Chapter 9
Non-Alcoholic Fatty Liver Disease (NAFLD):
The Lipid Disease of the Liver and the Effect
of Statins

Mazen Noureddin, David Alexanian and Neil Kaplowitz

Diagnosis is performed by ruling out other causes of elevation of liver enzymes and
performing imaging studies. Liver biopsy is still the gold standard to differentiate
NAFLD (or simple steatosis) from NASH and to stage the disease. New magnetic
resonance imaging (MRI) techniques have been shown to be very promising in
quantifying fat (MR Proton Density Fat Fraction) (MR-PDFF) and in detect fibrosis
(MRE elastography). There is currently no Food and Drug Administration-approved
treatment. Weight loss and exercise are generally the first recommended approach.
Vitamin E and pioglitazone have been shown to improve liver enzymes and histol-
ogy; however, the long-term effects are unknown. Finally, statins have been shown
to be safe and helpful in NAFLD and NASH patients. Statins are recommended for
the treatment of dyslipidemia in these patients. Randomized controlled trials are
needed to assess the effects of statins on NAFLD/NASH.

Introduction

Non-alcoholic fatty liver disease (NAFLD) has emerged as a major health problem
in the last decade in parallel with the increasing epidemic of obesity [1]. It has been
recognized as the hepatic manifestation of metabolic syndrome and is the most
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common reason for referral to hepatologists today [2]. The disease has a variable
histological course, with some patients only accumulating fat in the liver and not
progressing beyond simple steatosis while a subpopulation of patients progress to
the more advanced stage of nonalcoholic steatohepatitis (NASH) in which inflam-
mation and cell injury occur [3]. NASH can lead to liver cirrhosis and hepatocellu-
lar carcinoma (HCC) and is expected to be the leading cause of liver transplant and
liver-associated mortality in the coming decade [4]. It is not surprising that the liver
is the major affected organ with the epidemic of obesity as it plays a central role in
lipid metabolism through the synthesis of apoproteins and lipoproteins as well as de
novo lipogenesis [5]. Since the liver regulates lipid metabolism and secretion, the
disruption of normal physiologic lipid regulation can lead to fat accumulation in the
liver and subsequently liver injury. In this chapter we highlight the different aspects
of the disease, including natural history, epidemiology, pathophysiology, diagnosis
and treatment. In addition, we discuss the role of statins and whether they may be
harmful or beneficial in NAFLD patients.

Epidemiology and Natural History

NAFLD has become the most common cause of asymptomatic elevation of liver en-
zymes and the most common reason for referral to liver clinics [ 1, 6]. While initially
thought to be exclusively a disease of adults, it has become the most common liver
disease among adolescents in the United States, with older age often being predic-
tive of more advanced disease [7-9]. It is estimated that one in three adult Americans
is afflicted with NAFLD, with a higher prevalence in Hispanic populations likely
due to the higher prevalence of obesity and insulin resistance in this ethnic group
[1]. The importance of genetic and epigenetic changes in the etiology and pathogen-
esis of NAFLD has been increasingly recognized. Genome-wide association studies
have led to increased understanding of genomic variations of NAFLD. Patatin-like
phospholipase domain containing family member A3 (PNPLA3, SNP rs738409,
encoding 1148M), also termed adiponutrin, may be of particular importance [10].
A series of studies has validated that PNPLA3 is associated with increased hepatic
fat levels and hepatic inflammation [11]. This allele is most common in Hispanics,
with hepatic fat content being more than two-fold higher in G homozygous subjects
than in non-carriers. G allele frequency is lower in people of European descent and
is lowest in African Americans who constitute the population least likely to have
hepatic fat accumulation [11].

Around 10-20% of patients with simple steatosis progress to NASH; of those,
10-20% progress to cirrhosis over 10-20 years [12, 13]. HCC may develop in those
who progress to cirrhosis; however, the incidence rate is still unknown [14]. In
addition, many reports have described cases of HCC in NASH patients that have
developed without underlying cirrhosis [14]. Epidemiologic risk factors associated
with NAFLD and NASH include obesity, type 2 diabetes and hyperlipidemia [15].
Metabolic syndrome has been shown to increase the risk of NASH and advanced
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fibrosis, in particular if there is coexisting diabetes [15]. Cardiovascular diseases
have been shown to play a significant role in the natural history, morbidity and
mortality of NAFLD [16, 17]. Indeed, cardiovascular events have been thought to
be the leading cause of death in NAFLD [18, 19].

Pathogenesis of NAFLD/NASH

A two-hit model has been proposed to explain the progression of NAFLD. The role
of hyperinsulinemia and insulin resistance in lipid accumulation in the liver is es-
sential in the disease process [20]. The disease develops with the abnormal hepatic
accumulation of triglycerides (TG), which can progress to NASH in some patients.
Factors that promote the progression from steatosis to NASH in humans are incom-
pletely understood but include genetic and behavioral factors [21].

