology 2012, 153, 2974–2984. [CrossRef]
[PubMed]

56. Srinivas, P.R.; Wagner, A.S.; Reddy, L.V.; Deutsch, D.D.; Leon, M.A.; Goustin, A.S.; Grunberger, G.
Serum alpha 2-HS-glycoprotein is an inhibitor of the human insulin receptor at the tyrosine kinase level.
Mol. Endocrinol. 1993, 7, 1445–1455. [PubMed]

http://dx.doi.org/10.1172/JCI37385
http://www.ncbi.nlm.nih.gov/pubmed/19381015
http://dx.doi.org/10.1093/ajcn/nqy028
http://www.ncbi.nlm.nih.gov/pubmed/29635421
http://dx.doi.org/10.2337/db16-1147
http://www.ncbi.nlm.nih.gov/pubmed/28490610
http://dx.doi.org/10.1111/j.1478-3231.2011.02637.x
http://www.ncbi.nlm.nih.gov/pubmed/22098614
http://dx.doi.org/10.2169/internalmedicine.56.7626
http://www.ncbi.nlm.nih.gov/pubmed/28250290
http://dx.doi.org/10.1371/journal.pone.0145811
http://www.ncbi.nlm.nih.gov/pubmed/26741958
http://dx.doi.org/10.1111/jgh.12437
http://www.ncbi.nlm.nih.gov/pubmed/24716226
http://dx.doi.org/10.1016/S0261-5614(17)30798-7
http://dx.doi.org/10.1007/s10620-016-4285-0
http://www.ncbi.nlm.nih.gov/pubmed/27572941
http://dx.doi.org/10.1074/jbc.M602157200
http://www.ncbi.nlm.nih.gov/pubmed/16687408
http://dx.doi.org/10.2337/diabetes.49.3.457
http://www.ncbi.nlm.nih.gov/pubmed/10868969
http://dx.doi.org/10.3945/ajcn.112.035139
http://www.ncbi.nlm.nih.gov/pubmed/23034968
http://dx.doi.org/10.1002/hep.29465
http://www.ncbi.nlm.nih.gov/pubmed/28802074
http://dx.doi.org/10.1038/nrendo.2017.56
http://www.ncbi.nlm.nih.gov/pubmed/28621339
http://dx.doi.org/10.1016/j.cmet.2015.09.023
http://www.ncbi.nlm.nih.gov/pubmed/26603189
http://dx.doi.org/10.1016/j.molmed.2013.05.006
http://www.ncbi.nlm.nih.gov/pubmed/23816817
http://dx.doi.org/10.1210/en.2011-2043
http://www.ncbi.nlm.nih.gov/pubmed/22619360
http://www.ncbi.nlm.nih.gov/pubmed/7906861


Nutrients 2018, 10, 1195 11 of 11

57. Liu, J.; Xu, Y.; Hu, Y.; Wang, G. The role of fibroblast growth factor 21 in the pathogenesis of non-alcoholic
fatty liver disease and implications for therapy. Metabolism 2015, 64, 380–390. [CrossRef] [PubMed]

58. Hong, S.H.; Ahmadian, M.; Yu, R.T.; Atkins, A.R.; Downes, M.; Evans, R.M. Nuclear receptors and
metabolism: From feast to famine. Diabetologia 2014, 57, 860–867. [CrossRef] [PubMed]

59. Abdul-Wahed, A.; Guilmeau, S.; Postic, C. Sweet sixteenth for ChREBP: Established roles and future goals.
Cell. Metab. 2017, 26, 324–341. [CrossRef] [PubMed]

60. Jiang, S.; Yan, C.; Fang, Q.; Shao, M.; Zhang, Y.; Liu, Y.; Deng, Y.; Shan, B.; Liu, J.; Li, H.; et al. Fibroblast
growth factor 21 is regulated by the IRE1α-XBP1 branch of the unfolded protein response and counteracts
endoplasmic reticulum stress-induced hepatic steatosis. J. Biol. Chem. 2014, 289, 29751–29765. [CrossRef]
[PubMed]

61. Chukijrungroat, N.; Khamphaya, T.; Weerachayaphorn, J.; Songserm, T.; Saengsirisuwan, V. Hepatic FGF21
mediates sex differences in high-fat high-fructose diet-induced fatty liver. Am. J. Physiol. Endocrinol. Metab.
2017, 313, E203–E212. [CrossRef] [PubMed]

62. Staiger, H.; Keuper, M.; Berti, L.; Hrabe de Angelis, M.; Häring, H.U. Fibroblast Growth Factor 21-Metabolic
role in mice and men. Endocr. Rev. 2017, 38, 468–488. [CrossRef] [PubMed]

63. Wu, H.T.; Ou, H.Y.; Hung, H.C.; Su, Y.C.; Lu, F.H.; Wu, J.S.; Yang, Y.C.; Wu, C.L.; Chang, C.J. A novel
hepatokine, HFREP1, plays a crucial role in the development of insulin resistance and type 2 diabetes.
Diabetologia 2016, 59, 1732–1742. [CrossRef] [PubMed]

64. Jung, T.W.; Chung, Y.H.; Kim, H.C.; Abd El-Aty, A.M.; Jeong, J.H. Hyperlipidemia-induced hepassocin in the
liver contributes to insulin resistance in skeletal muscle. Mol. Cell. Endocrinol. 2018, 470, 26–33. [CrossRef]
[PubMed]

