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Abstract/Synopsis

Obesity and its major co-morbidities, including type 2 diabetes mellitus, nonalcoholic fatty liver
disease (NAFLD), obesity cardiomyopathy, and certain cancers, are major public health problems
worldwide. They are responsible for substantial morbidity and mortality, to a degree that life
expectancy in the United States has actually declined in recent years because of it. Obesity is the
increased accumulation of fat, i.e. triglycerides (TG), which are synthesized from glycerol and
long chain fatty acids (LCFA), throughout the body. Although long believed to enter cells solely
by passive diffusion, it has been established over the past 30 years that LCFA enter adipocytes,
hepatocytes and cardiomyocytes via specific, facilitated transport processes, and that these
processes are hormonally up-regulated in obesity. Metabolism of increased cellular TG content in
obesity may lead to cell-specific lipotoxicity, contributing to co-morbidities such as NAFLD and
cardiomyopathy. In contrast to the popular perception, dietary control and bariatric surgery can
each achieve major initial weight loss in many patients. However several mechanisms, including
persistent up-regulation of LCFA transport, contribute to weight regain in the large majority of
patients. Better understanding of these transport processes and their regulation may be a key to
successful future strategies to treat obesity and NAFLD.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is frequently described as encompassing a
histological spectrum from simple hepatic steatosis (SHS) or non-alcoholic fatty liver
(NAFL) to SHS plus a characteristic pattern of steatohepatitis (non-alcoholic steatohepatitis,
NASH), to steatosis or steatohepatitis associated with fibrosis, cirrhosis, and/or
hepatocellular carcinoma (HCC) [1-5]. Its various features have widely been considered to
reflect hepatic manifestations of the metabolic syndrome (MetS) [6-8]. While world-wide
prevalence & incidence rates of NAFLD/NASH are not known precisely [7], it is believed to
have become the world’s most prevalent liver disease [9]. NAFLD is linked to obesity and
insulin resistance in Western cultures, but histologically similar NAFL and NASH both
occur at lower BMIs in Asian countries, where many patients also lack the insulin resistance
typical in the west [10, 11]. GWAS and other approaches to studying NAFLD genomics are
helping to understand both geographic differences and an increasing number of genetic
differences within the Western NAFLD population [e.g. 12,13]. This review focuses on
obesity and NAFLD in the western world.

The earlier literature indicated that NAFL and NASH were part of a c/inical as well as a
histological continuum, in which SHS progressed to NASH, which could progress further to
NASH with fibrosis, cirrhosis and/or HCC [4,5]. However, while progression from NASH to
NASH with fibrosis, cirrhosis, and/or HCC is by now well-documented, the frequency of
evolution from SHS fo NASH is unclear [5,7]. Absent reliable surrogate markers, serial liver
biopsies might be expected to be the gold standard for making this determination, but their
invasiveness and issues with regard to their interpretation [5] have limited their deployment
for this purpose. As of mid-2015, our literature searches identified only 16 papers, including
<500 of a world-wide population of millions of NAFLD patients, that examined the
histological evolution of steatosis, steatohepatitis, and fibrosis in NAFLD via paired liver
biopsies [e.g. 14-24]. Collectively, these papers suggested that development and progression
of fibrosis in NAFL was uncommon, whereas fibrosis in NASH occurred and progressed
more frequently. However, the most recent studies have challenged even this, suggesting that
NAFL can occasionally evolve all the way to NASH with advanced fibrosis, implying that
NAFL may not be the benign entity it is often considered [23,24]. A useful editorial
summarizes the current data [25]. The view of NAFLD as an evolving continuum has also
been challenged by claims that NAFL and NASH are distinct disease entities rather than
points on a continuum [9, 26, 27].