Development of Hepatic Steatosis

Increased Fatty Acid Synthesis, Increased Triglyceride Storage and Impaired
Secretion

Lipid metabolism is imbalanced in the liver in the setting of obesity and insulin
resistance, leading to accumulation of triglycerides in the liver. This process is usu-
ally due to increased free fatty acid (FFA) flux from adipose tissue to the liver,
increased caloric intake, and increased de novo lipogenesis in the liver [22]. As
the adipose tissue is increased with obesity, there is increased hormone-sensitive
lipase (HSL) activity and accelerated release of FFA from adipose cells into circu-
lation. FFA uptake by the liver is increased proportionally to the increase in FFA
in the blood circulation [22, 23]. The fate of FFA in the liver is either metabolism
via oxidation to generate ATP through B-oxidation in the mitochondria or esterifi-
cation to produce triglycerides. These triglycerides (TG) are either packaged into
very-low-density lipoproteins (VLDL) for export or are used for the production
of lipids such as phospholipids [22]. These processes have been shown to be im-
paired in NAFLD, leading to imbalance between the uptake and metabolism of FFA
which, in turn, leads to TG accumulation in the liver [22]. Furthermore, when there
is increased caloric intake, glucose gets converted to pyruvate which enters the
Krebs cycle in the mitochondria. Acetyl-CoA is formed from pyruvate by pyruvate
dehydrogenase in the mitochondria. Acetyl-CoA produced in the mitochondria is
condensed with oxaloacetate by citrate synthase to form citrate. In the presence of
ATP and Coenzyme A, citrate lyase catalyzes the cleavage of citrate to yield acetyl
CoA, oxaloacetate, ADP, and orthophosphate. Acetyl-CoA carboxylase (ACC), a
biotin-dependent enzyme, catalyzes the irreversible carboxylation of acetyl-CoA to
produce malonyl-CoA through its two catalytic activities, biotin carboxylase (BC)
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and carboxyltransferase. Malonyl-CoA is utilized in fatty acid biosynthesis by the
enzyme malonyl coenzyme A:acyl carrier protein transacylase (MCAT). MCAT
serves to transfer malonate from malonyl-CoA to the terminal thiol of holo-acyl
carrier protein (ACP). Malonyl-CoA also converts to palmitic acid via fatty acid
synthase (FAS) [21, 24]. Subsequently, the enzymes stearyl-CoA desaturase (SCD)
and long chain fatty acid elongase are used to create other fatty acids such as palmi-
toleic acid (C16:1), stearic acid (C18:0), or oleic acid (C18:1) [21, 24]. Ultimately
these fatty acids form triglycerides.

Along with increased FFA flux into the liver and increased fatty acid formation
due to increased caloric intake, de novo lipogenesis is augmented [22, 25]. In the
normal state, de novo lipogenesis contributes to less than 5 % of fatty acid, TG, and
VLDL synthesis [26]. However, in NAFLD patients this process is upregulated,
contributing to synthesis of up to 26 % of fatty acids, TG, and VLDL [25, 27]. Hy-
perglycemia stimulates carbohydrate response element-binding protein (ChREBP),
which transcriptionally stimulates the liver-type pyruvate kinase (L-PK), a key en-
zyme in glycolysis. LPK stimulates the entry of pyruvate into the mitochondria
and its conversion into citrate, which forms acetyl-CoA and hence increases fatty
acid synthesis [28, 29]. On the other hand, hyperinsulinemia leads to activation of
a membrane-bound transcription factor, sterol regulatory element-binding protein-
lc (SREBP-1c), which triggers all lipogenesis genes and thus increases de novo
fatty acid synthesis [30]. One of the important effects of increased fatty acid syn-
thesis is increased malonyl-CoA which inhibits carnitine palmitoyl transferase-1
(CPT-1), the protein responsible for fatty acid transport into the mitochondria [31].
TG synthesis has also been shown to be affected by increasing levels of glycerol-
3-phosphate acyltransferase (GPAT); and VLDL secretion is impaired by decreas-
ing expression of microsomal transfer protein [32]. Gluconeogenesis is also dimin-
ished secondary to SREBP-1c inhibition of phosphoenolpyruvate carboxykinase
(PEPCK) [33]. The net result is increased de novo lipogenesis and impaired VLDL
packaging and secretion [34].

The Role of PPAR, LXR and FXR Receptors

Peroxisome proliferator-activated receptors (PPARs) are a group of nuclear recep-
tor proteins that function as transcription factors, regulating the expression of genes
and playing essential roles in lipid metabolism and hepatic steatosis. There are three
PPAR isotypes, including PPARa, PPARJ, and PPARy. PPARa is mainly expressed
in the liver where it increases the use of fatty acids [35]. It induces the transcription
of genes for movement of fatty acids into the cell and mitochondria including fatty
acid transport protein and CPT1. The result of PPARa activation is increased fatty
acid uptake and oxidation, lipolysis, and clearance of ApoB-containing lipoprotein
[36]. The role of PPARP in hepatic steatosis is not completely understood but it is
thought to play a role in fatty acid transportation and oxidation. PPARY is mainly lo-
cated in adipose tissue but it is also formed to a lesser extent in skeletal muscle, liv-
er, pancreatic beta cells, myeloid dendritic cells, and macrophages. PPARy agonists
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(thiazolidinediones and others now being studied or in development) have been
shown to act on adipocyte tissue in a way that increases fatty acid uptake and stor-
age and increases insulin sensitivity [36]. This results in redistribution of fat from
the liver into the subcutaneous fat. PPARY also increases production of adiponectin
which has significant effects on fatty acid oxidation and insulin sensitivity [37].

