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Abstract: Excess fat deposition and insulin resistance are considered the main risk factors 

for nonalcoholic fatty liver disease (NAFLD), and therefore, not surprisingly, the global 

prevalence of NAFLD increases in parallel with both obesity and type 2 diabetes. Although 

deterioration of bone homeostasis in patients with NAFLD is commonly observed, its etiology 

has not been fully elucidated yet. It was shown in several studies that bone tissue seems to be 

independently associated with NAFLD. A mechanistic perspective puts the liver at the center 

of mutual interdependencies obviously involving adipose tissue and muscles and also the bone 

matrix and bone cells, which are relatively novel. In this review, various pathophysiological 

mechanisms and possible mediating molecules that may interplay between NAFLD and bone 

tissue are described. Chronic inflammation, vitamin D3, growth hormone, insulin-like growth 

factor 1, osteopontin, fetuin-A, irisin, osteocalcin, and osteoprotegerin from osteoblasts have 

been proposed as mediators of mutual interactions among the skeleton, fatty tissue, and liver. 

Although to date there are still many issues that have not been elucidated, growing evidence 

suggests that screening and surveillance of bone mineral density in patients with NAFLD should 

be considered in future strategies and guidelines for NAFLD management.

Keywords: nonalcoholic fatty liver disease, nonalcoholic steatohepatitis, inflammation, osteo-

porosis, bone metabolism

Introduction
Osteoporosis is becoming a public health problem all over the world. Disability 

resulting from low-energy fractures, eg, hip or vertebral fractures, is the major concern 

for early detection and treatment. It is estimated that osteoporosis affects 200 million 

women worldwide – approximately one-tenth of women aged 60 years, one-fifth of 

women aged 70 years, two-fifths of women aged 80 years, and two-thirds of women 

aged 90 years.1 Over the past two decades, the level of knowledge has significantly 

increased; however, most of the osteoporosis cases are underdiagnosed and undertreated 

in highly as well as in poorly developed countries. It is expected that more than 50% 

of all osteoporotic hip fractures will occur in Asia by the year 2050.2,3

The commonly accepted definition of osteoporosis is: “A systemic skeletal disease 

characterized by low bone mass and microarchitectural deterioration of bone tissue 

with a consequent increase in bone fragility and susceptibility to fracture.” This defini-

tion refers to reduction in bone strength generally due to changes in bone macro- and 

microstructure accompanied also by decreasing bone mineral density (BMD).1 Both 

conditions in parallel lead to an increased risk of low-energy fractures. Diagnosis is 

based on dual-energy X-ray absorptiometry (DEXA) with the supportive assessment 

of bone metabolism marker levels. Nonmodifiable risk factors include age, height, 

weight, body mass index (BMI), and menopause. The preventable risk factors include 
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calcium intake, exposure to sunlight, smoking habit, alcohol 

intake, level of physical activity, underlying disease condi-

tions such as endocrine or autoimmune disorders, intake of 

steroids, and other drug therapies among others.3

Although osteoporosis is considered to affect postmeno-

pausal women and elderly, it may occur at any time during 

the course of various gastrointestinal (GI) diseases.4,5 Most 

important pathomechanisms are linked to maldigestion 

and malabsorption, inflammation, and possibly as a result 

of various pharmacological therapies. On the contrary, it 

is common, particularly in those with celiac disease, that 

osteoporosis may be the only noticeable symptom.

The population of people with GI diseases is increasing, 

and their diagnosis and treatment impact the general practi-

tioner and specialist health care costs. One important aspect 

of their physical health is the bone health as people with GI 

diseases have, apart from those mentioned above, additional 

risk factors associated with their primary disease. It has been 

identified that this population has an increased prevalence 

of low BMD, osteoporosis, and osteopenia.4 For example, 

fracture risk for patients with inflammatory bowel diseases 

(IBDs) is increased by approximately 40% to 60%, and in 

this particular case, the main risk factors for osteoporosis and 

osteopenia in IBD patients include activity and severity of 

gut inflammation, perianal disease including fistulae as well 

as prolonged systemic steroid usage, and malabsorption of 

selected nutrients.5–7 However, it must be pointed out that 

apart from those with IBD or celiac disease, in patients with 

GI diseases, the prevalence of bone metabolic diseases was 

not profoundly studied up to date.4 Especially, when con-

sidering chronic liver diseases, where possible mechanisms, 

apart from malnutrition, also include endocrine disturbances 

accompanied by inflammatory changes. For instance, a 

number of studies have supported the association between 

low BMD and nonalcoholic fatty liver disease (NAFLD), 

which comprises a spectrum of disorders also involving liver 

inflammation. However, conflicting evidence regarding this 

association has been obtained thus far.8

This review will highlight the importance and newest 

developments on the relationship between NAFLD and 

osteoporosis.

