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Abstract

The incidence of obesity, insulin resistance, and type Il diabetes (T2DM) continues to rise
world-wide. The liver is a central insulin-responsive metabolic organ that governs whole-body
metabolic homeostasis. Therefore, defining the mechanisms underlying insulin action in the liver
is essential to our understanding of the pathogenesis of insulin resistance. During periods of
fasting, the liver catabolizes fatty acids and stored glycogen to meet the metabolic demands of

the body. In postprandial conditions, insulin signals to the liver to store excess nutrients into
triglycerides, cholesterol, and glycogen. In insulin-resistant states, such as T2DM, hepatic insulin
signaling continues to promote lipid synthesis but fails to suppress glucose production, leading to
hypertriglyceridemia and hyperglycemia. Insulin resistance is associated with the development of
metabolic disorders such as cardiovascular and kidney disease, atherosclerosis, stroke, and cancer.
Of note, nonalcoholic fatty liver disease (NAFLD), a spectrum of diseases encompassing fatty
liver, inflammation, fibrosis, and cirrhosis, is linked to abnormalities in insulin-mediated lipid
metabolism. Therefore, understanding the role of insulin signaling under normal and pathologic
states may provide insights into preventative and therapeutic opportunities for the treatment of
metabolic diseases. Here, we provide a review of the field of hepatic insulin signaling and lipid
regulation, including providing historical context, detailed molecular mechanisms, and address
gaps in our understanding of hepatic lipid regulation and the derangements under insulin-resistant
conditions.

Introduction

Glucose and lipid processing are under the control of hepatic insulin action. Past and
current research continues to focus on the mechanisms of insulin signaling within metabolic
tissues, such as the liver, to understand how these mechanisms are dysregulated in disease
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conditions. In response to nutrients, insulin is secreted from the pancreas and signals to

the liver to control the synthesis and storage of fat molecules. Insulin controls postprandial
liver metabolism by increasing de novo lipogenesis (DNL), suppressing fatty acid oxidation
(FAO), and promoting triglyceride (TAG) esterification and secretion (173). During periods
of fasting, DNL is suppressed, hepatic TAG is elevated due to increased uptake of circulating
free fatty acids from the breakdown of fat tissue, and glycogen stores are broken down

to produce glucose (42). These robust physiological responses to insulin are lost during

the progression of metabolic disease. As first suggested by Howard Root, “such great
variations in the amount of insulin required to reduce hyperglycemia are at times observed
that the use of the term insulin resistance seems justified” (269). Following this seminal
observation, Himsworth published findings indicating that there is a distinction between
insulin-sensitive and insulin-insensitive people based on the lowering of blood glucose upon
a bolus of insulin, or the lack thereof, respectively (128). Since the initial observations of
insulin insensitivity, current research describes a paradox of hepatic insulin resistance in
which insulin promotes DNL but fails to suppress glucose production. Taken together, the
uncontrolled production and decreased utilization of substrates lead to the disease state’s
hallmark hyperglycemia and hyperinsulinemia (324). Though numerous pathways are well-
defined, the exact mechanisms through which insulin-mediated lipid synthesis is preserved
yet hepatic gluconeogenesis is unrestrained remains a strong topic of interest for the field
(41).

Metabolic disorders, including obesity and insulin resistance, continue to rise worldwide,
with over 40% of the US population suffering from obesity, correlating with high percentage
of individuals with diabetes and insulin resistance (133). Many patients with type Il diabetes
mellitus (T2DM) present with hyperinsulinemia, hyperglycemia, and hypertriglyceridemia.
Notably, this condition correlates with a higher risk of developing other metabolic disorders,
such as atherosclerosis, cardiovascular disease (CVD), and nonalcoholic fatty liver disease
(NAFLD) (72). Deficiencies in insulin signaling, substrate utilization, hormone levels, and
cytokine secretion, including contributions of increased inflammation, are all implicated

in the pathogenesis of insulin resistance. Although the specific underlying mechanisms of
NAFLD and NASH are unclear, patients with these diseases are insulin-resistant, revealing a
clear association between liver diseases and insulin resistance (280).