A recent role for the liver X receptor (LXR), a member of the nuclear receptor
family of transcription factors, has been postulated [38]. The LXR has many simi-
larities to PPARa as both are transcription factors that belong to class II nuclear
receptors [39]. LXRa is found mostly in hepatocytes, adipose tissue, and macro-
phages, whereas LXRp is more widespread [40]. LXRs induce the key enzymes in
the de novo lipogenesis pathway including acetyl-CoA carboxylase 1 (ACC1), FAS,
and stearoyl CoA desaturase 1 (SCD1) [41, 42]. Both SREBP -1c and ChREBP have
been shown to be target genes of LXRs. LXRs mainly increase hepatic lipogenesis
by upregulating the expression of SREBP-1c and to a lesser extent by activating
ChREBP [42]. A recent study has shown the role of the LXR-lysophosphatidyl
acyltransferase 3 (Lpcat3) pathway in modulating phospholipid metabolism, ER
stress and inflammation [38]. Lpcat3 catalyzes the formation of phosphatidylcho-
line (PC) from saturated lysophosphatidylcholines (LysoPC) and unsaturated fatty
acyl-CoAs, with PC containing unsaturated fatty acids preferentially synthesized
by this enzyme [43, 44]. It has been shown that increased levels of saturated fatty
acids lead to changes in ER membrane composition and induce ER stress [45]. LXR
activates Lpcat3 leading to formation of polyunsaturated phospholipids, which de-
creases membrane saturation. This membrane remodeling leads to decreased ER
stress in liver cells. Moreover, the LXR-Lpcat3 pathway decreases hepatic inflam-
mation through a c-Jun NH2-terminal kinase (JNK) pathway-mediated mechanism.

The farnesoid X receptor (FXR) is expressed mainly in the liver, intestine, ad-
renal glands and kidneys. It has also been shown to be expressed in lower levels
in the heart, adipose tissue and vasculature [46, 47]. FXR inhibits SREBP-1c and
FAS leading to reduced lipogenesis [48]. It also affects glucose metabolism in the
liver by reducing gluconeogenesis via the downregulation of PEPCK and glucose-
6-phosphatase (G6Pase). FXR reduces conversion of cholesterol to bile acids by
inhibiting enzymes involved in bile acid synthesis such as cytochrome P450 7A1
(CYP7A1) and CYP8BI1 [49]. Prior to secretion into the bile, bile acids are conju-
gated to either glycine or taurine. FXR enhances bile acid conjugation and stimu-
lates the transport of bile acids to the gallbladder [50]. It also decreases bile acid
absorption in the small intestine and stimulates reabsorption recycling of bile acids
to the liver. FXR reduces hepatic uptake of bile acids and promotes the release of
fibroblast growth factor 15 (FGF15) and FGF19 from the intestine [51]. FGF15 and
FGF19 circulate to the liver and reduce CYP7A1 expression, thus repressing bile
acid synthesis [51]. Recently, bile acids have been shown to play a significant role
in glucose homeostasis. They regulate cholesterol, glucose, and metabolic homeo-
stasis in addition to regulating their own synthesis [50]. FXR knockout mice have
been shown to have elevated plasma triglycerides and cholesterol levels, impaired
glucose hemostasis and decreased insulin sensitivity [52]. FXR agonists inhibit he-
patic gluconeogenesis and stimulate glycogen synthesis and storage, resulting in an
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overall low glucose level [53]. A recent trial in NAFLD patients has shown that an
FXR agonist reduces liver inflammation and fibrosis markers in addition to improv-
ing insulin sensitivity [54].

Another mediator that has been shown to play a role in metabolism is adenos-
ine monophosphate-activated protein kinase (AMPK). AMPK stimulates fatty acid
oxidation and glucose transport. In the liver, it augments fatty acid oxidation and de-
creases glucose output and cholesterol and triglyceride synthesis, metabolic effects
that result in lowered blood glucose levels in hyperglycemic individuals [55]. Two
types of oral antihyperglycemic drugs, the biguanidines and thiazolidinediones,
have been shown to work in part by directly or indirectly activating AMPK [55].
For example, metformin is known to activate AMPK [56]. Once energy in increased
AMP accumulates, it stimulates AMPK and leads to formation of adenosine tri-
phosphate. AMPK inhibits ACC, decreases expression of SREBP-1 and stimulates
deactivation of ChREBP. It also increases -oxidation [57].

The Emerging Role of Gut Microbiota

A relationship between gut microbiota, the collective term for the 100 trillion bacte-
ria that inhabit the GI tract. and the development of NAFLD has been demonstrated
in mice and humans. Transplantation of normal cecal microbiota into germ-free
mice induced a 60 % increase in body fat and a twofold increase in hepatic fat [58].
One of the first observations of the relationship between gut microbiota and hepatic
steatosis was in the 1980s when steatosis, NASH and bacterial overgrowth were
seen to develop after intestinal bypass [59]. Interestingly, steatosis was reversed by
metronidazole, suggesting a causative role of the microbiota in fatty liver disease
and antibiotics as potential candidates for treatment [59].

