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ABSTRACT 
 
 
 

HORMONAL IMBALANCE IN MORBIDLY OBESE BARIATRIC PATIENTS 
WITH LIVER STEATOSIS AND NON-ALCOHOLIC STEATOHEPATITIS 
(NASH)  
 
Massih Abawi, Ph.D 
 
George Mason University, 2015 
 
Dissertation Director: Dr. Ancha Baranova 
 
 
 
 Non-alcoholic fatty liver disease (NAFLD) is an increasingly common 

condition affecting about 70% of obese individuals and is now considered a 

major cause of liver-related morbidity and mortality.  NAFLD encompasses a 

spectrum of hepatic pathologies with excessive accumulation of fat in the liver 

in patients consuming less than 20 grams of alcohol per day.  NAFLD related 

liver injury ranges from simple hepatic steatosis to more severe forms of the 

disease including NASH, which can progress to fibrosis, cirrhosis, and 

ultimately organ failure.  There is evidence that causally links NAFLD with 

imbalance of various hormones, especially these also involved in the 

development of insulin resistance and obesity.  

 The research presented herein involves quantitation of various soluble 

hormones in serum of morbidly obese bariatric patients with different confirmed 



 

 

 

 

stages of NAFLD. The first study explores the role of vitamin D deficiency in 

NAFLD/NASH patients. Serum samples of 210 morbidly obese bariatric patients 

were profiled for the following markers: 25(OH)D3; Vitamin D Binding protein 

(VDBP); Intact Parathyroid Hormone (1-84) and Cytokeratin 18 (M30) levels.  

The second study herein profiles three small gastric peptides, acylated ghrelin 

(AG), non-acylated ghrelin (DAG), and Obestatin, and a number of 

proinflammatory cytokines in circulation of patients with obesity related NAFLD.  

In both studies, correlation analysis was conducted to associate these 

biomarkers with clinical parameters routinely measured in NAFLD patients, 

including histological scores of inflammation and fibrosis of their liver biopsies, 

and predictive regression models were built. A third study reported herein 

investigates the interplay of circulatory melanogenesis-related hormones, α-

Melanocyte Stimulating Hormone (α-MSH) and Melanin Concentrating 

Hormone (MCH), with NAFLD and obesity-induced low grade chronic.  
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CHAPTER 1 

Non-Alcoholic Fatty liver Disease (NAFLD) and Non-Alcoholic 
Steatohepatitis (NASH) 

 
 

NAFLD is a multifactorial disorder, which results from the fat 

accumulation in the liver in the absence of excessive alcohol consumption (less 

than 20g/day for women and less than 30g/day for men). A seminal paper by 

Day and James (1998) suggests a “multi-hit” hypothesis that describes the 

pathogenesis of NAFLD as a result of sequential “hits” (Day et al., 1998).  The 

first “hit” is considered to be the development of insulin resistance. This 

resistance results in increased production of free fatty acids (FFA) by adipose 

and muscle cells that oxidize lipids which are later absorbed by the liver 

resulting in the hallmark phenotype steatosis, or hepatic fat accumulation (Day 

et al., 1998) (Figure 1). 

It is important to mention that patients with steatosis alone can be 

asymptomatic and have normal liver tests. However, some patients progress 

past a steatosis stage to non-alcoholic steatohepatitis (NASH) that is 

accompanied by varying degrees of fibrosis.  What seems to precipitate simple 

steatosis progressing to NASH in some patients are “secondary hits” such as 

various biochemical insults, including an exposure to oxidative stress and 

increased levels of inflammatory cytokines. 
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Figure 1. Schematic of obesity associated progression of NAFLD. (Adapted 
from Valenzuela et al., 2011). 

 

 

 

No internationally accepted, evidence-based consensus clinical 

guidelines are developed for NAFLD management.  As a result, clinical 

uncertainties persist in the area of diagnosis, risk stratification, treatment and 

long-term management.  Considering the fact that much of the population is at 

risk for NAFLD due to high prevalence of the risk factors, namely, obesity 

and/or insulin resistance (IR), early diagnosis of NAFLD is a necessity. 

Stratifying patient risk can greatly improve identification of those with the severe 

form of the disease, NASH, who are at greatest risk for other liver related 



 

 

3 

 

morbidities, including cirrhosis and hepatocellular carcinoma (HCC). As can be 

expected, prognosis of patients with NAFLD depends on disease state.  While 

simple steatosis can be symptomless or benign, a small percentage of patients 

progress to the more advanced form of the disease, NASH, with varying 

degrees of inflammation, fibrosis, cirrhosis and ultimately, HCC.   

Current approaches to the treatment of NAFLD are aimed at gradual 

weight reduction through lifestyle alterations (diet and exercise) and/or bariatric 

surgery, amelioration of the metabolic syndrome i.e. insulin resistance, through 

use of insulin sensitizers (Metformin and Thiazolidinediones) and lipid lowering 

agents such as fibrates, fish oils and antioxidants (vitamin E, N-acetylcesteine 

and Betaine).   

 
 
Epidemiology of NAFLD:  Prevalence and Risk Factors 

The prevalence of NAFLD is increasing on par with the prevalence of 

obesity, which is considered a major risk factor for the development of NAFLD.  

According to Centers for Disease Control and Prevention (CDC) more than one-

third (34.9% or 78.6 million) of U.S. adults are obese 

http://www.cdc.gov/obesity/data/adult.html) and the prevalence of obesity is 

linked to the prevalence of NAFLD worldwide (Loomba et al., 2013).  Most 

http://www.cdc.gov/obesity/data/adult.html


 

 

4 

 

studies in the United States report a 10-35% prevalence rate of NAFLD with 

variation due to study population and platforms, including liver biopsy, 

radiological tests such as ultrasonography, and serological tests used to 

diagnosis the disease (Vernon et al., 2011).  However, considering the fact that 

approximately one-third of the US population is obese, the prevalence of 

NAFLD in the US population is likely to be about 30% (Vernon et al., 2011).  

In fact, NAFLD is the most common cause of chronic liver disease in 

American adults (Weston et al., 2005). The risks of having NAFLD are up to 

95% in patients with obesity and 70% for patients with type 2 diabetes (T2D) 

(Cornier et al., 2008).  Furthermore, of these high-risk groups, 20-30% develops 

the advanced form of the disease, NASH, with subsequent increase in rates of 

cirrhosis, hepatocellular carcinoma and ultimately liver failure (McCullough, 

2004).      

Non-alcoholic fatty liver disease (NAFLD) is a multifactorial disease 

involving the interplay between various risk factors.  The major risk factors for 

NAFLD and NASH are various components of metabolic conditions (i.e. type II 

diabetes, hypertension, hyperlipidemia and polycystic ovary syndrome), obesity, 

and chronic infections (i.e. hepatitis C virus, HCV) (Vernon et al., 2011). In 

addition, there are a number of demographical and clinical factors that have 

shown strong associations with NAFLD and NASH, including age (Tiniakos et 
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al., 2010; Vernon et al., 2011). However, a possible explanation of the 

relationship between age and the degree of the fibrosis in NAFLD may be a 

function of the chronicity of disease (Vernon et al., 2011).  Another factor is 

gender. Originally, it was well accepted that NAFLD is more common in women 

than in men.  However, Chen and colleagues have reported that in a study of 

26,527 Asian subjects receiving medical checkups, the prevalence of NAFLD 

was 31% in men and 16% in women (Chen et al., 2008).  Systematic reviews of 

the role of gender in NAFLD suggest the need for further studies using larger 

population based cohorts (Vernon et al., 2011).   

Importantly, in a majority of NAFLD cohorts, African Americans are 

significantly underrepresented and Hispanic and Asians are overrepresented 

when compared to Europeans (Guerrero et al., 2009). In other words, Hispanics 

have the highest prevalence of NAFLD, hepatic steatosis, and elevated 

aminotransferase levels, followed by non-Hispanic Whites, with the lowest rate 

reported in African Americans (Vernon et al., 2011).  Recent genotyping 

evidence has further advanced our understanding of the epidemiology of 

NAFLD.  More specifically, familial clustering of NAFLD suggests the possible 

role of a common genetic variant, rs738409 G allele in PNPLA3 gene, which 

encodes adiponutrin (Kotronen et al., 2009).  This genetic variant is associated 

with increased quantitative measures of hepatic fat content (p=0.01) and serum 
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aspartate aminotransferase concentrations (p=2.0e-3) independent of age, sex 

and BMI (Kotronen et al., 2009).  Recent studies indicate that variations in the 

TM6SF2 gene may act as a potential "master regulator" of metabolic syndrome 

outcomes, determining not only risk of advanced liver disease, but also risks of 

other co-morbidities (Hardy et al., 2015).  Interestingly, the variant rs58542926 

confers protection against CVD at the expense of an increased risk of NAFLD 

(Pirola et al., 2015). 

 

Drivers for the progression of NAFLD to NASH  

As outlined, much of the population is at risk of developing NAFLD as a 

result of a rise in obesity. The clinical challenge for hepatologists is how best to 

stratify patients with NAFLD, especially patients who progress to NASH, and 

who are at greatest risk of liver related complications (Anstee, 2011).  The 

sections that follow will focus on the modifiable factors that contribute to 

disease progression, i.e. diet, immunity/inflammation, gut microbiota, and 

hepatocellular cell death.   

 
Dietary Drivers.  At the heart of the obesity epidemic is consumption of 

high caloric diets rich in refined sugars and lipids, which result in an increase in 

adiposity and weight gain. Both obesity and metabolic syndrome exacerbate the 
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progression of NAFLD to NASH through a number of mechanisms. The most 

well studied mechanism is that of dietary lipids, long chain polyunsaturated fatty 

acids (PUFAs). Long chain PUFAs are essential; the human body relies on 

these lipid molecules for growth and development. Importantly, these molecules 

cannot be produced on their own due to the lack of desaturation enzymes 

necessary for their biosynthesis. However, in the diets of NAFLD and NASH 

patients, an excess of saturated (SFA) and n-6 polyunsaturated fatty acids 

(PUFA) as well as reduced n-3 PUFA levels are observed (Valenzuela et al., 

2011). Speaking generally, these lipids have a detrimental effect on many 

metabolic parameters; however, an administration of n-3 PUFA and 

monounsaturated fatty acids (MUFA) ameliorates that effect. Free cholesterol 

and phospholipid levels are also altered in human NAFLD. As experimental 

models indicate, NASH-like liver injury may be induced by accumulation of free 

cholesterol and the shift in the n-6/n-3 PUFAs ratio.  These lipid levels are 

candidate targets for the prevention of the NAFLD progression to NASH (Miura 

et al., 2013). In preventive trials, favorable results are achieved using statins, 

ezetimibe, a non-statin drug that lowers plasma cholesterol levels, and n-3 

PUFAs; however, their ability to reverse already established NASH, is limited 

(Takahashi et al., 2015). 
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The n-6/n-3 PUFAs ratio and NAFLD seems to be connected through the 

role of PUFAs in systemic inflammation.  One of the important classes of 

mediators and regulators of inflammation, eicosanoids, are a byproduct of these 

20-carbon PUFAs.  Inflamed tissues typically contain a higher proportion of n-6 

PUFAs, especially arachidonic acid (AA) (20:4n-6) (Calder, 2006).  The n-3 

PUFAs such as α-linolenic acid, eicosapentaenoic acid and docosahexaenoic 

acid, have important anti-inflammatory properties and are inhibitors of hepatic 

glycolysis and lipogenesis (Wree et al., 2013). Dentin and colleagues 

demonstrated in vivo and in vitro mice that these PUFAs suppress 

carbohydrate-responsive element binding protein (ChREBP) activity by 

increasing ChREBP mRNA decay and by altering ChREBP translocation from 

the cytosol to the nucleus (Dentin et al., 2005).  ChREBP is a key transcription 

factor responsible for regulation of the glycolytic genes and genes involved in 

lipogenesis, including those encoding L-pyruvate kinase (L-PK) and fatty acid 

synthase (FAS) (Dentin et al., 2005).     

It is evident now that the n-6/n-3 PUFAs ratio plays a role in multiple 

stages of NAFLD. In brief, a diet with an excess of carbohydrates and fats leads 

to an increase in oxidative stress in the liver due to increased oxidation of fatty 

acids and subsequent generation of Reactive Oxygen Species (ROS) and 

resultant redox imbalance. This, in turn, leads to the development of insulin 
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resistance along with hyperinsulinemia throughout the body, while the depletion 

of n-3 PUFAs contributes to systemic inflammation. Steatosis can develop in 

the liver through a multitude of pathways: 1) IR-dependent higher peripheral 

lipolysis and fatty acid mobilization to the liver; 2) n-3 LCPUFA depletion 

leading to substantial enhancement in hepatic SREBP-1c/PPAR-α ratio that 

favors de novo lipogenesis over fatty acid oxidation; and 3) hyperinsulinemia-

induced up-regulation of liver lipogenic factor PPAR-γ (Valenzuela et al., 2011).          

In addition to PUFAs, another important contributor to the establishment 

and the progression of NAFLD is the consumption of refined sugars, more 

specifically high fructose corn syrup (HFCS), which is commonly found in 

everyday sweets (Marshall et al., 1957; Tappy et al., 2010).  Based on data 

collected from the NHANES 1999-2004 study, HFCS consumption had 

continuously increased over a 30-year period (1970-2006) and accounted for 

42% of total caloric sweetener consumption in 1999-2004 versus 16% in 1977 

(Tappy et al., 2010).   

Importantly, consumption of fructose and glucose show different effects. 

Hepatic glucose metabolism is regulated by phosphofructokinase, which is 

inhibited by ATP and citrate when energy is high, thus limiting hepatic uptake of 

dietary glucose and production of de novo lipogenesis substrates.  The 

metabolism of dietary fructose is independent of energy status, resulting in 
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unregulated hepatic fructose uptake and increased lipogenesis (Stanhope KL et 

al. 2009).  In one the of studies, the consumption of fructose-sweetened 

beverages as opposed to glucose-sweetened beverages for 10 weeks 

increased de novo lipogenesis, promoted dyslipidemia, decreased insulin 

sensitivity, and increased visceral adiposity in overweight/obese humans 

(Stanhope et al., 2009).   

The clinical manifestation of increased fructose consumption can be 

seen in NAFLD patients.  In a cross-sectional study of 427 adult NAFLD 

patients from the NASH Clinical Research Network (CRN), increased fructose 

consumption was associated with fibrosis severity in patients with NAFLD 

(Abdelmalek et al., 2010).  Furthermore, studies have shown that subjects with 

NAFLD have a significantly, about two-fold greater, intake of sweetened 

beverages as evidenced by their food diaries (Ouyang et al., 2008).  In the 

years to come, further supporting evidence linking excessive consumption of 

dietary fructose to the progression of NAFLD is likely to be seen. 

 

Immunity and Inflammation-Related Drivers. The first line of defense against 

pathogens (antigens) is humans’ innate immunity that quickly responds to 

tissue injury and infection and eliminates the pathogens in a non-specific 

manner.  A variety of cells are involved: dendritic cells and macrophages that 
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function in tissues; circulating phagocytes and granulocytes (i.e. neutrophils, 

monocytes and eosinophils) and lymphocytes (i.e. B lymphocytes, T 

lymphocytes and Natural Killer cells (NK).  The actions of these cells and 

events to follow can be described as an inflammatory response. The 

aforementioned cell types recognize pathogen invasion or cell damage using 

their intracellular (endosomal) or surface-expressed pattern recognition 

receptors (PRRs) (Newton et al., 2012). The receptors detect, either directly or 

indirectly, pathogen-associated molecular patterns (PAMPs), such as microbial 

nucleic acid, lipoproteins (i.e. LPS), and carbohydrates, or damage-associated 

molecular patterns (DAMPs) released from injured cells (Newton et al., 2012).  

The principle functions of PRRs are opsonization, activation of complement and 

coagulation cascades, phagocytosis, activation of proinflammatory signaling 

pathways and induction of apoptosis (Medzhitov, 2001). One of the best-

characterized PRR family members is the Toll Like receptors (TLRs) 

responsible for sensing invading pathogens (Takeuchi, 2010). TLRs are 

comprised of type I transmembrane receptors, which are characterized by an 

extracellular leucine-rich repeat (LRR) domain and an intracellular Toll/IL-1 

receptor (TIR) domain (Medzhitov, 2001).   

TLR4 serves as the receptor for gram-negative bacterial 

lipopolysaccharide (LPS) inducer of inflammatory pathway (Medzhitov, 2008).  
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The recognition of LPS by TLR4 involves several accessory molecules and 

signal transduction pathways that rely on a cytopolasmic Toll/interleukin (IL) 1 

receptor (TIR) domain and serves as the docking site for TIR-containing 

cytoplasmic adaptor protiens (Newton et al., 2012). This sets the stage for a 

cascade of downstream signaling leading to activation of the nuclear factor 

kappa B (NF-κB) pathway, a master regulator of immune and inflammatory 

processes (Napetschnig et al., 2013).            

In 2006, Shi and colleagues demonstrated in vitro and in vivo that TLR4 

can function as a “sensor” for endogenous lipids that may contribute to the 

pathogenesis of lipid-induced insulin resistance (Shi et al. 2006) by inducing 

pro-inflammatory cytokine expression in macrophages, in adipocytes, and in the 

liver (Shi et al. 2006).   

The term ‘meta-inflammation’ (i.e. metabolic inflammatory state) is 

defined as low-grade, chronic inflammation orchestrated by metabolic cells in 

response to excess nutrients and energy (Gregor et al., 2011).  The mechanism 

and pathways that initiate the meta-inflammatory signals in obesity was recently 

reported by Saberi and colleagues and tied back to TLR4. They performed 

bone marrow transplantation (BMT) of Tlr4LPS-del or control C57BI/10J donor 

cells into irradiated wild-type C57JBI6 recipient mice to generate hepatopoietic 

cell-specific Tlr4 deletion mutant (BMT-Tlr4-/-) and control (BMT-WT) mice 
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(Saberi et al., 2009).  Tlr4 knockout hematopoietic cells prevented high fat diet 

(HFD)/obesity-induced hyperinsulinemia, hyperglycemia, and ameliorated 

insulin resistance in liver and adipose in these mice (Saberi et al., 2009).  The 

improved insulin action in adipose tissue and in the liver was in concordance 

with reduced macrophage infiltration of adipose tissue, as well as reduced 

expression of pro-inflammatory cytokines, such as TNF-α, in the respective 

tissues (Saberi et al., 2009). 

More recently, evidence for tissue/organ specific role of TRL4 in diet-

induced obesity and associated metabolic abnormalities have been presented.  

A study of 2 mouse models that are deficient in either hepatocyte (TLR4LKO) or 

myeloid cell (TLR4 
ΔmΦ) TLR4 displayed disparate results in ameliorating high 

fat diet (HFD)-induced insulin resistance (Jia et al., 2014).  Inactivation of 

hepatocyte TLR4 resulted in significantly reduced pro-inflammatory markers in 

the liver and enhanced hepatic insulin sensitivity in obese TLRLKO mice (Jia et 

al., 2014). The authors emphasize that the advantage of performing this type of 

gene elimination study is that it is taking place in a fundamentally different 

setting compared to the whole body knock out, hepatocyte specific null, and 

bone marrow transplant based models.   

In a study of TLR4 mutant mice, Rivera et al. demonstrated the 

importance of TLR4 signaling and a direct link between TLR4 and Kupffer cells 
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in pathogenesis of non-alcoholic steatohepatitis (NASH) (Rivera CA et al., 

2007).  Mice were fed a methionine and choline deficient diet (MCDD), which 

results in hepatic microvascular dysfunction and pronounced pathological 

changes associated with NASH within 3-4 weeks.  Kupffer cell depletion was 

achieved by treating C57BL/6 mice with clodronate liposomes (200 ul of 1 

mg/ml suspension), dosage previously shown to selectively deplete Kupffer 

cells and some splenic macrophages within 24 hours.  They observed that 

histological evidence was typical of steatohepatitis, portal endotoxemia, and 

enhanced TLR4 expression in wild type mice fed MCDD.  However, markers of 

injury and fat accumulation were significantly lower in TLR4 mutant mice.  

Kupffer cell depletion studies showed no histological evidence of NASH and 

also, in this model, an increase in TLR4 expression was prevented.  This was 

one of the first hallmark studies to implicate the role of TLR4 dependent 

inflammatory response and fibrogenesis in Kupffer cells. 

 

Role of NOD-Like Receptors (NLR) Inflammasome system. In 2002, a 

group from Switzerland led by Fabio Martinon was the first to describe a 

molecular platform triggering activation of inflammatory caspases and termed it 

“Inflammasome” (Martinon et al., 2002).  Inflammasomes are multi-protein 

complexes that sense PAMPs and DAMPs, intracellular danger signals, via 
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NOD-like receptors (NLRs), which are members of the pattern recognition 

receptor family (Szabo et al., 2012).  NLRs contain a C-terminal leucine-rich 

repeat (LRR) domain that plays a role in the recognition of ligands, a central 

NACHT domain that is responsible for oligomerization and dNTPase activity, 

and an N-terminal CARD, pyrin (PYD), BIR (baculoviral inhibitory repeat), or 

acidic transactivation domain (Szabo et al., 2012).  NLRs form a complex with 

the effector molecule, pro-caspase-1, with or without the contribution of an 

adaptor molecule, such as the apoptosis-associated speck like CARD domain 

containing proteins (ASC) (Szabo et al., 2012).  Inflammasome activation is 

thought to be a 2-step process: the signals from TLR activation upregulate 

inflammasome expression and inflammasome ligand induced activation (Szabo 

et al., 2012). Activation leads to auto-activation of the 45 kDa inactive pro-

caspase-1 precursor into p20 and p10 subunits that form the active caspase-1, 

resulting in the cleavage of pro-IL-1β and/or IL-18 pro-inflammatory cytokines, a 

central regulator of inflammation that binds to the IL-1 receptor (IL-1R), exerting 

a wide range of biological effects (Szabo et al., 2012).   

 
Role of the Gut Microbiome. Microbiota is the intestinal microbial 

community thought to consist of 1014 micro-organisms, while the term 

“dysbiosis” refers to an imbalance in this community of microbes (Mehal, 2013). 
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The imbalance in this large community of microorganisms, which collectively 

encode 3-4 million genes, can lead to metabolic endotoxaemia (Mehal, 2013). 

The fairly new field of microbiomics has been linking alterations in gut microflora 

to many different health complications such as inflammatory bowel disease 

(IBD), cancer, cardiovascular morbidities and obesity (Ray, 2012).   Metabolic 

endotoxemia refers to modest concentrations of circulating bacterial LPS in 

response to non-infectious stimuli (Cox et al., 2015).  The entry of LPS in 

circulation is mediated by chylomicron fractions and has been described to 

occur by passive diffusion across an intestinal mucosa where tight junction 

integrity has been compromised, changes in intestinal permeability, and 

absorption across the intestinal mucosa (Cox et al., 2015).  

Blood supply leaving the gut empties directly into the portal veins of the 

liver exposing liver tissue to gut-derived endotoxins (i.e. endotoxemia) (Rivera 

et al., 2007).  In response to these insults, Kupffer cells (tissue macrophage) 

are activated.  Kupffer cells are responsible for swift containment and clearance 

of endogenous/exogenous immunoreactive material, recognizing them as non-

self and harmful (Baffy, 2009).  Activated Kupffer cells are enabled to (1) launch 

biochemical attacks and initiate interactions with hepatocytes and other liver 

cells by releasing a variety of biologically active mediators including cytokines, 

chemokines, eicosanoids, proteolytic enzymes, reactive oxygen species (ROS), 
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and nitric oxide; (2) recruit and retain non-resident cellular players to the liver 

such as neutrophils, natural killer (NK) T lymphocytes and blood monocyte-

derived macrophages by expressing adhesion molecules and secreting 

chemokines; (3) engulf, ingest, and eliminate solid particles, including 

microorganisms, apoptotic cells; and (4) contributing to adaptive immunity by 

processing and presenting antigens to attract cytotoxic and regulatory T cells 

(Baffy, 2009). 