Fatty Acids, Triglycerides, and NAFLD Pathophysiology

Most NAFLD in the Western world evolves on a background of obesity. Obesity is the
increased accumulation of fat (i.e. triglycerides, TG), synthesized from glycerol and long
chain fatty acids (LCFA), throughout the body. TG are stored in large lipid droplets in
adipocytes and smaller droplets in parenchymal cells, notably hepatocytes [28,29] and
cardiomyocytes [30]. In obesity, metabolism of increased TG in parenchymal cells leads to
cell-specific lipotoxicity. Thus this review concentrates on regulation of LCFA uptake and
TG deposition and metabolism in adipocytes and hepatocytes, which are key to the
understanding of NAFLD pathogenesis.
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Until ~30 years ago it was believed that LCFA entered cells solely by passive diffusion.
However, selective TG accumulation at specific sites in obesity clearly indicated that
something other than unregulated, passive diffusion was involved.

Uptake of LCFA into hepatocytes, adipocytes and cardiac myocytes in fact consists of two
distinct processes, each a function of the unbound LCFA concentration [31-36]. LCFA
uptake velocity at any unbound LCFA concentration ([LCFAu]) is the arithmetic sum of a
saturable and a non-saturable function of the corresponding [LCFAu], according to the
equation:

UT(LCFAu])=V max - [LCFAu]/(Km+[LCFAu])+k - [LCFAu],

where UT([LCFAU]) is the experimental measurement of uptake (pmol/sec/50,000 cells) at
the stated concentration of unbound LCFA ([LCFAU]); Vmax (pmol/sec/50,000 cells) & Km
(nM), are the maximal velocity of saturable LCFA uptake and [LCFAU] at ¥ the maximal
uptake velocity, respectively; k (ml/sec/50,000 cells) is the rate constant for nonsaturable
uptake. In human studies Vmax has been shown to increase as an exponential function of
patient BMI (Figure 1).

At normal between-meal LCFA concentrations in mammals ~95% of total cellular LCFA
uptake is via the saturable pathway [34, 35]. Typical LCFA have a pKi of ~6.5, existing in
plasma as a roughly equal mixture of fatty acid anions and uncharged, protonated fatty acids.
Studies with the acidic LCFA-analogue ay,By,m3-heptaflourostearate [36] established (i) that
saturable uptake reflected protein mediated, regulatable transport of LCFA anions, whereas
non-saturable uptake represented passive trans-membrane diffusion of protonated LCFA,
and (ii) that the rate of trans-membrane LCFA movement by the former process was ~10
times faster than by the latter [34,35]. Subsequently multiple techniques have confirmed that
cellular LCFA uptake involves, at least in part, regulatable, facilitated, protein mediated
transport [e.g. 37-42].

At least four proteins or protein families have been proposed as LCFA transporters: plasma
membrane fatty acid binding protein (FABPpm) [43, 44]; fatty acid translocase (FAT, or
CD36) [45]; the fatty acid transporting polypeptide (FATP) family [46,47], and
caveolin-1[48,49]. Many reports suggest that additional transporters await discovery [50,
51].

FABPpm, the first LCFA transporter to be identified, proved similar or identical to the
mitochondrial isoform of aspartate aminotransferase (mAspAT) [52]. Molecular modeling,
site-directed mutagenesis, transfection, and intracellular trafficking studies proved that
mMASPAT contained a hydrophobic cleft of proper size to be an LCFA binding site, and that it
was capable of facilitating cellular LCFA uptake [53].

For most metabolic processes, LCFA are activated by esterification to an acyl-CoA before
they are utilized [54]. LCFAs can be activated by three related protein families: the long
chain acyl-CoA synthetases (ACSLs), FATPs, and the “bubblegum” family [55]. Among
FATPs, some that are, themselves, candidate LCFA transporters [46, 47] also have coenzyme
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A (CoA) enzymatic activity [56-58], leading to several different models of how FATPs
might facilitate LCFA uptake [55]. (A) FATPs could be classical plasma membrane
transporters [47]. (B) Since FATPs, either individually or in recently described
heteromultimers (see below), have both transport and esterification activity, the driving force
for LCFA transport could come from their enzyme activity via vectorial acylation [58]. (C)
FATPs are enzymes, and could enhance uptake indirectly by depleting intracellular LCFA
[59].