There are several potential mechanisms through which gut microbiota may cause
hepatic steatosis and NASH. These may include stimulation of obesity, increased
gut permeability, inflammation and altered immune balance, modulation of dietary
choline metabolism increasing ethanol production by the bacteria, and regulation of
bile acid metabolism [60]. Bile acids damage bacterial cell membranes by interact-
ing with membrane phospholipids which results in bactericidal activity. Conversely,
the gut microbiota modulates bile acid metabolism through FXR stimulation. Bile
acids are ligands for a G-protein coupled receptor (TGRS5/Gpbar-1) and activate
FXR. Therefore, through bile acid metabolism and FXR/TGRS5 signaling, gut flora
could contribute indirectly to the development of NAFLD [61].

Progression from Simple Steatosis to NASH

While increased storage of circulating FFA, increased de novo lipogenesis and im-
paired B-oxidation and TG secretion may explain the significant triglyceride ac-
cumulation in simple steatosis, a “second hit” or more precisely “multiple hits”
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are thought to be required to promote inflammation, cell death, and fibrosis and
the resultant progression to NASH. There are many potential candidates for the
additional hits which may play a role in the shift from steatosis to NASH, includ-
ing oxidative stress, iron, endotoxins, cytokines, mitochondrial dysfunction and
induction of the cytochrome P450 system. Lipotoxicity and oxidative stress are
key drivers of disease progression. Increased reactive oxygen species (ROS) pro-
duction has been shown to play a major role in progression to NASH [22]. Sources
of increased ROS production include proinflammatory cytokines (such as TNF-a
and IL6), iron overload, overburdened and dysfunctional mitochondria, CYPs, and
peroxisomes [21]. The role of mitochondria in NASH development has been shown
to be essential. In normal conditions fatty acids get oxidized mainly by the mito-
chondria via B-oxidation and then get transported to the mitochondrial respiratory
chain (MRC), leading to production of ATP and generation of CO, and water. A
small portion of oxygen is not utilized, leading to formation of ROS including su-
peroxide, hydrogen peroxide and the hydroxyl radical species [34, 62]. In the set-
ting of increased free fatty acids flux the mitochondria exhaust and fatty acids are
then metabolized at other sites in hepatocytes including peroxisomes ([3-oxidation)
and the CYP enzymes of the smooth endoplasmic reticulum (w-oxidation) [62,
63]. In the mitochondria, long-chain fatty acids are oxidized and transported using
the carnitine shuttle enzymes carnitine palmitoyltransferase I (CPT-I) and carni-
tine palmitoyltransferase II (CPT-II). This leads to formation of shorter acyl-CoA
moieties, acetyl-CoA. This oxidation process is associated with the reduction of
oxidized NAD+ and FAD to NADH and FADH2, which produces electrons that
transfer to the MRC. These partially reduced oxygen molecules (ROS) lead to oxi-
dant stress as the mitochondria are overwhelmed [62, 64]. CYP2EI then oxidizes
the rest of the excess free fatty acids which further increases ROS production within
hepatocytes. Using immunostaining, CYP2E1 has been shown to be increased in
NASH patients [65, 66]. Other excess free fatty acids undergo oxidation in the per-
oxisomes in which electrons from FADH2 and NADH are transferred directly to
oxygen leading to further formation of ROS. These overwhelming processes in the
mitochondria result in mitochondrial dysfunction manifested by depletion of ATP,
and decreased mitochondrial DNA levels and proteins produced by mitochondrial
genes [62]. Crystalline inclusions within the mitochondrial matrix seen by electron
microscopy and megamitochondria detected by microscopy have been observed in
NASH patients [62, 64, 67].

FFAs can also lead to lipotoxicity in an apoptosis process due to transloca-
tion into lysosomes resulting in release of lysosomal enzymes and subsequently
activation of nuclear factor (NF)-kB activation and TNF-a overexpression in the
liver. TNF-a activates two pathways including (NF)-kB and JNK [68]. JNK leads
to insulin resistance by phosphorylation of insulin receptor substrate 1 (IRS-1).
The (NF)-kB pathway leads to production of proinflammatory cytokines. These
pathways have been shown to be activated in NASH patients [68, 69]. The results
of the previous process with a central role of the mitochondria collectively lead
to NASH progression [70]. Other possible etiologies have been considered in the
last few years including the roles of dietary fructose, toll-like receptors (TLRs),
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nucleotide-binding oligomerization domain receptors (NOD-like receptors), and
the hedgehog signaling pathway [71-84].

Fructose consumption has gained significant attention as a possible cause of
NAFLD. High-fructose corn syrup has been shown to increase endoplasmic reticu-
lum stress, activate JNK, induce mitochondrial dysfunction, and increase apopto-
tis in hepatocytes [80, 85, 86]. In addition, dietary fructose intake has been found
to have close association with gut-derived endotoxemia, toll-like receptor 4 and
NAFLD [87]. Human studies have shown correlation between high fructose con-
sumption and NAFLD [83, 88].