Henao-Mejia and colleagues provided evidence that modulation of the 

intestinal microbioita through multiple inflammasome components is a critical 

determinant of NAFLD/NASH progression as well as multiple other aspects of 

metabolic syndrome such as weight gain and glucose homeostasis (Henao-

Mejia et al., 2012). Their set of experiments highlights a complex and 

cooperative effect of two sensing protein families, NLRs and TLRs, in disease 

progression.  In particular, nucleotide-binding oligomerization domain-like 

receptor protein 3 inflammasome (NLR3) is involved in the caspase-1 activation 

and caspase-1-mediated IL-1β and IL-18 release (Henao-Mejia et al., 2012).  

Furthermore, genetic inflammasome deficiency-associated dysbiosis 

determines the high concentration of bacterial products (PAMPs) in portal 

blood, introducing further tissue damage to the liver and making it prone to 

steatosis by a high-fat diet (Henao-Mejia et al., 2012).       
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Role of Hepatocellular Death in Progression of NAFLD/NASH 
 

New breakthroughs in the area of hepatocellular death as a 

consequence of cell injury (i.e. FFA lipotoxicity, oxidative stress, unfolded 

protein response, adipokine/cytokine effects, mitochondrial injury, and 

inflammation) have identified complex crosstalk and biochemical cooperation 

resulting in different types of cell death. Cell death involves different pathways 

(apoptosis, autophagy, necrosptosis, pyroptosis and necrosis) and can arise in 

the form of programmed and non-programmed cell death (Wree et al., 2013).  

Hepatocyte cell death can manifest itself in two forms histologically 1) necrotic 

death, which results in hepatocyte becoming swollen (ballooning) and losing 

metabolic function, and 2) apoptosis, which results in nuclear and cytoplasmic 

fragmentation (Tiniakos et al., 2010).  Necrosis is a metabolically inactive set of 

events leading to karyolysis, rupture of the cytoplasmic membrane associated 

with ATP depletion and is commonly associated with an inflammatory cell 

reaction (Tiniakos et al., 2010).  Apoptosis on the other hand is a highly 

regulated, metabolically active form of cell death.  Apoptosis is further classified 

as extrinsic (i.e. involving cell death ligands) or intrinsic (i.e. lysosomal, ER, and 

mitochondrial injury) (Tiniakos et al., 2010).  Both pathways eventually lead to 

the final common step of apoptosis, activation of intracellular proteases in the 
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form of caspases 3 and caspase 7.  Effectors caspase 3 and 7 are known to 

cleave several cellular substrates, including the epithelial-specific intermediate 

filament proteins, cytokeratin-18 (CK-18).  During apoptosis, CK-18 is cleaved 

at 2 sites into 3 fragments and ultimately released by apoptotic cells.  More 

specifically, cleavage at Asp396 generates a neo-epitope recognized by 

monoclonal antibody, M30.  Hepatocytes are mainly composed of CK-18 and 

liver disease studies have demonstrated an increased number of apoptotic cells 

compared to normal liver sections suggesting the role of caspase activation in 

the pathogenesis of various liver diseases (Bantel et al., 2001).  In 2006, 

Wieckowska and colleagues were the first to demonstrate hepatocyte caspase 

activation in the blood of human subjects with NASH (Wieckowska et al., 2008).  

Plasma CK-18 levels were markedly increased in patients with NASH compared 

to patients with simple steatosis or normal liver biopsies (Wieckowska et al. 

2008).   CK-18 fragment levels independently predicted NASH and receiver 

operating characteristic (ROC) curve analysis showed specificity of 99%, a 

sensitivity of 85.7%, and positive and negative predictive values of 99.9% and 

85.7%, respectively, for the diagnosis of NASH (Wieckowska et al., 2008).  

Subsequent studies performed in Dr. Baranova’s laboratory led to the assembly 

of a novel diagnostic marker panel for obesity related NASH (Younossi ZM et 

al. 2008) that could be predicted by a combination of serum adiponectin, 
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resistin and cleaved CK-18 (M30) with a sensitivity of 95.4% , specificity of 

70.21%, and AUC of 0.908 (p<10-4) (Younossi et al., 2008).   

Studies aimed at quantifying hepatocyte apoptosis in NASH show a 

strong correlation between disease severity and increased levels of apoptosis in 

patients with NASH compared to disease free controls (Feldstein et al., 2003).  

Correlation analysis between the number of TUNEL-positive cells and the 

independent grading of fibrosis in NASH show hepatocyte death to be 

significantly higher in patients with advanced (stage 3-4) fibrosis compared to 

patients with early (stage 1-2) fibrosis (Feldstein et al., 2003).  Semi-quantitative 

analysis of immune-staining for the Fas cell surface death receptor (Fas) of 

NASH samples, compared with simple steatosis and normal control samples, 

reveal Fas-staining scores to be significantly higher in patients with NASH 

compared to control groups (Feldstein et al., 2003).  An increase in Fas protein 

staining suggests an overexpression of Fas and implicates its potential role in 

the mechanism of extrinsic hepatocyte cell death.  

 

Role of Obesity Related Low Grade Chronic Inflammation in Progression 

of NAFLD/NASH 

Obesity is a pro-inflammatory state whereby enlarged (hypertrophied) 

adipocytes respond to their stressed environment by working in concert with 
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adipose tissue-resident immune cells (lymphocytes and macrophages) to 

increase release of proinflammatory cytokines and adipokines (Makki et al., 

2013).  Research in the 1990s led to a major breakthrough showing that white 

adipose tissue (WAT) was not inert but a metabolically active organ releasing 

proinflammatory cytokine tumor necrosis factor alpha (TNF-α) (Hotmisligil et al. 

1993).  Since then, the list of adipocyte secreted inflammatory mediators 

(adipokines) has increased over the years and suggests the missing link 

between obesity and associated comorbidities (IR, MS, and NAFLD) (Baranova 

et al., 2007; Waki et al., 2007).   

Adipokines exert both anti-inflammatory and inflammatory effects along 

with other biological roles in autocrine and paracrine; or systemically, to 

influence energy homeostasis and immunity (Baranova et al., 2007, Makki et 

al., 2013). Several specific adipokines have been clinically linked to the 

development and/or progression of NAFLD to NASH including adiponectin, 

resistin, leptin, and TNFα (Baranova et al., 2007). Recently, Wolf et al. have 

reported very interesting results profiling the expression of 48 different 

adipokines in human hepatic, visceral and subcutaneous adipose tissue (SAT) 

in a cohort of obese NAFLD patients (Wolfs et al., 2015).  They observed the 

hepatic expression of several pro-inflammatory adipokines (TNF-α, IFG1, 

IL1RN, PAI-1 and CXCL10) to correlate with features of NAFLD and most 
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notably, they showed that the expression of leptin, chemerin, and ANGPT2 in 

visceral adipose tissue (VAT) is associated within the spectrum of NAFLD 

(Wolfs et al., 2015).  This study further highlights the role of adipose tissue-

induced systemic inflammation in the pathogenesis of NAFLD. 

The effects of pro-inflammatory cytokine and adipokines released by 

adipocytes may be a reaction to local hypoxic conditions caused by hypertrophy 

and adipocyte redox dysfunction (Page et al., 2010; Jankovic et al., 2015).  In 

vitro studies of cultured adipocytes exposed to hypoxic conditions resulted in an 

increase in pro-inflammatory adipokines (IL-6, leptin and monocyte migration 

inhibitory factor, with a decrease in anti-proinflammatory adiponectin (Wang et 

al., 2007).  Chronic inflammatory and hypoxic milieu of tissue can lead to 

activation of tissue fibrosis, altering normal tissue structure and function.  

Recently, Henninger et al. investigated the presence of adipocyte hypertrophy 

and gene expression patterns in subcutaneous adipose tissue of first-degree 

relatives (healthy, non-obese) with known genetic predisposition for type 2 

diabetes (Henninger et al. 2014).  They successfully showed adipocyte 

hypertrophy to be accompanied by increased inflammatory markers (TNF-α, 

TLR4, IL1B, IL1RN, IL6, IL10, IL13, CCL2 and CD68) and Wnt-signal activation 

involved in adipose tissue differentiation (Henninger et al., 2014).  It would be 

beneficial to perform a similar study of the morbidly obese healthy and un-
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healthy subjects to better assess the exacerbating effect of increased adiposity 

on adipokine gene expression.  This study provides further evidence to 

corroborate previous findings of the role of adipocyte size and consequential 

local hypoxia and pro-inflammatory adipokine release (Skurk et al., 2007; Bays 

et al., 2008).   

Interestingly, there seems to be a resurgence of clinical data first 

published in the 1980s in the field of obesity research, which shows huge 

individual variability in the risk for metabolic and clinical morbidities associated 

with obesity, which has led to new classifications of the obesity state (Andres, 

1980; Sims, 1982; Brochu et al., 2001; Primeau et al., 2011).  Accordingly, a 

unique subset of obese individuals seems to be protected and more resistant to 

the development of metabolic abnormalities associated with obesity, termed 

‘metabolically healthy but obese’ (MHO) (Primeau et al., 2011).  MHO 

individuals display favorable metabolic profiles characterized by high levels of 

insulin sensitivity, lack of hypertension, as well as favorable lipid, inflammation, 

hormonal, liver enzyme and immunity profiles (Primeau et al., 2011).  Recently, 

Aung et al. examined the risk of developing cardiovascular disease (CVD) and 

type 2 diabetes mellitus (DM) in the metabolically healthy obese (MHO) and the 

metabolically unhealthy normal weight (MUH-NW) individuals.  They 

successfully showed that both MHO and MUH-NW individuals have increased 
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risk for CVD and DM (Aung et al., 2014).  Additionally, data from the 

Prospective Pizarra Study conducted by Soriguer et al., showed the 

metabolically unhealthy obese to be at high risk of developing DM after 11 

years of follow-up and MHO subjects to have lower risk of developing DM 

compared to metabolically unhealthy obese subjects (Soriguer et al., 2013).  

These results suggest that MHO subjects are an intriguing clinical phenomenon 

and it further raises questions regarding the physiological mechanisms 

involved.  For example, if obesity does not determine metabolic health status, 

then what does?    

Recently, research in the area of translational endocrinology suggests 

inflammation to determine metabolic health status in obese and non-obese 

adults (Phillips et al., 2013).  A cross sectional study of 2047 men and women, 

both obese (defined as ≥30 kg/m2) and non-obese (<30 kg/m2), showed MHO 

and metabolically unhealthy obese (MUH) subjects have lower levels of 

complement component 3, C-reactive protein, TNF-α, IL-6, and plasminogen 

activator inhibitor-1, and higher adiponectin levels compared to their 

metabolically unhealthy counterparts (Phillips et al., 2013).  They successfully 

show that favorable inflammatory status is positively associated with metabolic 

health in obese and non-obese individuals, and that inflammatory state is a 

better predictor of metabolic health regardless of BMI.  These findings can have 
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major public health implications and clinical significance with respect to patient 

screening and stratification where appropriate therapy or intervention can be 

employed.   

In free radical biology, oxidative stress (OS) refers to the imbalance 

between the prooxidant and antioxidant levels in favor of a prooxidant state in 

cells and tissues (Kalyanaraman, 2013).  Prooxidant species (free radicals, 

reactive oxygen species (ROS), reactive nitrogen intermediates (RNI)) cause 

modification and damage to DNA, proteins and lipids.  There are numerous 

intracellular sources of ROS such as an imbalance between pro and anti-

oxidant levels and/or antioxidant enzymes (superoxide dismutase and 

glutathione peroxidase), mitochondrial oxidants and NADPH oxidases (i.e. NOX 

enzymes) (Holmstrom et al., 2014).  Mitochondria are considered to be the 

largest contributor of ROS because they generate ATP in an oxygen-dependent 

manner, during which the flow of electrons down the respiratory chain 

culminates in reduction of molecular oxygen to water (Holmstrom et al., 2014).  

However, throughout this process molecular oxygen can also undergo a one-

electron reduction to generate a reactive superoxide anion (O2
-) (Murphy et al., 

2009).  Normally, cells use oxygen to produce ATP and water without any toxic 

by-products (superoxide anion) but this can lead to mitochondrial dysfunction.  

Another important intracellular source of ROS production is the family of 
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NADPH oxidases (NOX enzymes) (Holmstrom et al., 2014).  In the context of 

host defense systems (neutrophils), studies show the activation of various 

inflammatory mediators and production of large amount of ROS defends 

against foreign microorganisms (Holmstrom et al., 2014).  Animal studies by 

Furukawa S et al. show increased production of ROS in adipose tissue of obese 

mice, accompanied by augmented expression of NADPH oxidase and 

decreased expression of antioxidative enzymes (Furukawa et al., 2004).  

Recently, the potential of redox imbalance in adipose tissue as an initiator of 

adipocyte dysfunction in obesity has been reported (Jankovic et al., 2015).  

In NAFLD, increased mitochondrial fatty acid oxidation (mtFAO) plays a 

significant role in curtailing fat accumulation in hepatocytes, but this 

compensatory mechanism produces secondary oxidative stress (Begriche et 

al., 2006). Increased hepatic mtFAO has been found in patients with obesity-

induced NAFLD, especially patients with the severe form of the disease (NASH) 

(Begriche et al., 2013).  ROS is known to activate NF-κB signaling, inducing the 

synthesis of tumor necrosis factor-α (TNF-α), which is released by Kuppfer cells 

in the liver (Yin et al., 2001; Begriche et al., 2006). 
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Histological Diagnostic Criteria and Scoring Systems for NAFLD/NASH 

In 1980, Ludgwig and colleagues were the first to describe non-alcoholic 

steatohepatitis as a poorly understood and hitherto unnamed liver disease that 

histologically mimics alcoholic hepatitis and tend to progress to cirrhosis 

(Ludwig et al., 1980).  In this seminal study, liver biopsies of 20 moderately 

obese patients with non-alcoholic steatohepatitis of unknown etiology were 

histologically examined.  The specimens were characterized by the presence of 

striking fatty changes with evidence of lobular hepatitis, focal necrosis with 

mixed inflammatory infiltrates and the presence of Mallory bodies (Ludwig et al., 

1980).  Furthermore, evidence of fibrosis was observed and cirrhosis was 

diagnosed in biopsy tissues of 3 patients (Ludwig et al., 1980).  Naturally, there 

has been an evolution in improvements to histological criteria used to diagnose 

NAFLD/NASH.  Liver biopsy was the foundation technique used in 1980 by 

Ludwig and colleagues and still remains the ‘gold standard’ for confirming or 

excluding the diagnosis of NASH in patients (Tiniakos et al., 2010).  As of 2009, 

according to the American Association for the Study of Liver Diseases 

(AASLD), liver biopsy currently has three major roles: (1) diagnosis, (2) 

assessment of prognosis (disease staging), and/or (3) assistance in making 

therapeutic management decisions (Rockey et al., 2008). 
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The histological hallmark of NAFLD in both adults and children is 

steatosis. This histology is the manifestation of intracytoplasmic lipids deposed 

in the form of triglyceride (TG) within hepatocytes (Tiniakos et al., 2010).  The 

TG in the hepatocytes can manifest itself in different forms: (a) large droplets of 

macro-vesicular fat that fill the cytoplasm, displacing the remaining contents of 

the cell and nucleus peripherally, (b) mixed large and small lipid droplets, which 

can easily be delineated, or (c) rarely, in addition to macro-vesicular steatosis, 

foci of hepatocytes with true micro-vesicular steatosis (Tiniakos et al., 2010).   

The minimum histological criterion for the diagnosis of steatosis is the 

presence of fat in more than 5% of hepatocytes (Tiniakos et al., 2010).  Semi-

quantitative methods for the histological assessment of steatosis are based on 

routine laboratory stains, exposing the lipid droplets as large white spots that 

occur as a result of vacuolation during tissue processing (Tiniakos et al., 2010).  

Semi-quantitative methods for the assessment of steatosis follow the acinar 

architecture and refer to the percentage of liver parenchyma occupied by 

steatotic hepatocytes:  0-33% (or 0-5%, 5-33%), 33-66% or more than 66% 

(Tiniakos et al., 2010).  Chalasani et al. have conducted studies examining the 

relationship of the severity and zonal location of steatosis to the presence of 

NASH and to other histological features that define NASH in adult patients with 

NAFLD (Chalasani et al., 2008).  They observed that increasing levels of 
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steatosis severity were positively associated with lobular inflammation (p<1.0e-

4), zone-3 fibrosis (p<1.0e-3), and definite steatohepatitis (p=0.02), suggesting 

that patients with severe steatosis are at high risk for developing NASH 

(Chalasani et al., 2008).             

 

Liver biopsy 

In adults, the minimal histologic criteria for the diagnosis of adult NASH 

include the presence of steatosis, hepatocellular injury in the form of ballooning, 

and lobular inflammation, typically predominant in zone 3 (Tiniakos et al., 2010).  

Hepatocellular injury can manifest itself in the form of ballooning, apoptosis and 

lytic necrosis.  Hepatocellular ballooning refers to enlarged hepatocytes, with 

rarefied cytoplasm, that may have a reticulated appearance or contain Mallory-

Denk bodies, which are dense, ropy, eosinophilic, and intracytoplasmic 

perinuclear inclusions (Tiniakos et al., 2010).  The presence of inflammatory 

markers can be observed both in lobules and portals.  Lobular inflammation is 

considered to be mild, consisting of small foci of inflammatory cell infiltrates 

composed of lymphocytes, eosinophils, and Kupffer cell aggregates in the form 

of microgranulomas (Tiniakos et al., 2010).  Portal inflammation in NAFLD takes 

the form of chronic mononuclear cell infiltrates with varying degrees of portal 

inflammation observed in the NASH spectrum (Tiniakos et al., 2010).  Evidence 
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from research conducted by the Non-alcoholic Steatohepatitis Clinical Research 

Network (NASH CRN) suggests increased portal chronic inflammation to be 

associated with many clinical and pathologic features of progressive NAFLD in 

both adults and children (Brunt et al., 2009). 

These consequences of hepatocyte injury can further lead to liver 

fibrosis, the underlying mechanism for hepatic insufficiency and for most clinical 

complication of end-stage liver disease (Moreira, 2007).  Over the past decades 

there has been an evolution in our understanding of the development and 

consequences of fibrosis.  Fibrosis is known to be part of a dynamic process of 

continuous extracellular matrix (ECM) remodeling in the setting of chronic 

hepatocyte injury, which leads to an excessive accumulation of several 

extracellular proteins, proteoglycan, and carbohydrates (Moreira, 2007).  

Histologically, fibrosis has a characteristic “chicken wire” pattern in adult 

patients with non-cirrhotic NASH and is perisinusoidal/pericellular and usually 

first observed in acinar zone 3 (Tiniakos et al., 2010).  Progressive fibrosis can 

lead to bridging (central-portal, portal-portal, or central-central) fibrosis and 

ultimately to cirrhosis (Tiniakos et al., 2010).  It is important to mention that in 

addition to these histologic features, there are other features that a trained 

pathologist can identify under a microscope (Table 1). 
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Table 1. Histologic features and description related to NAFLD/NASH.  Adapted 

from (Tiniakos et al., 2010) 

Histologic 
Lesions 

Description 

Iron deposition With variable degrees and distribution within hepatocytes 
and/or the cells of the reticulo-endothelial system.  The 
hormonal regulator, hepcidin, is under investigation in 
obesity and NASH 

Ductular reactions The presence of hyperplastic ductular structures 
accompanied by varying amounts of inflammation and 
connective tissue at the portal tract interface is thought to 
arise from hepatic progenitor cells.  Possible pathway for 
progressive fibrosis. 

Megamitochondria 

(giant 

mitochondria) 

Intracellular, round or cigar-shaped eosinophilic 
structures, commonly observed in hepatocytes with 
microvesicular steatosis.  Electron microscopy reveals 
that mitochondria in NAFLD may show paracrystalline 
inclusions, and loss of cristae.  Significance in NAFLD 
not known. 

Glycogenated 

hepatocyte nuclei 

Vacuolated and may be seen in clusters within the 
parenchyma. When located within periportal 
hepatocytes, they are considered by some investigators 
to be characteristic of NASH or diabetes. 

 
 
 
Semi quantitative NAFLD activity scoring system (NAS)  

The National Institute of Diabetes and Digestive and Kidney Diseases 

(NIDDK) sponsored the NASH Clinical Research Network (CRN) which 

proposed and validated a scoring system for the clinical trials in NAFLD and 

NASH cohorts (Tiniakos et al., 2010).  This scoring system takes into account 

the disease spectrum by assigning disease activity scores (NAS), which are 

feature based and composed of individual scores for steatosis, lobular 
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inflammation, and hepatocellular ballooning, Table 2 (Tiniakos et al., 2010).  In 

addition, the staging system for fibrosis was expanded to include the pediatric 

pattern of portal fibrosis (stage 1c); and the initial perisinusoidal fibrosis in zone 

3 was further divided into delicate and dense (stages 1a and 1b, respectively) 

(Tiniakos et al., 2010).          

Table 2.  NASH Clinical Research Network Scoring System for NAFLD 
(Adapted from Tiniakos et al., 2010). 
 

 

 
Pharmacological Treatments for NASH 

Presently, there is no single evidence-based pharmacological treatment 

for NAFLD.  Available treatment options are geared toward alleviating the risk 

factors and symptoms associated with NAFLD, such as obesity, lack of activity, 

insulin resistance and cardiovascular risks.  A complete list of clinical symptoms 

and laboratory features are listed in Table 3. Treatments for NASH may include 
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improving insulin sensitivity by reducing caloric intake and increasing caloric 

expenditure; bariatric surgery in morbidly obese patients; medication with 

thiazolidinediones and metformin, as well as antifibrotic and antioxidant agents 

such as pentoxyifylline and vitamin E (LaBrecque et al., 2012). 

 

Table 3. Clinical and laboratory features of NAFLD  (Adapted from Tilg et al., 2005) 

 

Symptoms Asymptomatic (50-100% of patients) 

 Uncommon: fatigue, malaise, right upper quadrant pain 

Signs Hepatomegaly (up to 75%) 

Laboratory 
Features 

Normal to 4 fold increase in alanine aminotransferase 
(ALT) and aspartate aminotransferase (AST) levels, 
usually ALT>AST except in advanced fibrosis/cirrhosis 
(up to 50% in patients with simple steatosis and in up to 
75% of patients with NASH). 
 
Elevated γ-glutamyltransferase levels (50-60%) of 
patients). 
 
Elevated alkaline phosphatase levels (30% of patients). 
 
Elevated ferritin levels (50-60% of patients). 
 
Normal levels for bilirubin, albumin and prothrombin 
time. 
 
Low titer antinuclear antibodies (<1:320) (in up to a third 
of patients). 
 
Elevated C-reactive levels (% unknown). 
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CHAPTER 2 

Vitamin D  

 

The production of vitamin D3 in the skin is a non-enzymatic process.  The 

reaction can be broken down into two steps (photoconversion and 

thermoconversion). In photoconversion, solar ultraviolet B photons with an 

energy range between 290 and 315 nm of radiation initiate photolysis of pro-

vitamin D3 7-dehydrocholesterol (7-DHC) to pre-vitamin D3 (MacLaughlin et al., 

1982).  This photochemical process occurs in the plasma membrane of skin 

cells.  Pre-vitamin D3 is thermodynamically unstable; therefore, it rapidly 

undergoes a rearrangement of double bonds, transforming it into the more 

stable form, s-trans, s-cis pre-vitamin D3 (Tian et al., 1995).  This conversion is 

quite efficient with approximately 50% of pre-vitamin D3 converting to vitamin D3 

and entering the circulatory system with the help of transport proteins, within 

two hours of sun exposure (Tia et al., 2010). In the following sections, this 

process will be discussed in greater detail. 
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Photo-conversion of 7-Dehydrocholesterol (7-DHC) to Pre-vitamin D3  

The first step in the photoconversion of pre-vitamin D3 in the skin occurs 

when 7-DHC absorbs UVB (290-315 nm) of radiation, causing a bond cleavage 

between carbon 9 and carbon 10 and an isomerization of 5,7-diene to form the 

s-cis, s-cis-pre-vitamin D3. The steric interaction between the C ring and the 

carbon 19 methyl group of s-cis, s-cis-pre-vitamin D3 leads to generation of an 

energetically less stable molecule. To achieve stability, a rotation around the 

carbon 5/carbon 6 single bond occurs.  This results in an energetically more 

stable s-trans, s-cis-pre-vitamin D3 (Holick et al., 1995).  Alternatively, the 

unstable s-cis, s-cis-pre-vitamin D3 conformer can form vitamin D3 as a result of 

an intramolecular rearrangement of its hydrogen atoms.   

