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Abstract

In non-alcoholic fatty liver disease (NAFLD), triglycerides accumulate within the liver because the
rates of fatty acid accrual by uptake from plasma and de novo synthesis exceed elimination by
mitochondrial oxidation and secretion as VLDL-triglycerides. Thioesterase superfamily member 2
(Them2) is an acyl-CoA thioesterase that catalyzes the hydrolysis of fatty acyl-CoAs into free
fatty acids plus COASH. Themz2 is highly expressed in the liver, as well as other oxidative tissues.
Mice globally lacking Them2 are resistant to diet-induced obesity and hepatic steatosis, and
exhibit improved glucose homeostasis. These phenotypes are attributable, at least in part, to roles
of Them2 in the suppression of thermogenesis in brown adipose tissue and insulin signaling in
skeletal muscle. To elucidate the hepatic function of Them2, we created mice with liver-specific
deletion of Them2 (L-Them2™~). Whereas L-ThemZ2™'~ mice were not protected against excess
weight gain, hepatic steatosis or glucose intolerance, they exhibited marked decreases in plasma
triglyceride and apolipoprotein B100 concentrations. These were attributable to reduced rates of
VLDL secretion owing to decreased incorporation of plasma-derived fatty acids into triglycerides.
The absence of hepatic steatosis in L-7#em2~ mice fed chow was explained by compensatory
increases in rates of fatty acid oxidation and by decreased de novo lipogenesis in high fat fed mice.
Consistent with a role for Them2 in hepatic VLDL secretion, THEM2 levels were increased in
livers of obese patients with NAFLD characterized by simple steatosis. Conclusion. Them2
functions in the liver to direct fatty acids towards triglyceride synthesis for incorporation into
VLDL particles. When taken together with its functions in brown adipose and muscle, these
findings suggest Themz2 as target for the management of NAFLD and dyslipidemia.
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Introduction

Alterations in hepatic fatty acid (FA) metabolism contribute to the development of metabolic
disorders, including non-alcoholic fatty liver disease (NAFLD), type 2 diabetes and
atherosclerotic cardiovascular disease. Long-chain FAs accrue in the liver by uptake from
the plasma, de novo synthesis, or the turnover of complex lipids (1). Within the hepatocyte,
free FA molecules experience one of several metabolic fates, including complex lipid
biosynthesis and oxidation, but also may regulate intracellular processes, such as protein
localization, intracellular signaling, and transcription factor activation (2). Although the
mechanisms that control the dispositions of long-chain FAs are incompletely understood,
their entry into nearly all metabolic pathways requires activation to fatty acyl-CoAs. This
reaction is catalyzed by long-chain acyl-CoA synthetases (ACSLs) and is reversed by acyl-
CoA thioesterases (ACOTS) (2, 3). Multiple ACSL and ACOT isoforms are expressed in
cells, and emerging evidence suggest key roles for these enzymes in the regulation of
intracellular FA channeling (2).

Thioesterase superfamily member 2 (Them2; synonymous, ACOT13) is a mitochondria-
associated ACOT with substrate specificity for medium- and long-chain acyl-CoAs (4). It is
robustly expressed in oxidative tissues, including liver, kidney, heart, and brown adipose
tissue (BAT) (4). Them2 was identified as an interacting partner for phosphatidylcholine
transfer protein (PC-TP) in the liver (5). Mechanistic studies in cultured mouse hepatocytes
revealed both PC-TP-dependent and -independent functions for Them2 (6-8). Under
conditions simulating fasting, Them2/PC-TP complex promotes FA oxidation /n vitro.
However, when cells are cultured under high glucose concentrations, Them2 in the absence
of PC-TP expression is sufficient to induce glucose oxidation and lipogenesis (7). The
complex of Them2 and PC-TP also suppresses insulin signaling (6), which serves to
promote hepatic glucose production during fasting (7). In BAT, Them2 appears to limit rates
of lipolysis, and its global ablation leads to decreased lipid droplet sizes and enhanced
thermogenesis (9).

In mouse liver, high fat feeding increases 7hem2 mRNA expression, but decreases steady-
state levels of the protein modestly (10). 7#em2~/~ mice are protected against diet-induced
obesity and exhibit decreased adiposity, reduced hepatic glucose production, enhanced
hepatic insulin sensitivity, and resistance to high fat diet-induced hepatic steatosis (10). In
the setting of overnutrition, hepatic Them2 promotes the channeling of saturated FA into ER
membrane phospholipids, which reduce membrane fluidity and promote calcium efflux into
the cytosol (8). This activates the unfolded protein response, leading to increases in hepatic
insulin resistance and glucose production (8). Although these observations underscore the
key contributions of Them2 to the control of hepatic FA metabolism, it remains unclear how
Them2 in the liver contributes to whole-body nutrient homeostasis.
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To elucidate the metabolic roles of hepatic Them2 in vivo, we generated mice with liver-
specific deletion of 7AemZ2. Our results demonstrate that, without influencing body weight,
adiposity or glucose homeostasis, Them2 in liver promotes the hepatic secretion of
triglyceride (TG)-enriched very low-density lipoprotein (VLDL) by channeling exogenous
FA towards TG synthesis.