TLRs and NOD-like receptors (NLRs) are pattern recognition signal receptors
involved in activation of the innate immune system [89]. In general, activation of
NLRs and TLRs induces pro-inflammatory cytokine production, as well as recruit-
ment in the liver of immune cells, including macrophages and T cells, resulting in
chronic low-grade inflammation that promotes insulin resistance and contributes
to development of fatty liver [90]. In response to pathogens, TLR signaling induc-
es proinflammatory cytokines in immune cells [91]. With the increased intestinal
permeability in NASH patients, intestine-derived pathogen-associated molecular
patterns (PAMPs), including lipopolysaccharide (LPS), translocate to the liver and
activate TLR signaling cascades [92]. The activation of TLR2, TLR4 and TLR9
induce production of various cytokines, including transforming growth factor-be-
ta (TGF-P), interleukin 1 beta (IL-1B), and tumor necrosis factor-alpha (TNF-a),
which in turn stimulate hepatic stellate cells (HSC), leading to lipid accumulation
and apoptosis in liver cells [91, 93-95]. Moreover, apoptotic hepatocytes activate
Kuppfer cells via TLRs and produce inflammatory cytokines such as interleukin 6
(IL-6). TLR2, TLR4, and TLR9 have been reported to be associated with steato-
hepatitis [94, 96, 97]. In experimental NASH, TLR4 and TLRY have been shown to
promote hepatic inflammation and fibrosis [94, 95], while inactivation of TLR4 has
been shown to lead to attenuation of steatosis and NASH [87, 98]. It has also been
reported that TLR2 and palmitic acid cooperatively contribute to the development
of NASH through inflammasome activation [91]. NLR activation leads to assembly
of the caspase 1-containing inflammasome, resulting in inflammation and apoptosis
[90]. NOD1 and NOD2 have both been associated with many inflammatory dis-
eases, and both NOD1 and NOD2 mRNA and protein have been shown to be highly
expressed in hepatocytes [99]

The Hedgehog pathway is one of the complex signaling cascades that are im-
portant for the immune response [71]. Studies in mice have shown that the devel-
opment of fibrosis and steatohepatitis correlate with the intensity and duration of
Hedgehog pathway activation that develops during fatty liver injury [100]. This
pathway is essential in embryogenesis and can be triggered in adult life in the set-
ting of tissue regeneration [101]. It has been shown that hepatocyte injury in an en-
vironment of lipotoxicity can produce Hedgehog pathway activation which in turn
stimulates inflammatory cells and, in particular, natural killer T (NKT) cells. It also
promotes growth and hepatocyte differentiation but at the same time activates stel-
late cells leading to fibrosis [72, 102, 103]. It has been hypothesized that differences
in Hedgehog pathway activity may contribute to the varying outcomes of fatty liver
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injury in NAFLD patients. In a study of a large cohort of NAFLD patients, it was
found that the level of Hedgehog activity paralleled the severity of liver damage
(hepatocyte ballooning, portal inflammation and liver fibrosis) [71]. The research-
ers suggested that development of non-invasive tests that quantify Hedgehog path-
way activity might help identify patients developing tissue damage related to meta-
bolic syndrome before irreparable end-organ damage occurs.

Diagnosis

For diagnosis of NAFLD, clinical history and laboratory and radiological investi-
gations are the first step to exclude other causes of liver disease [104]. History of
alcohol intake should be taken carefully to rule out alcoholic liver disease which
shares many common findings with NAFLD [104]. Imaging studies are needed to
assess hepatic steatosis, with ultrasound being the most widely used method [104].
However, ultrasound and computed tomography (CT) scan lack sensitivity and
specificity to detect steatosis [105]. MRI techniques have been shown to be highly
accurate in detecting liver fat [106]. MR spectroscopy (MRS) has been shown to be
highly accurate in detecting liver fat and in quantifying it. MRS has been used for
longitudinal follow up in clinical trials in NASH [106] and has become a reference
standard. However, it has been mainly used as a research tool since it requires a
special coil and special software and is time consuming. New MRI techniques such
as MRI-Proton Density fat fraction have been shown to be highly precise in quan-
tifying liver fat and are easier to use than MRS [107]. While fat can be detected by
imaging, liver biopsy remains the gold standard for the accurate diagnosis of NASH
and can differentiate simple fatty liver without inflammation, cell injury or fibro-
sis from NASH [104, 108, 109]. Metabolic syndrome is a strong predictor for the
presence of steatohepatitis in NAFLD patients [15, 110, 111]. Histological scoring
systems have been proposed to stage and grade the disease. The most widely used
scoring system was described by Kleiner et al. from the NASH Clinical Research
Network (CRN) established by the National Institute of Diabetes and Digestive and
Kidney Diseases (NIDDK) [108, 112, 113]. This scoring system created a numeric
score called NAFLD activity score (NAS) for grading activity and for use in clinical
trials [108]. NAS consists of three key histological elements in NASH: steatosis,
lobular inflammation and ballooning. Validation studies showed that an NAS score
of 5-8 correlates with definitive NASH while a score of 1-2 correlates with defini-
tive exclusion of NASH [114, 115]. However, other important histological findings
that are seen in NASH such as portal inflammation and megamitochondria suggest
that this score can be improved. Indeed, portal inflammation was later found to
be associated with clinically and histologically advanced NAFLD in children and
adults [116]. Children have two types of histological presentation. One of these
types resembles adults where there is zone 3 prominence of steatosis. On the other
hand, the most common type consists of either zone 1 prominence of steatosis,
or panacinar steatosis [117]. Ballooning has been found to be uncommon in both
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types. More recently, a study from the NASH CRN has shown that the elderly (de-
fined as >65 years of age) have more azonal distribution of steatosis and are more
likely to have NASH and advanced fibrosis [7].