7-dehydrocholestrol (7-DHC) is present in all layers of human skin, with 

65% of 7-DHC per unit area found in the epidermis and the remaining 35% in 

the dermis (Holick et al., 1981). Hence, the epidermal layers have the highest 

potential for pre-vitamin D3 production. Indeed, over 95% of pre-vitamin D3 

production occurs in the epidermis (Holick et al. 1981). For the photolysis to 

take place, light radiation levels in the range of 290-315 nm must penetrate the 

layers of skin so that a state of maximum energy is attained.  In 1982, 

MacLaughlin et al. determined the pathway for pre-vitamin D3 production from 
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7-DHC in human skin after exposure to narrow-band radiation or simulated 

solar radiation and reported that the optimum wavelengths for the production of 

pre-vitamin D3 was between 295-300 nm of radiation (MacLaughlin et al., 1982).  

Once pre-vitamin D3 is synthesized in the skin, it can either undergo a 

photoconversion to lumisterol, tachysterol, or back to 7-DHC, or undergo a 

thermal isomerization to vitamin D3 (Holick et al., 1981). 

Subcellular localization studies of 7-DHC and pre-vitamin D3 in human 

epidermal tissue revealed that most 7-DHC and pre-vitamin D3 reside in the 

membrane fraction, while only 20% are found in the cytosol (Tia et al., 2010).  A 

majority of 7-DHC molecules got entrapped in the plasma membrane because 

of its 3β-hydroxyl group’s hydrophobic attraction to the polar head groups of 

membrane fatty acids, while its non-polar rings and side chain associating with 

the non-polar fatty acid tail hydrophobic by van der Waals interactions (Tia et al. 

2010). When 7-DHC in the skin’s plasma membrane is exposed to UVB 

radiation, the thermodynamically less favorable conformation of the s-cis, s-cis-

pre-vitamin D3 is stabilized through the hydrophobic and hydrophilic interactions 

with the bilayer lipid membrane fatty acids (Holick, 2010).     
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Thermal Conversion of Pre-vitamin D3 to Vitamin D3  

The second and final step in the synthesis of vitamin D3 is the thermo-

isomerization of pre-vitamin D3 in human skin.  To date, there is no evidence for 

an enzymatic process in the skin that can convert pre-vitamin D3 to vitamin D3.  

Earlier studies by Havinga et al. demonstrated that this process cannot be 

affected by acids, bases, catalysts, or inhibitors of radical chain processes. Nor 

it is affected by the lack of an intermediate during this thermo-isomerization 

(Havinga et al., 1973), leading to the conclusion that the reaction is an intra-

molecular concerted process involving a [1,7] sigmatropic hydrogen 

rearrangement on the opposite side of a plane (antarafacially) are on the same 

of side of a plane (suprafacially) (Havinga et al. 1973), where antarafacial 

arrangements are more favorable than suprafacial arrangements due to steric 

hindrance. Much of the experimental information about the pre-vitamin D3 

thermo-isomerization was obtained from in vitro experiments (Tian et al., 1993) 

with organic solvents assumed to be the same as those present in human skin. 

Kinetic and thermodynamic studies of the thermo-isomerization of pre-vitamin 

D3 to vitamin D3 in human skin compared to those performed in an organic 

solvent revealed that both the equilibrium of the reaction is in favor of vitamin D3 

production in human skin (equilibrium constant K at 37°C = 11.44) compared to 

hexane (K=6.15). The rate of the reaction was increased by more than ten-fold 
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in human skin (T1/2 at 37°C = 2.5 hours) when compared to hexane (T1/2 = 30 

hours) (Tian et al., 1993).  In terms of thermodynamics, the enthalpy (ΔH°) 

change for the reaction was ΔH° = -21.58 kJ   mol -1 in human skin and ΔH° = -

15.60 in hexane. In sum, the activation energy for both the forward and reverse 

reactions (rate constants and equilibrium constant) were lower in human skin as 

compared to hexane, highlighting the efficiency of skin cells in the formation of 

vitamin D3 (Tian et al., 1993).  

 

Factors Influencing Regulation of Vitamin D3 Synthesis by Sunlight 

In 1967, W. Farnsworth Loomis was the first to propose the theory that 

human pigmentation evolved to play a critically important role in regulating the 

cutaneous photosynthesis of vitamin D3.  His rationale was that human melanin 

pigmentation evolved from darker to lighter in northern climates to mediate 

efficient photosynthesis of pre-vitamin D3. This hypothesis points to the 

conditions of insufficient exposure to sun; people with lesser amounts of 

melanin production (Caucasian) may have an advantage over those of African 

descent. On the other hand, in Southern latitudes, a selection for darker skin 

made sure that up to 95 percent of the ultraviolet light is prevented from 

reaching the deeper layers of the skin where vitamin D is synthesized. In 
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addition to skin pigmentation, other key factors that influence the production of 

vitamin D synthesis include geographic location, relative thickness of the ozone 

(O3) layer, and seasonal variation.  

Geographic location, or more specifically, latitude has a major influence 

on the production of vitamin D synthesis.  As one moves away from the equator 

and toward the poles, ultraviolet (UV) levels decrease.  At the equator, the solar 

zenith angle (SZA) is the smallest, resulting in higher UV levels.  Conversely, at 

higher latitudes, the SZA increases, which results in longer path for solar 

radiation. This means that latitude impacts vitamin D effective radiation.  When 

all other parameters including ozone, altitude, and aerosol pollution are kept 

constant, seasonal variations are noted at the equator (0° latitude) (Kimlin, 

2008). 

When the latitude increases to 40°, a significant annual variability of the 

UV radiation, and therefore vitamin D production, becomes noticeable. During 

the winter months of December and January in Japan, there is virtually no 

vitamin D effective UV radiation. At the latitude of 90°, this problem exacerbates 

further, with no vitamin D effective radiation produced for 8 months of the year.  

When 40° and 90° latitudes are compared, a 7 fold difference in the maximum 

vitamin D producing UV amounts is noted during the summer months at 40° 
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latitude. These levels exceed the summer values at the equator (0° latitude) 

(Kimlin, 2008).  

Ozone (O3) is created when free oxygen atoms in the atmosphere are 

generated by splitting the diatomic oxygen (O2) molecules by short ultraviolet 

(UV)) waves and then combined with existing O2 molecules.  The ozone layer 

absorbs UV (primarily UVB) waves as they pass through. It is located roughly 

10 kilometers (km) above the Earth within the stratosphere.  One of the major 

consequences of this process is thermal energy production. Hence, the 

stratosphere has a slightly higher temperature than the top of the troposphere.  

This phenomenon is responsible for modern day climate change.  

 

Bioactivation of Vitamin D to “Hormone D” 

In higher vertebrate animals, the vitamin D3 hormone is essential.  

Recently, this molecule received a lot of attention, with an increasing number of 

peer-reviewed articles published on the subject.  For example, in 1975 there 

were approximately 100 manuscripts published that included the term Vitamin D 

in the title or abstract, while by 2007, the number of Vitamin D-related 

publications ballooned to greater than 1400 articles per year (Norman, 2008). In 

2014, more than 4600 manuscripts were published on the subject. 
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It is important to note that the precursor to the hormonally active form, 

the skin-derived vitamin D3, has no known intrinsic biological activity.  In fact, it 

does not even circulate for long in the bloodstream, as it is either immediately 

sequestered in adipose tissue or enters the liver and, subsequently, the kidneys 

for further metabolism to become the biologically active hormone 1α, 25 

dihydroxyvitamin D3 in a multi-enzymatic process. The steps of activation, 

including 25-hydroxylation, 1α-hydroxylation and 24-hydroxylation, involve 

cytochrome p450 mixed-function oxidases (CYPs).  

Vitamin D metabolizing hydroxylases (CYPs) are classified into two main 

subtypes based upon their subcellular location.  These enzymes are located 

either in the endoplasmic reticulum (ER) or in the mitochondria. Neither 

microsomal nor mitochondrial CYP subtypes function alone but are components 

of the respective electron transport chains. The electron donor for the ER 

enzymes is the reduced nicotinamide adenine dinucleotide phosphate 

(NADPH)-dependent P450 reductase.  The electron donor chain for the 

mitochondrial enzymes is comprised of ferredoxin and ferredoxin reductase.  All 

of the vitamin D related CYPs catalyze single or multiple hydroxylation reactions 

on specific carbons of the vitamin D substrate using a transient Fe-O 

intermediate.       



 

 

42 

 

Hepatic 25-Hydroxylation of Vitamin D3 to 25(OH)D3 

The first step inn the functional metabolism of vitamin D, namely 25-

hydroxylation, occurs in the liver (Suda et al., 1969).  In the past, there has 

been a discussion as to whether 25-hydoxylation is carried out by one enzyme 

or multiple enzymes and whether the cytochrome P450 enzyme is found in the 

mitochondria or microsomal fractions of the liver (Jones, 2010).  In 1979, 

Madhok and DeLuca reported that a rat liver microsomal system requires 

NADPH, molecular oxygen, a flavoprotein, and a cytochrome P450 to achieve 

25-hydroxylation of vitamin D3. Furthermore, work by Fukushima et al. 

suggested existence of two 25-hydroxylase enzyme activities: a high affinity, 

low capacity type (microsomal, CYP2R1) and a low-affinity, high-capacity type 

(mitochondrial, CYP27A1).  

The mitochondrial enzyme CYP27A was the first to be cloned.  This 

enzyme is well conserved across species and is having two separate functions; 

it also expresses 27-hydroxylase activity toward cholesterol and related sterols 

in two separate bile acid biosynthetic pathways (Norlin et al., 2003). The much-

elusive microsomal CYP2R1 was identified by preparing a cDNA library from 

hepatic mRNA of sterol 27-hydroxylase-deficient mice. This cDNA library was 

screened with a ligand activation assay to identify an evolutionary conserved 
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microsomal cytochrome P450 (CYP2R1) with vitamin D 25-hydroxylase activity.  

Expression analysis of CYP2R1 in cells led to the transcriptional activation of 

the vitamin D receptor when vitamin D3 was added to the medium.  

Furthermore, thin-layered chromatography and radio-immunoassays indicated 

that the product of CYP2R1 enzymatic activity was 25-hydroxyvitamin D3.  

Thus, CYP2R1 became a strong candidate to be a key player in the microsomal 

25-hydroxylation of vitamin D3.  The CYP2R1 enzyme, comprised of 501 amino 

acids, has been cloned from mouse and human tissue; then, by quantitative 

real-time PCR, its expression was characterized as specific for the liver and the 

testes (Cheng et al., 2003).   

 

Formation of Steroid Hormone 1α, 25 Dihydroxyvitamin D3 (1α.25 (OH)2 D3) 

The circulating levels of 25(OH)D3 are commonly used as a measure of 

vitamin D status in the human body. However, a final bioactive form of this 

hormone is produced by yet another enzyme, 25-hydroxyvitamin D3-1α-

hydroxylase. This tightly regulated step involves the introduction of a 1α-

hydroxyl group in the A ring of 25(OH)D3 and the creation of the hormone 1α, 

25 Dihydroxyvitamin D3 --all taking place in the kidneys (Cheng et al.,  2003). 

Unlike 25-hyroxylation, there seems to be only one cytochrome P450 enzyme 
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responsible for 25-hydroxyvitamin D3 1α-hydroxylase activity and that is 

CYP27B1.  This enzyme was sequenced and cloned by four different groups 

(Fu et al., 1997; Shinki et al., 1997; Takeyama et al., 1997; St-Arnaud et al., 

2000).  

The complexities of vitamin D biosynthesis have been corroborated by 

clinical observations.  Patients with chronic kidney disease progressively lose 

1α-hydroxylase activity and gradually deplete their circulating levels of 1α,25 

dihydroxyvitamin D3 (1,25(OH)2D3) over the five-stage history of their disease. If 

left unsupplemented, these patients go on to develop renal osteodysthropy 

caused by a deficiency of 1,25(OH)2D3, and secondary hyperthyroidism (Jones, 

2010).    

 Transport of Vitamin D Metabolite in Circulation:  Role of Vitamin D 

Binding Protein (DBP) 

Lipophilic steroid hormones and sterols are commonly transported 

through the bloodstream while being bound to plasma proteins (i.e. albumin and 

lipoproteins).  This is largely due to their low aqueous solubility. Given the large 

number of plasma protein types and their sheer volume, some fraction of 

lipophilic hormones is always transported by one or another non-specific ligand 

carrier. However, there is also a specific mechanism for the transport of steroid 
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hormones and sterols including corticosteroid-binding globulin (CBG) 

(glucocorticoids, mineralocorticoids), vitamin A (retinol)-binding protein, sex 

hormone-binding globulin (SHBG) (estrogens, androgens), thyroid hormone-

binding globulin and vitamin D-binding protein (DBP) (Chun, 2014).  

A specific carrier for vitamin D transport, so-called Vitamin D-binding 

protein (DBP) is a multifunctional molecule capable of binding and transport of 

vitamin D metabolites, sequestering globular actin, and interacting with fatty 

acids and playing a number of prominent roles in the immune system and host 

defense (White et al., 2000).  

 

Synthesis of DBP 

Vitamin D binding protein (DBP) is produced mainly by the liver. In the 

human genome, the DBP-encoding gene is located on chromosome 4q11-q13 

(Cooke et al., 1986) in close proximity to serum albumin and α-fetoprotein 

encoding genes (Harper et al., 1983).  A comparative genomic analysis 

indicates that DBP is the oldest member of the Group-specific component of the 

serum (Gc globulin) family, whereas albumin (ALB), α-fetoprotein (AFP) and 

afamin (AFM) are more recent members (Bouillon, 2011).  The proximal 
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promoter of the DBP gene contains three hepatocyte nuclear factor 1 (HNF-1) 

binding sites that serve as targets for liver specific HNF-1α and HNF-1β 

transcription factors (Song et al., 1998). Before secretion into the bloodstream, 

DBP undergoes post translational modification, in particular, the cleavage of the 

N-terminal 16 amino acid leader and the glycosylation results in a protein of 

variable molecular weight of 52-59 kDa (Svasti et al., 1979).  In patients with 

liver disease, the levels of DBP production are reduced (Dusso, 2005).   

 

Role DBP in Vitamin D Metabolites Transport and Diffusion  

Vitamin D binding protein (DBP) is the major transport protein for more 

than 95-99% of 25(OH)D3, whereas albumin and lipoproteins, despite their 

much higher serum concentration in comparison with DBP (650µM for albumin 

versus 5 µM for DBP), non-specifically contribute to the transport of vitamin D 

metabolites to a substantially lesser degree (Bikle et al.,  1986). The measured 

affinity for 25(OH)D3 binding to DBP (7 x 108 M-1) compared to 25(OH)D3 affinity 

for ALB (6 x 105 M-1) is much higher (Bikle et al., 1986). Similar trends are 

observed in the affinity of DBP to the active form of vitamin D, 1,25(OH)2 D3 (4 x 

107 M-1) as compared to the affinity of DBP to the same compound (5.4 x 105 M-

1) (Bikle et al.,  1985).   
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“Free Hormone” Hypothesis:  Bound, Free and Bioavailable 25(OH)D3 

The relative high affinity and specificity of DBP for vitamin D metabolites 

in circulation result in almost 99% of vitamin D metabolites being bound to DBP.  

The relative molar abundance of DBP (650 µM) to 25(OH)D3 (5 µM) in 

circulation, results in very a small fraction ~0.1% of 25(OH)D3 being unbound or 

“free” (Chun, 2014). It is important to note that highly lipophilic molecules, i.e. 

vitamin D metabolites, have the potential to rapidly and passively diffuse across 

cell membranes (Chun, 2014).  Vitamin D bound to DBP is thereby largely 

excluded from direct cellular entry. The bound fraction of the hormone plays an 

essential a role as a circulatory reservoir of the hormone for local tissue 

delivery. 

The “free hormone” hypothesis describes the biological activity of a given 

hormone being affected by its unbound or “free” rather than protein-bound 

concentration in the plasma (Mendel, 1989). This “free hormone” hypothesis 

has been considered the universal mechanism for cellular uptake of steroid 

hormones due to the “sticky” (lipophilic) nature of these molecules. A slight 

modification to the “free hormone” hypothesis led to a different interpretation of 

the unbound, or bioavailable 25(OH)D3 that refers to all the circulating 
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25(OH)D3 that is not bound to DBP, plus the fraction bound to albumin (Chun, 

2014).   

Notably, while the “free hormone” hypothesis mathematically explains 

the biological activity of most steroid hormones, it does have its limitations.  For 

instance, the high capacity/high affinity binding of DBP to 25(OH)D3 was 

established. Hence, the free 25(OH)D3 concentrations in serum are extremely 

low and one could question whether the free diffusion of such low 25(OH)D3 is 

sufficient to produce the microgram amounts of 1,25(OH)2D3 produced in the 

kidney (Bouillon, 2011). Obviously, a mechanism that allows active 

accumulation of 25(OH)D3 in the kidneys shall be in place. Indeed, a cell 

surface receptor for DPB, megalin/gp330, a member of the LDL-receptor family 

of clathrin-coated pit-associated receptors, was discovered recently. It is 

abundant on the brush border surface of the proximal tubular epithelium of the 

kidney (White et al., 2001), hence, after binding with DBP, it is being 

internalized through endocytosis in proximal tubules and delivers DPB along 

with its cargo to the kidneys (Christensen et al., 2001).  

However, vitamin D is produced internally not only in kidneys, but also in 

other target tissues. Outside the kidney, megalin is expressed by the placenta, 

mammary glands and parathyroid glands; all these organs also are known to 
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express 1α-hydroxylase, hence, it is likely that active form of vitamin D may also 

be produced there after similar internalization (Lundgren et al., 1997). Other 

studies have shown that three other proteins, cubulin (Christensen et al., 2001), 

α-fetoprotein (α-FP) and albumin (McLeod et al., 1989) work in conjunction with 

megalin to facilitate the renal processing of DBP. 

Another limitation of the “free hormone” hypothesis is that the 

concentrations of free 1,25(OH)2D3 in serum are even lower than that for 

25(OH)D3, at approximately 10−13M, which is much less than the apparent 

concentrations normally quoted for binding to the VDR (dissociation constant 

(Kd) = approximately 10−10M). 

 

Genomic and Non-Genomic Actions of Steroid Hormone 1,25(OH)2 D3 

The vitamin D endocrine actions can be categorized into three biological 

processes (Metabolism, Transport, and Transcription), involving three types of 

proteins (Enzymes, Binding Protein, and Receptors). Furthermore, the biologic 

actions of 1,25(OH)2D3, may be dependent on either genomic or non-genomic 

effects of this hormone in target tissues.  In 1984, Nemere I et al. were the first 

to provide evidence for the “rapid” or non-genomic effects of 1,25(OH)2D3 on 
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calcium transport in a model of transcaltachia, the rapid hormonal stimulation of 

intestinal calcium absorption observed in vascularly perfused duodena of 

normal vitamin D replete chicks (Nemere et al., 1984).  They were able to 

demonstrate that adding 130 pM of 1,25 (OH)2D3 to the perfusate resulted in a 

significant increase of labeled calcium transport from the lumen to the vascular 

effluent.  It was the first study to suggest that 1,25(OH)2D3 is capable of 

producing rapid “unidirectional” calcium transport responses implicating the role 

of cell membrane.  Initially, it was thought that the non-genomic effects of 

vitamin D are mediated through its interaction with a novel protein.  However, 

the membrane bound receptor turned to be the classic Vitamin D Receptor 

(VDR) bound to caveolae, a flask shaped membrane invaginations rich in 

sphingolipids and cholesterol (Huhtakangas et al., 2004). 

Over the years, numerous studies have reported evidence for the 

presence of “rapid” cytoplasmic responses mediated by 1,25(OH)2D3 in various 

cells and organs, Table 4 below (Mizwicki et al., 2009).           
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Table 4. Summary of rapid responses mediated by 1,25(OH)2D3.  Adapted 
from (Mizwicki et al., 2009).  

Cells, Organs/Systems Rapid Response Reported 

Intestine  Rapid transport of intestinal 
calcium; PKC activation; PLC 
activation; MAPK activation 

Colon PKC activation 

Adipocytes Calcium signaling 

Endothelial (primary rat 
aorta cells) 

Vascular smooth muscle cell 
migration 

Osteoblasts (ROS17/2.8 
cells) 

Calcium channel opening; 
Chlorine channel opening 

Chondrocytes PKC activation; PLA2 activation 

Liver PKC activation; MAPK activation 

Muscle PKC activation; calcium signaling 

Promyelocytic (NB4 cells) Cell differentiation 

Leukemia cells MAPK activation 

Keratinocytes Alteration of PKC subcellular 
distribution; Sphingomyelin 
hydrolysis; Src activation; Raf 
activation; prevention of skin 
cancer 

Pancreatic β cells Calcium signaling; Insulin 
secretion 

Heart ventricular myocytes Increased rate of contraction and 
relaxation 

Fibroblasts Calcium signaling 

Parathyroid cells Phospholipid metabolism 

Lipid bilayer PKC activation 
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In 1994, Beno and colleagues successfully demonstrated that 

1,25(OH)2D3 induces nuclear signaling via stimulating mitogen-activated protein 

kinase (MAPK) by a protein kinase C (PKC)-dependent pathway in hepatic Ito 

cells (Beno et al., 1995).  Interestingly, when they experimented with dominant 

negative Raf/MAPK transfections, the nuclear signaling induced by 1,25(OH)2D3 

still proceeded by a pathway independent of Raf induction (Beno et al.,  1995).   

Genomic effects of steroid hormone 1,25(OH)2D3 are mediated through 

interactions with its cognate receptor, Vitamin D receptor (VDR).   

   

 

 

Figure 2. Diagram of the functional domains of Vitamin D receptor (VDR). 

 

The nuclear receptor vitamin D (VDR) belongs to a transcription factor 

superfamily, members of which have the unique property to be directly activated 

by small hydrophobic (lipophilic) molecules (Tuoresmaki et al., 2014).  They are 
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considered to be one of the largest families of metazoan transcription factors 

characterized by the presence of a highly conserved DNA-binding domain 

(DBD) and a structurally conserved ligand binding domain (LBD) (Mangelsdorf 

et al., 1995).  The nuclear receptor superfamily has 48 human members, of 

which only 12, including VDR, are classical endocrine receptors (Evans et al., 

2014; Mangelsdorf et al., 1995).  The human VDR gene is located in the q arm 

of the chromosome 12 (12q13-14) region (Szpirer et al., 1991).  In fact, the two 

most important players in the vitamin D endocrine system, VDR and 1α-

hydroxylase, both map close to each other in the q arm of chromosome 12, 

12q13.11 and 12q14.1, respectively (MacDonald et al., 2011).  The human VDR 

gene consists of 14 exons, eight of them are coding (2-9), while six more exons 

(1a-1f) cover the GC-rich regulatory region (Jehan et al., 2007).  Exon 2 

encodes the two known translation initiation codons, the first of which encodes 

a receptor protein of 427 amino acids (MacDonald et al., 2011).  In addition, 

exon 2 contains sequences for the first zinc finger of the DNA binding domain 

while exon 3 encodes the second zinc finger of the domain. The C-terminal 

ligand-binding domain is encoded by exons 8 and 9. 

The human VDR mRNA transcript consists of 4,605 bp and contains a 

115 bp noncoding leader sequence, a 1,281 bp open reading frame, and 3,209 

bp of 3’ noncoding sequence (MacDonald et al., 2011).  Vitamin D receptor 
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(VDR) cDNA sequence comparison shows a striking similarity with other 

members of the superfamily of nuclear receptors for steroid and thyroid 

hormones, specifically in the DNA-binding domain (DBD) of these receptors 

(MacDonald et al., 2011).  The DBD is responsible for high-affinity interactions 

with specific DNA sequence elements; it consists of 70 amino acids rich in 

cysteine, lysine, and arginine residues (MacDonald et al., 2011).  The specificity 

of these nuclear receptors for their designated ligands is defined by their C-

terminal ligand binding domains (LBD).   