Material and Methods

Animals and diets

Liver specific Them2 knockout mice (L-7#em27~) were created by a Cre/loxP strategy (11).
To generate Them?2 floxed mice, homozygous FLPeR mice B6.129S4-
GI(ROSA)26Sor™L(FLPLDYMIRain] (Stock #009086; The Jackson Laboratory, Bar Harbor,
ME, USA) were mated with homozygous B6Dnk;B6N- Acot13MaEUCOMM)WIsij|eg mice
(EM:04103; European Mouse Mutant Archive, Munich, Germany), which contain a cassette
composed of two loxP sites flanking 7hemZ2exon 2. Duplex PCR was performed to
distinguish wild type and F/ox alleles using the following primers: 5’-
TTATGAGTACATTGTAGCTCAGACAC-3’ (forward) and 5’-
GTGCGCTACAACCATGATCTCT-3’ (reverse). Homozygous 7hemZ2 floxed mice were
backcrossed two times to C57BL/6J mice (Stock #000664; The Jackson Laboratory). The
established homozygous 7hAemZ2floxed mice were then crossed with heterozygous B6.Cg-
Tg(Alb-cre)21Mgnld (Stock #003574; The Jackson Laboratory) to yield L-7hem2™~ mice
(ThemZ'oXIFIox_Afp_creTd/T9 and ThemZ\OX/FIoX_A[p-creT9/0), as well as littermate controls
(ThemZ1oXIFlox_A 1p_crP/0) Mice were maintained on the mixed 6J/6N genetic background.
The presence of Alb-creallele was determined by PCR analysis using the primers specified
by the Jackson Laboratory. Mice were housed in a barrier facility on a 12 h light/dark cycle.
Male mice were weaned at 3—4 w of age and fed normal chow diet (PicoLab Rodent Diet 20;
LabDiet, St. Louis, MO, USA). Alternatively, 5 w old male mice were fed a high fat diet

(60 % calories from fat; Research Diets Inc., New Brunswick, NJ, USA) for 12 w. Following
a 6 h fast, 17 w old mice were sacrificed and plasma was collected from cardiac puncture.
Tissues were harvested for immediate use or snap frozen in liquid nitrogen and stored at
-80°C. Animal use and euthanasia protocols were approved by Weill Cornell Medical
College.

Primary hepatocyte isolation

Hepatocytes were isolated from 12 w old chow fed mice and cultured as previously
described (7). Isolated hepatocytes were plated at the density of 4 x 10° cells on 35 mm
Primaria plates (Corning, Tewksbury, MA, USA) with 2 mL Williams’ Medium E (Sigma-
Aldrich) containing 10 % fetal bovine serum (FBS) and 1 % penicillin-streptomycin. Cells
were allowed to attach overnight and used for experimental procedures within 24 h after
plating.

Hepatic triglyceride secretion rates

Following a 5 h fasting, the lipoprotein lipase inhibitor Tyloxapol (500 mg/kg bw) (Sigma-
Aldrich) was administered via retro-orbital injection (12). Tail tip blood samples (25 L)
were collected into microtubes containing EDTA prior to Tyloxapol injection and at regular
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intervals for up to 4 h. Plasma TG concentrations were determined using the enzymatic
assay described above. Rates of hepatic TG secretion were calculated from the time-
dependent linear increases in plasma TG concentration, assuming a plasma volume of 3.5 %
of body weight (12).

Human liver samples

Liver biopsy specimens from subjects undergoing weight loss surgery were obtained from
the NAFLD Biorepository of the Massachusetts General Hospital (Boston, MA, USA).
Subjects underwent fasting blood samples within 8 months of their liver biopsy and the
presence of comorbid diseases was assessed by their treating physician. Liver biopsies were
reviewed by single blinded hepatopathologist and assigned a score for grade of steatosis,
hepatocyte ballooning, and lobular inflammation (13). Steatosis was defined as the presence
of >5 % steatosis without evidence of hepatocyte ballooning, lobular inflammation, or
fibrosis. Nonalcoholic steatohepatitis (NASH) was defined as lobular inflammation > 1,
hepatocyte ballooning = 1, and steatosis grade =1 (13). NAFLD activity score (NAS) was
assessed for each subject. Patients gave informed consent at the time of recruitment and
studies were approved by the Partners Health Care Human Research Committee.

Statistical analyses

Results

Statistical significance was determined using two-tailed unpaired Student’s #test or one-way
ANOVA followed by Tukey’s post-test for comparisons between 2 or among 3 groups,
respectively. Differences were considered significant at 2< 0.05. All statistical analyses
were performed using GraphPad Prism 7 (GraphPad Software). Data are presented as mean
values with error bars representing S.E.M.