NAFLD
The incidence of NAFLD in the community is rising, in 

parallel with the epidemics of type 2 diabetes and obesity 

as well as metabolic syndrome.9 A microscopic picture of 

NAFLD is characterized by significant lipid deposition in 

the hepatocytes of the liver parenchyma similar to changes 

usually seen in alcohol-induced liver injury. However, it 

must be pointed out that NAFLD may be considered only 

in those who do not have a history of alcohol abuse, use 

of steatogenic medication, or hereditary disorders, eg, 

Wilson’s disease. NAFLD encompasses a broad spectrum 

of histological impairments, ranging from simple macrove-

sicular steatosis to steatohepatitis, advanced fibrosis, and 

cirrhosis.9,10 Therefore, it is further divided into NAFLD and 

nonalcoholic steatohepatitis (NASH). NAFLD is defined as 

the presence of hepatic steatosis with the absence of hepa-

tocellular injury (ballooning of the hepatocytes). NASH is 

defined as the presence of hepatic steatosis and inflamma-

tion with hepatocyte injury (ballooning) with or without 

fibrosis. Patients diagnosed with NAFLD progressing to 

cirrhosis are being increasingly recognized as a major cause 

of liver-related morbidity and mortality. NAFLD is listed 

among the top three causes of liver transplantation due to 

its potential to progress to liver failure. The usual method 

to diagnose NAFLD has been ultrasonography, sometimes 

coupled with elevated liver enzymes; however, none of 

the imaging methods, such as computerized tomography 

and magnetic resonance, reliably assess steatohepatitis and 

fibrosis in NAFLD. Moreover, noninvasive biomarkers for 

identifying steatohepatitis in patients with NAFLD are also 

lacking to date.9–11

Although a vast number of intra- and extrahepatic fac-

tors influencing the development of fatty liver have been 

described, the pathogenesis of NAFLD has not been fully 

elucidated.9 However, among the factors that may lead to 

the development of NAFLD, complex interactions among 

genome, selected environmental factors, as well as the gut 

microbiome are considered to be the most important. It is also 

known that sterile cell death, as an outcome of lipotoxicity 

in hepatic cells, in parallel with altered gut–liver axis func-

tion encompassing translocation of bacterial products into 

portal circulation as a result of the so-called “leaky gut” may 

trigger the inflammation cascade that in consequence may 

lead to the development of NASH. It was demonstrated in 

both animals and humans that gut permeability in NAFLD is 

impaired and that the presence of NASH is strongly associ-

ated with altered gut permeability, which leads to the conclu-

sion that liver injury and inflammation may be dependent on 

the degree of interruption of gut barrier integrity.12,13 Also 

of importance here, several studies have shown that major 

tight junction proteins are downregulated in patients with 

NAFLD and obesity by itself is associated with increased 

intestinal permeability.13
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In recent epidemiological studies, NAFLD was shown to 

be connected with diseases that are usually not dependent on 

obesity, such as sarcopenia and osteoporosis.10 It is notewor-

thy that these diseases are significantly linked to aging as well 

as to NAFLD, which also tends to increase with age in men 

and women, independent of menopausal status. However, 

consequences of obesity, such as NAFLD, may also affect 

bone mineral acquisition in pediatric patients, which raises 

the hypothesis of other potential factors linking liver and 

bone tissue other than those which are commonly considered 

as age dependent.11,14,15

Most of the studies describing mutual relationships 

between NAFLD and bone mass are from Asia. In Chinese 

populations, a negative association was found between 

NAFLD and BMD in both postmenopausal women and 

men in several examined sites of the skeleton. Neverthe-

less, in patients with NAFLD, only femoral neck BMD was 

significantly lower when compared with healthy controls.16,17 

Similar results were also found in a population of Korean 

men, and surprisingly, a positive association between lumbar 

spine BMD and NAFLD in women was found.18,43 Although 

the abovementioned studies are of value, it is not clear 

whether the results can be extrapolated to other populations 

because there are some studies showing contrary results such 

as the study conducted in India where a positive association 

of NAFLD with BMD was found.19 The reason for this dis-

crepancy may be that neither BMI nor body fat content was 

considered in the comparison of BMD between groups.10,19 

Pediatric studies, however, show a negative correlation 

between fatty liver and bone mass clearly even after adjust-

ment for body fat mass or high-sensitivity C-reactive protein 

levels. It must be pointed out that NAFLD in children was 

MRI and/or biopsy-proven.20,21

Among the main pathophysiological factors linking 

NAFLD with decreased bone mass are vitamin D deficiency, 

growth hormone/insulin-like growth factor 1 (GH/IGF-1) 

axis disturbances, as well as chronic inflammatory process.

What are the links between NAFLD 
and decreased bone mass?
Vitamin D insufficiency
The role of vitamin D in bone homeostasis is crucial and 