Studies dating more than five decades ago observed a correlation between hyperinsulinemia
and hypertriglyceridemia with carbohydrate intolerance, proposing the role of insulin in
regulating lipids in addition to carbohydrates (87). In 1974, Reaven and coworkers suggested
that insulin plays a major role in regulating the synthesis of TAG and its secretion from the
liver (239). Following decades of research, insulin-mediated regulation of lipid metabolism
remains a primary target for the development of effective therapeutics for NAFLD, of which
an FDA-approved treatment does not currently exist. Patients with NAFLD have increased
lipid accumulation in the liver, known as hepatic steatosis (51). In cases of T2DM and
hyperinsulinemia, two major risk factors of NAFLD, there is a marked increase in TAG
turnover, providing evidence that aberrant insulin levels dramatically affect lipid metabolism
(309). Elevated hepatic DNL is a key feature of NAFLD patients, which correlates with an
increase in circulating insulin levels (174, 297). Prominently, 25% to 30% of hepatic TAG

is produced through DNL in individuals with NAFLD (77, 174, 297). Furthermore, human
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loss-of-function mutations in the insulin receptor (IR) are severely insulin-resistant and
lipodystrophic; however, these individuals are protected from fatty liver, further implicating
that intact insulin signaling is required for hepatic lipid accumulation in humans (288).
Therefore, it is critical to identify the underlying mechanisms of how insulin regulates
hepatic lipid metabolism in a healthy liver for the development of therapeutic strategies

for metabolic disorders. To fundamentally understand the detailed mechanisms of insulin’s
regulation of lipid homeostasis in humans, researchers continue to couple cell culture-based
systems with transgenic mouse models to perform reductionistic experiments with the goal
of identifying the signal transduction pathways underlying insulin action.

Hepatic Insulin Signaling Cascade

Insulin controls numerous metabolic pathways through coordinated regulation of gene
expression and posttranslational modifications. Upon feeding, insulin is released from
specialized cells in the pancreas called beta cells (169). Once insulin is released into the
portal vein, the liver is the primary organ to respond as it receives the highest concentrations
of insulin in circulation and serves an important role in regulating insulin clearance.
Unsurprisingly, congenital deletion of the IR, in mice, leads to an early neonatal death

due to diabetic ketoacidosis (5). Ronald Kahn and coworkers have generated unique mouse
models to further define the tissue-specific actions of insulin in vivo. As a result, the liver
insulin receptor knockout (LIRKO) mouse model serves as a valuable tool to understand

the direct actions of hepatic insulin in a living organism. In support of insulin’s key role

in hepatic lipid and glucose metabolism, LIRKO mice develop severe insulin resistance

and glucose intolerance, which is attributed to a failure of the liver to suppress glucose
production (223). Interestingly, LIRKO mice are protected from hepatic TAG deposition and
do not develop fatty liver disease when subjected to a high-fat diet (29). Similar experiments
in mice lacking the hepatic IR selectively in adulthood further validate these findings (323).
Therefore, hepatic insulin action is a central regulator of both systemic glucose and lipid
homeostasis. Due to its key role in maintaining whole-body homeostasis, a major focus

in the field has been to unravel the downstream signaling mechanisms coordinating liver
insulin action and lipid metabolism.

In the liver, the insulin signal transduction cascade begins with hormone binding to the
endogenous IR, a receptor tyrosine kinase that undergoes a conformational change leading
to its auto-phosphorylation and the recruitment of the insulin receptor substrates (IRS)
(Figure 1) (341). The IRS family of proteins functions as scaffolds for multiple signaling
complexes. Though there are many members of the IRS family, IRS-1 and IRS-2 mediate
the hepatic response to insulin action (341). Deletion of IRS-1 in mice results in mild
glucose intolerance, providing evidence that IRS-1 has an important role in peripheral
insulin action (19). The residual insulin action that occurs in IRS-1-null mice is attributed
to the activation of the second IRS, IRS-2 (250, 315). Unlike IRS-1, disruption of IRS-2
protein in mice leads to striking changes in glucose homeostasis, providing evidence that
IRS-1 and IRS-2 are not interchangeable, but play distinct roles in regulating insulin action
(345). Deletion of both IRS-1 and IRS-2 in mouse livers renders the liver completely
unresponsive to insulin action leading to hyperglycemia by 5 weeks of age (76). Moreover,
liver-specific loss of IRS-1 and IRS-2 are glucose intolerant and fail to suppress hepatic
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glucose production in response to insulin (320). Once phosphorylated, IRS proteins recruit
and activate another class of proteins critical to insulin action, phosphatidylinositol-3-kinase
(PI13K), which subsequently phosphorylates phosphatidylinositol-4,5-biphosphate (PIP5) to
generate phosphatidylinositol-3,4,5-triphosphate (P1P3) (93, 106). The generation of these
second messenger phosphoinositols is necessary for the execution of further downstream
signaling, thus PI3K has a key role in mediating insulin action in all tissues including the
liver.