Generation of mice lacking Them2 selectively in liver

To evaluate the hepatic function(s) of Them2, we generated L-7hemZ2™'~ mice, with
littermates lacking Cre allele used as controls. Them2 protein was absent in livers of L-
ThemZ2'~ mice and unaffected in other tissues (Suppl. Fig. 1A). Them2 mRNA was
undetectable in livers of L-7hem2~ mice and the expression of other Acorgenes was
largely unchanged (Suppl. Fig. 1B), suggesting that the loss of Them2 was not compensated
by upregulation of other ACOTSs. Moreover, long-chain acyl-CoA thioesterase activity in
livers of L-ThemZ2™'~ mice exhibited a 39 % increase in apparent K, values for palmitoyl-
CoA compared to control (Suppl. Fig. 1C). Whereas no genotype-related changes were
observed in mMRNA level of the Them2-interacting protein PC-TP (Suppl. Fig. 2A) (6), there
was a 2-fold increase in steady-state protein level (Suppl. Fig. 2B).

In contrast to mice lacking Them2 globally (10), L-7hem2'~ mice fed a regular chow diet
exhibited similar sizes and body compositions as control mice (Fig. 1A and B). Nor were
there differences in energy expenditure, ambulatory activity, food consumption or fecal
caloric content between genotypes (Suppl. Fig. 3). Liver-specific deletion of Them2 did not
affect glucose homeostasis compared with controls (Suppl. Fig 4A-D) notwithstanding
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modest differences in the mMRNA and protein expression of rate-determining gluconeogenic
enzymes (Suppl. Fig. 4E and F).

Reduced free fatty acid concentrations in livers of L-Them2~/~ mice

Livers from L-7hem2™'~ mice were normal in size and exhibited no histological changes
compared to control animals (Fig. 1C and D). Liver-specific deletion of Them2 tended to
increase (80 — 280 % increase, = 0.05 — 0.22) a broad range of long-chain acyl-CoA
species (Fig. 1E). In keeping with the accumulation of fatty acyl-CoA, hepatic free FA
concentrations were reduced by 30 % in L-Them2/~ mice (Fig. 1F). However, steady-state
concentrations of TG, phospholipids, free cholesterol, and cholesteryl-esters in the liver
were unaffected (Fig. 1F).

No effect of Them2 expression on the hepatic uptake, activation and binding of fatty acids

To determine whether decreases in hepatic free FA concentrations could be a result of
reduced rates of FA uptake, we measured FA transporter mRNA expression in livers, as well
as rates of uptake of exogenous palmitate into primary cultured hepatocytes. Despite a 68 %
increase in mRNA expression of Cd36 (Suppl. Fig. 5), no changes were observed in the rates
of [14C]palmitate uptake by hepatocytes isolated from L-7hem2'~ mice in comparison to
control cells (Fig. 1G). Because reduced steady-state FA concentrations in livers of L-
ThemZ™!~ mice might also have resulted from increased conversion to fatty acyl-CoAs, we
determined the influence of Them2 expression on hepatic ACSLs. Whereas the mRNA
levels of Acs/4and Acs/5were upregulated in livers of L-7hem2”~ mice by 21 and 37 %,
respectively (Suppl. Fig. 5), hepatic ACSL activity remained unaffected (Fig. 1H). Because
intracellular binding might have influenced interconversion rates of FA and fatty acyl-CoAs,
we also measured the mRNA levels of key cytosolic lipid-binding proteins. There were no
appreciable changes in mMRNA expression of acy/-CoA-binding protein (Acbp) or fatty acid-
binding protein 1 (Fabp) (Suppl. Fig. 5). Collectively, these findings indicate that decreased
concentrations of free FA and increased levels of long-chain acyl-CoA in the liver were
attributable to the loss of hepatic Them2 activity.

Increased rates of fatty acid oxidation in livers of L-Them2~~ mice

Because FA and fatty acyl-CoAs derivatives are endogenous ligands for transcription factors
that control nutrient metabolism (14, 15), we examined whether the observed changes in
their concentrations altered hepatic genes related to lipid metabolism. Whereas mRNA levels
of Pgcla, Ppary, and Srebplcexhibited 40 — 61 % increases in the absence of hepatic
Them2 expression, we did not observe systematic changes in the transcriptional profile of
their downstream lipid-related gene targets (Suppl. Fig. 5).

We next determined whether changes in hepatic acyl-CoA and free FA concentrations
directly influenced the control of major lipid metabolic pathways. Because cultured primary
hepatocytes isolated from 7AemZ2™'~ mice exhibit decreased rates of FA oxidation (7), we
hypothesized that similar effects would be observed in livers of L-7#em2™'~ animals. In
contrast to expectations, FA oxidation rates in L-Them2™'~ livers were increased by 32 %
compared with littermate controls (Fig. 2A). Hepatic TG hydrolase activity was 14 % lower
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in L-Them2~ mice (Fig. 2B), indicating that increased oxidation of FA is not explained by
increased mobilization of hepatic TG stores.