well described. Although its insufficiency causes a decrease 

in luminal calcium absorption which, due to secondary 

hyperparathyroidism, leads to increased bone turnover fol-

lowed by a decrease in bone mass, data regarding the role 

of vitamin D supplementation in prevention of osteoporotic 

fractures are inconsistent.22 In several studies, vitamin D 

was ineffective in the prevention of fractures; however, in 

other studies, it was shown that combined supplementation 

of vitamin D and calcium in elderly patients with vitamin D 

deficiency and secondary hyperparathyroidism prevented 

osteoporotic fractures.23,24 Low serum levels of vitamin D 

usually were linked with low BMD and an increased risk of 

fractures.25 Similarly, in a number of studies, serum levels of 

25-hydroxyvitamin D were lower in subjects with NAFLD 

or NASH when compared with healthy controls; therefore, 

its insufficiency has been claimed to play a role in the 

pathogenesis of NAFLD.26–28 The aforementioned influence 

of vitamin D status on NAFLD notwithstanding the effec-

tiveness of vitamin D supplementation in prevention and/or 

treatment of NAFLD in humans has not been demonstrated 

yet.29 Similarly, in both human and animal studies, evidence 

for the causal role of vitamin D in the biogenesis of NAFLD 

is elusive; however, at least one animal model experiment 

revealed that artificial sunlight may be a good complemen-

tary therapy for NASH because of its positive effect on 

serum levels of both lipid transfer/metabolic proteins and 

vitamin D3.30 Moreover, other animal studies showed that 

vitamin D inhibits liver fibrosis by blocking the activation of 

hepatic stellate cell, thus lowering collagen deposition and 

extracellular matrix remodeling.31 Very interesting data came 

also from China, where Su et al showed that a high-fat diet is 

necessary but insufficient to induce robust hepatic steatosis 

in mice models, and an additional vitamin D deficiency as 

a second factor is needed.32 Also of importance is the find-

ing that dietary vitamin D supplementation in NAFLD-like 

animal models was shown to decrease the progress of hepatic 

steatosis as well as the progress of other body indices of meta-

bolic syndromes.32 This finding was also confirmed in other 

studies, which revealed that lifelong administration of high 

doses of vitamin D prevented diabetes in NOD mice.33

GH/IGF-1 axis
Among other abnormalities, GH deficiency in adults is char-

acterized by the prevalence of NAFLD or NASH.34 Moreover, 

it was shown that substitution with GH can, at least in part, 

reverse these conditions.34

Visceral fat, which is crucial in the development of 

NAFLD, can be significantly reduced by external GH. More-

over, GH directly decreases lipogenesis in hepatocytes. Both 

GH and IGF-1 are of great importance in hepatic physiology, 

mainly due to the finding that IGF-1 is the main mediator of 

GH activity in subjects with NAFLD.34 However, in hepatic 

cells, the actions of GH and IGF-1 are contrary because IGF-1 

stimulates glucose uptake favoring insulin signaling, while 
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GH induces lipolysis determining insulin resistance medi-

ated by elevated free fatty acid levels.35 Studies performed 

in patients with NAFLD showed lower levels of IGF-1 com-

pared with healthy controls, and also, a negative association 

of IGF-1 levels with the histological severity of NAFLD was 

seen.36 It was also confirmed by other authors who found a 

negative correlation between serum IGF-1 levels and liver 

hyperechogenicity.37

The role of IGF-1 in hepatocytes seems to be multidi-

rectional because it takes part not only in lipid regulation 

but also acts as a factor that is capable of downregulating 

liver fibrosis. It was shown that IGF-1 induces cellular 

senescence and inactivates hepatic stellate cells. In animal 

models, treatment with external IGF-1 was shown to lower 

the progression of both NASH and cirrhosis. This could 

be of great importance when considering its future clinical 

application in humans because histology in NASH, apart 

from steatosis and inflammation, also encompasses focal 

necrosis and fibrosis.38 What is of importance here is that 

low levels of IGF-1 coincide with both NAFLD and NASH 

as well as with osteoporosis, which also presents a clinical 

basis for considering IGF-1 as a potential anabolic agent for 

the treatment of osteoporosis.

The overall pleiotropic activity of IGF-1 is character-

ized by its involvement in bone tissue growth maturation as 

well as in skeleton rebuilding. No matter for what reason a 

decline in somatotropic axis activity appears, it is usually 

followed by disturbances in bone metabolism leading to 

the development of osteoporosis.39,40 Several studies have 

shown that low levels of IGF-1 are associated with a greater 

risk of vertebrae and hip fractures because bone tissue is the 

second richest source of IGF-1, and IGF-1 directly promotes 

osteoblast differentiation and growth.41–44 It was shown in 

elderly women that recombinant human IGF-1 may directly 

increase osteoblastic function with only a minimal increase 

in bone resorption.45 Moreover, IGF-1 was also considered to 

be useful as an early marker for the risk of low bone mass and 

osteoporosis in premenopausal and postmenopausal women 

indicated by measuring serum levels of IGF-1 in women 

around 40 years old with BMD below 1.5 SD measured by 

DEXA.46 Last but not the least, GH itself was also shown to 

be capable of directly inhibiting osteoclast formation in bone 

marrow cultures in vitro.47,48 In human studies, recombinant 

human GH accelerated the rate of bone turnover improving 

bone metabolism in postmenopausal women.47

In summary, although recent data clearly indicate the 

crucial role of GH/IGF-1 axis signaling in the pathogenesis 

of both NAFLD and osteoporosis, direct cross-talk linking 

among hepatocytes and bone cells has not been described to 

date. Most clinical studies involving both adults and children 

have clearly shown that NAFLD is connected with more 

common occurrences of decreased BMD in comparison with 

age-, sex-, and BMI-matched healthy controls, but there are 

also studies showing the opposite results.14,49 However, the 

systematically increasing clinical and experimental evidence 

leads to the conclusion that NAFLD affects the pathogenesis 

of decreased BMD, possibly through the systemic release of 

multiple proinflammatory, procoagulant, and profibrogenic 

mediators. Last but not the least, NAFLD directly influences 

whole-body and hepatic insulin resistance.14

Circulating molecules and chronic 
inflammatory process
Apart from the abovementioned abnormalities, another 