There are three classes of PI3K, classified by the substrates they phosphorylate, in which
class I is divided into class |5 and class Ig (46). Class 15 PI3K is activated via receptor
tyrosine kinases, such as insulin and insulin-like growth factor (IGF) stimulation, while
class Ig kinases are activated through G-protein coupled receptors (83). Insulin regulates
class I kinases, which consist of two subunits: p85 regulatory subunit and p110 catalytic
subunit (271). The p85a unit positively regulates the phosphatase and tensin homolog
(PTEN), an antagonist of the PI3K pathway (319). PTEN facilitates the dephosphorylation
of PIP3 to promote the conversion to PIP, thereby decreasing both the PIP3 pool and

AKT phosphorylation (318). Consistent with having a key role in liver insulin action,
hepatocyte-specific loss of PTEN results in hepatic steatosis, indicating that PIP3 generation,
downstream of insulin, promotes lipogenesis (130). Accordingly, PTEN deficiency improved
glucose tolerance in mice, confirming its role in glucose metabolism in addition to
regulating lipid metabolism (130). Mice lacking p110a specifically in hepatocytes have
impaired insulin-stimulated AKT phosphorylation and are resistant to diet-induced steatosis,
revealing the importance of PI3K catalytic subunit for insulin action (53, 300). Additionally,
there are four isoforms of PI3K: PI13Ka, PI3Kp, PI3K$, and PI3Ky (163), though most
insulin-responsive actions were found to be mediated through PI13Ka and PI3Kp redundant
activities (228).

Upon PIP3 generation, 3-phosphoinositide-dependent protein kinase-1 (PDK1) is recruited
leading to the phosphorylation of AKT, otherwise known as protein kinase B (PKB),
specifically at the Thr308 site (318). AKT is a central regulator for many cellular processes
including cell growth, survival, lipid synthesis, and glucose production. AKT serves as an
important node in the insulin signaling pathway, regulating a wide range of processes such
as glucose uptake, protein synthesis, and lipid metabolism (207). AKT phosphorylation

is often regarded as a molecular sensor for insulin stimulation. Although both IRS are
required for insulin-stimulated PDK1 phosphorylation of AKT1 at Thr308/Thr309 (AKT2),
phosphorylation of both Thr308/Thr309 and Ser473 (AKT1)/Ser474 (AKT2) is required for
maximal activity of AKT (Figure 1) (13, 76). While PDK1 phosphorylates AKT at Thr308/
Thr309, phosphorylation of Ser473/Ser474 is facilitated primarily by the mechanistic target
of rapamycin complex 2 (MTORC2) (Figure 1) (282). The Ser473/Ser474 phosphorylation
stabilizes Thr308/Thr309 phosphorylation, leading to the activation of AKT kinase ability
(351).

There are three main isoforms of AKT, from three different genes, AKT 1-3. Mice bearing
a whole-body deletion of AKT1 are growth retarded and have shorter lifespans, but these
mice do not develop a diabetic phenotype (56). Additionally, AKT1-deficient mice respond
normally to glucose and insulin, suggesting AKT1 is dispensable for glucose homeostasis,
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but critical for development and growth (59). Loss of AKT3 in mice does not affect
carbohydrate metabolism, but these mice present with smaller brain sizes than control

mice and other AKT isoform knockout models (79). This is consistent with the finding

that AKT3 is expressed most significantly in the brain and testes (352). However, mice
deficient of AKT2 have a significantly impaired ability to lower blood glucose in response to
insulin and display a diabetic-like phenotype (58). This is consistent with human mutations
reported in the AK72gene that result in severe insulin resistance and T2DM (100). Along
these lines, AKT2 inhibition in PTEN-deficient mice leads to the development of glucose
intolerance and hyperglycemia, indicating the importance of AKT2 activity downstream

of PTEN and PDK1 (123). Furthermore, deletion of AKT1&2 from mouse liver results

in a dramatic reduction in DNL as measured by gene expression and newly synthesized
palmitate, providing genetic evidence for its central role in DNL regulation (325).