Mitochondrial p-oxidation is regulated by AMPK, which phosphorylates and inactivates
acetyl-CoA carboxylase (ACC) leading to reduced concentrations of malonyl-CoA, an
allosteric inhibitor of carnitine palmitoyltransferase 1 (CPT1) (16). As shown in Fig. 2C, no
changes were observed in phosphorylated/total ratios of AMPK or CPT1 protein levels.
Although hormone-sensitive lipase mRNA (Hs/) levels were decreased by 30 % (Suppl. Fig.
5), the ratios of phosphorylated/total HSL were not altered in livers of L-7hem2~ mice
(Fig. 2C). These findings are supportive of a role of Them2 in the liver in limiting FA entry
in oxidative pathways.

Reduced lipogenesis from exogenous fatty acids in hepatocytes lacking Them?2

The observation that hepatic steady-state concentrations of complex lipids remained
unchanged despite increased rates of FA oxidation in L-7hem2'~ mice prompted us to
evaluate whether lipid oxidation would be counteracted by decreased rates of lipogenesis.
The first and rate-limiting step in the synthesis of glycerolipids is the esterification of long-
chain acyl-CoA to glycerol-3-phosphate by the isoforms of glycerol-3-phosphate
acyltransferase (GPAT) (17). Notwithstanding changes in mRNA levels of Gpat2 (77 %
increase), Gpat3 (35 % decrease), as well as the downstream glycerolipid biosynthetic
enzymes Lipini (2.6-fold increase), and diacylglycerol acyltransferase 2 (Dgat2) (36 %
increase) in livers of £-7hem2'~ mice (Suppl. Fig. 5), hepatic GPAT activity remained
unchanged (Fig. 3A).

To distinguish between the esterification of endogenous and exogenous FA pools into
complex lipids, an /in vitro approach was used. Cultured primary hepatocytes from control
and L-Them2™'~ mice were incubated in the presence of [14C]lacetate (a precursor for de
novo FA synthesis) or [14C]palmitate, and the specific lipogenic activity was calculated from
the radiolabeled substrates incorporated into cellular and secreted lipids (Fig. 3C and D). In
keeping with the absence of changes in AMPK phosphorylation in livers of L-Them2~
mice (Fig. 2C), there were no changes in phosphorylation of ACC (Fig. 3B), nor in mMRNA
levels of acetyl-CoA carboxylase (Acaca) and fatty acid synthase (Fasn) (Suppl. Fig. 5). And
despite a 2.2-fold increase in stearoyl-CoA desaturase-1 (Scdl) (Suppl. Fig. 5), rates of de
novo lipogenesis were unchanged in primary hepatocytes lacking Them2 (Fig. 3C).
However, these cells exhibited a marked reduction (46 %) in the rates of lipogenesis derived
from exogenous FA (Fig. 3D). This reduction was reflected by a 30 % decrease in
esterification of [14C]palmitate to intracellular TGs, and by 45-48 % decreases in secretion
of phospholipid, diacylglycerol and TG into the media (Fig. 3D). Collectively, these data
suggest that a compensatory increase in hepatic FA oxidation rates occurs in L-ThemZ2™!~
mice in response to the accumulation of exogenously-derived fatty acyl-CoAs that are not
esterified to form complex lipids.

Decreased rates of hepatic triglyceride secretion in L-Them2~/~ mice

Current concepts suggest that endogenously synthesized FAs are primarily incorporated into
TG that are stored in lipid droplets, whereas exogenously supplied FAs are esterified to TG
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molecules that are incorporated into VLDL (18-20). We therefore examined whether
reduced lipogenesis derived from exogenous FA resulted in abnormal VLDL metabolism in
L-Them2™~ mice. Liver-specific loss of Them2 resulted in a marked decrease (41 %) in the
concentrations of TG in the plasma, whereas phospholipids, free cholesterol, cholesteryl-
esters and free FA levels remained unchanged (Fig. 4A). There was a selective reduction
(51 %) in VLDL-TG in L-Them2'~ mice, with no differences observed in the
concentrations of LDL- and HDL-TG (Fig. 4B). Concurrently, liver-specific deletion of
Them2 resulted in a 21 % decrease in steady-state plasma levels of apolipoprotein B100
(apoB100), the main protein component of VLDL, while apoB48, which is present in both
VLDL and chylomicrons of rodents (21), remained unchanged (Fig. 4C). Indicative of
reduced VLDL formation, L-7hem2'~ mice exhibited a 22 % decrease in hepatic TG
secretion rates (Fig. 4D).