 

Vitamin D receptor (VDR) mediates genomic signaling of 1,25 (OH)2D3 

steroid hormone 

The mechanism of VDR mediated gene expression requires well-

coordinated cascades of reactions set in motion by ligand binding.  In the basal 

state, the VDR and RXR heterodimer are held together by weak association 

and scan the genomic DNA in a non-specific manner.  In the ligand free-state, 

the VDR-RXR heterodimer interact with transcription factor II (TFII) and co-

repressor that bind to the AF-2 domain of both VDR and RXR.  This leads to the 

recruitment of histone deacetylases (HDACs) and results in a repressed state of 

gene expression within the cognate locus.   
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Mutational analysis reveals that binding of 1,25 (OH)2D3 to the ligand 

binding pocket of VDR results in conformational change in the position of helix 

12 at the C-terminus of VDR, bringing it to the “closed” position, where it can 

serve  as part of a platform for coactivator binding (Jurutka et al., 1997; 

Haussler et al., 2011). In addition, a much stronger heterodimerization of VDR 

and RXR is established after subsequent hormone-dependent phosphorylation 

events, including these facilitated by casein kinase II (CK2) that acts on human 

VDR serine 208 (Jurutka et al.1993;  Jurutka et al., 1996).  These events 

ultimately lead to the dissociation of the co-repressor/HDAC complex and 

promote the recruitment of co-activator complex [i.e. SRC-1, CBP/p300, nuclear 

receptor coactivator-62 (NCoA-62)] and chromatin remodeling complex.  An 

important note here is that the recruitment of these co-activators/co-modulators 

requires DNA looping to facilitate contact between comodulators tethered to 

enhancer elements and the transcriptional start site (Haussler et al., 2011).  

The steroid receptor coactivator 1 (SRC-1) possess histone acetyl 

transferase (HAT) activity and interacts with the AF2 domain of steroid 

receptors, including VDR, in a ligand dependent manner.  The SRC/p160 

coactivators have been reported to recruit CBP (CREB binding protein), which 

also has HAT activity, resulting in an assembly of multisubunit complex 

(McKenna et al., 1999; Christakos et al., 2003).  Nuclear coactivator-62 (NcoA-
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62) is an AF-2 independent coactivator of VDR that has HAT activity, but acts 

by forming a ternary complex with VDR and SRC coactivators to result in a 

synergistic effect on VDR mediated transcription (Zhang et al., 2001; Zhang et 

al., 2003).  Early transcriptional targets of 1,25(OH)2D3 participate in adhesion, 

growth regulation, angiogenesis, actin cytoskeleton regulation, hexose 

transport, inflammation and immunomodulation, apoptosis, endocytosis and cell 

signaling (Goeman et al., 2014). 
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CHAPTER 3 

Vitamin D Deficiency and NAFLD/NASH 

 

 

Introduction 
 

NAFLD, an increasingly common condition affecting about 70% of obese 

and overweight individuals is now being recognized as a major cause of liver-

related morbidity and mortality (Hamaguchi et al., 2005). The pathological 

picture of NAFLD encompasses a spectrum of liver injury ranging from simple 

hepatic steatosis to more severe manifestations, including NASH, which can 

progress to fibrosis, cirrhosis, and  ultimately, liver failure (Hanley et al., 2005). 

Studies have reported frequent association of metabolic syndrome and diabetes 

in patients with NASH, which can progress to NAFLD (Kim et al., 2003). 

Metabolic syndrome, an umbrella term, is characterized by an array of 

metabolic perturbations including type 2 diabetes, insulin resistance, non-

alcoholic fatty liver disease (NAFLD), non-alcoholic steatohepatitis (NASH), 

cardiovascular disease, hypertension, hyperlipidemia and obesity (Shoelson et 

al., 2007).   

Vitamin D is a steroid hormone involved in the intestinal absorption of 

calcium and the regulation of calcium homeostasis. There are two different 
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forms of vitamin D: D3 and D2, although these are highly similar in structure, D2 

is a synthetic product, typically absorbed via fortified food. Serum 25-

hydroxyvitamin D3 is produced by the hydroxylation of vitamin D3 

(cholecalciferol) in the liver and is the major circulating metabolite of vitamin D. 

25(OH)-vitamin D is widely accepted as the best indicator of circulating vitamin 

D status in patients. 

Recent evidence suggest that vitamin D deficiency may have a potential 

role in inflammatory processes, and there is a an ever increasing body of 

literature indicating that low vitamin D levels may play an instrumental role in 

the development of both hypertension and metabolic syndrome (MS) (Reis JP 

et al., 2008; Chiu et al., 2004; Martins et al., 2007; Ford et al., 2005). 

Furthermore, reports from randomized, placebo-controlled trials also suggest 

that vitamin D supplementation effectively reduces obesity related 

comorbidities, such as insulin resistance and the spectrum of conditions within 

metabolic syndrome (MS), further solidifying the relationship between vitamin D 

and obesity (von Hurst PR et al., 2010; Nagpal J et al., 2009).  

Pertinent to NAFLD and NASH, a significant inverse relationship 

between serum vitamin D levels and unexplained elevation in ALT were 

recently observed in the NHANES III cohort (Liangpunsakul et al., 2011). The 

correlation between inflammatory response and vitamin D levels seems to be a 
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plausible connection that may underline the involvement of vitamin D in chronic 

liver disease. Consequently, the examination of vitamin D levels in patients with 

NASH and various degrees of liver involvement, may lead to a better 

understanding of the relationship between chronic liver disease and vitamin D. 

In addition, if vitamin D is found to be directly involved in the pathogenesis and 

progression of NASH, it may prove to be a reliable and non-invasive biomarker 

of the severity of the disease and its propensity for progression. 

This study profiles serum samples of 210 morbidly obese bariatric 

patients with NAFLD/NASH for the following markers: 25 OH-vitamin D; Vitamin 

D Binding Protein (VDB); Intact Parathyroid Hormone (1-84, PTH) and 

Cytokeratin 18 (M30). Correlation analysis was conducted for these biomarkers 

and a set of clinical parameters routinely measured in NAFLD patients, 

including histological scores of inflammation and fibrosis of their liver biopsies.  

 

Materials and Methods  

This study was conducted in collaboration with the Beatty Liver and 

Obesity Research Program at Fairfax INOVA Hospital (Falls Church, VA). 

Samples (serum and solid tissue biopsies) from morbidly obese patients 

undergoing bariatric surgery had been collected by the Center from patients 

histologically confirmed NAFLD, and a repository of specimens was assembled.  
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This repository was made accessible for IRB approved research, and included 

liver and adipose tissues as well as fasting serum samples gathered at the time 

of liver biopsy, all de-identified to protect patient identity and stored at -80°C.  

Liver histology analysis was performed by a single hepatopathologist, Dr. 

Zachary Goodman.  Stage and grade were assigned for each sample for 

steatosis, NASH, and degrees of fibrosis.  The NASH patients included the 

following subgroups of patients: NASH with zero to minimal fibrosis=Grade 0 

and 1 fibrosis; NASH with Mild fibrosis= Grade 2 fibrosis; NASH with Severe 

Fibrosis= Grades 3 and 4 fibrosis (may include bridging fibrosis or cirrhosis). A 

control group with liver steatosis and minimal non-specific inflammation or no 

inflammation in the liver (NAFLD Non-NASH) was included.  Sixty microliters of 

each serum sample was used to test for vitamin D levels. Each sample was run 

in duplicate. Resultant data was subjected to non-parametric statistical tests. 

Correlations of the measured analyte values to a variety of clinical parameters, 

histological scores of inflammation and fibrosis in liver biopsies were assessed.  

The majority of patients were morbidly obese (BMI≥40).  For each 

patient, extensive clinical and demographic data, which included information on 

drug and alcohol use, the presence of diabetes mellitus, hypertension, or 

hyperlipidemia were collected.  Each patient underwent a physical examination 

in which height, weight, hip and waist measurements were obtained.  Patients 
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with excessive alcohol use (≥10 g/d), other etiologies of liver disease (i.e., Viral 

or Auto-immune) and those receiving treatment with PPAR-γ agonists were 

excluded.  Vitamin D deficiency status was assessed, defined as >30 ng/ml.  

Table 5 outlines the descriptive statistics of the cohort.  Patients who were on 

vitamin D supplements were identified by questionnaires.  Pathologic diagnosis 

and stages of NAFLD disease were assessed for each patient. This study 

protocol was approved by the Institutional Review Board (IRB) of Fairfax INOVA 

Hospital.         

 

Histopathology 

Liver tissues were histologically processed, specifically formalin fixed, to 

preserve the quality of the tissue and routinely sectioned for slide preparation 

and stained with hematoxylin-eosin (H&E) and Masson trichrome.   H&E 

stained slides were used to assess stages of steatosis, which were graded as 

an estimate of the percentage of tissue occupied by fat vacuoles (as a result of 

vacuolation) as follows: 0 = none, 1 = <5%, 2 = 6-33%, 3 = 34-66%, 4 = >66%.  

For this study, histological NASH was defined to include the following:  

steatosis, ballooning degeneration and lobular inflammation with or without 

pericellular fibrosis, and the presence of Mallory-Denk bodies.   
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Masson’s trichrome stain was applied to slides to assess the level of 

fibrosis for each sample.  The application of this stain imparts a blue color to 

collagen against a background of hepatocytes and other structures.  Staining 

highlights the presence and distribution of reactive fibrosis that resulted from 

liver injury.  Portal fibrosis and interlobular fibrosis were staged as follows: 0 = 

none, 1 = fibrosis, 2 = mild, and 3 = advanced, for each sample. 

 

Quantification of Serum Biomarkers  
 

A panel of biomarkers including 25(OH)-vitamin D, (Alpco 

Immunoassays, Salem NH); Vitamin D Binding Protein (DBP) (Quantikine, 

Minneapolis, MN); Parathyroid Hormone (1-84, PTH, (Alpco Diagnostics, 

Salem, NH); and apoptotic marker cytokerating-18 (M30) (Alpco 

Immunoassays, Salem, NH) were selected for this study.  Serum levels of these 

markers were measured by Enzyme Linked Immunosorbent Assay (ELISA) or 

Enzyme Immunoassays (EIA), following the manufacturer’s protocol. In 

principle, these assays employ enzyme immunoassay techniques where an 

antibody, specific to the biomarker of interest (antigen), is pre-coated onto a 

microplate.  Standards, controls and samples are pipetted into the wells with the 

appropriate number of replicates.  Biomarkers of interest found in the serum of 

patients become bound to the immobilized antibody.  After several wash steps 
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removing unbound substances, a secondary monoclonal antibody, specific to 

the biomarker of interest (antigen), is added to the wells.  Subsequently, a 

secondary, enzyme-coupled antibody is applied and for quantification.  A 

chromogenic substrate for the enzyme yields a visible color change or 

florescence, indicating the presence of a biomarker (antigen).  Quantitative and 

qualitative measurements are then obtained from the colorimetric absorbance 

reading (range 405 nm - 630 nm) measured according to each 

biomarker/ELISA manufacturer’s recommendations. The main purpose of 

recording at different wavelength settings is to correct against any wavelengths 

detected in blank wells.  Gen6 software was used to produce concentration 

curves based on the respective standard curves.  An average of the 

concentration is calculated for each replicate sample, with standard deviations 

and confidence coefficients percentages (%CV) for each set.  

 

Statistical Analysis:  

Developing NAFLD Predictive Models 

The statistical approach used for this study followed that used in 

previously published work (Younossi ZM et al. 2011).  The complete NAFLD 

cohort was divided into sub-cohorts according to the following diagnostic 

comparisons: (a) patients with NASH were compared to those with Non-NASH; 
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(b) Patients with any liver fibrosis were compared to those without fibrosis; and 

(c) patients with advanced liver fibrosis were compared to those with non to 

minimal fibrosis.  

All three comparison groups was further analyzed separately.  

Specifically, for each of these comparisons, means and variances of each 

clinical, demographic, and laboratory parameters were calculated for each of 

the two corresponding sub-cohorts.  Then, two-sample statistical tests were 

performed for each parameter in each comparison separately.  Comparisons 

between the sub-cohorts were made with Mann-Whitney tests for continuous 

variables, and using chi-square homogeneity tests for categorical variables.  

Two-tailed hypotheses were tested, and p values not exceeding 0.05 were 

considered significant (unless noted otherwise). 

The main endpoint of the study is to examine the performance of a newly 

constructed marker profile from combinations of clinical and laboratory 

parameters to predict the presence of any fibrosis, advanced fibrosis, and 

NASH in patients with NAFLD.  Regression models were developed using the 

stepwise bi-directional selection for each comparison.  For regression model 

design, the bi-directional selection procedure started with a complete model that 

contained all the predictors potentially associated with dependent variables (i.e. 

NASH, fibrosis and advanced fibrosis), and obtained the most improvement in 
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data fitting was possible with the addition or elimination of any predictor.  In 

regression models, the predictor variables were the clinical and laboratory 

parameters, and the dependent variables was the presence of any fibrosis, 

advanced fibrosis, or NASH.  To meet the applicability criteria for regression 

models, data transformation for non-normally distributed variables were used.  

At each step of model design, including variable selection and model training, 

the resulting regression models with the highest coefficient of determination 

was selected for future correctly predicted outcomes by these models.   The 

stability of the variables selection process and model design were verified at 

each step in a series tenfold cross validation (10-CV) experiments.  In those 

experiments, the complete cohort was partitioned into ten subsamples and, of 

the ten subsamples used exactly once as the validation data.  The predictive 

power of the developed models, namely, the sensitivity, specificity, 

positive/negative predictive values, and the area under the ROC-curve (AUC) 

with 95% confidence intervals (CIs), were measured. 

 
 
Results 
 

Demographic, clinical, laboratory and histological data and the outcomes 

of group statistical comparisons for patients with and without NASH are listed in 

Table 7. No histological attribute was statistically different in patients with NASH 
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as compared to those without NASH, except for hepatic fibrosis, which was 

significantly more prevalent in NASH patients (p<0.015). NASH patients were, 

on average, slightly older than these without NASH (Table 5). Caucasian 

ethnicity and male gender were more prevalent in the cohort with NASH; this 

cohort was also enriched by various co-morbid conditions, including diabetes 

type II, hyperlipidemia and hypertension. Proportions of people receiving or not 

receiving Vitamin D supplementation in NASH and non-NASH cohorts were 

same.  

Table 5. Demographic, clinical, and laboratory data for patients with and without 
NASH.  Entries are counts for discrete measures with percentages of group 
total given in parentheses or mean ± S.D. for continuous measures. p-values of 
≤0.05 were considered significant and shown in bold. NS: Non-significant. 

 NASH no NASH p-
values 

Entire 
cohort 

N 94 116  210 

Prevalence (%) 44.76 55.24   

Fibrosis 53 (56.4%) 7 (6.1%) 1.6e-15 60 (28.8%) 

White 77 (81.9%) 74 (63.8%) 3.7e-3  151 (71.9%) 

Black 7 (7.4%) 25 (21.6%) 4.6e-3 32 (15.2%) 

Hispanic 5 (5.3%) 2 (1.7%) 0.14 7 (3.3%) 

Female 58 (61.7%) 96 (83.5%) 3.7e-4 154 (73.7%) 

Diabetes type II 37 (39.4%) 30 (26.5%) 0.04 67 (32.4%) 

Hyperlipidemia 47 (51.1%) 40 (36.4%) 0.03 87 (43.1%) 

Hypertension 55 (59.1%) 50 (44.6%) 0.03 105 (51.2%) 

Age, years 47.87 +/- 10.71 42.07 +/- 
11.46 

2.6e-4 44.68 +/- 
11.47 

ALT (U/L) 47.17 +/- 36.30 26.47 +/- 
16.61 

2.1e-08 35.77 +/- 
29.09 

AST (U/L) 41.57 +/- 62.00 20.97 +/- 
10.39 

1.4e-11 30.29 +/- 
43.51 
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BMI 46.07 +/- 13.77 46.20 +/- 9.83 NS 46.145+/- 
11.70 

Glucose (mg/dL) 112.79 +/- 38.40 105.18 +/- 
34.55 

NS 108.40 +/- 
36.34 

HDL (mg/dL) 44.10 +/- 11.66 50.94 +/- 
13.77 

9.3e-4 47.73 +/- 
13.23 

LDL (mg/dL) 114.59 +/- 42.61 110.364/- 
36.23 

NS 112.35 +/- 
39.28 

M30 (U/L) 279.03 +/- 
206.87 

165.390+/- 
82.39 

2.9E-05 216.08+/- 
161.01 

Platelet count 268.66 +/- 78.60 286.74 +/- 
64.34 

0.05 279.144+/- 
71.04 

Total 
bilirubin(μmol/l) 

0.59 +/- 0.75 0.46 +/- 0.32 8.0e-3 0.52 +/- 0.56 

Total cholesterol 
(mg/dL) 

192.24 +/- 40.82 190.03 +/- 
37.00 

NS 190.99 +/- 
38.62 

Triglycerides 
(mg/dL) 

163.64 +/- 76.42 148.98 +/- 
72.62 

NS 155.32 +/- 
74.43 

25(OH)D3 
(ng/ml) 

61.49 +/- 40.12 43.96 +/- 
28.71 

5.1E-05 51.81 +/- 
35.30 

Weight (kg) 133.13 +/- 45.98 128.32 +/- 
31.56 

NS 130.47 +/- 
38.65 

 
 
 
 
The Vitamin D Metabolism is Substantially Modified in Obese Patients with 

Non-Alcoholic Fatty Liver Disease (NAFLD). 

Vitamin D levels were found to negatively correlate with BMI (r= -0.28, 

p<1.0e-4) and the levels of PTH (r= -0.30, p<9.7e-5) and positively correlate 

with the presence of histologic NASH (r=0.26, p<4.0e-4) and higher stages of 

fibrosis (r=0.16, p<0.03) (Table 6).     
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Table 6.  Correlation of 25(OH)D3 serum level with clinical parameters in cohort 
of NAFLD Patients. 

Clinical Parameter Correlation 
Coefficient (R) 

p-Value 

BMI -0.284 (Negative) 1.0e-4 

Parathyroid Hormone 
(PTH) 

-0.298 (Negative) 9.7e-5 

NASH 0.26 (Positive) 4.0e-4 

Higher Stages of Fibrosis 0.16 (Positive) 0.03 

 
Vitamin D and PTH levels in morbidly obese patients with NAFLD 
 

The levels of PTH were positively correlated with BMI (r=0.23, p<3.0e-3) 

and negatively correlated with the levels of ALT (r=-0.18, p<2.5e-3) and 

triglycerides (r=-0.213, p<0.01) (Table 7). 

 

Table 7. Correlation of the serum levels of PTH. 

Clinical Parameter Correlation Coefficient (R) p-Value 

BMI  0.23 3.0e-3 

ALT -0.18 2.5e-3 

Triglycerides -0.21 0.01 

 
Circulating levels of vitamin D and PTH were significantly different when 

a cut off of 40 was used for BMI [49.56 nmol/L +/- 34.45 vs. 73.12 nmol/L +/- 

43.68 (p-value = 1.2e-4) and 81.57 pg/mL +/- 37.05 vs. 57.79 pg/mL +/- 23.54 

(p-value = 3.0e-3)]. Pearson’s correlation analysis revealed an inverse 

relationship between vitamin D and PTH levels (r=-0.39, p=1.0e-4) and BMI (r=-

0.35, p=1.0e-4). On the other hand, there was a significant positive correlation 

between PTH levels and BMI (r=0.35, p=1.0e-3). The data indicated that 
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vitamin D and PTH levels were significantly different in morbidly obese persons, 

irrespective of liver disease status. The vitamin D, PTH and obesity axis needs 

to be studied further for potential therapeutic targets (Table 8). 

 
 
Table 8. Circulating levels of 25(OH)D3 and Parathyroid Hormone (PTH) in 
Patients Cohorts with BMI >40 and BMI<40. 

Clinical 

Parameter 

BMI>40 BMI<40 p-value 

25(OH)D3 49.56±34.45 73.12±43.68 1.19e-5 

PTH (intact, 1-84) 81.57±37.05 57.79±23.54 2.8e-3  

 

 

Levels of Vitamin D Binding Protein Correlate with the levels of 

Triglycerides and Hepatic Ballooning in NAFLD Patients.  

The levels of the vitamin D binding protein showed a positive correlation 

with the levels of triglycerides (r=0.34, p<1.2e-4) and a negative correlation with 

the degree of histologic hepatocyte ballooning (r=-0.23, p<0.02) in the liver 

biopsies (Table 11). In addition, both vitamin D levels (p=4.5e-3) and vitamin D 

binding protein levels (p=1.9e-3) were significantly lower in the non-Caucasian 

group (n=135) within the cohort (Table 9). 
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Table 9.  Correlation of the levels Vitamin D Binding Protein (VDBP) with the 
levels of triglycerides and the score for Hepatocyte ballooning. 

Clinical Parameter  Correlation Coefficient 
(R) 

p-Value 

Triglycerides  0.34 (Positive) p<1.2e-4 

Histologic Hepatocyte 
Ballooning 

-0.23 (Negative) p<0.02 

 
 
 
 
 

 

Figure 3.  Mean 25(OH)D3 levels in NASH and Non-NASH patients at BMI>40. 
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Figure 4.  Mean 25(OH)D3 levels in NASH with and without fibrosis at BMI>40. 

 

 

Vitamin D levels significantly correlated with marker of apoptosis in 

patients with non-alcoholic fatty liver disease (NAFLD). 

The levels of the apoptosis biomarker M30 also were correlated with 

both the presence of histologic NASH (r=0.28, p<1.6e-5) and the presence of 

fibrosis (r=0.36, p<1.07e-6), but not with BMI (Table 10).   
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Table 10.  Correlation of the serum levels of the apoptosis biomarker M30. 
 

Clinical Parameter  Correlation Coefficient (R) p-Value 

NASH 0.28 (Positive) p<1.6e-5 

Presence of Fibrosis 0.36 (Positive) p<1.07e-6 

 
 
 
 
Table 11. Demographic, clinical, and laboratory data for patients with and 
without vitamin D supplementation.  Entries are counts for discrete measures 
with percentages of group total given in parentheses or mean ± S.D. for 
continuous measures. A p-value of ≤0.05 was considered significant. Significant 
results are shown in bold text. NS: Non-significant 
 

 Vitamin D 
Supplementatio
n 

No-Vitamin D 
supplementati
on 

p-
value
s 

Entire cohort 

N 44 166 NA 210 

Prevalence (%) 20.56 79.44 NA  

NASH 19 (43.2%) 75 (45.2%) NS 94 (44.8%) 

Fibrosis 12 (27.3%) 48 (29.1%) NS 60 (28.7%) 

White 33 (75.0%) 121 (71.2%) NS 154 (72.0%) 

Black 7 (15.9%) 25 (14.7%) NS 32 (15.0%) 

Hispanic 0 (0.0%) 7 (4.1%) NS 7 (3.3%) 

Female 30 (68.2%) 127 (75.6%) NS 157 (74.1%) 

Diabetes type II 18 (40.9%) 50 (30.1%) NS 68 (32.4%) 

Hyperlipidemia 16 (36.4%) 73 (45.3%) NS 89 (43.4%) 

Hypertension 19 (44.2%) 88 (53.3%) NS 107 (51.4%) 

Age 46.46 +/- 11.11 44.37 +/- 11.54 NS 44.80 +/- 
11.46 

ALT (U/L) 29.74 +/- 19.89 37.67 +/- 31.05 NS 35.97 +/- 
29.16 

AST (U/L) 26.75 +/- 16.85 31.53 +/- 48.22 NS 30.49 +/- 
43.36 

BMI 44.12 +/- 10.18 46.51 +/- 12.09 NS 46.01 +/- 
11.74 

Glucose 107.91 +/- 31.62 108.44 +/- 37.59 NS 108.32 +/- 
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(mg/dL) 36.25 

HDL (mg/dL) 49.28 +/- 13.09 47.25 +/- 13.20 NS 47.64 +/- 
13.16 

LDL (mg/dL) 102.63 +/- 32.91 114.58 +/- 40.04 NS 112.27 +/- 
38.95 

M30 (U/L) 172.94 +/- 
134.39 

228.86 +/- 
165.37 

3.6e-
3  

217.0 +/- 
160.7 

Platelet count 271.46 +/- 76.90 280.67 +/- 68.93 NS 278.7 +/- 
70.61 

Total 
bilirubin(μmol/l) 

0.63 +/- 1.07 0.49 +/- 0.29 NS 0.52 +/- 0.56 

Total 
cholesterol 
(mg/dL) 

179.22 +/- 34.34 193.96 +/- 38.79 0.04 191.04 +/- 
38.31 

Triglycerides 
(mg/dL) 

136.03 +/- 57.56 161.07 +/- 78.21 NS 156.23 +/- 
75.18 

25(OH)D3 
(ng/ml) 

62.32 +/- 45.42 49.22 +/- 31.88 NS 51.92 +/- 
35.37 

Weight (kg) 127.51 +/- 33.61 130.73 +/- 40.03 NS 130.05 +/-38.7 

 
 
 
 

Correlation analyses were performed separately for those taking vitamin 

D supplements (n=44) and for those who were not (n= 166). For the group of 

patients without vitamin supplementation, vitamin D levels were positively 

correlated with M30 (p<4.6e-4), hyperlipidemia (p<4.1e-4), age (p<3.7e-4), ALT 

(p<1.1e-4), total bilirubin (p<8.0e-4), and AST (p<1.3e-4) (Table 14), whereas in 

the African American population (p<6.0e-4), LDL (p<2.0e-4), weight (p<2.7e-4) 

and BMI (p<1.5e-6) were negatively correlated with vitamin D levels (Table 12). 
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Table 12.  Correlation of serum 25(OH)D3 levels in Vitamin D supplemented 
group, n=44). 