65. Allaman, I.; Bélanger, M.; Magistretti, P.J. Methylglyoxal, the dark side of glycolysis. Front. Neurosci. 2015, 9,
23. [CrossRef] [PubMed]

66. Dhar, I.; Dhar, A.; Wu, L.; Desai, K. Arginine attenuates methylglyoxal- and high glucose-induced
endothelial dysfunction and oxidative stress by an endothelial nitric-oxide synthase-independent mechanism.
J. Pharmacol. Exp. Ther. 2012, 342, 196–204. [CrossRef] [PubMed]

67. Dhar, I.; Dhar, A.; Wu, L.; Desai, K.M. Increased methylglyoxal formation with upregulation of renin
angiotensin system in fructose fed Sprague Dawley rats. PLoS ONE 2013, 8, e74212. [CrossRef] [PubMed]

68. Abdelmalek, M.F.; Lazo, M.; Horska, A.; Bonekamp, S.; Lipkin, E.W.; Balasubramanyam, A.; Bantle, J.P.;
Johnson, R.J.; Diehl, A.M.; Clark, J.M.; et al. Higher dietary fructose is associated with impaired hepatic
adenosine triphosphate homeostasis in obese individuals with type 2 diabetes. Hepatology 2012, 56, 952–960.
[CrossRef] [PubMed]

69. Zhu, Y.; Hu, Y.; Huang, T.; Zhang, Y.; Li, Z.; Luo, C.; Luo, Y.; Yuan, H.; Hisatome, I.; Yamamoto, T.; et al.
High uric acid directly inhibits insulin signalling and induces insulin resistance. Biochem. Biophys. Res. Commun.
2014, 447, 707–714. [CrossRef] [PubMed]

70. Fabbrini, E.; Serafini, M.; Colic Baric, I.; Hazen, S.L.; Klein, S. Effect of plasma uric acid on antioxidant
capacity, oxidative stress, and insulin sensitivity in obese subjects. Diabetes 2014, 63, 976–981. [CrossRef]
[PubMed]

71. Beavers, K.M.; Beavers, D.P.; Serra, M.C.; Bowden, R.G.; Wilson, R.L. Low relative skeletal muscle mass
indicative of sarcopenia is associated with elevations in serum uric acid levels: Findings from NHANES III.
J. Nutr. Health Aging 2009, 13, 177–182. [CrossRef] [PubMed]

72. Ticinesi, A.; Lauretani, F.; Milani, C.; Nouvenne, A.; Tana, C.; Del Rio, D.; Maggio, M.; Ventura, M.; Meschi, T.
Aging gut microbiota at the cross-road between nutrition, physical frailty, and sarcopenia: Is there a
gut-muscle axis? Nutrients 2017, 9, 1303. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.metabol.2014.11.009
http://www.ncbi.nlm.nih.gov/pubmed/25516477
http://dx.doi.org/10.1007/s00125-014-3209-9
http://www.ncbi.nlm.nih.gov/pubmed/24619218
http://dx.doi.org/10.1016/j.cmet.2017.07.004
http://www.ncbi.nlm.nih.gov/pubmed/28768172
http://dx.doi.org/10.1074/jbc.M114.565960
http://www.ncbi.nlm.nih.gov/pubmed/25170079
http://dx.doi.org/10.1152/ajpendo.00076.2017
http://www.ncbi.nlm.nih.gov/pubmed/28559436
http://dx.doi.org/10.1210/er.2017-00016
http://www.ncbi.nlm.nih.gov/pubmed/28938407
http://dx.doi.org/10.1007/s00125-016-3991-7
http://www.ncbi.nlm.nih.gov/pubmed/27221093
http://dx.doi.org/10.1016/j.mce.2017.10.014
http://www.ncbi.nlm.nih.gov/pubmed/29111387
http://dx.doi.org/10.3389/fnins.2015.00023
http://www.ncbi.nlm.nih.gov/pubmed/25709564
http://dx.doi.org/10.1124/jpet.112.192112
http://www.ncbi.nlm.nih.gov/pubmed/22518022
http://dx.doi.org/10.1371/journal.pone.0074212
http://www.ncbi.nlm.nih.gov/pubmed/24040205
http://dx.doi.org/10.1002/hep.25741
http://www.ncbi.nlm.nih.gov/pubmed/22467259
http://dx.doi.org/10.1016/j.bbrc.2014.04.080
http://www.ncbi.nlm.nih.gov/pubmed/24769205
http://dx.doi.org/10.2337/db13-1396
http://www.ncbi.nlm.nih.gov/pubmed/24353177
http://dx.doi.org/10.1007/s12603-009-0054-5
http://www.ncbi.nlm.nih.gov/pubmed/19262948
http://dx.doi.org/10.3390/nu9121303
http://www.ncbi.nlm.nih.gov/pubmed/29189738
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Muscle Loss in Chronic Liver Diseases 
	Muscle Protein Homeostasis 
	Insulin Resistance and Muscle Homeostasis 
	Metabolic Disorders, Liver Steatosis, and Endoplasmic Reticulum Stress 
	Hepatic Endoplasmic Reticulum Stress and Muscle Homeostasis 
	Alterations of the GH/IGF-1 Axis 
	Alterations of Amino Acid Interorgan Fluxes 
	Hepatokines and Muscle Homeostasis 
	Hepatic Production of Catabolic Factors 

	Conclusions 
	References