To ascertain the mechanisms underlying the reduction in VLDL secretion, we investigated
the regulation of genes involved in VLDL biogenesis (1). mRNA levels of ApoB,
microsomal triglyceride transfer protein (Mtp), Sec24c, and Sec24d were decreased in livers
from L-ThemZ2™'~ mice by 14 — 24 %, whereas mRNA levels of Cideaand Sarlbwere
increased by 678 and 28 %, respectively (Fig. 5A). However, there were no differences in
protein expression levels of Cidea, MTP, and Sarlb in liver homogenates (Fig. 5B). Under
the current experimental conditions, we were unable to detect hepatic levels of apoB
proteins in the liver, possibly owing to their rapid degradation due to misfolding or
insufficient lipidation (22). Collectively, these findings indicate that decreased VLDL-TG
secretion in L-7hem2™'~ mice is primarily attributable to the reduced availability of FA
substrates for TG incorporation into VLDL particles.

Reduced plasma VLDL-triglyceride concentrations in L-Them2~/~ mice fed a high fat diet

We next examined the influence of hepatic Them2 expression on lipid metabolism in
response to a high fat diet. Liver-specific deletion of Them2 did not influence growth, body
composition or liver size (Fig. 6A-C). Similarly, there were no genotype-related changes in
energy balance (Suppl. Fig. 3) or glucose homeostasis (Suppl. Fig. 4). Livers of high fat fed
L-Them2™~ mice generally exhibited downregulation (17 — 48 %) of Acotgenes compared
with their high fat fed counterparts (Suppl. Fig. 6). Whereas hepatic concentrations of long-
chain acyl-CoA species tended to increase (61 — 509 %, 2= 0.08 — 0.19) (Suppl. Fig. 7A),
there were no differences in steady-state concentrations of TG, free FA, phospholipids, free
cholesterol or cholesteryl-esters in the liver (Fig. 6D and E, and Suppl. Fig. 7B).
Additionally, there were no genotype-related changes in hepatic ACSL activity, FA
oxidation, lipolysis or glycerolipid synthesis (Suppl. Fig. 7C-F).

The differences observed in VLDL-TG metabolism in L-7hemZ2™'~ mice fed a regular chow
diet prompted us to evaluate whether similar changes would persist in the setting of
overnutrition. High fat fed L-7#em2~ mice exhibited a 44 % decrease in steady-state
plasma TG concentrations, which was accompanied by 23 % and 25 % increases in the
plasma concentrations of phospholipids and cholesteryl-esters, respectively (Fig. 6F). The
differences in plasma TG concentrations were attributable to reduced VLDL-TG
concentrations (Fig. 6G). This occurred in the absence of appreciable alterations steady-state
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plasma concentrations of apoB100 and apoB48 (Fig. 6H) or the hepatic expression of
proteins involved in VLDL assembly and secretion (Suppl. Fig. 8). In keeping with a role of
Themz2 in channeling FA towards glycerolipid biosynthesis and secretion, we observed a
24 % decrease in the rates of VLDL-TG secretion in L-7hemZ2™/~ mice (Fig. 61). The
absence of an increase in steady-state hepatic TG concentrations in the setting of reduced
rates VLDL-TG secretion was not attributable to a compensatory increase in rates of FA
oxidation (Suppl. Fig. 7D). Rather, we observed 17 — 40 % decreases in mRNA levels for
key transcription factors that promote lipogenesis, including both Chrebp isoforms, Lxra,
and SrebpIc (Suppl. Fig. 6). There were also trends towards decreased Acaca expression
(20 % decrease, A= 0.1) (Suppl. Fig. 6) and increased phosphorylation of ACC (20 %
increase, £=0.08) (Suppl. Fig. 7G). These findings suggest that, under conditions of high
fat feeding, the secretory defect of VLDL-TG that is observed in the absence of Them2 is
compensated by reduced de novo lipogenesis.

Increased levels of THEM2 protein in human livers with steatosis

To gain insights into the potential role of THEMZ2 in human hepatic lipid metabolism, we
analyzed liver samples from obese subjects with normal livers, simple steatosis or NASH
(Suppl. Table 4). Whereas no significant changes were observed in THEMZ2 mRNA levels
(Fig. 7A), THEM2 protein was increased in livers with steatosis compared with normal
livers or NASH (60 % and 46 % increase, respectively) (Fig. 7B). The hypertriglyceridemia
that is commonly associated with NAFLD has a complex pathophysiology that is generally
attributable to a combination of hepatic overproduction of VLDL particles and decreased
rates of lipoprotein lipase-mediated intravascular metabolism (23). The finding of increased
hepatic THEM2 expression in the setting of hepatic steatosis is consistent with its observed
role in VLDL production in mice. However, in the small sample size after exclusion of
patients taking lipid-lowering therapies, we were unable to discern a correlation between
THEMZ2 expression in liver and plasma TG concentrations (Fig. 7C).

Discussion

This study has identified a key function of Them2 in the liver in the control of FA
metabolism, which in turn regulates plasma VLDL-TG concentrations. Our current findings
support a model in which Them2 in the liver directs plasma-derived FA towards the
synthesis of TG for incorporation into VLDL particles, leading to increased VLDL-TG
secretion (Fig. 8).