Non-invasive serum and imaging markers as well as predictive scores of NASH
and advanced fibrosis have emerged but are not yet widely utilized. Some of the
biomarkers that have been investigated include C-reactive protein, hyaluronic acid
(HA), tumor necrosis factor-a, leptin, interleukin-6, ferritin, resistin and adipo-
nectin [118, 119]. Blood levels of cytokeratin 18 have been shown to be promis-
ing in predicting NASH but this method is not yet commercially available [120].
The NAFLD fibrosis score has been shown to be a good predictor of fibrosis and
cirrhosis [121]. Other scores that have been used include ELF score, modified
ELF score, BARD (body mass index, alanine aminotransferase/aspartate amino-
transferase ratio, and presence of diabetes) and BAAT (body mass index, alanine
aminotransferase, and triglycerides) [122]. Many of these scores have achieved
an excellent area under the receiver operating characteristic curve (AUROC). The
details of these biomarkers are beyond the scope of this chapter but can be found in
reviews [122]. Other evolving imaging techniques such as transient elastography
and MR elastography are now being investigated in assessing fibrosis in NASH
patients [123—125].

Treatment

Weight loss and exercise are the recommended treatments for NAFLD and NASH
by the Food and Drug Administration (FDA). It is thought that at least 7 % reduction
of body weight is needed for histological improvement in NASH patients [126].
Because it is often difficult for patients to maintain these lifestyle changes over the
long term therapeutic agents have been investigated. However, no pharmaceutical
agent has yet been approved [126, 127]. The current focus is to find treatments
for NASH. Treatment for simple steatosis has not been a priority since the long
term outcome is unknown. Small, mostly uncontrolled studies have been conducted
showing limited benefit, if any, of the use of ursodeoxycholic acid, metformin, beta-
ine, N-acetyl cysteine, and orlistat [ 128—135]. In a trial that randomized 166 NASH
patients to ursodeoxycholic acid (13—15 mg/kg daily) or placebo, liver biopsies
were performed before and after 2 years of treatment [128]. There was no difference
in liver enzymes or histological changes between the two groups. Other clinical
trials including high dose ursodeoxycholic acid were unsuccessful in showing a
significant effect on NASH and in particular on histology [136, 137].

Metformin has been studied as potential agent for NASH treatment. Pilot tri-
als have shown limited improvement in liver enzymes and less in histology; the
beneficial effect was thought to be due to the weight loss effect of metformin [131,
138]. Metformin has also been shown to improve insulin resistance, prevent dia-
betic complications, and play a role in hepatocellular carcinoma chemoprevention,
all of which coexist in NASH [139]. Therefore, although metformin has minimal
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effect on NASH itself, long-term studies with either metformin monotherapy or
with combination therapies that include metformin are needed. In a pilot study of 10
NASH patients, betaine was shown to be a promising agent for treatment of NASH
as patients had improvement in aminotransferases and histology [132].

Betaine is required for the generation of methionine from homocysteine, a reac-
tion that is central to the recycling of S-adenosyl-L-methionine (SAMe). Betaine
has been shown to increase SAMe levels and protect against steatosis in animal
models [140], while alteration of enzymes in the SAMe cycle has been shown to
lead to NASH and hepatocellular carcinoma [141]. More recently, a human study
suggested a role of methionine adenosyl methyltransferase 1 A (MAT1 A), one of
the enzymes in the SAMe cycle in NASH [142]. Although a randomized clinical tri-
al showed that betaine may protect against worsening of steatosis but may not play
arole in improvement of the other histological features of NASH, of the study’s ini-
tial 55 patients, only 34 patients were available for the exit biopsy [132]; additional
research is needed.

Pentoxifylline has been shown to have a possible beneficial effect in improving
serum aminotransferase and histology in NASH patients. In one study in which 55
patients were randomized to either pentoxifylline (400 mg, three times daily) or
placebo for 1 year, pentoxifylline led to histological improvement of the NAFLD
activity score (NAS) in 38.5 % of patients compared to 13.8 % in those given pla-
cebo [143]. Larger randomized controlled trials are needed to assess the effect of
pentoxifylline.

Thiazolidinediones have been studied extensively in NASH patients. The two
most commonly used agents have been rosiglitazone [144] and pioglitazone [145].
Rosiglitazone has led to improvement in steatosis and liver enzymes but not other
histological parameters [144]. On the other hand, pioglitazone has been shown to
be beneficial in improving liver enzymes and histology [145]. However, weight
gain led to less enthusiasm by patients and hepatologists for its use [145-147]. The
American Association for the Study of Liver Diseases (AASLD) guidelines state
that pioglitazone can be used in biopsy-proved NASH. However, the guidelines
highlight the fact that most trials have been carried out with non-diabetics and that
the long term effects are unknown [104].