LCFA uptake into HepG2 cells was found to be mediated by a hetero-tetrameric protein
complex comprised of FABPpm, Cav-1, CD36, and the Ca**-independent membrane
phospholipase A, (iPLA,B) [60]. Blocking iPLA,B with a bile acid-phospholipid conjugate
dissociated the complex and inhibited LCFA uptake. Use of the same bile acid conjugate in a
mouse hepatocyte cell line that exhibited both steatosis and inflammation decreased LCFA
uptake by 56.5% and essentially abolished both steatosis and inflammation. Its role as a
potential therapy for NASH is under investigation.

LCFA uptake clearly involves specific transport processes the regulation of which, in
adipocytes & hepatocytes, is a key element in the pathogenesis of obesity per se and
NAFLD. This recognition has driven a steady increase in Pub-Med citations about “FATTY
ACIDS & OBESITY” from <100/year from the 1960s to mid-1980s to =1,200/year by 2014.

LCFA Transport in Specific Disease Models

At least in the Western world, there is a strong association between obesity and NAFLD. As
just described, alterations in adipose tissue LCFA sequestration play an important role in the
pathogenesis of obesity, and analogous alterations in hepatocellular LCFA uptake play a
similar role in the excess hepatic TG accumulation characterizing SHS. However, in contrast
to adipocyte LCFA transport, which has been extensively studied in both rodent and readily
available human fat samples, the limited availability of appropriate samples of human liver
has largely restricted studies of hepatocellular LCFA uptake to animal tissues.

LCFA uptake by adipocytes, hepatocytes, and cardiac myocytes from rodent models of
obesity and obesity-associated fatty liver and cardiomyopathy has been extensively studied,
starting with obese, leptin-receptor deficient Zucker fatty (fa/fa) and Zucker diabetic fatty
(ZDF) rats and extending to analogous mouse models [61-64]. The Vmax for saturable
LCFA uptake was dramatically increased in adjpocytes from the fa/faand ZDF animals
compared with non-obese Zucker heterozygous (7a/+) or wild-type Wistar strains (Figure 2).
Furthermore, Vmax in rat adipocytes was highly correlated with mRNA expression for the
LCFA transporter FABPpm In contrast, there were only minor differences among rat groups
in the Vmax for LCFA uptake into hepatocytes and cardiac myocytes (Figure 2). Initially
surprising, this became an instructive finding, as described below.

While short-term regulation of adjpocyte LCFA uptake in response to meals remains to be
better defined, its chronic up-regulation characterizes all studied rodent models of obesity, as
well as obese human subjects. Thus, the Vmax for adipocyte LCFA uptake is markedly
increased in genetically obese (0b/0b), diabetic (ab/db), fat (faf) and tubby (fub) mice; in
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both Wistar and Sprague Dawley rats and C57BL6/J mice on high fat diets [65], and in
omental [66, 67] and subcutaneous [67] adipocytes from obese bariatric surgery patients.

In some circumstances, up-regulation of adipocyte LCFA uptake precedes onset of obesity
[61] whereas down-regulation precedes weight loss [68]. These data support the hypothesis
that up-regulation of adipocyte LCFA uptake contributes to both regulation of adiposity and
the pathogenesis of obesity. Further observations of consistent, tissue-specific up-regulation
of adipocyte LCFA uptake in association with weight gain have led to speculation that this
could also contribute to and regulate LCFA partitioning. Partitioning might serve a
protective function. By sequestering LCFA & TG in large droplets and protecting them from
oxidative processes, adipocytes serve as a buffer. They protect downstream non-adipose cells
such as pancreatic B-cells, cardiac myocytes, skeletal muscle cells, and hepatocytes from the
lipotoxic consequences of their excessive LCFA & TG accumulation and metabolism to
lipotoxic species, including diacyl-glycerols, ceramides, reactive oxygen species (ROS) and
cholesterol [69,70].

Several diverse lines of evidence thus suggest that regulation of adipocyte LCFA uptake may
have a role in controlling body adiposity [e.g. 61, 63-68, 71]. While primary genetic defects
in obesity models [63,64,71] can be expressed either in the CNS (db mouse, Zucker fatty rat)
[72,73] or peripheral tissues (ob mouse) [74], all such defects, rodent models of dietary
obesity, and typical examples of human obesity result in selective up-regulation of facilitated
adipocyte LCFA uptake. This suggests that such regulation may represent a final common
pathway for control of adiposity resulting from diverse primary causes in multiple
mammalian species including man (Figure 3).