Downstream of AKT lies the forkhead box protein O, FOXO, and transcription factors

that are key effectors of hepatic glucose and lipid regulation (Figure 1) (43). There are
three main hepatic isoforms of the FOXO transcription factors (FOXO1, FOX03, FOX04),
and all three are implicated in regulating cell growth and insulin-stimulated glucose and
lipid metabolism (118, 132). FOXO transcription factors are regulated by phosphorylation
events, which induce FOXO nuclear exclusion thus inhibiting transcriptional activity (4).
Expression of the FOXO1 isoform is dysregulated under conditions of insulin resistance,
implicating its key role in the pathogenesis of insulin resistance (16). AKT mediates

the phosphorylation and inhibition of FOXO1 at Thr32, Ser253, and Ser3125 to induce
FOXO1 association with 14-3-3 proteins and inactivation via exclusion from the nucleus
(43). FOXO1 activation promotes hyperglycemia in mice, emphasizing a role for FOXO1
activity in regulating glucose homeostasis (76). In IRS-deficient mice, hyperglycemia is
observed and attributed to the loss of AKT phosphorylation and unrestrained activity of
FOXOL1 (76). To define the consequences of constitutive nuclear localization and activation
of FOXO1, the Accili group developed a series of FOXO1 mutants, which are unable to

be posttranslationally modified at key serine, threonine, and lysine residues, preventing

its exclusion from the nucleus in response to AKT activation (231, 262). A constitutively
active FOXO1 mutation induces hypertriglyceridemia in mouse models, highlighting the
additional significance of the AKT-FOXO1 axis in maintaining lipid homeostasis under
normal physiological conditions (16). In mice, concomitant deletion of FOXO1 in an AKT-
deficient liver is not sufficient to drive DNL but interestingly completely restores insulin
sensitivity and glucose tolerance, suggesting there are other pathways downstream of AKT
that contribute to DNL (323).

In addition to the AKT-FOXO pathway, the AKT-TSC-mTORC1 (mechanistic target of
rapamycin complex 1) pathway is an essential axis in maintaining lipid homeostasis
(Figure 1) (207). mTORC1 is a nutrient-sensing, serine/threonine kinase complex that
regulates anabolic processes, such as promoting lipid synthesis, protein synthesis, and cell
growth (37, 275, 276). mTORC1 has three main components: mTOR, mLST8, and Raptor,
which distinguishes it from complex 2 that contains the Rictor protein (NTORC2) (74).
mTORC1 is activated by nutrients and amino acids via Rag proteins (157). However,
insulin-stimulated activation of mMTORC1 requires GTP-bound Rheb, which is tightly
regulated by the tuberous sclerosis complex (TSC) (279, 350). Structural studies reveal
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that lysosomal docking elements are required for mTORC1 activation (267). As such, TSC
localizes to the lysosome in nutrient-depleted conditions, preventing mTORC1’s lysosomal
localization and activation by Rheb, defining TSC as the negative regulator of mMTORC1
(220). In response to insulin stimulation, AKT phosphorylates tuberin (TSC 2), allowing
its dissociation from the lysosome and for Rheb activation of mTORCL1 (206). Therefore,
insulin signaling promotes mTORC1 activation via inhibition of TSC and subsequent
activation of Rheb.

In addition, a key homeostatic feedback loop exists between mTORCL1 and proximal insulin
signaling. Constitutive mTORC1 activation dampens phosphorylation of AKT, whereas
inhibition of MTORC1 using rapamycin, the well-known mTORC1 inhibitor, restores AKT
phosphorylation and downstream signaling (Figure 1) (205). Rapamycin was discovered
several decades ago from the soils of Easter Island (336). Rapamycin interacts with FK506
binding protein 12 kDa (FKBP12) that binds and allosterically inhibits mTORC1, and

not mMTORC2 (253, 281). Although mTORC1 activity is sensitive to rapamycin, mTORC2
kinase activity is not acutely affected by rapamycin treatment. Prolonged treatment with
high concentrations of rapamycin can affect mTORC?2 activity and subsequently, AKT
phosphorylation (283). Chronic treatment of rapamycin leads to insulin resistance and
glucose intolerance, of which are mediated by mTORC2 (175). However, not all mMTORC1
targets are sensitive to rapamycin, but most are sensitive to active site mTOR inhibitors like
Torinl (135).