The PIVEN and TONIC trials using vitamin E have shown benefits in the treat-
ment of NASH in adults and children [147, 148]. Although vitamin E has not yet
been widely used in clinical practice, the AASLD has recommended vitamin E (d-
alpha-tocopherol) administered at a daily dose of 800 IU for non-diabetic adults
with biopsy-proven NASH as a first-line pharmacotherapy [104]. The long-term
effects of vitamin E therapy in NASH patients have not been determined. Further
therapies for NAFLD and NASH are still under investigation. The FXR agonist
obeticholic acid is under investigation. Obeticholic acid has been shown to increase
insulin sensitivity and decrease markers of inflammation and fibrosis [54]. Bariatric
surgery has been shown to improve histology including fibrosis in NASH patients.
However randomized clinical trials are needed to confirm benefits and for now a
surgical approach is not recommended [149]. Many trials have looked at statins in
NAFLD/NASH patients and shown some benefits.



160 M. Noureddin et al.

Statins in NAFLD/NASH

A growing body of evidence is beginning to elucidate the extent to which alcoholic
liver disease, chronic hepatitis C, and NAFLD raise a patient’s risk of a significant
cardiovascular event. Many of the factors mediating this increased cardiovascular
risk include disruption of lipid metabolism resulting in unfavorable lipid profiles,
insulin resistance, and features of metabolic syndrome. Thus, the use of lipid-regu-
lating agents such as HMG-CoA reductase inhibitors (statins) may play an impor-
tant role to help mitigate this pro-atherogenic profile seen in liver disease [150].
However, statins have been previously thought to be a common cause of abnormal
liver enzymes, a major concern in the setting of already present liver disease. Of
note, liver disease from chronic hepatitis B infection is associated with a far more
favorable lipid profile, including decreased total cholesterol and decreased triglyc-
eride levels, less steatosis, far less association with insulin resistance and type 2
diabetes, and in keeping with these factors lower cardiovascular risk [151]. Chronic
HCYV on the other hand has a unique constellation of findings. On the one hand, it
is associated with decreased levels of total cholesterol, LDL, and triglycerides. Yet
it has been demonstrated to have a significant association with hepatic steatosis,
increased visceral fat and insulin resistance, and excess type 2 diabetes risk. HCV
infection has been shown to be an independent predictor of angiographically de-
tected coronary artery stenosis as well as increased carotid intimal thickness [152,
153]. While there has been an argument that statins may have limited value in the
setting of decreased cholesterol and LDL, they have been shown to independently
lower AST and ALT levels [154]. In conjunction with interferon alpha and ribavirin,
statins may also increase rates of rapid virologic response (RVR), early virological
response, and sustained virological response (SVR) [155]. Significant alcohol in-
take has been demonstrated to be a common cause of hyperlipidemia [156]. Patients
with chronic alcoholic liver diseases have been demonstrated to have elevations in
serum levels of triglycerides, chylomicrons, and VLDL. These lipid derangements
in the setting of alcohol-induced pro-inflammatory and pro-thrombotic changes, in-
sulin resistance, and features of metabolic syndrome yield a definite increase in car-
diovascular risk for patients with alcoholic liver disease [5]. Patients with NAFLD/
NASH arguably have the worst lipid profile with a combination of elevated tri-
glyceride levels along with a significantly decreased HDL. LDL is not different in
NAFLD patients; however, higher levels of small, dense LDL particles (nontype A),
which are more atherogenic than type A LDL particles, are seen in these patients
[16, 157]. The mechanisms for these changes are not completely understood but
involve overproduction of the very-low-density lipoprotein (VLDL) particles and
abnormal clearance of various lipoproteins. Thus it comes as no surprise that there
is a significant increase in cardiovascular biomarkers (such as coronary calcium
score or carotid artery intima-media thickness) in NAFLD patients. Indeed, car-
diovascular events have been proved to be the leading cause of death in NAFLD
patients [18, 19, 158].
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Statins have been demonstrated to significantly mitigate the risk of cardiovas-
cular events and provide a benefit to patients with these underlying causes of liver
disease. However, because statins are cleared by the liver and are known to cause
elevations of liver enzymes, there was much concern that patients with underlying
liver disease may be at increased risk for statin-induced hepatotoxicity. This, how-
ever, has proven not to be the case. Two retrospective cohort studies have served to
alleviate this concern. In patients with underlying liver disease and abnormal liver
biochemistries who were treated for 612 months with statins there was no sig-
nificant increase in the frequency of liver biochemistry abnormalities nor in severe
liver disease when compared with patients who had normal liver biochemistries at
baseline and received the same treatment [159, 160].

Are Statins Harmful in NAFLD/NASH?