We previously demonstrated that 7/em27'~ mice exhibit decreased body weights along with
enhanced energy expenditures, despite increases in caloric intake (9, 10). This was
attributed, at least in part, to roles for Them2 in restricting FA trafficking to mitochondria for
oxidation and thermogenesis in BAT (9). By these mechanisms, Them?2 functions within
BAT to limit adaptive thermogenesis (9). In addition, studies /n vitro have demonstrated that
Them2 expression in hepatocytes suppresses insulin signaling, while promoting FA
oxidation and gluconeogenesis (68, 10). Based on these observations, we ascribed the
enhanced insulin sensitivity and improved glucose homeostasis observed in 7hem2™/~ mice
primarily to functions of Them2 within the liver (6-8, 10). However, our current findings
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indicate that the liver-specific loss of Them2 is insufficient to recapitulate the changes in
energy or glucose homeostasis caused by systemic Them2 ablation, either in chow or a high
fat fed mice (10), instead implicating Them?2 expression in extrahepatic tissue(s) as the main
driver of these phenotypes. Although increased BAT thermogenesis presumably contributes
to improving hepatic metabolism, we have observed that the selective ablation of Them2 in
skeletal or cardiac muscle reduces basal blood glucose levels and prevents diet-induced
glucose intolerance (24). It is also possible that distinct genetic backgrounds of L-7hem2 '~
compared with 7#em2~~ mice (6-8, 10) could have contributed to the observed differences
(25, 26).

Mice with liver-specific disruption of Them2 revealed unanticipated functions of this
enzyme in VLDL metabolism. There were marked reductions in VLDL-TG secretion both in
chow and high fat fed L-7hem2"~ mice, which resulted in decreased steady-state plasma
TG concentrations. In support of a role of hepatic Them2 in the hydrolysis of fatty acyl-
CoAs in vivo, chow fed L-Them2'~ mice exhibited increases in the hepatic concentrations
of long-chain acyl-CoA species, along with decreased intracellular free FA concentrations.
The blunting of this effect in high fat fed animals most likely reflects contributions from
other sources, such as increased hepatic uptake of plasma adipose tissue-derived free FA in
the context of diet-induced insulin resistance (1), and the downregulation of other Acot
isoforms in the livers of high fat fed L-7#em27~ mice, which presumably reflects an
adaptive response that prevented the accumulation of more toxic free FA molecules in the
liver.

The synthesis of TG and other glycerolipids occurs via the glycerol-3-phosphate pathway in
most mammalian cell types (17). Although Them2 expression had no impact on hepatic
GPAT activity, the initial and rate-limiting step in glycerolipid synthesis (17), reduced rates
of glycerolipid synthesis were observed in primary hepatocytes lacking Them2 when
exogenous FA, but not endogenous FA, were available as the substrate. In the absence of
changes in expression levels of proteins that control VLDL assembly or secretion, the most
likely mechanism whereby Them2 regulates VLDL secretion is by controlling the
availability of TG for the lipidation of apoB and assembly into nascent VLDL particles. This
is consistent with observations in mice and humans that plasma FA are the principal source
of VLDL-TG in both fasting and fed states (27). In further support of this hypothesis, studies
of DGAT enzymes, which catalyze the final step in TG synthesis, have revealed that
different pools of FAs experience different metabolic fates with respect to TG synthesis (19,
20). Whereas DGAT?2 incorporates fatty acyl-CoA molecules derived from de rnovo synthesis
into TG for storage in cytoplasmic lipid droplets, DGAT1 exhibits substrate preference for
exogenously-derived FA, which are utilized for the synthesis of TG that are incorporated
into VLDL particles (19). Based on our current findings, we propose that Them2 acts
upstream of GPAT isoforms and DGAT1 to provide a selected pool of exogenous FA for
incorporation into VLDL and secretion from the liver into the plasma (Fig. 8). Because
DGAT1 is also able to utilize diacylglycerol and fatty acyl-CoA generated from the
hydrolysis of lipid droplet-associated TG, albeit to a lesser extent (19), it is also possible that
the reduced rates of lipid droplet lipolysis in chow fed Z-7/#em2™'~ mice have contributed to
the observed reductions in VLDL-TG secretion rates.
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Another potential mechanism whereby Them2 controls VLDL secretion is through the
activity of mMTORC1. Postprandial activation of hepatic mMTORC1 promotes VLDL-TG
secretion by stimulating phosphocholine cytidylyltransferase a (CCTa) activity, the rate-
limiting step in the synthesis of phosphatidylcholines (PC), which are utilized as the
amphipathic molecules that stabilize the TG core of VLDL (28). In this connection, in
cultured mouse hepatocytes under nutrient restriction, changes in PC composition of cellular
membranes lead to the formation of Them2/PC-TP complex that directly suppresses
mTORC1 signaling by interacting with tuberous sclerosis complex 2 (TSC2) to stabilize the
TSC1-TSC2 complex (6). However, when FA are abundant, the Them2/PC-TP complex
functions to promote the synthesis of PC for ER membranes (8). Taken together, these
findings provide a plausible mechanism by which Them2/PC-TP interactions are modulated
in response to nutritional status and may function to: (i) sustain PC synthesis and facilitate
the lipidation of nascent VLDL particles within the ER when lipid substrates are available,
and (ii) suppress mTORCL1 signaling, leading to reduced CCTa activity and decreased
VLDL secretion upon more severe nutrient deprivation, potentially contributing to the
hepatic steatosis associated with prolonged fasting (26).