Clinical Parameter Correlation Coefficient (R) p-Value 

M30 0.22 4.6e-4 

Hyperlipidemia  0.16  4.2e-4 

Age 0.16 3.7e-4 

ALT 0.26 1.1e-4 

Total bilirubin 0.26 8.0e-4 

AST 0.25 1.3e-4 

 

 

 

Table 13.  Correlation of serum 25(OH)D3 levels in Vitamin D non-
supplemented group, n=166). 

Clinical Parameter  Correlation 
Coefficient (R) 

p-Value 

African American -0.26 6.0e-4 

LDL -0.21 2.0e-4 

Weight -0.23 2.7e-4 

BMI -0.33 1.5e-6 

 

 

Vitamin D May Be Protective Against Apoptosis in Patients with Non-

Alcoholic Fatty Steatohepatitis (NASH)  

NASH patients who were not receiving vitamin D supplementation had 

higher levels of M30 than non-NASH (295.73 ± 210.77 vs.172 ± 87.85 mg/ml, p 

< 2.8E-05). In a similar analysis, NAFLD with advanced fibrosis had higher M30 

levels regardless of vitamin D supplementation [with Vitamin D (248 vs. 145, p < 
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9.0E-05), without vitamin D (278.85 vs. 206.12, p < 5.0e-3)].  Vitamin D 

supplementation seems to have an effect on the levels of apoptosis on 

histologic NASH but not in the advanced fibrosis cohort. These data suggest 

that the protective effects of vitamin D may be subject to a systemic damage 

threshold. Further research is warranted to elucidate the impact of vitamin D on 

apoptosis in NAFLD. 

 

 

 

Figure 5. Mean M30 levels in NASH patients with no vitamin D 
supplementation status. 
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Figure 6. Mean M30 levels in patients with and without fibrosis and vitamin D 
supplementation status. 
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patients who were receiving multivitamin supplementation (49+/- 29 nmol/L, p < 

0.02) or no supplementation at all (56+/- 35 nmol/L, p < 1.5e-3) (Table 14). 

 

 

Table 14.  NAFLD patients’ supplementation status and effect on 25(OH)D3 
levels. (1ng=0.40nmol/l) 

Clinical Parameter  25(OH)D3 Levels p-Value 

Specific vitamin D 
supplementation 

95+/-41 nmol/L (38 ng/ml) 3.6e-3 

Multivitamin supplementation 49+/-29 nmol/L (19.6 ng/ml) 0.02 

No supplementation 56+/- 35 nmol/L (22.4 ng/ml) 1.5e-3 

 
 
 
 

By multiple regression analysis the following predictive (p=3.591e-008) 

model for NASH was identified: probability of NASH= -0.2637 + 0.1605 

(Hyperlipidemia) + 0.0027 [25(OH)D3] + 0.0009 (M30) + 0.0019 (AST) + 0.0020 

(weight), Table 15.   

 
 
Table 15. Model for the prediction of NASH. 

 β-value ±S.D. p-value 

(Intercept) -0.2637 0.1566 9.41e-4 

Hyperlipidemia 0.1605 0.0680 1.94e-4 

25(OH)D3 0.0027 0.0010 8.1e-4 

M30 0.0009 0.0002 1.0e-4 

AST 0.0019 0.0008 1.92e-4 

Weight 0.0020 0.0009 3.12e-4 
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By multiple regression analysis the following predictive (p=1.0e-5) model 

for fibrosis was identified: probability of fibrosis= -0.1667+ -0.2405 (Black) + 

0.0025 [25(OH)D3] + 0.0003 (M30) + 0.0019 (AST) + 0.00208 (BMI), Table 16.  

Black race is a categorical variable and entered as follows: Black, 1=yes, 0=no. 

 

Table 16. Model for the prediction of Fibrosis. 

 β-value ±S.D. p-value 

(Intercept) -0.1667 0.1594 0.297 

Black -0.2405 0.0880 6.9e-4 

25(OH)D3 0.0025 0.0010 0.0102 

M30 0.0003 0.0002 0.1387 

AST 0.0019 0.0007 0.0124 

BMI 0.0051 0.0028 0.0677 
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Discussion 

 

Vitamin D deficiency is defined by the Institute of Medicine (IOM) as a 

25(OH)D3  level below 20 ng/mL (50 nmol/L) (Holick et al., 2011; Del Valle et al., 

2011).  Vitamin D insufficiency is defined at serum levels of 25(OH)D3 between 

21-29 ng/ml (1 ng/ml=2.5 nmol/L) and sufficiency as 30-100 ng/ml. The IOM 

arrived at these definitions in part by studying adult motor vehicle accident 

victims who had serum and bone biopsies recovered (Priemel et al., 2010).  

They evaluated 25(OH)D3 levels and correlated the levels with the presence or 

absence of increased unmineralized, organic moiety (osteoids) in their bone.  

This method was considered the gold standard for Vitamin D deficiency and 

they concluded that in order to prevent vitamin D deficiency osteomalacia in 

adults the blood level of 25(OH)D3  should be >20 ng/ml (Priemel et al., 2010).  

Several other studies by the Endocrine Society have compared serum 

25(OH)D3 with parathyroid hormone (PTH) and suggest that PTH 

concentrations begin to plateau when 25(OH)D3 were above 30 ng/ml which 

can ameliorate secondary hyperparathyroidism (Holick et al., 2011; Kitson et 

al., 2012).  A recent systematic review conducted by Palacios C and Gonzalez 

L provides a global picture of this pandemic and shows the prevalence of 

vitamin D deficiency to be a global health problem in all age groups (Palacios et 
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al., 2014).  Epidemiologic estimates from the United States population show 

25% to 50% of adults suffer from vitamin D deficiency (Iruzubieta et al., 2014).      

Within the population as a whole, obese individuals are at a much higher 

risk of vitamin D deficiency.  Increased adiposity (BMI > 30) has been shown to 

have an inverse relationship to serum 25(OH)D3 levels and, because obesity is 

a major risk factor for NAFLD, this further highlights the urgent need to 

investigate the possible pathological connection between vitamin D deficiency 

and NAFLD (Wortsman et al., 2000).    

Recently, a non-reductionist approach suggested that vitamin D 

deficiency can be considered a “universal risk factor” for multifactorial and multi-

system diseases such as depression, cancer, coronary heart disease, diabetes 

and NAFLD (de Borst et al., 2011; Byrne et al., 2015).  This categorization of 

vitamin D deficiency may be plausible if one considers the pleotropic effects of 

vitamin D on various human physiological systems and organs outlined in Table 

17 (Kitson et al., 2012). 
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Table 17. List of pleiotropic (hepatic and extra-hepatic) effects of vitamin D.  
(Adapted from Kitson et al., 2012). 

Target Action 

Hepatic Inhibits in vitro HCV replication in a dose-
dependent manner 
Supplementation may improve SVR rate in HCV 
 
Vitamin D-binding protein is one of 3 metaproteins 
associated with SVR in HCV 
 
Supplementation/phototherapy improves liver 
histology in preclinical studies of NAFLD and 
fibrosis 

 

Supplementation decreases risk of acute rejection 
post transplantation 

Extra-hepatic  

Mortality Mortality Supplementation decreases mortality by 

7% 

Calcium and bone 

homeostasis 

Enhances Ca2+ and PO4 absorption from small 

intestine 

Suppresses PTH secretion  

Induces osteoclast maturation 

Pancreas/adipocyte BMI inversely associated with 25(OH)D3 level 
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Normal vitamin D status associated with 67% lower 
prevalence of metabolic syndrome 
 
Activates transcription of insulin gene 

 

Supplementation improves insulin sensitivity and 
lowers risk of developing type 2 diabetes 

Innate Immune system  Activates macrophage TLR response to TB 
infection 
 
Hastens sputum culture conversion in pulmonary 
TB in those with tt TaqI VDR allele 
 
Downregulates expression of TLR2, TLR4 and 
TLR9 
 
Necessary for NK cell development and function 
 
Enhances NK cell cytotoxicity 
 
Promotes tolerant DC phenotype by suppressing 
DC maturation 
 
Enhances secretion of IL10 and decreases 
secretion of IL12 from DCs 

Adaptive Immunity Activates naive T cells 
 
Inhibits proliferation of Th1 lymphocytes 
 
Shifts balance to a Th2 phenotype 
 
Increases numbers of Treg cells 
 
Inhibits Th17 cell development 
 
Supplementation decreases risk of developing MS 
in women and type 1 diabetes in children 
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Cancer Higher 25(OH)D3 levels associated with lower 
incidence of colorectal adenoma 
 
Sunlight exposure associated with reduced risk of 
NHL 

     

 

 

 

The general understanding of the connection between vitamin D and 

NAFLD has been evolving over the years.  In 2007, for the first time, Targher et 

al. reported an astonishing association between serum 25(OH)D3 

concentrations and liver histology in patients with NAFLD (Targher et al., 2007).  

They successfully showed that patients with NAFLD have markedly lower levels 

of 25(OH)D3 compared to match controls and can predict histological severity 

independent of other risk factors (i.e., IR and MS) (Targher et al., 2007).  

Recently, affirmation of Targher et al.’s results was published which also 

showed vitamin D levels to be inversely related to histological NASH in an 

obese cohort of children with NAFLD (Nobili et al., 2014, ).  Epidemiological 

analysis of the third National Health and Nutrition Examination Survey 

(NHANES III) data (n=6, 826 fasting subjects) showed an inverse relationship 

between serum vitamin D levels and unexplained elevation in ALT liver 

enzymes (Liangpunsakul et al., 2011).  Subjects with unexplained elevation of 
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ALT had significantly lower serum vitamin D levels compared to controls (61.8 

+/- 26.0 nmol/l vs. 66.8 +/- 27.1 nmol/l, P<0.01), (Liangpunsakul et al., 2011).  

Aligning with these studies, are the results of a recent meta-analysis whereby 

PubMed and EMBASE databases were systematically reviewed for the 

association between 25(OH)D3 and NAFLD (Eliades M et al. 2013).  Using no 

language restrictions, data were used from 9 cross-sectional and case-control 

studies.  They compared vitamin D levels between NAFLD cases and controls, 

and also compared those who were vitamin D deficient with their NAFLD status.  

Their results showed that compared to controls, NAFLD patients had 0.36 

ng/mL less of 25(OH)D3 (95% CI: 0.32, 0.40 ng/mL) and were 1.26 times more 

likely to be vitamin D deficient (OR 1.26, 95% CI: 1.17, 1.35) (Eliades M et al. 

2013).  Cause and effect of this association is difficult to determine from case-

control studies and other limitations as discussed above.  However, there is 

overwhelming evidence supporting the fact that NAFLD patients are more likely 

to be vitamin D deficient compared to controls. 

In order to understand the role of vitamin D in the pathogenesis of 

NAFLD, one must explore the mechanisms and signaling pathways that link 

them.  The mechanisms by which vitamin D deficiency contributes to the 

development and/or progression of NAFLD include insulin secretion/resistance 

(IR), adipose tissue inflammation, hepatic inflammation and fibrosis (Eliades et 
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al., 2015).     The table below demonstrates the protective role of vitamin D at 

different stages of NAFLD and highlights the evidence to date that supports the 

urgent need to eradicate the pandemic of vitamin D deficiency (Eliades et al., 

2015).  

 

Table 18. Possible mechanisms and evidence to support a beneficial role of 
Vitamin D in NAFLD. (Adapted from Eliades M et al. 2015) 

Mechanisms Evidence 

Improvement in insulin secretion and 
insulin resistance 

 

-Presence of VDR in pancreatic beta 
cells 

-Expression of 1-α-hydroxylase enzyme 
in pancreatic beta cells 

-Impaired insulin secretion response in 
mice lacking a functional VDR 

-Transcriptional activation of the human 
insulin gene by 1,25(OH)2D3 

-Vitamin D deficiency impairs glucose-
mediated insulin secretion from rat 
pancreatic beta cells in Vitro and in Vivo 

-Vitamin D enhances insulin 
responsiveness for glucose transport in 
muscle cells 

-Vitamin D up-regulates glucose 
transporter 4 (GLUT4) translocation and 
glucose utilization in adipocytes 

 



 

 

86 

 

Improvement in adipose tissue 
inflammation 

 

-Higher 25(OH)D3 concentrations were 
independently associated with higher 
adiponectin concentrations in a large 
cohort of men and women 

-Reduction IL-6 in adipocyte after 
supplementation of vitamin D in mice fed 
high fat diets 

-1,25(OH)2D3 treatment in human 
adipocytes inhibits NF-αB pathway and 
reduces pro-inflammatory cytokine 
release 

-1,25(OH)2D3 inhibits macrophage 
recruitment and increases adiponectin 
expression in preadipocytes 

 

Improvement in hepatic inflammation 

 

-Vitamin D deficiency causes TLR 
activation and exacerbates hepatic 
inflammation 

-Artificial sunlight therapy in rats 
reduced liver inflammation and 
apoptosis 

-VDR expression on cholangiocytes was 
inversely correlated with steatosis 
severity and NAFLD score in NASH 
patients 

 

Improvement in hepatic fibrosis 

 

-Presence of VDR in hepatic stellate 
cells (HSC) 

-Vitamin D treatment suppresses HSC 
proliferation in cultured HSC from rats 

-Vitamin D treatment downregulates pro-



 

 

87 

 

fibrotic marker TIMP-1 and collagen 
type- I production in cultured HSCs 

-VDR knockout mice develop 
spontaneous liver injury with fibrosis 

 

 

Vitamin D levels negatively correlate with BMI  

In our NASH cohort, 51 (58%) subjects were vitamin D deficient, as 

defined by serum vitamin D levels lower than 30ng/ml (Table 5). The possible 

mechanisms that contribute to lower 25(OH)D3 levels in obese subjects are 

complex and can involve multiple risk factors such as behavioral (sedentary 

lifestyle), reduced cutaneous synthesis, reduced intestinal absorption, reduced 

activation and/or increased catabolism and sequestration of 25(OH)D3 in 

adipose tissue (Vanlint, 2013). The most likely reason for low levels of serum 

25(OH)D3 is due to sequestration of 25(OHD3 in adipose tissue.  

A study conducted by Wortsman et al. sought to determine why obese 

individuals are prone to vitamin D deficiency.   They did this by analyzing fat 

soluble vitamin D (either administered orally or through synthesis by the skin, 

whole body UV radiation), and determining whether or not obese and non-

obese subjects process vitamin D differently (Wortsman et al., 2000).  They 

concluded that the increase in blood vitamin D3 concentrations was 57% lower 
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in the obese than in the non-obese subjects, 24 hours after UV-B exposure.  

These results were contrary to the popular belief that obese subjects have a 

larger body surface area for UV-B exposure  which should result in a higher rate 

of vitamin D synthesis (higher serum vitamin D) (Wortsman et al., 2000).  A 

plausible explanation for these observations is that with increased adiposity 

(subcutaneous fat), vitamin D metabolites are sequestered in the obese 

subjects more so than in the non-obese subjects (Worstman et al., 2000).  The 

decreased bioavailability of vitamin D due to sequestration in adipose tissue 

can account for the consistent observation by us and others that morbidly 

obese patients are prone to vitamin D deficiency.  It must be mentioned, that 

while to date there have been few attempts to quantify 25(OH)D3 in animal 

adipose tissue (Heaney et al., 2009; Lipkie et al., 2013), not as much is known 

about this phenomenon in adult human adipose tissue particularly in visceral 

adipose tissue (VAT).  Recently, Piccolo et al. has challenged the results of 

sequestration of vitamin D in adipose tissue by measuring 25(OH)D3 in 

subcutaneous white adipose tissue (SWAT). This tissue was obtained from 

overweight and obese individuals participating in controlled feeding weight loss 

intervention to determine whether SWAT 25(OH)D3 levels were altered as a 

result of weight loss (Piccolo et al., 2013).   Correlation analysis showed a 

positive, significant association between SWAT 25(OH)D3 concentrations and 



 

 

89 

 

serum levels.  But both SWAT and serum 25(OH)D3 concentrations did not 

significantly change after a 12-week energy restriction and 6% weight loss 

(Piccolo et al., 2013).  These results suggest that SWAT 25(OH)D3 levels do not 

likely contribute to serum 25(OH)D3 concentrations, or their contribution is not 

taking place in subcutaneous fat.    

In a recent multi-national, bi-directional Mendelian Randomization study, 

which is a genetic approach to infer causality from associations between 

genetic variants that mimic the influence of a modifiable environmental 

exposure and the outcome of interest, suggests a possible genomic mechanism 

(Vimaleswaran et al., 2013).  The authors hypothesized that if lower vitamin D 

level status is causally related to obesity, a genetic variant associated with 

lower 25(OH)D3 concentrations should be associated with a higher BMI and 

vice versa (Vimaleswaran et al., 2013).  The study included 21 adult cohorts 

with 42,024 participants and they compared 12 BMI-related single nucleotide 

polymorphisms (SNPs) and 4 vitamin D-related SNPs by using existing 

genotyping data as well as performing de novo genotyping.  Their meta-

analysis suggests that higher BMI leads to lower 25(OH)D3, and any effects of a 

lower 25(OH)D3 level resulting in increased BMI, are very minute. This further 

suggests that BMI reduction is vital for increasing vitamin D but not vice versa 

(Vimaleswaran et al., 2013). 
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25(OH)D3 levels negatively correlate with levels of PTH (Parathyroid 

hormone) 

The parathyroid hormone (PTH) is a protein of 84 amino acids and is 

synthesized as a larger precursor, pre-pro-parathyroid hormone (Silver et al., 

2011).  Pre-pro-parathyroid has a 25-residue “pre” or a 6-residue “pro” 

sequence. Along with the short pro-sequence, this signal sequence directs the 

protein into the secretory pathway.  In healthy individuals, regulation of PTH 

secretion normally occurs via a negative feedback action of serum calcium on 

the parathyroid glands.  Intact PTH is biologically active and clears very rapidly 

from the circulation with a half-life of less than four minutes (Silver et al., 2011).  

Parathyroid hormone (PTH) regulates serum concentrations of calcium and 

phosphate, which in turn, regulate the synthesis and secretion of PTH through a 

feedback mechanism.  Vitamin D has an independent effect on calcium and 

phosphate levels and also participates in a well-defined feedback loop between 

the active form of vitamin D, 1,25(OH)2D3 and PTH (Silver et al., 2011).  More 

specifically, 1,25(OH)2D3 decreases transcription of the PTH gene product 

(Silver et al. 1985; Russell et al., 1984; Silver et al., 2011) and consequently 

decreases  PTH secretion (Cantley et al., 1985).  In vivo studies in rats injected 

with amounts of 1,25(OH)2D3 showed that it did not increase serum calcium and 
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had a marked decrease in PTH mRNA levels, reaching <4% of control at 48 

hours (Okazaki T et al. 1988, Navey-Many T et al. 1990).  

Contrary to this study’s findings, a cross sectional study investigating the 

disturbances of PTH and vitamin D levels in chronic liver disease (CLD) 

reported no significant correlation between PTH and vitamin D (Miroliaee et al., 

2010).  This contradiction can be explained by the fact that the two respective 

cohorts of patients were different.  Unlike the cohort in this study, the etiologies 

of liver disease in that cohort ranged from hepatitis B and C infections, 

autoimmune hepatitis to cryptogenic causes (Miroliaee et al., 2010).  

Interestingly, they observed low vitamin D levels and liver function insufficiency 

markers (i.e., coagulopathy, hypoalbuminemia, hyperbilirubinemia, and 

thrombocytopenia) in the cirrhotic versus non-cirrhotic groups and 

recommended vitamin D assessment and supplementation in the management 

of patients with non-cholestatic CLD.  This study further highlights the wide 

range of liver diseases that vitamin D can affect. 

 

The levels of 25(OH)D3 positively correlate with the presence of histologic 

NASH and higher stages of fibrosis  

In the NASH sub-cohort, vitamin D deficiency, defined by <30ng/ml, 

positively correlated with the presence of histologic NASH (r=0.26, p<4.0e-4) 
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and higher stages of fibrosis (r=0.16, p<0.03) (Table 6).  This suggests that 

patients with the severe form of the disease would be vitamin D deficient.  The 

inverse relationship between vitamin D levels and NASH histology observed in 

this study is in agreement with others (Targher et al., 2007; Nobili et al., 2014) 

and may suggest a linear dose response effect in progression of disease.  

Recent random clinical trials investigating the effects of vitamin D 

supplementation on serum aminotransferases, insulin resistance (IR), high-

sensitive C-reactive protein (hs-CRP), tumor necrosis factor α (TNF-α), 

malondialdehyde (MDA), total antioxidant capacity, transforming growth factor 

β1 (TGFβ1), and grade of steatosis were assessed pre- and post- intervention.  

Patients who received vitamin D supplements, when compared to controls, had 

a median serum 25(OH)D3 level increase (16.2 vs. 1.6 ng/ml, p<1.0e-3) (Sharifi 

et al., 2014).  In addition, a significant decrease in serum MDA and hs-CRP was 

observed.  The authors conclude that vitamin D might serve as an adjunctive 

therapy to attenuate systemic inflammation and lipid peroxidation in NAFLD 

(Sharifi et al., 2014).   

 

These results indicate an inverse relationship between vitamin D levels 

and NASH histology that could also partially be explained by dysregulation of 

vitamin D metabolism due to severity of NAFLD.  The liver plays a key role in 
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metabolizing vitamin D.  Refer to the vitamin D chapter for details, but 

essentially, vitamin D is converted to 25(OH)D3 in the liver and to 1,25(OH)2D3 

in the kidneys.  25-hydroxylation of the liver produces substrate availability of 

vitamin D and is the choice marker used to assess vitamin D status.  As NAFLD 

progresses to NASH, it can lead to liver dysfunction and normal hepatic 

functions to become compromised.  Reduced hepatic function may lead to 

decreased 25-hydroxylation of vitamin D and reduced production of vitamin D 

binding protein (DBP) which can affect circulatory levels. 

 

The progression of fibrosis in NASH is associated with activation of 

hepatic stellate cells (HSC) responsible for collagen deposition and fibrosis.  

HSCs are activated, in part, by platelet-derived growth factor (PDGF) through 

pro-inflammatory cytokines such as TNF-α and IL-6 (Tilg et al., 2010; Tilg et al., 

2010).  Evidence from animal studies shows that the inhibition of HSC 

proliferation by vitamin D was associated with anti-fibrotic effects in vitro an in 

vivo (Abramovitch S et al. 2011).  More specifically, the  active form of vitamin 

D, 1,25(OH)2D3 suppressed HSC proliferation and cyclin D1 expression by 

approximately 50% and the tissue inhibitor of metalloproteinase I (TIMP-1) by 

60% and led to a 40% downregulation of collagen 1α1 expression (Abramovitch 

et al., 2011).  More recent genomic research has revealed a previously 
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unrecognized mechanism by which vitamin D regulates hepatic fibrogenesis by 

serving as an “endocrine checkpoint” modulating amelioration of liver fibrosis 

through wound healing response (Ding et al., 2013).   Mechanistically, TGFβ1 

signaling causes redistribution of genome-wide VDR binding sites (VDR 

cistrome) in HSCs, and facilitates VDR binding at SMAD3 pro-fibrotic target 

genes via TGFβ1-dependent chromatin remodeling (Ding et al., 2013).  This 

suggests that the VDR/SMAD genomic circuitry regulates hepatic fibrogenesis. 