feature linking NAFLD with osteoporosis seems to be the 

chronic inflammatory process. Although pathogenic factors 

and triggering factors may be different, most of the systemic 

inflammation pathways and mediators involved are common 

for both NASH and inflammatory osteoporosis. Among the 

number of immunocompetent cells, hepatic stellate cells 

as well as dendritic cells have the capability of generating 

proinflammatory signals that may lead to premature apop-

tosis, resulting in hepatocyte death and the development of 

NASH and cirrhosis. Cellular lipid overload resulting in cell 

lipotoxicity is one of the best recognized triggering factors for 

inflammation cascade process in hepatocytes. Moreover, the 

so-called “sterile” inflammation causes local injury, which 

activates fibroblasts that may lead to liver fibrosis.50 Among 

many of the molecules involved, tumor necrosis factor-alpha 

(TNF-α) is considered to be one of the key factors that plays a 

role in both mediating and inducing hepatocyte death as well 

as a classical inducer of inflammatory osteoporosis.

TNF-α
Jarrar et al examined the role of adipokines in the patho-

genesis of NAFLD and showed that TNF-α level increases 

significantly in obese controls, patients with simple steatosis, 

and patients with NASH.51 This was also visible in other 

clinical studies, showing that serum levels of TNF-α in 

NAFLD patients are significantly increased.52 Moreover, 

in blood cells collected from obese patients with NAFLD, 

an increased production of TNF-α and interleukin (IL)-1 

was shown.53 The role of TNF-α was also demonstrated in 

a clinical trial with pentoxifylline (a TNF-α inhibitor) that 

was performed in patients with NASH, where a significant 

reduction of serum TNF-α followed by normalization of 
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liver function was archived after 6 months of treatment.54 

It is believed that the role of TNF-α in NAFLD pathogenesis 

is manifold; however, increasing SREBP-1c (sterol regula-

tory element binding protein-1c) dependent on intrahepatic 

fat deposition and attracting inflammatory leukocytes to the 

liver are considered to be most important.55 TNF-α also plays 

a crucial role in bone homeostasis by influencing complex 

signaling pathways leading to gene transcription of several 

regulators of bone homeostasis.

In the current literature, TNF-α is generally described 

as a factor inducing osteoclastogenesis in parallel with 

inhibition of osteoblastogenesis. However, there are also 

data showing that it may exert positive effects on osteoblast 

differentiation.56,57 This paradox is visible when analyzing the 

pathogenesis of osteoporotic changes in rheumatoid arthritis 

(RA) and ankylosing spondylitis (AS). Because in both con-

ditions, serum TNF-α levels may be relatively high; in RA, 

inhibition of selected genes favors bone resorption, while in 

AS, apart from predominant bone resorption, characteristic 

ectopic bone formation is also visible.57 This indicates that 

TNF-α acts in multiple ways depending on the molecular 

pathway followed. Under inflammatory conditions, activated 

T cells and B cells secrete other pro-osteoclastogenic mol-

ecules apart from TNF-α like the receptor activator of nuclear 

factor-κB (NF-κB) ligand (RANKL) and IL-17A, which leads 

to the induction of bone loss. Similarly, in postmenopausal 

osteoporosis and hyperparathyroidism, accelerated bone 

turnover is connected with increased secretion of TNF-α in 

parallel with IL-17A and RANKL by activated T cells.58 All 

the abovementioned processes indicate that inflammation 

links NAFLD with osteoporosis and emphasizes the role 

of TNF-α as well as other proinflammatory molecules like 

IL-6 and macrophage colony-stimulating factor. However, 

there are also some other independent potential cofounders 

that should be mentioned.

OPG
As it was mentioned in the first section of this review, a 

completely new understanding of both differentiation and 

activation of osteoclasts appeared after the discovery of 

the RANK/RANKL/osteoprotegerin (OPG) pathway. The 

association of OPG and fragility fractures still remains con-

troversial because data from clinical studies are inconsistent, 

eg, in some studies a positive correlation of OPG and BMD in 

both women and men was noticeable, whereas other studies 

showed the opposite result.59–61 However, the leading role 

of OPG in maintaining bone homeostasis remains unques-

tionable. Thus, the profound elucidation of OPG biology 

provided an opportunity for its application in the treatment 

of bone metabolic disturbances, especially those with exces-

sive bone resorption.56 What is of importance here is that the 

biological activity of OPG is not limited solely to bone tissue 

but is also expressed and acts in other cells and tissue types, 

eg, T lymphocytes and large arteries where OPG may play an 

important role in both development and function of these cells 

and tissues.62 Regarding metabolic syndromes, an attempt at 

elucidation of the possible function of OPG in the cross talk 

between NAFLD and bone tissue was made by Yilmaz et al. 