Obesity has serious consequences. Available treatments, including diet and life style
modifications and bariatric surgery, can achieve significant weight loss in many patients.
However, post treatment weight regain is very common, often to levels exceeding the
pretreatment value within 5 years [75, 76]. Despite both extensive theoretical and clinical
studies in man and the recognized prolonged post-operative persistence of weight gain-
promoting hormonal patterns; increased insulin sensitivity, rates of glucose transport, and
LPL activity; and other metabolic abnormalities [75,76], these patients are often considered
treatment failures, for which they may be blamed. However, in a recent study [67], [3H]-
LCFA uptake kinetics were determined in adipocytes isolated from intra-operative omental
and subcutaneous fat biopsies from 10 non-obese (NO), 10 obese (O) and 10 super-obese
(SO) patients. The O and SO patients were undergoing bariatric surgical operations (sleeve
gastrectomies); the NO patients were having other, clinically indicated, non-bariatric
surgeries. By non-linear regression, Vmax for LCFA uptake by omental adipocytes
increased exponentially as a function of BMI (r = 0.93, p < 0.01) in the 3 groups, from
5.1+0.95 to 21.3+3.20 to 68.7+9.45 pmol/sec/50,000 cells (Figure 1). Results in
subcutaneous adipocytes were very similar. The SO patients returned for second biopsies
16+2 months later, after losing 113£13 Ibs. Their mean BMI had fallen from 62.6+2.8 to
44.4%2 5 kg/m? (p<0.01), and was now similar to the O group. However, Vmax (42.1+6.4
pmol/sec/50,000 cells) in the now-weight-reduced SO group remained >2X up-regulated
(p<0.01) from that predicted for their new BM/ by the original BMI:VVmax regression. As
up-regulation of LCFA uptake strongly predicts weight gain, this suggests a biologic process
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rather than failure of patient will power as contributing to any weight regain [76,77].
Interestingly, these SO patients were a subset of a larger cohort of 2,458, treated mainly with
either Roux-en-Y gastric bypass or laparoscopic gastric banding in the LABS-2 protocol.
Most patients achieved maximum weight loss in the first post-operative year, based on which
they were assigned to one of five 5 weight trajectory groups. By the end of year 3 all weight
trajectory groups showed some degree of weight regain [78].

Lipotoxicity, Leptin and Spexin

In severe obesity, excessive LCFA availability can exceed the LCFA storage capacity of
adipose tissue. This leads to ectopic accumulation of LCFA, TG, and their lipotoxic
metabolites in non-adipose cells, and can result in the cellular injury now designated as
“lipotoxicity”. Many obesity co-morbidities result from disordered LCFA disposition and/or
lipotoxicity.