The current evidence points toward no harmful effect of statins on NAFLD/NASH
patients and a possible beneficial effect. In a long-term study of 86 patients who
were followed for up to 16 years, 17 patients were on statins. Patients on statins had
higher BMI and more sever hepatic steatosis at baseline [161]. Patients who were
on statins had a decrease in their histological steatosis. However, there was a slight
increase in fibrosis progression in the statin group. This was attributed to possibly
more severe lipotoxicity ay baseline in the statins subgroup and more rapid fibrosis
progression despite therapeutic measures such as statins [161]. In a prospective
study of high-dose pravastatin therapy of patients with chronic liver diseases, in-
cluding 64 % with NAFLD, there was a reduction in LDL cholesterol, without a sig-
nificant change in aminotransferase elevation [162]. There is growing evidence that
statins are safe in patients with NAFLD/NASH and may have histological benefit.

Are Statins Useful in NAFLD/NASH?

Treatment modalities for the spectrum of NAFLD remain controversial. However,
one common cause of morbidity and mortality that is of great concern in these
patients is the significantly atherogenic lipid profile that may play a role in the pro-
gression of the disease as well as contribute to the increased cardiovascular disease
risk. One possible NAFLD treatment that is being explored is the use of statins. In
Table 9.2, eight studies are outlined which assessed the effect of statin therapy in
patients with NAFLD. While the dosing and length of treatment varied, all of the
studies demonstrated a significant and persistent improvement of aminotransferase
levels after the treatment period. Athyros et al demonstrated complete normaliza-
tion of aminotransferases in all of their patients using atorvastatin; other smaller
studies confirmed this improvement in liver enzymes [163—166]. In a non-random-
ized trial in which rosuvastatin was used for approximately 8 months in NAFLD
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Table 9.1 NASH CRN scoring system for non-alcoholic steatohepatitis

Steatosis grade (%) Lobular inflammation Ballooning

0:<5 0: None 0: None

1:5-33 1:<2 1: Few ballooned cells
2:34-66 2:2-4 2: Many ballooned cells
3:>66 3:>4

patients, there was complete resolution of biochemical and ultasonographic evi-
dence of NAFLD in 67 % of patients [163]. Multiple retrospective studies which
have looked at the effects of simvastatin and pravastatin in NAFLD patients have
shown improvement in aminotransferases [161, 167, 168]. A post-hoc analysis of
the GREek Atorvastatin and Coronary-heart-disease Evaluation (GREACE) study
demonstrated that atorvastatin improves liver enzymes and cardiac outcomes in
patients with increased liver enzymes most likely due to NAFLD [169]. Further
studies demonstrating histological improvement of NAFLD with statin treatment
may bolster their use in treating fatty liver, especially in those with abnormal lipid
panels (Table 9.1).

With the evidence of benefit seen with statin use in NAFLD, it would stand to
reason that there may also be benefits from their use in NASH. The majority of
studies of statin use in biopsy-proven NASH echo the findings of improved ami-
notransferases seen with NAFLD (Table 9.3). The first evidence came from a pilot
study of 7 biopsy-proven NASH patients. Although there was no statistically signif-
icant improvement of aminotransferase after 12 months of atorvastatin, there were
improvements in both steatosis and inflammation. In a prospective non-randomized
trial, a total of 44 biopsy-proven NASH patients were enrolled in the study. Patients
without dyslipidemia (n=17) were given ursodeoxycholic acid (UDCA) while pa-
tients with dyslipidemia (n=27) were given atorvastatin 10 mg daily for 6 months
[170]. There was more significant improvement in liver enzymes in the atorvastatin
group compared to the UDCA group. There was also improvement in steatosis mea-
sured by CT in the atorvastatin group which was not seen in the UDCA group. Other
small studies with different durations of treatment have confirmed the beneficial
effect of atorvastatin on histology in NASH patients.

Pitvastatin and simvastatin have been studied less extensively, with a beneficial
effect on aminotransferases shown with pitvastatin but no such effect shown with
simvastatin [171, 172]. Both medications failed to show a significant effect on im-
proving histology in NASH patients. Because randomized clinical trials haven’t
been performed to examine the effect of statins in NASH patients, they have not
been recommended by the AASLD as a treatment for NASH. However, statins
are recommended to address the dyslipidemia that is estimated to occur in from
20-80% of NAFLD/NASH patients [121, 173—175]. Further studies may advance
our understanding of the possible value of statins in the slowing the progression of
NASH to end stage liver disease.
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Summary

NAFLD is the most common liver disease in western countries and is very prevalent
today. It is thought to be benign unless it progresses to NASH. NASH can lead to
cirrhosis and liver morbidity and mortality. Metabolic syndrome and, in particular,
type 2 diabetes are thought to be risk factors for developing NASH. Thus, special
attention should be paid to NAFLD patients with diabetes. Liver biopsy should be
considered for staging. New imaging techniques have evolved to quantify liver fat
and to assess fibrosis, including MRI-PDFF and MR elastography. There is cur-
rently no FDA-approved treatment for NASH but vitamin E and pioglitazone have
been shown to be helpful; the long-term effects for these are unknown. Statins have
not been shown to be harmful in NAFLD and NASH patients and may be beneficial.
Larger studies and randomized trials are needed to explore the effect of statins on
NAFLD/NASH patients, especially in those with dyslipidemia.
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