They have shown that in patients with NASH and borderline 

NASH, serum OPG concentrations are reduced in patients 

with more severe forms of NAFLD and may serve as a non-

invasive biomarker to identify patients with NASH.63 This 

was further confirmed by Chinese researchers, who found 

that serum OPG level was significantly lower in NASH 

patients than in non-NASH patients and that this was highly 

correlated with hepatocyte fatty degeneration, ballooning 

degeneration, intralobular inflammation, portal inflamma-

tion, as well as with fibrosis degree.64,88 Similar results were 

also found in patients with type 2 diabetes, where Niu et al 

have shown that plasma OPG levels are negatively associ-

ated with NAFLD.65

Fetuin-A
The plasma protein α2-Heremans-Schmid glycoprotein/

fetuin-A is a 66 kDa glycoprotein that together with IGFs, 

insulin-like growth factor-binding proteins (IGFBPs), sele-

noprotein P, sex hormone-binding globulin, and fibroblast 

growth factor-21 (FGF-21) is a member of a family of pro-

teins called hepatokines exclusively secreted by the liver 

into circulation. These molecules have multiple biological 

functions among which the most important seems to be 

modulating insulin sensitivity, which makes them able to 

serve as biomarkers of insulin resistance and related meta-

bolic disorders, such as NAFLD.66 The fetuin-A gene is 

located on chromosomal 3q27, whose expression is found to 

be associated with metabolic syndrome and type 2 diabetes, 

which is confirmed by the fact that fetuin-A positively cor-

relates with metabolic syndrome and insulin resistance.67,68 

A Chinese study by Cui et al showed that the serum levels 

of fetuin-A were lower in NAFLD patients than those in 

controls, while fetuin-A levels increased with the severity 

of NAFLD. They also indicated fetuin A as a potential 

biomarker in the development of NAFLD.69 A similar 

study confirmed that circulating fetuin-A level is elevated 

in individuals with hepatic fat accumulation and NAFLD;70 

however, there is also at least one other study that gave 
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opposite results.71 There is also increasing evidence showing 

that fetuin-A is elevated in bone tissue and acts as a mediator 

of formation of stable colloidal mineral–protein complexes 

called calciprotein particles, which is of importance in the 

stabilization and clearance of amorphous mineralization. 

Moreover, apart from being an important inhibitor of ectopic 

calcification, it has been described to influence the produc-

tion of mediators of inflammation. Furthermore, a regula-

tory role in bone metabolism has also been described in the 

case of fetuin-A deficiency (Ahsg(-/-)), where impaired 

growth of long bones and premature growth plate closure 

were shown. Fetuin-A exhibits its action as a carrier for 

lipids, which may influence calcification, inflammation, 

and apoptosis.72 Because some authors showed that in older 

women, serum fetuin-A is dependent on both bone mass and 

bone resorption markers and may be significantly decreased 

after cessation of menses, it was postulated that it can serve 

as a marker of bone mineralization.73,74 Thus, considering all 

the abovementioned features regarding the role of fetuin-A 

in both NAFLD and bone metabolism, one might conclude 

that lower serum levels of fetuin-A in NAFLD patients may 

be an important factor leading to a decrease of bone mass. 

However, the clinical significance of this hypothesis has not 

been fully elucidated up to date.

Osteopontin (OPN)
OPN, also defined as secreted phosphoprotein-1 (SPP1), 

sialoprotein-1, early T lymphocyte activation 1 (Eta-1), 

belongs to the small integrin-binding ligand N-linked gly-

coprotein (SIBLING) family. Physiologically, it is thought 

to regulate biomineralization in bone tissue and to reduce 

growth and aggregation of calcium crystals in epithelial 

tissues; however, in the past 10 years, OPN has been shown 

to be an important factor in various processes, such as, 

inflammatory and immune response, malignancy, type 2 

diabetes, and angiogenesis. The highest abundance of OPN 

was detected in bone tissue comprising approximately 2% of 

the noncollagenous organic matrix. The biological role of this 

300-amino acid molecule is to mediate signal transduction by 

binding to the cell surface receptors integrin αvβ3 and CD44. 

It is detectable in almost all body fluids, and in bone tissue it 

is secreted by both osteoblasts and osteoclasts. OPN in bone 

tissue stimulates migration and adhesion of osteoclasts to 

the bone matrix through the interaction of αvβ3 and CD44 

and increases CD44 expression on osteoclasts, which may 

lead to resorption because CD44 expression is obligatory for 

osteoclasts activity.75,76 The role of OPN in osteoporosis has 

been thoroughly studied in both human and animal models, 

and it has been shown that OPN-deficient mice are resistant 

to ovariectomy-induced osteoporosis.76 In postmenopausal 

women, elevated levels of OPN were shown to be an impor-

tant risk factor for the development of osteoporosis.77

Because it became evident that osteoporosis and obesity 

are two related polygenic disorders, numerous studies have 

been conducted to clarify if a relationship between obesity 

and/or NAFLD and osteoporosis exists.78–80 Because high 

levels of OPN RNA expression in adipose tissue of obese 

insulin-resistant rats and humans were described, some 

authors have suggested that OPN may be the factor that 

directly links obesity-induced inflammation with meta-

bolic disturbances.81–83 Indeed, it was shown that, within 

the liver, increased OPN expression is present not only 

in hepatocytes but also primarily in inflammatory cells.84 

Moreover, animal model experiments demonstrated that 

in the liver of obese mice, OPN expression is significantly 

upregulated and that hepatic OPN levels correlate with liver 

triacylglycerol levels.80 Further studies performed in mice 

fed methionine- and choline-deficient diet also shed more 

light on the role of OPN in the development of NAFLD.85,86 

Other studies showed that antibody-mediated OPN neutral-

ization and OPN deficiency may exert a protective effect 

against HFD-induced hepatic macrophage infiltration and 

d-galactosamine-induced inflammatory liver injury.80,84 

Taken together, the abovementioned experiments indicate 

that the OPN molecule links obesity-associated hepatic 

inflammation, NAFLD, and insulin resistance. However, 

on the contrary, it clearly demonstrated that OPN-deficient 

mice are resistant to ovariectomy-induced osteoporosis.85–87 

Therefore, one could speculate that OPN could not only be a 

target for therapies against metabolic syndrome but also due 

to the fact that its overexpression can be present in NAFLD, 

it may be associated with less resistance to postmenopausal 

bone loss and osteoporosis.