Leptin is widely considered the body’s principal liporegulatory hormone, exerting profound
anti-steatotic effects [79-81]. When caloric intake chronically exceeds energy expenditure,
TGs accumulate throughout the body. This is amplified by the hyperinsulinemia associated
with the excess caloric intake, which also up-regulates enzymes involved in lipogenesis.
Intermediates in the lipogenic pathway inhibit LCFA oxidation, further increasing the LCFA
available for storage as TG. That much of this increase is restricted to adipose tissue reflects
the fact that, as adipose tissue TG increases, it stimulates an increased release of leptin [82—
84]. In some situations, leptin functions as an insulin counter-regulatory hormone [85],
exerting an anti-lipogenic, pro-oxidative program on peripheral, non-adipose cells [80, 81].
In one rodent model of diet-induced obesity, when total body fat had increased 150-fold,
with a significant weight regain and increased plasma LCFA, the lipid content of pancreatic
islets, liver, heart, and skeletal muscle had increased by no more than 10-fold [79]. With still
further increases in total body fat, these effects of leptin diminish despite markedly increased
plasma leptin concentrations, indicating a state of leptin resistance. The mechanisms
underlying leptin resistance remain somewhat unclear [86], but may involve inhibition of
brain leptin uptake by circulating n-3 polyunsaturated fatty acids [87]. A total lack of leptin
effect occurs in various lipodystrophies, as well as in situations in which leptin signaling is
abolished due either to an absence of leptin (06/0b mouse) [74] or an absence or functional
mutations of its receptor (db/db mouse, Zucker fa/farat) [72, 73]. The result is a progressive,
generalized steatosis, with ectopic accumulation of TG in non-adipose tissues. The increased
ectopic TG pool exchanges with an increased intracellular pool of LCFA. These enter into
non-oxidative pathways, of which the most studied, but by no means the only one [88], leads
to the accumulation of ceramides and other metabolites [70, 89,90]. These cause extensive
tissue damage and apoptosis, resulting e.g. in T2DM, cardiomyopathy, and liver injury, that
can be ameliorated to varying degrees when there is a functioning leptin receptor by
administration of recombinant leptin [91]. In rodents, lipotoxicity leads to several
components of the rodent equivalent of MetSyn. While evidence that true lipotoxic disease
occurs in man is limited, leptin resistance /s characteristic of human obesity, and may permit
TG accumulation in ectopic sites. Further studies of this phenomenon in man are clearly
indicated [89,90].
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Probing whole Auman genome microarrays containing 55K genes & expressed sequence
tags (ESTs) led to identification of ~3,500 exhibiting significant differences in expression
between obese and non-obese Auman fat. Of these, the gene most extensively regulated was
initially identified only as Ch120rf39. Its mMRNA was under-expressed 14.9-fold in obese vs
non-obese fat, in parallel with a similar decrease in the levels of its circulating gene product,
which was subsequently recognized as being identical to spexin, a novel peptide identified
by Mirabeau et al. in 2007 using Markov modeling (92). Its regulation relative to BMI, and
other observations, led to studies of a possible role in weight control. In mice with diet-
induced obesity (D10), spexin administration reduced food intake in the absence of
generalized taste aversive effects or evident toxicity, increased energy expenditure
(locomotor activity), and decreased the respiratory exchange ratio, favoring burning of fat
compared to carbohydrate [93]. Similar effects were found in rats. These results are believed
to be mainly centrally mediated. In addition, spexin directly and selectively inhibits LCFA
uptake by rodent adipocytes, further contributing to weight loss. In sera from non-obese,
obese, and super-obese patients, spexin concentrations exhibited a negative, non-linear
correlation with leptin (r = —0.64, p<0.01). Spexin concentrations were also significantly
negatively correlated with the Vmax for omental adipocyte LCFA uptake in the same patient
(r=-0.71, p<0.01), whereas leptin was strongly positively correlated with Vmax (r =+0.81,
p<0.01). These and other data indicate that spexin and leptin may play important,
antagonistic roles in regulating adipocyte LCFA uptake (Figure 4), which other studies
suggest regulates overall adiposity.

Obesity-Related Liver Disease: Hepatic Steatosis and Steatohepatitis

Hepatic Steatosis

Simple hepatic steatosis (SHS) and other stages of NAFLD commonly accompany obesity.
Well over half of all obese patients have some form of NAFLD; ~ 25% have NASH, with or
without significant hepatic fibrosis [e.g. 7-9, 94].

Mechanisms of Hepatic Steatosis—The basis for the development of insulin resistance
and SHS in the setting of obesity is clear (Figure 5). Not every case of SHS results from
obesity. SHS can potentially result from many different processes. Virtually all of those
listed in Figure 6 reportedly play a role in one or another model of hepatic steatosis,
increasing the hepatocyte TG pool either by ultimately increasing TG input or decreasing
output from the pool. Very few studies have assessed several of these processes
simultaneously, especially in man, so that their relative contributions remain largely unclear.