A reduced capacity to secrete VLDL owing to genetic mutations/polymorphisms (29-31) or
pharmacologic interventions (32) can contribute to hepatic steatosis. Notwithstanding, the
marked reduction in VLDL-TG secretion observed in £-7#em2”'~ mice did not cause excess
lipid accumulation within the liver because FA were oxidized rather than stored as TG in
lipid droplets in chow fed animals, whereas de novo FA synthesis appeared to be suppressed
in the setting of overnutrition. In humans with hepatic steatosis, increases in free FA flux
from adipose tissue to the liver and in the rates of hepatic de novo lipogenesis stimulate the
production and secretion of VLDL particles (33, 34). In the absence of compensatory
increases in rates of FA oxidation, the synthesis of hepatic TG most likely exceeds the
capacity of increased VLDL production rates to prevent intrahepatic lipid accumulation (33,
34). Suggestive of a role in the compensatory increases in VLDL production, THEM2 levels
were highest in livers of obese subjects with steatosis. In support of this possibility, hepatic
Them2 levels were shown to be markedly reduced in rats following a gastric bypass surgery,
which ultimately leads to decreased body weight and decreased hepatosteatosis (35). The
observation that THEM2 expression returned to basal levels in livers of NASH patients may
reflect an inflammation-induced failure of this compensatory mechanism.

The current findings define a role for Them2 in the liver in the trafficking of plasma-derived
FA towards VLDL production. When taken in context with the improvements in hepatic
steatosis and glucose homeostasis associated with its systemic disruption, Them2 may be an
attractive target for the management of NAFLD and diet-induced dyslipidemia.
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Figure 1. Liver- of Them2 reduces hepatic free fatty acid concentrations in chow fed mice.
(A) Body weights (Control, n = 5; L-Them2™~, n = 18). (B) Fat and lean masses of 15 w old

mice (Control, n =5; L-ThemZ™/=, n = 18). (C) Liver masses of 17 w old mice (Control, n =
11; L-Them2™=, n = 13). (D) Representative light microscopic images of H&E-stained liver
sections. CV, central vein; PV, portal vein; BD, bile duct. (Control, n = 3; L-ThemZ™'~, n =
3). (E) Hepatic concentrations of acyl-CoA molecular species (Control, n = 5; L-Them2™-,
n = 6). (F) Hepatic concentrations of free fatty acids, triglycerides, phospholipids, and
cholesterol (Control, n = 10; L-Them2™'~, n = 13 — 16). (G) Rates of [14C]palmitate uptake
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in primary cultured hepatocytes (Control, n = 4; L-ThemZ2™/~, n = 4). (H) Hepatic activities

of long-chain acyl-CoA synthetase (ACSL) (Control, n = 3; L-Them2™'=, n = 3). Data are
presented as means £ SEM. *P < 0.05 versus control. ***/£ < 0.001 versus control.
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Figure 2. Increased rates of fatty acid oxidation in livers of chow fed L-Them2™/~ mice.
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(A) Rates of fatty acid oxidation in livers is represented as the sum of [1#C]acid soluble
metabolites and [14C]CO, produced from [14C]palmitic acid. [**C]acid soluble metabolites
production accounted for > 98 % of total [14C]palmitic acid degradation products. (Control,
n=6; L-Them2'~, n = 8). (B) Hepatic triglyceride hydrolase activities (Control, n = 6; L-
Them2™'=, n = 6). (C) Representative immunoblots of hepatic protein expression (left panel)
and densitometric quantifications (middle and right panels). HSP90 was used to control for
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unequal loading (Control, n = 6; L-Them2™~, n = 6). Data are presented as means + SEM.
*P < 0.05 versus control. **P < 0.01 versus control.
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Figure 3. Decreased lipogenesis from exogenous fatty acids in Them2/~ hepatocytes.
(A) Glycerol-3-phosphate acyltransferase (GPAT) activities in livers (Control, n = 4; L-