Osteocalcin (OC)
Serum OC produced and released by osteoblasts in bone 

tissue is traditionally considered one of the markers of bone 

formation. Although most studies have focused on its role as 

a predictor of fractures, in recent years OC has been recog-

nized as a molecule that may have the potential for regulating 

energy metabolism and glucose tolerance. For example, it 

was shown in OC-deficient mice with glucose intolerance 

and insulin resistance induced by a high-fat diet that external 

supplementation with recombinant OC improved metabolic 

derangement.88 The underlying mechanism has not been fully 

elucidated yet; however, Du et al suggested that therapeutic 
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effects of OC in NAFLD may be intervened through activa-

tion of the nuclear factor like-2 (Nrf-2) pathway to allevi-

ate oxidative stress and inhibition of the C-Jun N-terminal 

kinase (JNK) pathway in the liver.89 In addition, there are 

studies showing that OC improves glucose intolerance via 

production of adiponectin in adipose tissue and enhancement 

of insulin secretion.90 In humans, serum OC levels correlate 

with glucose intolerance, insulin resistance, and obesity, as 

well as with metabolic syndrome.91,92 It was demonstrated by 

Zhou et al that improvement of insulin resistance by OC is 

probably mediated by attenuation of endoplasmic reticulum 

stress via inhibition of the NF-κB pathway.93 However, it 

must be pointed out that although there are many animal data 

about the role of OC on glucose metabolism, the results of 

human clinical data are inconsistent, and the role of OC in 

human remains controversial.

Yilmaz et al found that patients with biopsy-proven 

NAFLD have significant reductions in serum OC concentra-

tions (vs matched controls), which were weak, but signifi-

cantly associated with the extent of hepatocyte ballooning, 

independent of insulin resistance and metabolic syndrome.94 

This was also elaborated in pediatric patients, where Amin 

et al demonstrated that OC plays an important role in glucose 

and lipid metabolism for protection against NAFLD occur-

rence and progression. Moreover, it could be a useful marker 

for progression of NAFLD in children with obesity.95 Most 

epidemiological studies suggest that a lower OC level is a risk 

factor for NAFLD.96,97 Because it is commonly accepted that 

reduced OC levels are associated with increased bone loss, it 

is reasonable to assume that in those with NAFLD, lower OC 

concentrations, among others, could also be one of the factors 

that links hepatic steatosis and reduced bone mass.56

Leptin and adiponectin
Other mediators of specific cross talk between the liver, 

adipose tissue, and bone, apart from TNF-α, are leptin and 

adiponectin. Both molecules are considered to be involved 

in neuroendocrine control of energy balance and are pri-

marily expressed by adipose tissue, and their role in the 

pathogenesis of NAFLD is well established. For example, 

several studies have shown that animals deprived of leptin 

expression (ob/ob mice) are insulin resistant, obese, and 

develop NAFLD, where alterations are reversed by leptin 

administration.98,99 Similarly, it was shown in animal models 

of NASH that external adiponectin administration may, 

through insulin-sensitizing, antilipogenic, anti-inflammatory, 

and anti-fibrogenic modes of action, significantly improve 

metabolic profile and liver histology.100 In terms of other 

known adipokines, eg, visfatin, chemerin, retinol-binding 

protein 4, resistin, and irisin, available data on their role 

in NAFLD development are ambiguous.98 Adiponectin 

deficiency is associated with a proinflammatory condition, 

as it is observed in obesity and other metabolic disorders. 