VDR may serve as an endocrine checkpoint, modulating the wound healing 

response and serving as a potential therapy for liver fibrosis (Ding et al., 2013).  

 

The levels of 25(OH)D3 positively correlate with marker of apoptosis (M30)  

The next set of results, from the study of the role of 25(OH)D3 and 

markers of apoptosis (M30) in patients with a spectrum of NAFLD, are very 

interesting and important to the quest to identify non-invasive serum 

biomarkers.  There seems to be a positive correlation between serum 25(OH)D3 

levels and serum caspase-cleaved cytokeratin-18 (CK-18) fragment levels.  

This positive correlation suggests a direct relationship between levels of vitamin 

D and hepatic cell death.  Also, markers of apoptosis (M30) showed to be 

positively correlated with the presence of histological NASH, suggesting that the 

sickest patients experience a high rate of hepatocyte cell death due to insults to 



 

 

95 

 

the liver.  A hallmark of the progression from not-NASH to NASH, with degrees 

of fibrosis, is hepatocyte cell turnover due to injury in the form of increased 

apoptosis and decreased regeneration. This cell turnover is the putative “third 

hit”.  For a detailed overview of the role of apoptosis in NAFLD, refer to the 

NAFLD chapter.  Briefly, apoptosis is a highly regulated, metabolically active 

form of cell death and it involves two pathways, the intrinsic and the extrinsic 

(Singh et al., 2010).  Activation of both pathways leads to the final effector 

caspases to mediate cell death. However, activation of each pathway involves 

different cell signaling cascades.  For instance, intrinsic pathway activation 

involves mechanisms of cell and membrane stress (lysosomal, ER, and 

mitochondrial injury); and extrinsic pathway activation involves death ligand 

(FAS) and their receptors (FASL) and by TNF-α-apoptosis-inducing ligand 

(TRAIL) (Tiniakos et al., 2010). 

Research data on the mechanism of hepatocyte apoptosis in 

pathogenesis of NAFLD suggest the involvement of death-receptor-mediated 

apoptosis (Yoon et al., 2002).  In a translational study conducted by Feldstein 

AE et al., they sought to ascertain the occurrence and significance of apoptosis 

in 34 untreated NASH patients compared to normal subjects (Feldstein et al., 

2003).  Their data show a significant occurrence of hepatocyte apoptosis in 

NASH with caspase activation and enhanced Fas protein expression (Feldstein 
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et al., 2003).  The authors propose that activation of the Fas signaling cascade 

produces pro-apoptotic signals and mitochondrial dysfunction leading to further 

tissue injury and promotion of disease progression.          

 

In the NASH cohort, hepatocyte injury is defined as  individual and/or 

cumulative effects of free fatty acid (FFA) lipotoxicity, oxidative stress, 

adipokine/cytokine effects, inflammation and hepatocellular death (Tiniakos et 

al., 2010).  In 2006, Wieckowska et al. were the first to quantify hepatocyte 

apoptosis by measuring caspase-3-generated cytokeratin-18 fragments (M30) 

in plasma from patients (n=44) with NAFLD and correlate it with histological 

severity (Wieckowska et al., 2006).  Serum M30 levels were significantly 

increased in patients with NASH, compared to patients with simple steatosis.  

Furthermore, M30 levels independently predicted NASH with a receiver 

operating characteristic curve (ROC), showing a specificity of 99.9%, a 

sensitivity of 85%, and positive and negative predictive values of 99.9% and 

85.7%, respectively, for diagnosis of NASH (Wieckowska A et al. 2006).  In 

concordance with these results, Feldstien et al., using a different assay, TUNEL 

and immunohistochemistry, showed that hepatocyte apoptosis is significantly 

increased in patients with NASH and correlates with disease severity (Feldstein 

et al. 2003).  Currently, M30 ELISA assay is the most widely validated, non-
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invasive and reliable biomarker used to distinguish those patients with NASH 

and to rule out NASH in other patients. 

 

The role of vitamin D in apoptosis seems to involve alteration in content 

of various bcl-2- family, apoptotic regulatory proteins and affects the levels of 

pro-apoptotic (bax, bak) and/or anti-apoptotic (bcl-2, bcl-XL) proteins, thereby 

tipping the balance toward apoptosis rather than cell survival (Samuel et al., 

2008).  Overwhelming data from cancer research suggest a protective role of 

vitamin D against cancer cell proliferation.  For example, studies of glioma, 

melanoma and breast cancer cells show vitamin D initiates apoptosis and, in 

colorectal cancer, the transcription factor SNAIL reduces the expression of 

vitamin D receptors resulting in the progression of colon cancer cells (Lai et al., 

2013).  McGuire et al. demonstrated that vitamin D induces apoptosis in 

squamous cell carcinoma via a unique mechanism involving selective caspase-

dependent MEK cleavage and up-regulation of MEKK-1 (McGuire et al. 2001). 

However, there are also contradictory research data to suggest vitamin D 

has an anti-apoptotic effect on cells.  In a rat liver allograft study, vitamin D was 

shown to regulate hepatocyte cell death by significantly inhibiting apoptosis by 

increasing Bcl-2 and Bcl-xL (anti-apoptosis) levels while Bax and caspase-3 

(pro-apoptosis) levels significantly decreased (Zhang et al., 2007).  
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Furthermore, they report inhibition of Fas/Fas ligand pathway expression, 

highlighting the protective (anti-apoptotic) role of vitamin D in hepatocyte 

apoptosis (Zhang et al., 2007).  Similar observations of vitamin D have been 

reported in in vitro studies of human osteoblasts showing a significant inhibition 

of caspase-8 cleavage in conjunction with a decrease in the expression of the 

pro-apoptotic protein Bax, with a significant increase in the expression of anti-

apoptotic protein Bcl-2 (Duque et al., 2004).  Vitamin D also inhibits apoptosis 

through vitamin D-regulated gene, kinase suppressor of Ras-2 (hKSR-2) gene, 

which harbors a vitamin D response element involved in cell survival and 

differentiation in various cell types (Wang X et al. 2008).  In this study, vitamin D 

demonstrates its anti-apoptotic activity by inducing up-regulation of hKSR-2 in 

HL60 leukemia cells and could possibly serve as a new target for novel 

therapies of acute myelogenous leukemia (AML) (Wang et al., 2008).    

Considering the pleiotropic effects of vitamin D on apoptosis, these 

results suggest a linear relationship between 25(OH)D3 and apoptotic marker 

M30 and implicates vitamin D to be a key player in the pathogenesis of NAFLD.  

While it cannot be inferred from this type of cross-sectional translational study 

that this is the mechanism of pathogenesis, it is reasonable to propose that 

vitamin D plays a protective role in the progression of NAFLD to NASH, and 

exhibits its protective role through using both its pro-apoptotic and/or anti-
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apoptotic abilities differently and in different tissue/cell types.  To further test 

this hypothesis, a separate analysis was performed to see if vitamin D 

supplementation status affects apoptosis levels by comparing those in this 

study’s cohort who were receiving vitamin D or multivitamin supplementation 

and those who were not receiving supplementation, Table 12 and 13.  NASH 

patients who were not receiving vitamin D supplementation had higher levels of 

M30 than non-NASH patients (296 vs.172, p < 3.0e-5). In a similar analysis, 

NAFLD with advanced fibrosis showed  higher M30 levels regardless of vitamin 

D supplementation [with vitamin D (248 vs. 145, p < 9.0e-3), without vitamin D 

(279 vs. 206, p < 5.0e-3)].  Vitamin D supplementation seems to have an effect 

on the levels of apoptosis on histologic NASH patients, but not on those with 

advanced fibrosis. These data suggest that the protective effects of vitamin D 

may be subject to a systemic damage threshold and adiposity.  Correcting for 

deficient vitamin D levels through supplementation may be used as adjunctive 

therapy to take advantage of its wide range of protective properties (i.e. anti-

inflammatory, anti-fibrotic, regulation of cell turnover, and immunogenicity) to 

manage NAFLD.  A recent randomized double blind clinical trial was the first 

study to show that vitamin D supplementation improved serum 25(OH)D3 

concentrations, and that it was associated with at least a 1.5 fold change in the 

expression of 291 genes (Hossein-nezhad A et al. 2013).  Seventeen of these 
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genes are vitamin D regulated, and new candidate vitamin D response 

elements (VDRE) are involved in transcriptional regulation, stress response and 

immune function (Hossein-Nezhad et al. 2013).   

Unfortunately, while supplementation can correct vitamin D levels in 

majority of the patients, a sub-group of the population does not respond to 

supplementation, calling into question the dose response aspect of vitamin D 

supplementation on serum 25(OH)D3.  In a separate analysis, an investigation 

into the effects of supplementation was done by targeting the most vitamin D 

deficient, morbidly obese NAFLD patients.  Analysis of the trends reveals partial 

changes in serum 25(OH)D3 concentrations in patients who were on a 

multivitamin supplement regimen, Table 16. Interestingly, in a group of patients 

receiving specific vitamin D supplementation, effects on 25(OH)D3 levels in 

serum were greater as compared to NAFLD patients who were receiving 

multivitamin supplementation or non-supplementation.  These data clearly show 

that vitamin D deficiency in morbidly obese NAFLD patients cannot be 

corrected with multivitamin supplementation, but can be corrected with specific 

vitamin D supplementation.  A recent longitudinal study examined the effect of 

vitamin D supplementation on serum 25(OH)D3 in thin and obese women and 

showed women with BMI < 25 kg/m2 develop much higher levels of serum 

25(OH)D3 after vitamin D supplementation compared to those with BMI>25 
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kg/m2 (Gallagher et al. 2013).  The different response curves observed based 

on BMI can be due to the dilution effect, suggesting that elevation in serum 

25(OH)D3 in thin individuals could be a function of smaller physiological volume, 

and response curves observed in obese patients are  a function of adequate 

intake (Gallagher et al. 2013). In fact, studies recommend vitamin D 

supplementation dosage be 2 or 3 times higher for obese patients and 1.5 times 

higher for overweight individuals relative to those of normal weight (Ekwaru JP 

et al. 2014).  However, other factors might also be at play such as an increase 

in adiposity, vitamin D transport proteins, enzymes involved in vitamin D 

metabolism or other factors like genotype variation.          

 

 

The levels of the vitamin D binding protein (DBP) positively correlate with 

the levels of triglycerides, and negatively - with the degree of histologic 

hepatocyte ballooning in liver biopsies. 

 

Unlike most vitamin D studies, which regretfully fail to account for the 

role of DBP in their analysis and interpretation, this study considers DBP levels 

to obtain a comprehensive picture of the “vitamin D-axis” and the relationship 

between the role of the “vitamin D-axis” and NAFLD.  Vitamin D binding protein 
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(DBP) is a multifunctional, highly expressed, polymorphic serum protein with an 

array of physiologic functions mediating inflammatory and immunomodulatory 

responses.  DBP binds to and transports 25(OH)D3, acts as the scavenger for 

monomeric G-actin, activates macrophages and acts as a chemotaxin for 

phagocytic cells (White et al., 2000). 

 

Vitamin D binding protein (DBP) is multifaceted with multiple functions 

involved in a wide range of human pathophysiology.  Recently, Moon et al. 

investigated the possible role of DBP in the pathogenesis of Alzheimer’s 

disease (AD).  They demonstrated that DBP levels are increased in 

cerebrospinal fluid of AD patients and is directly associated with amyloid β (Aβ) 

peptide, which is responsible for AD related brain damage in AD models (Moon 

et al. 2013).  DBP decreased Aβ-induced synaptic loss in the hippocampus and 

rescued memory deficits in mice (Moon et al., 2013).  DBP exhibits a 

protective/preventative effect attenuating the harmful effects of Aβ in AD models 

and their results suggest a promising therapeutic strategy for AD (Moon et al. 

2013).  More recently, studies of regulation of DBP during early and late phase 

reaction of allergic asthma showed DBP concentration levels to be significantly 

elevated 24 hours after allergen exposure (Bratke et al., 2014).  Patients who 

suffer from acute intermittent porphyria (AIP), an autosomal dominant metabolic 
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disease caused by deficiency of hepatic porpholobilinogen deaminase (PBDG), 

causing life threatening neurovisceral symptoms, have increased glycosylated-

DBP levels (Serrano-Mendioroz et al. 2015).  Authors propose that the high 

levels of glycosylated DBP observed could reflect the activation of the 

intracellular unfolded protein response caused by incorrect folding of the 

mutated PBGD protein in AIP patients (Serrano-Mendioroz et al. 2015). 

 

The levels of DBP were shown to negatively correlate with the degree of 

histologic hepatocyte ballooning in liver biopsies of NAFLD patients, Table 11.  

Ballooning degeneration is a form of liver parenchymal cell death and a 

common feature of inflammatory NASH.  These results suggest that DBP levels 

are altered with respect to disease severity in this study’s patient cohort.  

Different physiologic (obesity) and pathologic (liver dysfunction) conditions can 

affect DBP levels (Yousefzadeh et al., 2014), which in turn affect a wide array of 

systems which can contribute to disease progression.  Because these patients 

are morbidly obese and suffer from NAFLD, one must consider the possible 

mechanisms that involve obesity and liver dysfunction on DBP levels.  A study 

of obese women compared to normal weight women showed obese women 

have significantly higher concentrations of serum DBP (320 µg/mL +/- 121) 

compared to lean women (266 +/- 104 µg/mL) (Karlsson et al. 2014).  However, 
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the increased levels of DBP in obese women did not result in higher levels of 

25(OH)D3 levels.  In fact, obese women had a 20.1 nmol/L lower mean 

25(OH)D3 concentration compared to lean women (Karlsson et al. 2014).  While 

their study included mainly women of normal weight and Caucasian women,  

results from this study show DBP levels to be significantly lower in the non-

Caucasian (African American, Hispanic and Middle Eastern) group.  Non-

Caucasian women are 10 times more likely to have low serum 25(OH)D3 levels 

than Caucasians (Yao S et al. 2013) and 25(OH)D3 levels inversely associate 

with markers of adiposity (Young et al. 2009).  Normal liver function is required 

for production of 25(OH) D3 and for synthesis of DBP.  A study of serum 

25(OH)D3 and DBP concentrations in over 200 patients undergoing liver 

transplantation showed both 25(OH)D3 and DBP concentrations to increase 

substantially 3 months following transplantation (Reese et al., 2012).  In 

concordance with this study’s results, other studies have also reported changes 

in DBP concentrations linked to the pathology of advanced disease and hepatic 

failure (Stokes et al., 2013).       

There is overwhelming scientific evidence to exploit the diverse 

properties of DBP as a preventative and/or therapeutic agent affecting several 

pathways involved in the pathogenesis of NAFLD.  An area of interest which 

warrants further investigation is the role of DBP in tissue damage due to injury, 
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infection or inflammation, which are hallmarks of NASH.  More specifically, 

exploiting the ability of DBP to sequester actin production and inflammation can 

serve as a biomarker for disease management and/or a target for therapy.  

Extracellular over production of actin has been shown to be associated with 

hepatic necrosis (Gomme et al., 2004).  Intervention in improving DBP 

concentrations can serve a protective role against disease progression.  

Future studies should explore the relationship between vitamin D and 

adipocyte gene expression.  In particular, the expression of vitamin D related 

genes in adipocytes should be quantified and correlated with serum levels 

identified in this study and others.  A set of vitamin D responsive genes involved 

in the inflammatory processes (INF-γ, TLR2, and TNF-α) and/or vitamin D 

metabolism related genes such as cytochrome p450s, CYP27A1 (25-

hydroxylase) or CYP27B1 (1-α-hydroxylase) be selected for expression 

analysis.  Real-time PCR analysis of this kind can further elucidate the complex 

“vitamin D-obesity” axis, potential role in pathogenesis of NAFLD/NASH and 

explain results reported in this observational translational research.  
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CHAPTER 4 

Gastric Peptides and Inflammatory Cytokines in Obesity Related NAFLD. 

 

Introduction 

Progressive obesity is often associated with increased dysregulation of 

appetite control. Gastric tissue is well known to be the principal source of small 

peptides, such as ghrelin and obestatin that have central roles in both appetite 

stimulation and appetite suppression. Ghrelin and obestatin also have 

metabolic consequences, exhibiting effects on processes such as lipogenesis, 

adipogenesis and adipose tissue energy production.  These peptides have even 

been associated with metabolic diseases like type II diabetes mellitus, 

demonstrating regulatory activity on glucose and insulin secretion. Ghrelin and 

obestatin also have some relationship to inflammation, both in response and 

effect. Ghrelin regulates immune function through reducing pro-inflammatory 

cytokine production as well as neutrophil infiltration. Additionally, ghrelin and 

obestatin concentrations have been shown to increase in response to local 

inflammation. Obesity, itself, is a condition of chronic systemic inflammation. As 

visceral adiposity increases, so too does the total concentration of circulating 

inflammatory cytokines, such as IL-6, MCP-1/CCL2, or TNFα. The central 

question being investigated here is whether the gastric peptides Ghrelin and 
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Obestatin participate in the pathogenesis of obesity related NAFLD, while 

noting  if serum levels of Ghrelin and Obestatin can serve as an effective non-

invasive biomarker for disease progression. 

The central hypothesis of this study is that circulating levels of inflammatory 

adipokines influence the relative concentrations of appetite stimulating and 

suppressing peptides secreted by gastric tissue. To support this hypothesis, a 

three step strategy was employed. First, serum concentrations of inflammatory 

cytokines were correlated to serum concentrations of acylated and non-acylated 

ghrelin, as well as obestatin. Second, the association of both GHRL gene 

products and inflammatory cytokines with weight loss was evaluated.  Finally, 

concentrations of obestatin and ghrelin isoforms were correlated with clinical 

and demographic data to establish a link between gut hormone expression and 

metabolic diseases associated with obesity.  

 

Background: 

Ghrelin is one of the first gastric peptides to be isolated from rat 

stomachs and identified to be an agonistic endogenous ligand for the growth 

hormone secretagogue receptor 1a (GHSR1a), a G-protein-coupled receptor 

(Kojima M et al. 1999).  The name Ghrelin is derived from the 

protoindoeuropean language, in which “ghre” means growth and ‘relin’ means 
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release (Massadi et al., 2014).  The pre-pro-ghrelin gene, located on the p arm 

of chromosome 3 (3p26-p25), encodes the ghrelin-obestatin pre-protein that is 

cleaved to yield two peptides, ghrelin and a 23- amino- acid small peptide, 

obestatin.   

Ghrelin undergoes a rare post-translational modification whereby the 

third serine residue undergoes O-octanoylation, involving medium chain fatty 

acid octanoate to covalently bind this third serine (Kojima et al., 1999).  Several 

products of ghrelin are produced, of which, the most metabolically relevant are 

acyl-ghrelin (AG) and desacyl ghrelin (DAG), comprised of 28 amino acids each 

(Kojima et al., 1999; Massadi et al., 2014).  The structure of the octanoylated 

peptide hormone, ghrelin, is only known up to the level of its primary structure; 

identifying an active core of residues 1-5 or 1-4 including octanoyl-Ser3 as 

necessary for receptor activation (Kukol, 2008).  Ghrelin is a multifunctional 

peptide modulating numerous physiologic systems and organs.  Early research 

by Mark Heiman and Mattias Tschop indicated that ghrelin acts in the brains of 

rodents, regulating food intake, body weight, adiposity and glucose metabolism 

(Tschop et al. 2000).  To date, central and peripheral actions of ghrelin have 

been described in numerous organ systems (Figure 7).  
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Figure 7. Products of the GHRL gene. The most common terminal products of 
the GHRL gene, des-acyl-ghrelin, obestatin, and acyl-ghrelin or ghrelin are 
represented in brown. 
 

The next milestone in ghrelin research came in 2008, when the 

laboratories of Michael S. Brown and Joseph L. Goldstein from the University of 

Texas Southwestern Medical Center, reported the identification of the enzyme 

responsible for this rare post-modification of ghrelin, termed ”Ghrelin O-

Acyltransferase”  (GOAT) (Yang et al. 2008).  They clearly demonstrated that 

GOAT and des-acyl ghrelin are sufficient to recapitulate the production of acyl 

modified ghrelin in cells; ghrelin and GOAT share similar tissue expression 

profiles in both humans and mice, with highest GOAT expression in pancreas 
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and gastric tissues of humans and mice (Yang et al. 2008).  The identification of 

the GOAT enzyme has led to major breakthroughs in the physiological effects 

of acyl-modification of ghrelin (Muller et al., 2015). 

The initial identification of ghrelin as a gastric peptide by Masayasu 

Kojima, Kenji Kangawa and Hiroshi Hosoda required some luck along with 

passion for their research (Kojima et al., 1999).  In their 30 years of research, 

searching for novel unknown endogenous peptides, they were the only group to 

change their target tissue to stomach samples in order to discover ghrelin 

(Kojima et al., 2013).  Hence, they made the initial designation of ghrelin to be a 

gastric peptide.  Since then, the expression distribution of GOAT in several 

human tissues has been reported.  RT-PCR analysis using primers for the 

MBOAT4 gene shows GOAT mRNA expression to have widespread distribution 

in human tissues (Lim et al., 2011).  These findings further implicate the 

pleotropic involvement of the ghrelin-GOAT system in the pathogenesis of 

various physiological disorders. 

Recently, the ghrelin system has been linked to energy and lipid 

metabolism, IR, inflammation and apoptosis, which are all hallmarks of obesity 

related NAFLD.  Several studies have reported the ghrelin gene products to be 

involved in inflammatory processes (Mafra et al., 2011; Stengel et al., 2010; 

Sung et al. 2011, Wu et al. 2008), especially in the local inflammatory response 
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(Koca et al. 2008).  These properties of ghrelin are particularly relevant to 

obesity and the associated low grade, chronic systemic inflammation (i.e. Meta-

inflammation) orchestrated by metabolic cells in response to excess nutrients 

and energy (Gregor et al., 2011).  Increased adiposity leads to an IR state in 

adipose tissue, liver and muscle tissues, and is a strong risk factor for the 

development of diabetes and NAFLD (Olefsky et al., 2010).  The IR state 

induced in these target tissues results in reduced insulin-stimulated glucose 

uptake in muscle, impaired suppression of glucose output in the liver, and 

increased fatty acid release from adipose tissue (Schenk et al., 2008).  In 

addition, in obese individuals, an expansion of the visceral adipose tissue 

promotes an increase in the total amount of circulating inflammatory cytokines 

and chemokines, such as MCP-1/CCL2, interleukin (IL)-6, IL-1β, macrophage 

migratory inhibitory factor (MIF), and TNF-α, released by both adipocytes and 

associated macrophages (Wang et al., 2008; Strohacker et al., 2010; Sun et al., 

2009; Tateya et al., 2010).  

In 2013, Li et al were the first to demonstrate the protective role of 

ghrelin in an animal model using Sprague-Dawley rats with induced NAFLD.  

They successfully showed that treatment with ghrelin improved liver injury 

measurements such as histological changes, including necrosis, inflammation 

foci, elevated serum enzyme levels (ALT and AST), dysregulated hepatic lipid 
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metabolism, increased formation of oxidative stress,  lipid peroxidation markers, 

and up-regulated levels of pro-inflammatory cytokines and apoptotic cells (Li et 

al., 2013).   Real time PCR and ELISA experiments showed that, after 8 weeks 

of NAFLD induction, the expression of inflammatory cytokines (TNF-α and IL-6) 

was significantly up-regulated at both mRNA and protein levels.  Upon 

administration of ghrelin, both mRNA and protein levels of TNF-α and IL-6 were 

reduced without disturbing their basal expressions (p<0.01) (Li et al., 2013).  

Results of this study are in concordance with other studies showing therapeutic 

function in several inflammatory diseases in rodent models, including Sepsis 

(Dufour et al., 2010), intestinal ischemia/reperfusion injury (Wu R et al. 2008), 

pancreatic disease (Kasimay et al., 2006), cardiovascular disease (Huang et al., 

2009), and gastrointestinal disease (Gonzalez-Rey et al., 2006). 