Them2™'=, n = 4). (B) Representative immunoblots from mouse livers. HSP90 was used to
control for unequal loading (Control, n = 6; L-Them2~, n = 6). (C and D) Rates of
lipogenesis were determined in primary hepatocytes as the incorporation of (C) [14CJacetate
(de novo lipogenesis) or (D) [*4C]palmitate (lipogenesis from exogenous fatty acids) into
lipids extracted from cells or culture media (left panels). Lipid classes were analyzed by
TLC (middle and right panels). PL, phospholipid; CH, cholesterol; TG, triglyceride; DG,
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diglyceride; FA, fatty acid. (Control, n = 4; L-Them2”~, n = 5). Data are presented as means
+ SEM. *P< 0.05 versus control. **~< 0.01 versus control.
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Figure 4. Reduced VLDL-triglyceride secretion in chow fed L-Them2™~ mice.
(A) Plasma lipid concentrations (Control, n = 3-11; L-ThemZ™/~, n = 8 - 15). (B) Plasma
lipoproteins were fractionated by FPLC and triglyceride concentrations were determined
(Control, n = 6; L-ThemZ2™'=, n = 5). (C) Representative immunoblots of plasma proteins

(left panel) and densitometric quantifications (right panel). Coomassie staining was used to
control for unequal loading (Control, n = 10 — 12; L-Them2'~, n = 12). (D) Rates of

triglyceride secretion were determined following retro-orbital administration of the

lipoprotein lipase inhibitor Tyloxapol (500 mg/kg bw) (Control, n = 5; L-Them2™=, n = 9).
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Figure 5. No effect of hepatic Them2 on the expression of genes that control VLDL assembly and
secretion.

(A) Relative mRNA expression of hepatic genes (Control, n =4 - 6; L-ThemZ'~,n=4-7).
(B) Representative immunoblots of hepatic proteins (left panel) and densitometric
quantifications (right panel). HSP90 was used to control for unequal loading (Control, n =6
L-Them2™=, n = 6). Data are presented as means + SEM. *P < 0.05 versus control. **P<
0.01 versus control. ***£ < 0.001 versus control.
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Figure 6. Liver-specific deletion of Them2 reduces plasma VLDL-triglyceride concentrations in

high fat fed mice.

(A) Body weights (Control, n = 6; L-Them2”~, n = 15). (B) Fat and lean masses measured
after 10 w of high fat feeding (Control, n = 6; L-Them2™/=, n = 15). (C) Liver masses
measured after 12 w of high fat feeding (Control, n = 9; L-Them2”~, n = 11). (D)
Representative light microscopic images of H&E-stained liver section. CV, central vein; PV,
portal vein; BD, bile duct. (Control, n = 3; L-ThemZ™/=, n = 3). (E) Hepatic triglyceride
concentrations (Control, n = 10; L-7hem2™/~, n = 16). (F) Plasma lipid concentrations
(Control, n = 6-12; L-Them2™~, n = 11-17). (G) Plasma lipoproteins were fractionated by
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FPLC and triglyceride concentrations were determined (Control, n = 3; L-Them2/=, n = 3).
(H) Rates of triglyceride secretion were determined following retro-orbital administration of
the lipoprotein lipase inhibitor Tyloxapol (Control, n = 8; L-Them2™'~, n = 6). Data are
presented as means £ SEM. *P < 0.05 versus control. **P< 0.01 versus control.
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Figure 7. Increased THEM2 expression levels in livers of obese subjects with simple steatosis but

not NASH.

(A) Relative human THEMZ2 mRNA expression levels in livers from obese patients (Normal,
n = 6; Steatosis, n = 6; NASH, n = 5). (B) Representative immunoblots (left panel) and
densitometric quantifications (right panel) of human liver proteins. B-ACTIN was used to
control for unequal loading (Normal, n = 5; Steatosis, n = 6; NASH, n = 6). (C) Correlation
between hepatic THEM2 expression and plasma triglyceride concentrations for patients not
receiving lipid lowering medications (Normal, n = 4; Steatosis, n = 4; NASH, n = 4). Data
are presented as means + SEM. *P < 0.05 versus other groups.
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Figure 8. Proposed model for the role of Them2 in hepatic VLDL secretion.
In hepatocytes, free fatty acids (FAs) obtained from the plasma or de novo synthesis are

activated to form fatty acyl-CoAs by long-chain acyl-CoA synthetases (ACSLs). At the
mitochondria, Them2 selectively hydrolyzes plasma-derived long-chain acyl-CoA. Under
fasting conditions, newly-formed FAs may be directed to mitochondrial ACSLs, which in
turn traffic fatty acyl-CoAs towards the glycerol-3-phosphate pathway for diacylglycerol
acyltransferase 1 (DGAT1)-mediated triglyceride (TG) synthesis. Newly-formed TGs are
then packaged into very-low density lipoprotein (VLDL) particles and secreted into plasma.
By this mechanism, Them2 sustains the export of triglycerides from the liver into plasma
during fasting. In the setting of overnutrition (not shown) when the flux of FA from adipose
tissue to the liver and rates of hepatic de novo lipogenesis are high, Them2-mediated
increases in VLDL production rates may serve to mitigate, at least in part, the intrahepatic
accumulation of excess TG. Relative magnitude of flux is represented by line thickness.
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