Increased leptin levels, however, act as a proinflammatory 

stimulus. The adiponectin/leptin ratio is therefore considered 

as a better inflammatory biomarker of inflammation in meta-

bolic syndrome patients than these adipokines analyzed in 

isolation.101 In obese humans, hyperleptinemia is associated 

with a reduction of bone formation biomarkers, especially 

OC.102 On the contrary, adiponectin seems to improve bone 

formation,103 promoting the proliferation, differentiation, and 

mineralization of osteoblastic cells.104

Leptin may influence the regulation of bone metabolism 

directly by increasing central sympathetic activity by bind-

ing to its receptors on both the hypothalamic ventromedial 

(VMH) nucleus and the serotoninergic brainstem neurons, 

which in turn project to VMH neurons.105 Sympatric fibers 

then transmit signals to osteoblasts through the beta-2-

adrenergic receptor, which inhibits osteoblast differentiation 

and the generation of OC.106,107 It was also shown that leptin 

may directly stimulate osteoblast differentiation and bone 

mineralization via its receptors present on osteoblasts.108 

Moreover, leptine’s mode of action also includes stimula-

tion of hepatic IGF-binding protein 2 (IGFBP-2) secretion 

which, apart from improving the insulin sensitivity, enhances 

osteoblast differentiation.107,109

In several studies, adiponectin was shown to stimulate 

bone formation and remodeling as well as inhibit bone resorp-

tion, which suggests that it may be considered as a negative 

regulator of bone mass. Other studies, however, demonstrate 

that adiponectin stimulates the differentiation and mineraliza-

tion of osteoblasts and enhances RANKL secretion as well 

as the expression of OC, which acts as a hormone-regulating 

glucose metabolism and fat mass.103,110–112 In osteoclasts, 

adiponectin inhibits RANKL-mediated osteoclastogen-

esis through interaction with its adaptor molecule APPL1 

(adaptor protein containing pleckstrin homology domain, 

phosphotyrosine domain, and leucine zipper motif).113 The 

results from human studies are not so consistent.114–116 For 

instance, in a cohort of 365 older adults, high levels of adi-

ponectin and adiponectin to leptin ratios were both associated 

with lower BMD at the lumbar spine and femoral neck,115 

but other studies do not indicate such associations.116 But 

it must be pointed out that the observed discrepancy in the 

influence of adiponectin on osteoblasts and osteoclasts and 

consequently on bone remodeling may be the result of the 
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complex interrelationship between the endocrine system 

(including leptin) and the fat metabolism.

Insulin resistance and physical activity
The role of insulin resistance in the pathogenesis of hepatic 

steatosis is well described, and recent in vitro and in vivo 

studies indicate that insulin may also play an important role 

in the homeostasis of bone tissue. Insulin impacts the bone 

microarchitecture and mechanical properties by increasing 

collagen synthesis and also by promoting osteoblast prolifera-

tion and differentiation.117 Traditionally, it was believed that 

obesity has a protective effect against bone loss; however, 

some uncertainty appeared because some studies have dem-

onstrated that the relationship between metabolic syndrome 

and bone strength or BMD is negative in models adjusted 

for BMI.118 Animal model studies demonstrated that insulin 

signaling in bone tissue is mediated by osteoblasts and that, 

apart from muscle and liver, indicate that the skeleton also is 

a site of insulin resistance. Moreover, OC seems to be a key 

signaling molecule because it was shown that bone OC may 

influence whole-body insulin sensitivity.119,120 In addition, 

there are studies clearly indicating that BMD and the presence 

of insulin resistance are negatively correlated.121

Physical activity is currently considered to be essential 

in the prevention of both osteoporosis and NAFLD. Various 

training studies have shown that exercise may reduce the risk 

of fragility fractures in postmenopausal women.122 Similarly, 

physical activity reduces the levels of visceral adiposity in 

the absence of weight loss, which might be a key mechanism 

in protection from NAFLD.123 Although the mechanisms 

remain poorly understood, it is reasonable to conclude that 

low levels of physical activity lead to a decrease in BMD, the 

development of insulin resistance, and as a consequence to 

the presence of NAFLD. The exact mechanism of exercise-

induced liver fat reduction is unknown, but it was found 

that irisin may be involved because plasma irisin negatively 

correlates with intrahepatic triglyceride content, which was 

demonstrated in Chinese patients with NAFLD.124 The name 

irisin derives from the Greek Goddess Iris (messenger of the 

gods), and it is a newly described member of the myokine 

family, whose levels seem to increase during physical exer-

cise leading to heat expenditure and a possible protective 

effect on metabolic disorders, including NAFLD. It was 

found that irisin may act as endocrine factor influencing the 

activity of both osteoblasts and adipocytes. Moreover, it is 

also capable of regulating the expression of osteogenic genes 

and inducing differentiation of osteoblasts. Although more 

research on the biological role of irisin is needed before firm 

conclusions can be drawn, it appears that there is a chance, at 

least because there are available data describing its multiple 

effects on obesity, insulin resistance, and bone tissue, that 

irisin might be the lacking element that links bone and liver 

metabolism.125,126

Marrow adipose tissue (MAT)
MAT is functionally distinct from both white and brown 

adipose but can contribute to systemic and skeletal metabo-

lism. In young healthy individuals, MAT was not associated 

with any measure of metabolic risk, including waist-to-hip 

ratio, blood pressure, carotid intima–media thickness, insulin 

resistance, or lipid profile,127 suggesting that in young, healthy 

individuals MAT is metabolically distinct from visceral 

adipose tissue. However, such association was noticed in 

obese women as well as in patients with type 2 diabetes.128 

Because noninvasive methods of measuring MAT (such as 

magnetic resonance spectroscopy) are available, it was shown 

in clinical studies of individuals with metabolic disease that 

MAT can be inversely associated with measures of BMD and 

bone integrity and therefore may be an important regulator 

of bone turnover.129,130 Although the underlying mechanisms 

are not fully elucidated yet, it is generally accepted that 

MAT arises in bone marrow from mesenchymal stem cells 

that are more closely related to osteoblasts than other cells 

of mesenchymal origin, eg, stromal cells or chondrocytes. 