Increased hepatocellular LCFA uptake is a major contributor to both obesity- and EtOH-
related hepatic steatosis in rat and mouse models and human-derived HepG2 cells [28, 95,
96]. In a mouse study [28] involving C57BL6J controls; similar mice on a high fat diet or
consuming 10, 14 or 18% EtOH, designated the functional leptin signaling groups (FLSGS);
and leptin signaling deficient homozygous ob/ob and db/db animals, the Vmax’s for
hepatocellular LCFA uptake were significantly increased in all FLSG’s, but not in the ob/ob
and db/db animals, which had the heaviest, greasiest livers. There was a highly significant
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linear correlation between the Vmax for hepatocellular LCFA uptake and hepatic TG content
in the FLSGs, but hepatic TG content in the ob/0b and db/db animals was well above the
FLSG regression line suggesting that a significant part of the hepatic TG content in these
latter animals was not derived from LCFA uptake [28].

In FLSGs, despite variably increased expression of single transporter genes in individual
EtOH & HFD groups, the mean expression ratio for FABPpm, FATPs 1, 2, 4, & 5, & CD36
in each group was highly correlated with both VVmax for hepatocellular LCFA uptake and
hepatic TG. Vmax was also highly correlated with the corresponding expression ratios for
Srebp-1c (r =0.99) and NfkB.(r=0.94). Increased hepatic TGs in ob/ob & adb/db mice did not
relate to hepatic LCFA uptake, but instead were highly correlated with increased expression
of lipogenic enzymes involved in LCFA synthesis (SCD-1, FASN). Thus, hepatic TG is
seemingly regulated by the same factors that control a wide array of hepatic lipid metabolic
pathways.

Individual FABPpm, S/c27a2, and Slc27a4, Slc27a5 and CD36 gene expression ratios were
significantly up-regulated in a dose-dependent fashion in the £tOH groups, and the mean
values for their expression ratios in the different groups were closely correlated with the
Vmax for hepatocellular LCFA uptake. The Vmax data, in turn, were highly correlated with
hepatic TG content. However, these expression ratios were rot significantly increased in any
of the obesity groups (HFD, ob/ob, or db/db), whether or not they had functional leptin
signaling. CD36 was the most widely upregulated individual transporter, being significantly
increased in the 14% and 18% EtOH, HFD, ob/0b, and db/db groups. These data suggest
that regulation of hepatic LCFA transporter expression & participation of individual
transporters in LCFA uptake are far more complex than previously believed. Correlations
between transcription factor expression & mean expression of multiple transporter genes
suggests possible regulatory interaction, and may support reports postulating that a complex
of FABPpm, CAV-1, CD36 & FATP4, and, possibly, FATP5 mediates hepatic LCFA uptake
[55,60].

Steatohepatitis

HS is the most common form of NAFLD and is, in its earliest stages, largely reversible. In
fact, despite some controversy, the most common fates of SHS are either regression,
maintenance of status quo, or progression to NASH.

Mechanisms Leading to NASH—In NASH, inflammatory processes are super-imposed
on SHS, resulting in a well-described histologic picture [97-99] similar to that of alcoholic
hepatitis. Although a “two-hit” model of the progression from SHS to NASH, in which the
first “hit” is the development of SHS [100] had become widely accepted two decades ago, it
has subsequently become clear that the second “hit” is, itself, multifactorial [101]. In fact,
rather than a sequential series of hits, many of the now multiple “hits” are actually pathways,
that act on the increased TG mass more or less simultaneously, and in recent widely
accepted models involve oxidative stress, resulting in hepatocellular injury and apoptosis;
inflammation & cytokine cascades [e.g. 102-105]; stellate cell activation; fibrosis; and,
ultimately, progression to cirrhosis.
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Hepatocellular carcinoma (HCC) is an increasingly recognized outcome of NASH [106,
107], evolving not infrequently and almost uniquely in a non-cirrhotic liver [108].