In addition to ghrelin, GOAT has been implicated to possibly play a role 

in NAFLD.  GOAT is the only enzyme discovered to transfer carboxylic-acid 

moieties from the cytosol to the luminal side of the endoplasmic reticulum (ER) 

site where pro-ghrelin is Acylated (Gualillo O et al. 2008).  The acylation of 

ghrelin by GOAT is the key to its activity and can serve as a potential 

therapeutic target in NAFLD (Gualillo et al., 2008; Yang et al., 2008).  The 

hypothesis being that inhibiting GOAT activity can lead to decreased levels of 

acylation and increased levels of des-acyl-ghrelin (DAG), altering the 
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physiological role of ghrelin in the nervous system  and in  local injury (Zhang et 

al., 2015; Ariyasu et al., 2005; Iwakura et al., 2005).  The ghrelin-GOAT 

system’s most exciting potential is its role in cytokine mediated inflammation, a 

hallmark of progressive NAFLD and NASH. The mechanism by which the 

ghrelin-GOAT system ameliorates inflammatory responses has been 

demonstrated in both in vitro and in vivo studies (Waseem et al., 2008, 

Gonzalez-Rey et al., 2006; Li WG et al., 2004).  Waseem et al. demonstrated in 

vitro that the therapeutic role of exogenous ghrelin in production of pro-

inflammatory and anti-inflammatory cytokines in lipopolysaccharide (LPS) 

activated murine based macrophages.  Ghrelin treatment resulted in a decrease 

in LPS-induced NFκB activation and exogenous ghrelin significantly augmented 

the release of the anti-inflammatory cytokine IL-10 in a dose and time-

dependent manner from LPS stimulated murine macrophages (Waseem et al., 

2008).  Similar anti-inflammatory properties of ghrelin were reported using 

human umbilical vein endothelial cells (HUVECs), along with a reduction in 

endotoxin-induced cytokine production in vivo (Li et al., 2004).  Interestingly, 

they also reported that Des-acyl ghrelin (DAG) had no effect on TNF-α induced 

cytokine production, further giving credence to the importance of ghrelin 

acylation by GOAT (Li et al., 2004).  Finally, the hepato-protective role of ghrelin 

was recently evaluated on a carbon tetrachloride (CCL4)-induced acute liver 
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injury in a rat model (Cetin et al., 2011).  Ghrelin treatment reduced plasma and 

liver oxidative stress markers and increased antioxidant enzyme activity in the 

liver tissue leading to improved histological changes (Cetin et al., 2011). 

The focus of this research was to investigate the interplay between 

obesity related chronic systemic inflammation (i.e. Meta-inflammation), ghrelin 

gene products in morbidly obese individuals undergoing bariatric surgery.  This 

study assesses the potential connections between NAFLD, circulating 

inflammatory cytokines, the serum concentrations of the ghrelin genetic 

products.  I hypothesized that the activity of the ghrelin gene products would be 

modulated by inflammatory cytokines and reflect the severity of NAFLD. 

 

 

Methods 

This study included obese patients who were scheduled for bariatric 

surgery (average BMI=48.9).  After informed consent, fasting serum samples 

were obtained prior to surgery, processed, and immediately frozen at -80°C.  

For each patient, relevant clinical and demographic data were collected.  Pre-

surgical laboratory tests including fasting glucose, serum aminotransferases 

(alanine aminotransferase-ALT and aspartate aminotransferase-AST), and lipid 

panel were available.  During surgery, a liver biopsy was also performed to 
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asses for NAFLD.  These samples and corresponding clinical data have been 

de-identified in compliance with HIPAA regulations and this study was approved 

by Inova Institutional Review Board (IRB).   

 

Histopathology 

Histopathological assessment of liver biopsies was performed by an 

experienced hepatopathologist (Zach Goodman).  According to the pathologic 

protocols, patients were divided into histologically proven NASH and non-NASH 

subtype of NAFLD. These groups were matched for clinical and demographic 

variables (Table 21). For this study, histologic NASH was defined as steatosis, 

ballooning degeneration and lobular inflammation with or without pericellular 

fibrosis, and/or Mallory-Denk bodies. 

 
 
Measurement of Serum Cytokines, Obestatin, and Acylated (AG) and Des-
acylated (DAG) Ghrelin 
 

Serum obestatin concentrations were measured by competitive enzyme 

immunoassay (ALPCO Diagnostics, Salem, NH, USA) as per manufacturer’s 

instructions. Acylated and des-acylated ghrelin forms were measured by 

sandwich enzyme immunometric assays (ALPCO Diagnostics) following the 

manufacturer’s instructions.   
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Serum concentrations of inflammatory cytokines were assessed in these 

patients using a BioPlex multiplex 17-plex cytokine assay. This assay 

simultaneously measures serum concentrations of IL-1β, IL-2, IL-4, IL-5, IL-6, 

IL-7, IL-8, IL-10, IL-12, IL-13, IL-17, G-CSF, GMCSF, IFN-γ, MCP-1/CCL2, MIP-

1β/CCL4, and TNF-α were profiled in the serum using the Bio-Plex Human 

Cytokine 17-Plex panel as part of the Bio-Plex Suspension Array System (Bio-

Rad, Hercules, CA, USA) following the manufacturer’s protocol. 

 

Statistical Analysis 

Pairwise comparisons of the clinical parameters and serum 

concentrations of gastric hormones and cytokines were performed between 

groups of patients using the nonparametric Mann–Whitney test. Associations 

between the concentrations for pairs of adipokines and cytokines of interest 

were tested with the use of Spearman correlation coefficients. Additionally, 

multivariate linear regressions with stepwise variable selection were used to 

test for significant relations in continuous data with adjustment for possible 

confounders. Unless otherwise noted, two-tailed hypothesis tests were used 

and p values<0.05 were considered significant. 

To possible association of adipocytokine levels with steatosis and 

fibrosis, a series of multiple regression analyses were performed with stepwise 
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(bi-directional) selection of variables. Bi-directional selection began with a full 

model that contained the adipocytokine levels as variables and ended when no 

more improvement of the prediction fitting was achieved with the addition or 

removal of adipocytokine or clinical predictors. The predictive performance was 

evaluated for the generated models.  Specifically, the sensitivity, specificity, and 

area under the receiver operating characteristic (ROC) curve with 95% 

confidence intervals were calculated for each model. All predictive models were 

cross-validated with the leave-one-out method that determines the accuracy of 

a learning algorithm (by training it multiple times using all but one of the training 

set data points). The regression analyses were executed with S-Plus 8.0 

statistical package, and the ROC analyses were generated with the MedCalc 

statistical tool. 
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Results 

 

Obestatin, Acyl-ghrelin and Des-acyl-ghrelin (DAG) in Patients with NASH 

Demographic, clinical, laboratory and histological data and the outcomes 

of group statistical comparisons for patients with and without NASH are listed in 

Table 18. This study included 75 patients with biopsy-proven NAFLD.  Of these, 

41 patients had biopsy-proven NASH (Table 19) with 20 NASH patients having 

fibrosis stage ≥2 (Table 20).  Patients with NASH had an approximately two fold 

higher concentration of circulating DAG than patients with the non-NASH 

subtype of NAFLD (2.58 vs. 1.24 pg/ml, P<0.02).  Levels of DAG were 

significantly and positively correlated with ALT (r=0.29, P<0.02), AST (r=0.26, 

P<0.03), fasting glucose (r=0.29, P<0.02), and triglycerides (r=0.25), P<0.03), 

as well as histologic finding of ballooning degeneration (r=0.30, P=0.01), 

Mallory-Denk bodies (r=0.29, P<0.02), and portal fibrosis (r=0.39, P<1.0e-3) on 

the liver biopsies.   

 

Table 19. Clinico-demographic and laboratory data for cohorts of NASH and 
non-NASH NAFLD in gastric hormone study. All P values >0.05 were 
considered not significant (NS) 

 NASH Non-NASH P Value 

N 41 34  

ALT (IU/I) 35.64±24.68 25.10±12.84 <0.05 

AST (IU/l) 29.89±21.50 21.03±9.27 <0.01 
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Fasting serum 
cholesterol (mg/dl) 

203.53±41.25 186.20±40.31 NS 

Fasting serum 
triglyceride 
(mg/dl) 

215.32±125.82 154.69±102.09 <0.01 

Fasting serum 
glucose (mg/dl) 

125.03±52.03 95.47±23.38 <0.01 

Body mass index 
(BMI) 

49.64±10.44 48.19±9.12 NS 

Female (%) 26 (70.3%) 25 (78.1%) NS 

Caucasian (%) 28 (66.7%) 20 (58.8%) NS 
Hypertension (%) 22 (61.1%) 19 (59.4%) NS 
Hyperlipidemia 
(%) 

12 (34.3%) 16 (50.0%) NS 

Type 2 DM (%) 11 (30.6%) 10 (31.3%) NS 
Des-acyl-ghrelin 
(pg/ml) 

2.58±5.6 1.24±14.9 <0.02 

Acyl-ghrelin 
(pg/ml) 

6.42±15.00 2.85±6.00 NS 

Obestatin (ng/ml) 2.98±1.19 3.44±2.26 NS 
 

 

 

Interestingly, neither ghrelin nor obestatin showed a significant 

relationship with histologic NASH; however, both ghrelin and obestatin showed 

moderate but statistically significant increases in patients with NASH and 

fibrosis stage ≥2 (N=20) vs. those NASH patients with fibrosis stage <2 (N=22).  

In fact, circulating ghrelin concentrations in NASH patients with fibrosis score ≥2 

were almost double the concentration of NASH patients with a fibrosis stage <2 

(8.73 vs. 4.22 pg/ml, P<0.04).   
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Table 20. Clinico-demographic and laboratory data for cohorts of advanced 
fibrosis and undetected/mild fibrosis. 

 NASH w fibrosis 
score ≥2 

NASH w fibrosis 
score <2 

P Value 

N 20 22  

ALT (IU/I) 39.73±34.16 32.71±15.08 NS 

AST (IU/l) 37.87±30.69 24.19±8.23 <0.05 

Fasting serum 
cholesterol (mg/dl) 

195.07±45.32 209.45±38.22 NS 

Fasting serum 
triglyceride (mg/dl) 

207.14±83.44 221.05±150.49 NS 

Fasting serum 
glucose (mg/dl) 

125.29±47.85 124.85±55.99 NS 

Body mass index 
(BMI) 

51.55±14.20 48.29±6.69 NS 

Female (%) 11 (73.3%) 15 (68.2%) NS 

Caucasian (%) 10 (71.4%) 18 (81.8%) NS 
Hypertension (%) 8 (60.0%) 13 (61.9%) NS 
Hyperlipidemia 
(%) 

5 (33.3%) 7 (35.0%) NS 

Type 2 DM (%) 6 (40.0%) 5 (23.8%) NS 
Des-acyl-ghrelin 
(pg/ml) 

4.98±5.93 3.95±5.37 NS 

Acyl-ghrelin 
(pg/ml) 

8.73±18.66 4.22±10.45 <0.05 

Obestatin (pg/ml) 3.46±1.41 2.54±0.73 <0.05 
 

Obestatin levels also increased from 2.54 pg/ml in NASH patients with 

low fibrosis scores (fibrosis stage <2) to 3.46 pg/ml in NASH patients with 

fibrosis stage ≥2 (P<0.03).  In multivariate analysis, the model to predict NASH 

with fibrosis stage ≥2 included ghrelin, ALT, AST, and glucose (P=1.0e-3) 
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(Table 21).  Acylated ghrelin levels correlated positively with circulating 

obestatin (r=0.33, P<3.0e-3) but negatively with total cholesterol (r=0.28, 

P<0.03).  Additionally, circulating obestatin levels correlated negatively with the 

levels of total cholesterol (r=0.25, P<0.05).  Finally, levels of DAG expression 

were positively correlated with that of acyl-ghrelin (r=0.34, P=3.0e-3), but not 

with any cytokine assayed.  

 

Table 21. Best fitting multiple linear regression model (P<0.001) predicting 
NASH with moderate fibrosis (score ≥2). 

 Regression 
coefficient β and 
SE 

P values of independent 
variables  

Intercept  −0.2119 ± 0.1423 0.14 

Ghrelin (pg/ml)   0.0100 ± 0.0037 9.2e-4 

ALT (IU/l) −0.0077 ± 0.0044 0.08 

AST (IU/l)   0.0164 ± 0.0052 2.4e-4 

Glucose   0.0018 ± 0.0011 0.11 

Regression coefficient β represents slope estimate ± standard error of the 
estimate (SE).  Positive and negative regression coefficients indicate the 
dependence of NASH with moderate fibrosis on levels of soluble serum 
components.  
 

 

Inflammatory Cytokines in Obese NAFLD Patients 

Of the 17 cytokines measured, only 6 had levels that were higher than 

the background in a substantial number of patients to allow comparative 

analysis. These include IL-6, IL-7, IL-8, G-CSF, CCL2/MCP-1, and CCL4/MIP-



 

 

122 

 

1β. Of these cytokines, only IL-7 exhibited statistically significant differential 

expression. IL-7 exhibited lower concentrations in NAFLD patients with fibrosis 

stage ≥2 (16.89 vs. 10.68 pg/ml, P=0.01) compared to NAFLD patients with 

simple steatosis. Furthermore, concentrations of IL-7 were also significantly 

lower in NAFLD patients with type II diabetes compared to those without a 

diagnosis of type II diabetes (11.78 vs. 6.77 pg/ml, P=8.0e-3) (Table 21). When 

considering just the NASH cohort, expression of IL-7 was almost twice as high 

in NASH patients without a diagnosis of Type II diabetes (N=25) as compared 

to patients with NASH and diabetes (N=11) (13.04 vs. 6.77 pg/ml, P=5.0e-3).  

Acylated ghrelin levels correlated negatively with circulating IL-6 

(r=−0.29, P<9.0e-3) and CCL2/MCP-1 (r=−0.29, P<0.01) levels. Circulating 

obestatin levels correlated negatively to CCL/MCP-1 levels (r=-0.24, P=0.05), 

but positively with CCL4/MIP-1β (r=0.26, P=0.03).   

 

Table 22. Clinco-demographic and laboratory data for NAFLD patients with type 
2 Diabetes. 
 

 Diabetes No diabetes 
diagnosis 

P Value 

N 21 47  

ALT (IU/I) 32.62±12.92 29.49±23.50 NS 

AST (IU/l) 27.43±10.83 24.69±19.87 NS 

Fasting serum 
cholesterol (mg/dl) 

184.50±46.92 200.63±38.62 NS 

Fasting serum 174.10±109.82 186.12±114.36 NS 
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triglyceride (mg/dl) 

Fasting serum 
glucose (mg/dl) 

133.85±58.83 100.62±29.98 NS 

Body mass index 
(BMI) 

50.16±11.46 48.70±9.17 NS 

Female (%) 13 (61.9%) 37 (78.7%) NS 

Caucasian (%) 17 (81.0%) 30 (63.8%) NS 

Hypertension (%) 18 (85.7%) 23 (48.9%) <0.01 

Hyperlipidemia 
(%) 

14 (70.0%) 14 (29.8%) <0.01 

Interleukin-7 (IL-
7) pg/ml 

11.78±11.5 6.77±6 <1.0e-3 

 
 
Post-bariatric Surgery Follow-up 

The association of GHRL gene products and inflammatory cytokines 

were assessed in weight loss post-bariatric surgery. A total of 35 patients had 

post-surgery follow-up data (age 45.9 years, gender 25.7% male, median length 

of follow-up after surgery 53 weeks, baseline BMI 47.5, BMI on follow-up visit 

33.4). There was a resolution of obesity-related conditions during the follow-up 

period: baseline Type II diabetes (25.7%) vs. type II diabetes on follow-up visit 

(2.9%) and baseline hyperlipidemia (42.9%) vs. hyperlipidemia on follow-up visit 

(8.6%). For the entire length of the follow-up, the average weight loss per day 

for the cohort was 0.22 kg/day.  However, the rate of the weight loss was faster 

during the first 3 months (0.49 kg/day) after surgery (Table 22). 
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Table 23. Baseline obestatin and the rate of weight loss over time 
 

Follow-up 
by 

Average 
weight loss 
(kg/day) 

Pearson 
correlations* and 
respective P values 

Pearson partial correlations* 
controlled for baseline BMI 
and respective P values 

3 months 0.73 0.81 (P<0.05) 0.93 (P<0.05) 

6 months 0.49 0.61 (P<0.03) 0.60 (P=0.05) 

12 months 0.41 0.59 (P<0.02)              0.58 (P<0.05) 

24 months  0.32       0.57 (P<5.0e-3) 0.56 (P<0.01) 

Full cohort 0.22  0.51 (P<2.0e-3) 0.51 (P<0.01) 

  

Serum obestatin was the only circulating hormone measured at baseline 

and significantly correlated with the rate of the weight loss (r=0.52, P=2.0e-3). 

The strongest correlation between baseline circulating obestatin and rate of 

weight loss was seen within the first 3 months post-surgery (r=0.81, P=0.05). 

The correlation between the rate of weight loss and baseline obestatin 

concentration seemed to be weaker by the end of the first 6 months after 

surgery, but still remained significant (r=0.61, P=0.03). Pearson partial 

correlations adjusted for baseline BMI remained generally unchanged. 
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Discussion 

In this study, the circulating concentration of these three molecules and 

select set of inflammatory cytokines were profiled in a cohort of morbidly obese 

patients with biopsy-proven NAFLD.  This study shows an increase of DAG 

levels in patients with NASH with or without moderate hepatic fibrosis (stage≥2).  

In fact, DAG positively correlated with several factors such as ALT, AST, fasting 

glucose, and triglycerides as well as liver biopsy findings of ballooning 

degeneration, presence of Mallory-Denk bodies, and portal fibrosis. These 

laboratory and histologic factors are strongly associated with the presence of 

histologic NASH.  This study is the first to postulate a potential role for DAG in 

the pathogenesis of the progressive form of NAFLD or NASH.     

The results of this study are novel but consistent with previous limited 

research demonstrating DAG to have independent intrinsic activities in various 

physiological and pathophysiological conditions.  Unfortunately, since the 

discovery of ghrelin, DAG has been considered an inactive product of the 

ghrelin gene with no receptor activity and only ~300 manuscripts published on 

the subject according to PubMed as of March of 2012 (Delhanty et al. 2013).  

These results are part of a wave of new and emerging research data to 

implicate the importance of the ghrelin axis in glucose metabolism, 

inflammatory processes and hepatic fibrosis. 
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Animal studies on the effect of ghrelin gene products on insulin secretion 

show acyl-ghrelin and obestatin to inhibit insulin secretion in a dose-dependent 

manner.  Islet cells and DAG exhibit an inhibitory effect on acyl ghrelin but not 

on obestatin (Qader et al., 2008).  DAG was shown not to affect the secretion of 

insulin directly, but it may alter insulin secretion by regulating acyl-ghrelin.  

Furthermore, DAG acts as a potent insulin secretagogue in glucose-stimulated 

conditions in vitro, only to be blocked by co-administration of exogenous acyl-

ghrelin (Gauna et al., 2007).  However, contradictory in vivo studies have 

shown insulin sensitivity to be enhanced by the co-administration of acyl-ghrelin 

and DAG (Gauna et al., 2004).  A major challenge in DAG research is that its 

cognate receptor has not yet been discovered.  In order to objectively study the 

effects of DAG, GHSR-ablated mice are analyzed and recent genome-wide 

expression studies of this model revealed DAG to modulate the expression of 

metabolically vital genes in adipose, muscle and liver tissues (Delhanty et al., 

2010).  Integrative analysis of these studies suggests positive effects of DAG on 

glucose metabolism and insulin sensitivity, as well as on adipogenesis and fatty 

acid uptake in visceral adipose tissue.  Interestingly, in the context of obesity, 

DAG favors decreased adiposity through GHSR-independent suppression of 

lipogenic genes, while acyl-ghrelin promotes fat accumulation through GHSR-

dependent lipid retention (Davies et al., 2009).  In vitro studies of the direct 
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effects of DAG on adipocytes using 3T3-L1 cells showed DAG to stimulate 

proliferation and significantly stimulate differentiation (Miegueu et al., 2011).  

Des-acyl ghrelin (DAG) stimulated adipocytes displaying an increase in fatty 

acid (FA) uptake, which interestingly can be blocked by the GHSR-1 antagonist 

(Miegueu et al., 2011).  Transgenic mice overexpressing a ghrelin analog, 

trp(3)-ghrelin, exhibit normal growth and glucose metabolism in early 

development but develop insulin resistance and impaired glucose tolerance by 

their first year (Yamada et al., 2010).  Contradictory to these results, Ariyasu et 

al. has shown transgenic mice overexpressing DAG to result in small size 

phenotype and DAG has not shown any difference compared to control animals 

as it relates to glucose metabolism and IR (Ariyasu et al., 2005).  In addition, 

fatty acid binding protein-4 (FABP4)-ghrelin transgenic mice are resistant to 

diet-induced obesity and show improvement in glucose metabolism and insulin 

sensitivity (IR) (Zhang et al., 2008).  These studies highlight the importance of 

further ghrelin research and provide evidence connecting DAG with insulin 

resistance (IR) and glucose metabolism, which are both important in the 

pathogenesis of NAFLD and NASH. 

This study revealed a much stronger association between elevated DAG 

expression and the severity of NAFLD than to type II diabetes status.  

Furthermore, no significant differences in circulating obestatin, DAG, ghrelin, or 
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even the ratio of acyl-ghrelin to total ghrelin were detected when comparing 

cohorts with and without a diagnosis of diabetes type II.  Instead, the results 

suggest that the products of the GHRL gene may have some direct or indirect 

role in the pathogenesis of NAFLD.  As outlined in detail in the NAFLD chapter, 

oxidative stress-induced hepatocyte cell death is a key event in the progression 

from steatosis to NASH, and ghrelin has been shown to have anti-apoptotic 

activity (Zhang et al., 2011; Chung et al., 2007; Lear et al., 2010).    In an in 

vitro study of H2O2-induced apoptosis in H9c2 cells, treatment with ghrelin 

restored ROS and mitochondrial mediated signaling by decreasing H2O2-

induced Bax production and caspace-9 activation, with increased Bcl-2 (Zhang 

et al., 2011).  Additionally, NF-κB phosphorylation was significantly inhibited by 

ghrelin in H2O2-treated cells (Zhang et al., 2011).  These results suggest ghrelin 

attenuates the generation of intracellular ROS by reversing mitochondrial 

dysfunction.  In a separate model of apoptosis, oxygen and glucose (OGD)-

induced pretreatment of cells with ghrelin, prevented OGD-induced apoptosis 

by significantly decreasing apoptotic DNA and ROS production (Chung et al., 

2007).   In fact, Hou et al. has successfully demonstrated the inhibitory effects 

of ghrelin on IL-8 (a chemokine mediator of the inflammatory response) 

production via NF-κB pathway (Hou et al., 2009).  These studies provide ample 

evidence to support and partially explain the observation of elevated DAG 
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levels in patients with NASH than in patients with non-NASH, and in NASH 

patients with fibrosis ≥2 (Table 21).  Elevated ghrelin levels in this cohort of 

patients may serve as a compensatory measure to impede progression of 

steatosis to NASH. 

One of the main aims of this study was to examine the relationship 

between select inflammatory cytokines (IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, 

IL-10, IL-12, IL-13, IL-17, G-CSF, GMCSF, IFN-γ, MCP-1/CCL2, MIP-1β/CCL4, 

and TNF-α) and the products of the GHRL gene in the context of obesity-

associated NAFLD.  Although little evidence of a direct relationship was found 

between these inflammatory cytokines, an additional finding relevant to NAFLD 

was observed.  In this study, decreased concentrations of circulating IL-7 in 

NAFLD patients with type II diabetes or fibrosis was observed.  This finding 

corroborates the previously reported evidence by Dr. Baranova’s laboratory that 

type II diabetes is an independent clinical predictor of fibrosis in NAFLD 

(Stepanova et al., 2010).  Additionally, long-term follow up evaluation of patients 

with NAFLD and type II diabetes are shown to be at dramatically increased risk 

for liver related mortality (Rafiq et al., 2009).   