Although some animal studies indicate that increased adipo-

genesis can be an inhibitor of bone marrow hematopoiesis, 

other studies revealed that interactions between marrow adi-

pocytes and hematopoiesis are more complex. For example, 

in mice with very high marrow adiposity (C3H/HeJ mice), 

intact hematopoiesis and high cortical bone density were 

shown.130 On the contrary, in Ebf1 knockout mice with 

B-cell deficiency, high bone marrow fat content followed 

by depletion of the hematopoietic system was noticed.131 

Among potential determinants of MAT, early B-cell factor 

1 (Ebf1) and preadipocyte factor-1 (Pref-1) are currently the 

best recognized. Ebf1, originally described as a signaling 

molecule necessary for B-lymphocyte maturation, was also 

shown to influence the development of other cells, includ-

ing both osteoblasts and adipocytes.132 Similarly, Pref-1, 

a member of the epidermal growth factor-like family of 

proteins, is a known regulator of adipocyte and osteoblast 

differentiation.133,134 In summary, although in the light of a 

number of animal experiments, MAT may be considered a 

central regulator of skeletal energy allocation between bone 

turnover and hematopoiesis; however, data from human stud-

ies on the function of marrow adipocytes are still sparse.
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Klotho gene family and fibroblast growth 
factors
As it was mentioned above, soluble and membrane-bound 

Klotho functions as a receptor for a hormone that regulates 

excretion of phosphate as well as kidney synthesis of active 

vitamin D and is encoded by α-Klotho (KLα), originally 

identified as an antiaging gene. Although various functional 

aspects of Klotho and FGF-23 have been investigated that 

lead to the identification of multiple novel endocrine axes 

that regulate various metabolic processes including bone 

metabolism, there are no data regarding the possible contribu-

tion of KLα to metabolic syndrome or NAFLD alone.135–137 

Recently, a new form of the Klotho gene (and its protein 

products), β-Klotho (Klb) was discovered. As a coreceptor 

mediating FGF-21 and FGF-19 signaling, Klb, apart from 

glucose utilization regulation, thermogenesis as well as 

bile acid homeostasis, it may also play an important role 

in hepatic fat deposition. The Klb transmembrane protein 

is expressed in the liver, pancreas, and adipose tissue and 

together with FGF-21 is secreted from liver upon fasting and 

acts on adipose tissue to promote lipolysis in response.138,139 

Further studies on the endocrine axes mediated by the 

Klotho family and FGF-19, FGF-21 and FGF-23 subfamily 

members are needed to elucidate molecular mechanisms by 

which the endocrine fibroblast growth factors regulate bile 

acid, energy, and glucose utilization as well as phosphate/

vitamin D metabolism.

Aging
Population aging is a challenge for clinicians because the 

number of elderly patients is growing with age-associated 

comorbidities, many of them very costly, as is the case of 

cardiovascular diseases, cancer, as well as osteoporosis, 

and metabolic syndrome. NAFLD is expected to play most 

important role among age-related liver diseases in the set-

ting of the secular worldwide trend toward an increment of 

metabolic diseases, notably including those associated with 

reduced insulin sensitivity. Moreover, in the elderly, both 

NAFLD and osteoporosis carry more substantial burden of 

complications, eg, NASH, cirrhosis, hepatocellular carci-

noma, and increased number of fragility fractures.140 Recent 

data clearly indicate that both advanced age and body fat 

mass are positively correlated with the risk of osteoporotic 

fracture.141,142 Possible mechanisms specifically linking 

alterations of bone metabolism and fractures with NAFLD in 

elderly are not clearly elucidated yet. However, both chronic 

inflammation and oxidative stress accompanying hepatocyte 

fat overload may also at the same time negatively influence 

bone metabolism.143,144 What is of importance here is that 

most previous studies on fracture risk have been performed in 

patients with chronic cholestatic liver diseases or liver trans-

plant recipients. There are only three available cross-sectional 

studies which exclusively focused on the association between 

presence of NAFLD and osteoporotic fractures in elderly. 

Although all were performed in Asian populations, the results 

obtained were inconsistent. Li et al144 showed a positive cor-

relation of NAFLD with fracture risk with the magnitude 

of the association similar to the previously observed rela-

tionships of osteoporotic fracture with other chronic liver 

diseases145–147 in men, but not in women.144 Surprisingly, in 

other studies, such associations were not detected in men, 

and the presence of metabolic syndrome was significantly 

associated with a recent history of osteoporotic fracture in 

both middle-aged and elderly women.148,149 Therefore, both 

population- and sex-specific associations of NAFLD with 

osteoporotic fracture need to be further elucidated.

Conclusion
Apart from the traditional risk factors of osteoporosis, such as 

old age, menopause, or decreased BMI, insulin resistance and 

metabolic syndrome are also currently listed among factors 

associated with decreased BMD. NAFLD is the most com-

mon chronic liver disease associated with insulin resistance 

and metabolic derangement, and recently its pathogenesis 

irrespective of age and gender resulting in increased bone loss 

in patients was intensively studied. In this review, various 

pathophysiological mechanisms and possible mediating mol-

ecules that may interplay between NAFLD and bone tissue 

have been described. Chronic inflammation, vitamin D3, GH, 

IGF-1, OPN, fetuin-A, irisin, OC, and OPG from osteoblasts 

have been proposed as mediators of mutual interactions 

among the skeleton, fatty tissue, and liver. Although there 

are still many issues that have not been elucidated up to date, 

growing evidence suggests that screening and surveillance 

of BMD in patients with NAFLD may be considered in 

future strategies and in guidelines for NAFLD management. 

Moreover, promising findings in some of the clinical studies 

on the efficacy of vitamin D in patients with NAFLD justify 

its supplementation during the course of disease.
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