Insulin Resistance

Early SHS may develop in the absence of insulin resistance (IR). However, a critical step in
the progression of NAFLD is the virtually universal development of IR, which plays an
important role in adipocyte LCFA disposition. Under normal circumstances adipocytes are
intermittent importers of LCFA, sequestering them post-prandially as TG and then releasing
them via lipolysis as required to meet metabolic needs. IR, by de-repressing adipocyte
hormone sensitive lipase, converts these cells into virtually continuous net L CFA exporters.
LCFA released from the intra-abdominal, visceral fat depots enter the portal vein and are
translocated directly to the liver. Hepatocellular LCFA oxidation at both mitochondrial and
extra-mitochondrial sites is a major source of the reactive oxygen species (ROS) that initiate
the processes of hepatocellular injury that characterize steatohepatitis (Figure 7). In
particular, ROS lead to mitochondrial injury, including both morphologic changes and
defective ATP repletion; lipid peroxidation with production of malondialdehyde (MDA) and
hydroxynonenal (HNE); activation of the FAS system and the release of specific cytokines,
in particular TNFa, TGFp, and IL-6 [69]. Together these result in several of the
characteristic features of NASH recognizable histologically: apoptotic cell death,
development of Mallory’s hyaline, polymorphonuclear leukocyte infiltration, and fibrosis.
ROS generated from ethanol oxidation lead to many of the same metabolites, which may
explain histologic similarities between alcoholic and nonalcoholic steatohepatitis. However,
since alcoholic steatohepatitis also develops on a background of simple steatosis, oxidation
of fatty acids may also contribute to that condition. Although numerous processes have been
identified as contributing to the development of NASH [109], all typically operate against a
background of SHS, which is the sine qua non of NAFLD.

QUO VADIS?

NAFLD has sparked a literature explosion. From mid 1995 to mid 2015, more than 8,200
articles about NAFLD entered major databases. Despite improved understanding of its
pathophysiology, the prevalences of NAFLD and NASH continue to increase world-wide,
and the /ong-term effectiveness of most currently available therapies is limited [110,111], in
part due to the frequency of weight regain. Additional reviews about current and future
therapies will be found in articles by Rustgi and Terrault in this issue of Clinics in Liver
Disease. Although several drugs are under advanced clinical development and testing for
patients with early-stage disease, as well as those with advanced liver fibrosis [112, 113],
there are currently no USFDA approved therapeutic agents for the treatment of NAFLD and
NASH.

Our ultimate goal should be development of effective prevention strategies and therapies for
NAFLD. Clearly, we are not there yet.
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Abbreviations

ACSL long chain acyl-CoA synthetase
FABPpm plasma membrane fatty acid binding protein
FAT fatty acid translocase, or CD36
FATP the fatty acid transporting polypeptide (FATP) family
HCC hepatocellular carcinoma
IR insulin resistance
LCFA long chain fatty acids
MetSyn metabolic syndrome
NAFLD nonalcoholic fatty liver disease
NAFL nonalcoholic fatty liver
NASH nonalcoholic steatohepatitis
ROS reactive oxygen species
SHS simple hepatic steatosis (equivalent to NAFL)
TG triglycerides
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Key Points

Obesity is the increased accumulation of fat, i.e. triglycerides (TG), which is
synthesized from glycerol and long chain fatty acids (LCFA), throughout the
body.

LCFA enter adipocytes, hepatocytes and cardiomyocytes via specific, facilitated
transport processes, which are regulated in obesity at least in part by insulin,
leptin and spexin.

In obesity, metabolism of the increased cellular TG content may lead to cell-
specific lipotoxicity, contributing to co-morbidities such as NAFLD and
cardiomyopathy.

Dietary control and bariatric surgery can achieve major weight loss in many
patients, but persistent up-regulation of LCFA transport contributes to weight
regain.