This study was the first to implicate IL-7 in the pathogenesis of fibrosis 

and type II diabetes. IL-7 is 25-kDa glycoprotein that was initially isolated from 

the bone marrow of stroma cells with various functions related to cell motility 
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(Goodwin et al., 1989; Jample et al., 1990).  Interleukin-7 inhibits TGF-β-

induced PKC-δ phosphorylation at Ser-646 and Thr-505 leading to restoration 

of TGF-β mediated induction of Smad7 and significantly reduces TGF-β 

mediated collagen production (Zhang et al., 2004).  Additionally, Yamanaka et 

al., has shown IL-7 to stimulate either the expression or the activity of SMAD7 

that protect against fibrosis through inhibition of extra-cellular matrix (ECM) 

production (Yamanaka et al., 2006).  In general, the presence of sufficient IL-7 

primarily suppresses the activity of molecules involved in the pathogenesis of 

insulin resistance and diabetes, while simultaneously stimulating the expression 

of primarily anti-fibrogenic molecules (Figure 8).  
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Figure 8. Low circulating IL-7 can may increase susceptibility to type 2 diabetes 
or hepatic fibrosis by a number of mechanisms including and allowing increased 
activity of pathogenic molecules and/or failure to stimulate the expression of 
molecules capable of suppressing the development of diabetes type 2 and/or 
liver fibrosis. 

 

Based on these findings one can hypothesize that in the morbidly obese 

patients with low grade systemic inflammation (meta-inflammation), the lack of 

inhibition of the molecules contributing to diabetes and fibrosis might elicit 

substantially stronger detrimental effects as compared to lean individuals.  

These effects could be further exacerbated in morbidly obese patients with 

NAFLD/NASH and chronic inflammation.  Collectively, it can be suggested that 
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administration of IL-7 or improving IL-7 circulatory levels can be a novel 

therapeutic strategy in preventing low-grade systemic inflammation-induced 

fibrosis in NAFLD/NASH.   

Finally, the study of patients following post-bariatric surgery showed a 

relatively strong correlation between baseline circulating obestatin and rate of 

weight loss.  These results indicate that obestatin might participate in the 

metabolic and behavioral underpinning of weight loss.  Nevertheless, it would 

be premature to put forth a physiological hypothesis explaining these intriguing 

observations without additional confirmatory research.   

In summary, this research study is the first to implicate the products of 

the GHRL gene as being potentially significant in the pathogenesis of NASH.  

Ghrelin, DAG and obestatin are associated with NASH and associated fibrosis.  

Although the expression of these molecules could not be directly correlated with 

circulating levels of inflammatory cytokines, one of the markers studied, IL-7, 

did display an expression profile that may be important to the study of NAFLD.  

This study provides further evidence of a paradigm shift in DAG research and 

warrants further investigation to elucidate the mechanisms involved in the 

pathogenesis of a silent killer of morbidly obese people inflicted with NAFLD.  
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CHAPTER 5 
 

α-Melanin Stimulating Hormone (α-MSH) and Melanin Concentrating 
Hormone (MCH) Expression in Obesity and Obesity Related Non-Alcoholic 

Fatty Liver Disease (NAFLD) 
 

In humans, melanin is a complex bio-polymer endogenously produced in 

melanocytes, in retinal pigment cells, and in some specialized cells of the inner 

ear and the central nervous system (Page, 2011).  These molecules are 

responsible for the pigmentation of skin, hair follicles and play a major 

photoprotective role by reducing ultraviolet (UV) induced DNA damage 

(Ishikawa et al., 1984).  Epidemiological data indicate an inverse relationship 

between the incidence of skin cancer and skin pigmentation.  Incidence of skin 

cancer is markedly lower in individuals who have higher melanin (dark pigment) 

concentrations than their counterparts who have low melanin concentrations 

(fair skin) (Halder et al., 1995; Gilchrest et al., 1999; Kvam et al., 2003; Bishop 

et al., 2005).  While it is not the focus of my research, it should be mentioned 

here that melanin related hormones (α-Melanin Stimulating hormone (α-MSH) 

and Melanin Concentrating hormone (MCH) have pleiotropic affects that go 

beyond skin pigmentation such as energy homeostasis, orexigenic/anorexigenic 

properties and a role in social behavior (mood and emotion), signal 

transduction, and pathogen destruction (Shi et al., 2004; Raposo et al., 2007).  
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In nature, melanin exists in two major copolymers eumelanin and pheomelanin, 

responsible for brown/black and yellow/red pigment respectively, but eumelanin 

is the most widely studied for its anti ROS activity (Sarna, 1992; Nofsinger et 

al., 2002; Page, 2010).  Melanin is synthesized in epidermal epithelia 

sequestered within specialized membrane-bound organelles called 

melanosomes, which help protect the newly synthesized melanin from cytosol 

and membranous organelles and from oxidative attack and degradation 

(Raposo et al., 2007).   

The primary signaling pathway leading to melanin production in 

melanocytes involves extracellular ligand α-MSH which is a product of the 

proopiomelanocortin (POMC) gene, binding to its cognate cell surface 

Melanocortin receptor 1 (i.e. MC1R) (Page, 2011).  The melanocortin receptor 

family belongs to the G-protein-coupled receptor superfamily which, upon 

activation, leads to elevated cyclic adenosine monophosphate (cAMP) levels 

via stimulation of adenylate cyclase.  Cyclic AMP activates cAMP-dependent 

protein kinase, which phosphorylates the cAMP responsive, element-binding 

protein (CREB) family of transcription factors in the nucleus. CREB binds cAMP 

response elements in the promoter of the gene encoding microphthalmia-

associated transcription factor (MITF), which initiates the expression of 

melanogenic enzymes such as the melanosome membrane-spanning proteins, 
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tyrosinase (TYR) and the TYR-related proteins, TRP-1 and TRP-2 (Page, 

2011).  Tyrosinase is the key enzyme in melanogensis which oxidizes tyrosine 

to produce the melanin precursor, dopaquinone, which further can be 

processed into eumelanin in the absence of thiols, or pheomelanin in the 

presence of thiols (Page, 2011, Ito et al., 2003).     

In 2009, research studies conducted by Manpreet Randhawa, under Dr. 

Baranova’s direction, revealed for the first time the presence of ectopic 

synthesis of melanin in human adipose tissue (Randhawa et al., 2009).  

Successful confirmation of the expression of melanogenesis-related mRNAs 

and proteins in human adipose tissue and were further expressed at much 

higher levels in samples from obese individuals using real-time PCR and 

immunohistochemical staining.  Melanin was shown to be present in human 

adipose tissue by Fonatana-Masson staining and by permanganate degradation 

of melanin coupled with liquid chromatography/ultraviolet/mass spectrometry.  

In addition to these studies, previous analysis of the transcriptome of visceral 

adipose tissue of morbidly obese individuals revealed several melanogensis 

related genes (Baranova et al., 2005).  This intriguing evidence naturally led to 

further inquiries into the possible implications of the role of melanin in adipose 

tissue and in obesity overall.  The ectopic synthesis of melanin in obese 

adipose tissue may serve as a compensatory mechanism that utilizes its anti-
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inflammatory and its oxidative damage absorbing properties.  With the 

progression of obesity and an increase of the cellular fat deposition, adipocytes 

become more exposed to endogenous apoptotic signal, especially ROS.  To 

counteract pro-apoptotic ROS effects, the adipocytes in turn may ectopically 

activate the genetic program of melanogeneisis, thus neutralzing excessive 

ROS.  Adipocyte melanin would also suppress the secretion of pro-

inflammatory background in obese subjects and alleviating the metabolic 

syndrome.  High levels of polymorphisms in human genes regulating melanin 

biosynthesis may account for the highly individual melanogenic responses of 

adipocytes and for the difference in an individuals’s propensity to develop 

secondary complications of obesity. 

If the hypothesis linking the production of the melanin to the suppression 

of the pro-inflammatory effects of the accumulation of the visceral fat is 

confirmed, its potential impacts on the global health could be quite significant.  

The molecular compounds stimulating melanin biosynthesis, a number of the 

synthetic agonists of α-MSH receptors, have already been proven safe in 

human clinical trials for therapeutic tanning.   These compounds need to be 

further tested as the preventive medications aimed at curtailing the 

development of devastating metabolic complications in obese and overweight 

populations. 
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Materials and Methods 

Fasting serum samples, liver biopsies as well as clinical and laboratory 

data were collected from biopsy-proven NAFLD patients (N=76). All liver 

biopsies were interpreted by a single hepatopathologist. Fasting serum samples 

were profiled for 17 soluble inflammatory cytokines (IL-1β, IL-2, IL-4, IL-5, IL-6, 

IL-7, IL-8, IL-10, IL-12, IL-13, IL-17, G-CSF, GMCSF, IFN-γ, MCP-1/CCL2, MIP-

1β/CCL4, and TNF-α) using the Bio-Plex Human Cytokine 17-Plex panel as part 

of the Bio-Plex Suspension Array System (Bio-Rad, Hercules, CA, USA) 

following the manufacturer’s protocol.   

In addition, two melanogenesis-related hormones, α-melanocyte 

stimulating hormone (α-MSH) and melanin concentrating hormone (MCH) 

(Phoenix Pharmaceuticals, CA) were measured by sandwich enzyme 

immunometric assays following manufacturers’ protocol. For these molecules, 

serum levels were compared between patients with and without histologic 

NASH and patients with and without hepatic fibrosis using Mann-Whitney tests. 

Regression models were generated by stepwise bi-directional selection using 

serum levels of soluble molecules as predictors of NASH and hepatic fibrosis. 
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Statistical Analysis 

The statistical approach for this study followed that used in previously 

published study by Younossi Z et al.  In summary, the entire study cohort was 

divided into sub-cohorts according to the following diagnostic comparisons: (1) 

those with NASH were compared to those without NASH; (2) those with any 

hepatic fibrosis were compared to those with no fibrosis; and (3) those with 

advanced hepatic fibrosis were compared to with minimal to no fibrosis.  Within 

each sub-cohort, group statistical comparisons were conducted for all 

demographic, clinical, laboratory, and histological parameters.  All continuous 

variables were tested for normality by the by the Shapiro Wilk test; a p-value 

≤0.05 was considered significant and thus indicative that the data comparisons 

between groups were made by two-tailed, two-sample t-test assuming separate 

variances, and for non-normally distributed data comparisons between groups 

were made by Mann-Whitney U test.  For categorical variables, group 

comparisons were made using the Pearson chi-square test for homogeneity.   

 In addition, multiple linear regression using stepwise bidirectional 

selection was performed to identify predictive models for the diagnostic 

outcome of NASH, any hepatic fibrosis, and advanced hepatic fibrosis as 

previously described in Younossi Z et al.  
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Results 

Demographic, clinical, laboratory and histological data and the outcomes of 

group statistical comparisons for patients with and without NASH are listed in 

Table 23.  This study included 76 patients with biopsy-proven NAFLD. Of these, 

32% of patients had biopsy-proven NASH (Table 24)  

 

Table 24.  Clinico-demographic and laboratory data for cohort of morbidly 
obese bariatric patients with histologically confirmed NAFLD and NASH 
diagnoses. 

N 76 

BMI 45±12 

Age, years 47±11.5 

ALT (IU/I) 37.5±67.65 

AST (IU/l) 37.4±32.5 

NASH 32% 

 

 

Circulating levels of MCH and α-MSH displayed strong positive 

correlation (r=0.77, P≤5.30E-08). Concentrations of α-MSH showed small but 

statistically significant positive correlations with IL-6 (r=0.36, P<0.05), and 

Kupfer cell hypertrophy (r=0.39, P<0.015) and Portal inflammation (r=0.30, 

P<0.05), Table 25. 
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Table 25.  Correlation coefficient of α-MSH levels and related parameters. 

 α-MSH R Value P-Value ≤ 0.05 

MCH levels (ng/ml) 0.77 5.30E-08 

Kupffer Cell Hypertrophy  0.39 0.01 

IL-6 (pg/ml) 0.36 0.03 

IL-17 (pg/ml) 0.27 0.05 

Portal Inflammation 0.30 0.05 

 

 

Circulating levels of MCH showed a positive correlations with IL-6 

(r=0.33, P<0.04), and Kupfer cell inflammation (r=0.35, P<0.03), Table 26. 

Circulating levels of MCH and α-MSH significantly correlate with markers of 

inflammation and may participate in the pathogenesis of NAFLD. 

 

 

Table 26.  Correlation coefficients of MCH levels and related parameters.  

 MCH R-Values P-Value 

α-MSH Levels (ng/ml) 0.77 5.30E-08 

Kuppfer Cell Hypertrophy 0.35 0.03 

IL-6 (pg/ml) 0.33 0.04 

IL-17 (pg/ml) 0.27 0.05 

IL-13 (pg/ml) 0.24 0.05 
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 Circulating levels of the ratio of α-MSH and MCH (α-MSH/MCH) showed 

a positive correlation with IL-17 (r=0.27, P<0.05), and IL-13 (r=0.24, P<0.05), 

Table 27. 

 

Table 27. Correlation coefficients of α-MSH/MCH ratio. 

  MSH/MCH R-Values P-Value 

IL-17 (pg/ml) 0.27 0.05 

IL-13 (pg/ml) 0.24 0.05 

 

 

 

Correlation coefficient of α-MSH displayed a positive correlation with 

AST levels (r=0.81, P<1.0e-3-3), MCH levels (r=0.77, P<1.0e-3), and degree of 

hepatic lymphocyte infiltration (r=0.46, P<0.46), Table 28. 

 
 
Table 28. Correlation coefficient of α-MSH and related parameters in NASH 
cohort. 

 α-MSH R-Values P-Value ≤ 0.05 

AST Levels (IU/I) 0.81 <1.0e-3 

MCH Levels (ng/ml) 0.77 <1.0e-3 

Degree of hepatic 
lymphocyte infiltration 

0.46 <0.46 
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Correlation coefficient of MCH displayed a positive correlation with AST 

levels (r=0.70, P<1.0e-3), and degree of hepatic lymphocyte infiltration (r=0.49, 

P<1.0e-3), Table 29. 

 

Table 29. Correlation coefficient of MCH and related parameters in NASH 
cohort. 

 MCH R-Values P-Value ≤ 0.05 

AST Levels (IU/I) 0.70 <1.0e-3 

Degree of hepatic 
lymphocyte infiltration 

0.49 <1.0e-3 

 

 

Comparison of correlation coefficients of α-MSH and MCH with disease 

parameters are displayed in Figure 9.  Both α-MSH and MCH positively 

correlated with (Kupfer cell hypertrophy, Portal inflammation, Lympho-

plasmacytic inflammation, Diabetes and CCL2).  However, both α-MSH and 

MCH displayed a negative correlation with (Cirrhosis, Mallory Bodies, 

Pericellular Fibrosis and Bridging Fibrosis).  Interestingly, α-MSH and MCH 

correlated uniquely with respect to steatosis as outlined in the figure below.   
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 Figure 9. Comparison of correlation coefficients of α-MSH and MCH with 
disease parameters.  
 

 

By multiple regression the following predictive (p=0.01) model for fibrosis 

was identified: probability of fibrosis = 0.87 + (-0.12)[MCH] + (0.12)[α-MSH] + (-

0.46)[IL-4] + (0.48)[High MCP1] + (0.35)[High IL8].  The standard deviation and 

p-value associated with each beta value are shown in Table 30. 
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Table 30. Regression analysis of predictive model of fibrosis. 

 β-value ±S.D. p-value 

(Intercept) 0.87 0.22 2.0e-4 

MCH (ng/ml) -0.12 0.06 0.05 

α-MSH (ng/ml) 0.12 0.06 0.08 

IL4 (pg/ml) -0.46 0.19 0.01 

High MCP1 (pg/ml) 0.48 0.21 0.02 

High IL8 (pg/ml) 0.35 0.19 0.06 

 

 

Discussion 

 The main goal of this study was to investigate a novel hypothesis, 

whether adipose tissue of morbidly obese activate melanogenesis and release 

α-MSH and MCH hormones to counteract the chronic low grade inflammatory 

state of morbid obesity in patients with NAFLD. α-MSH and MCH exert 

profound autocrine/paracrine effects including potent protective and anti-

inflammatory effects in cells expressing melanocortin receptors (MCRs) with the 

key tyrosinase (TYR) enzyme activity.  The melanin biosynthesis pathway 

functions in adipose tissue and is hyperactive in visceral fat samples of morbidly 

obese individuals (Randhawa et al., 2009).  This study is the first to measure α-

MSH and MCH levels in serum of morbidly obese bariatric NAFLD patients and 

correlate these values with disease parameters to be used as a novel 

biomarker for patient stratification. 
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 Interestingly, α-MSH and MCH levels positively correlated with Kupfer 

cell hypertrophy, liver portal inflammation and inflammatory cytokines IL-6, IL-

13 and IL-17, Table 25 and 2).  These results are consistent with those reported 

in animal and human models.  Increased release of pro-inflammatory IL-6 was 

observed from mesenteric adipocytes of high-fat compared with standard diet-

fed mice (Wueest S et al. 2012). Accordingly, IL-6 has been reported to be 

released two to three times in adipose tissue of obese human subjects (Fried 

SK et al. 1998).  Additionally, IL-6 levels were higher in portal veins compared 

with radial artery of obese individuals (Fontana L et al. 2007).  If our hypothesis 

holds true, naturally a negative correlation between α-MSH and MCH should be 

observed in relation to inflammatory cytokines.  While studies of serum levels of 

α-MSH and MCH are limited in morbidly obese human subjects, the positive 

correlation observed in this study might be explained by an early response to 

stressed liver (Kupfer cell hypertrophy and portal inflammation) and response to 

these physiological states in the form of increased levels of cytokines, IL-6, IL-

13 and IL-17. When serum levels of α-MSH and MCH were assessed in the 

sickest of patients (NASH cohort), a positive correlation between these 

hormones and degree of hepatic lymphocyte infiltration was observed.  This 

suggests that serum α-MSH and MCH levels respond according to 

immunologic/inflammatory response. 
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 The most powerful data that buttress the potential anti-inflammatory 

properties of α-MSH and MCH came when comparison of correlation 

coefficients were made with disease parameters, Figure 9.   α-MSH and MCH 

displayed a negative correlation with worsening features of NAFLD including 

hepatocellular ballooning, degrees of fibrosis and cirrhosis.  These results 

suggest that low levels of serum α-MSH and MCH can be expected with 

advanced disease stage and might suggest the lack the compensatory 

mechanism to ameliorate such stressed state as hypothesized. 

By multiple regression analysis a predictive model (p=0.01) for fibrosis 

was identified to include serum levels of α-MSH, MCH, IL-4, high MCP1 and 

high IL-8.  The purpose of developing such a model is to utilize analytics of 

statistical significance to predict future behavior of fibrosis in patients with 

similar marker profile.  While this predictive model is based on this specific 

cohort of patients, future studies should focus on testing this model with 

different datasets to better evaluate its predictive power.   
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Chapter 6 

CONCLUSIONS 

 

 This dissertation encompasses three studies investigating the role of 

various hormonal biomarkers for their possible involvement in the pathogenesis 

of NAFLD/NASH in a cohort of morbidly obese bariatric patients.  

NAFLD is an increasingly common condition affecting about 70% of 

obese individuals and is now considered a major cause of liver-related 

morbidity and mortality.  NAFLD encompasses a spectrum of hepatic 

pathologies with excessive accumulation of fat in the liver in patients consuming 

less than 20 grams of alcohol per day.  NAFLD related liver injury ranges from 

simple hepatic steatosis to the more severe form of the disease including 

NASH, which can progress to fibrosis, cirrhosis, and ultimately organ failure.  

NAFLD is most commonly associated with metabolic syndrome (MS) and 

diabetes; the prevalence of NAFLD has increased steadily with the global 

epidemic of obesity.  Currently, the only reliable modality for diagnosing NASH 

and liver fibrosis is an invasive liver biopsy, which has its limitations and risks.  

Therefore, a non-invasive clinical and laboratory parameter-based method is 

needed for detecting and stratifying patients with NAFLD and those at risk for 

disease progression. 
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The first study of this dissertation explores the role of vitamin D 

deficiency in NAFLD/NASH patients.  Recent evidence suggests that vitamin D 

deficiency may have a potential role in inflammatory processes and that vitamin 

D levels may play an instrumental role in the comorbidities of NAFLD such as 

hypertension and metabolic syndrome (MS).  According to the recent NHANES 

III study, patients with NAFLD and NASH showed an inverse relationship 

between serum vitamin D levels and unexplained elevations in ALT liver 

enzymes.  The examination of vitamin D levels in patients with NASH and 

various degrees of liver involvement may lead to a better understanding of the 

relationship between chronic liver disease and vitamin D status.   

This study was the first to profile serum samples of morbidly obese 

bariatric patients for vitamin D axis-related hormones [25 (OH) D; Vitamin D 

Binding protein (VDBP); Intact Parathyroid Hormone (1-84)].  Data from this 

study shows vitamin D metabolism to be altered in morbidly obese patients with 

NAFLD.  Patients with the severe form of the disease (NASH) were found to be 

vitamin D deficient, as defined by serum vitamin D levels lower than 30ng/ml.  

Additionally, 25(OH)D levels significantly correlate with markers of apoptosis 

and results suggest 25(OH)D has a protective role against apoptosis in patients 

with NASH.   
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 The second study described herein involves the role of small gastric 

peptides, Ghrelin and Obestatin, and inflammatory cytokines in obesity related 

NAFLD patients.  Traditionally, Ghrelin and Obestatin have been shown to play 

central roles in both appetite stimulation and appetite suppression.  The 

changes in the levels of Ghrelin and Obestatin also have metabolic 

consequences, as they influence lipogenesis, adipogenesis and adipose tissue 

energy production as well as glucose and insulin secretion. These peptides play 

role in pathogenesis of MS and type II diabetes.  

This study was the first to explore the role of Ghrelin and Obestatin with 

obesity-related inflammation in morbidly obese patients with NAFLD.  The 

central question being investigated here is whether the gastric peptides Ghrelin 

and Obestatin participate in the pathogenesis of obesity-related NAFLD. This 

study implicates the GHRL gene products (acylated ghrelin (AG), non-acylated 

ghrelin (DAG), and Obestatin) as being potentially significant in the 

pathogenesis of NASH and NASH-associated fibrosis.  While the expression of 

these small peptides did not correlate with circulating levels of a majority of 

inflammatory cytokines, one important marker studied, IL-7, displayed an 

expression profile that may be important in the pathogenesis of NAFLD 

development.  
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  The third study reported herein investigates the levels of circulatory 

melanin related α-Melanocyte Stimulating Hormone (α-MSH) and Melanin 

Concentrating Hormone (MCH) in morbidly obese patients with obesity related 

conditions (i.e. NAFLD and obesity-induced low-grade chronic inflammation).  In 

humans, melanin is produced in melanocytes and a few other specialized cells 

of the body. Melanin is known for its antioxidant and anti-inflammatory 

properties that scavenge reactive oxygen species.  The research led by Dr. 

Baronova has been the first to demonstrate that the melanin biosynthesis 

pathway is functional in adipose tissue of morbidly obese subjects.  Melanin 

biosynthesis is regulated by melanogenic peptides α-MSH and MCH.  

The focus of this study was to investigate the interplay between obesity-

related chronic systemic inflammation and melanin-related hormones. This 

study is the first to measure α-MSH and MCH levels in serum of morbidly obese 

bariatric NAFLD patients and correlate these values with disease parameters. 

α-MSH and MCH levels were positively correlated with clinical (Kupfer cell 

hypertrophy and liver portal inflammation) and laboratory parameters 

(inflammatory cytokines IL-6, IL-13 and IL-17).  This correlation might be due to 

an early response (Kupfer cell hypertrophy and portal inflammation) of a 

stressed liver.  Conversely, α-MSH and MCH levels displayed a negative 

correlation with features of advanced NAFLD (late response) including 
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hepatocellular ballooning as well as degrees of fibrosis and cirrhosis. Our data 

suggest that low levels of serum α-MSH and MCH should be expected with 

advanced disease stage and might suggest the developed deficiency of the 

compensatory mechanism.  

 In conclusion, this dissertation gives a diverse holistic view of hormonal 

imbalance in the complex condition NAFLD/NASH that often accompanies 

morbidly obesity. Contrary to popular hierarchy of study designs, observational 

studies of this kind (cohort) are capable of providing high impact insights into 

pathophysiology of chronic diseases.  
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