Better understanding of these transport processes and their regulation may be a
key to successful future strategies for treatment of obesity and NAFLD.
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Figure 1. Relationship of Vmax for LCFA uptake by isolated human omental adipocytes to

patient BMI

Cells were isolated from intra-operative fat biopsies obtained during clinically indicated
abdominal surgical procedures in 10 non-obese patients, and during bariatric surgeries in 10

obese and 7 super-obese patients who were participants in a 2-stage bariatric surgical

protocol (77). Vmax increases as an exponential function of BMI.
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Figure 2. Computed values of the Vmax for saturable [3H]-oleate uptake by isolated hepatocytes,
cardiac myocytes, and adipocytes from four groups of adult male Zucker rats: +/+, fa/+, fa/fa,
and ZDF

Saturable adipocyte LCFA uptake is appreciably increased compared to normal controls in
the obese fa/faand ZDF animals, despite their defective leptin signaling. There is little
change in hepatocyte LCFA uptake in the different groups. Very similar findings have been
reported in Aepatocytes from obese, leptin signaling-deficient ob/ob & db/db mice,
compared to C57BL6J control mice rendered obese by high fat diets. (From Berk PD, Zhou
SL, Bradbury M, Stump D, Kiang CL, Isola LM. Regulated membrane transport of free fatty
acids in adipocytes: role in obesity and non-insulin dependent diabetes mellitus. Trans Am
Clin Climatol Assoc 1997; 108:26—40, with permission.)
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Figure 3. Regulation of adipocyte LCFA uptake appears to regulate body adiposity
All well-studied genetic and dietary animal models of obesity, as well as obese human

subjects, exhibit selective up-regulation of facilitated LCFA by adipocytes. This suggests
that regulation of adipocyte LCFA uptake represents a final, common pathway for control of
body adiposity resulting from a diversity of primary causes. From Bradbury MW, Berk PD.
Lipid metabolism in hepatic steatosis. Clin Liver Dis 2004; 8: 639-671, with permission.

Clin Liver Dis. Author manuscript; available in PMC 2017 May 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Berk and Verna

Page 21

Spexin (Peptide A), Leptin, Adipocyte

LCFA Uptake & Fitness vs. Obesity

NORMAL ENERGY

H f MEXB4TE BwOF

" i‘ mEAB“TE BwOr
]
-

\EXCESS ENERGY

I

)|
FIT

OBESITY

Figure 4. Relationships between plasma levels of Spexin (Peptide A) and leptin and adipocyte

LCFA uptake

Left-hand panel illustrates these relationships in the presence of normal energy balance and
physical fitness: low levels of leptin and LCFA uptake Vmax, high evels of Spexin. Right
hand panel reflects the situation in the presence of excessive energy, leading to obesity:
higher levels of leptin and increased LCFA uptake Vmax, low levels of spexin. The
interlocking gears illustrate the strong, negative correlation between plasma Spexin and
leptin concentrations, and their respective relationship to the Vmax for adipocyte LCFA

uptake.
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Figure 5. The road to insulin resistance and hepatic steatosis in obesity
Ten discrete and identifible steps leading to insulin resistance and hepatic steatosis are

initiated by an increase in caloric intake and consequent increase in the plasma concentration
of LCFA. Adapted from Bradbury MW, Berk PD. Lipid metabolism in hepatic steatosis.
Clin Liver Dis 2004; 8: 639-671, with permission.
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Figure 6. Processes that could contribute to the increased hepatic triglyceride content that
characterizes hepatic steatosis and NASH

Those on the left potentially contribute to an increased input to the hepatocellular pool of
triglycerides. Those on the right increase hepatic trigyceride content by decreasing normal
levels of triglyceride output, principally in VLDL. From Bradbury MW, Berk PD. Lipid
metabolism in hepatic steatosis. Clin Liver Dis 2004; 8: 639-671 with permission.
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Figure 7. Consequences of increased hepatocellular uptake and oxidation of LCFA in obesity
Many of the features of NASH follow logically from the increase in hepatocellular LCFA

uptake and subsequent increase in the generation of reactive oxygen species (ROS) by
mitochondrial and extra-mitochondrial LCFA oxidation. These, in turn, lead to generation of
intracellular mediators such as MDA, HNE, TNFa, TGFp, leptin, and IL8, which —in turn —
cause several of the characteristic histologic features of NASH. ROS resulting from EtOH
oxidation lead to generation of some of the same mediators, potentially explaining the
histologic similarity between NASH and alcoholic hepatitis. Adapted from Bradbury MW,
Berk PD. Lipid metabolism in hepatic steatosis. Clin Liver Dis 2004; 8:639-671, with
permission.
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