mTORCL is required but not sufficient for the induction of DNL, a topic fully discussed
later in this article (189, 325, 338, 354). In addition to its role in lipid metabolism,
mTORC1 directly promotes anabolic processes, such as protein synthesis, through the
phosphorylation of the eukaryotic translation initiation factor 4E (elF4E)-binding protein

1 (4EBP1) to promote cap-dependent translation (45). mMTORC1 also coordinates translation
through its phosphorylation and activation of ribosomal S6 kinase 1 (S6K1), which
phosphorylates ribosomal S6 protein, machinery required for protein translation (202).
Phosphorylation status of S6K and S6 protein are regularly used as direct read-outs of
mTORC1 activity. Interestingly, inhibition of S6 kinase does not block the induction

of lipogenic program in response to insulin, suggesting that there are other pathways
downstream of MTORC1 that regulate DNL gene programming (189). Not only does
mTORC1 promote cell proliferation through protein translation mechanisms, but it also
negatively regulates catabolism through inhibition of autophagy and ketogenesis (176, 289).
Autophagy promotes the degradation and recycling of cellular machinery, which is inhibited
by mTORC1-dependent phosphorylation of ULK1 complex (99). Likewise, ketogenesis is
essential for the generation of substrates, including acetyl CoA under fasting and nutrient-
limited conditions, a process stimulated upon mMTORC1 inhibition (63, 289).

Insulin Induces Hepatic De Novo Lipogenesis

Insulin regulates hepatic lipid metabolism by balancing lipid synthesis with breakdown of
hepatic TAG stores (Figure 2). Lipogenesis is decreased in LIRKO mice in response to
high carbohydrate diet refeeding, indicating the requirement of insulin for hepatic lipid
synthesis (116). Genetic deletion of AKT from mouse liver results in a dramatic reduction
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in postprandial DNL, demonstrating a requirement of AKT for insulin-stimulated induction
of DNL (325). Moreover, ectopic activation of AKT in cells causes an increase in cell size
due to increased glucose uptake and accumulation of fatty acids (258). Along these lines,
adenoviral delivery of a constitutively active myristoylated AKT (myr-AKT) is sufficient to
stimulate DNL in the absence of insulin stimulation (354). Therefore, AKT serves as an
important nexus point for hepatic insulin signaling and the control of liver lipid metabolism,
as it is required and sufficient for the stimulation of DNL. In the next section, we discuss the
lipogenic genes and their regulation by insulin signaling.

Hepatic lipogenic gene program

Sterol regulatory element binding proteins (SREBPs) are a family of membrane-bound
proteins that regulate transcription of genes involved in cholesterol uptake and lipid
synthesis (Figure 3) (278). SREBPs are activated by binding of the SREBP cleavage-
activating protein (SCAP), causing a conformational change in SCAP to initiate site-1
cleavage of SREBP, which allows their translocation to the nucleus (Figure 4) (36, 40,
278). Once in the nucleus, SREBPs bind to sterol regulatory elements and activate the
transcription of genes promoting cholesterol uptake and fatty acid synthesis (Figure 3)
(278). There are three isoforms of SREBP: SREBP-1a, SREBP-1c, and SREBP2. In the
liver, SREBP-1c is the predominant isoform, where SREBP-1a and SREBP2 are expressed
in lower amounts. SREBP-1a is a splice variant of SREBP-1 and has a minor role

in activating transcription of cholesterol and lipogenic genes (292). On the other hand,
SREBP-1c is required for lipid synthesis, as observed in dominant-negative studies in
cultured hepatocytes (95). Both SREBP-1a and SREBP-1c are repressed in fasting states
and induced by refeeding (221). Notably, deletion of liver IRs abolishes the feeding-induced
expression of Srebp-1aand Srebp-1c (gene name Srebfl) (221). Furthermore, LIRKO mice
fail to accumulate nuclear SREPBP-1c, suggesting the necessity of insulin for SREBP-1c
activation and subsequent initiation of lipogenesis (116). Thereby, upon refeeding, insulin
stimulates the transcription of SREBP-1c to stimulate DNL, while glucagon suppresses its
expression (95).

Many studies described below utilize the leptin-deficient mouse model, termed ob/0b
mouse (Lep°?0P) (78). These mice lack the gene encoding leptin, a neuroendocrine
starvation signal (9, 92). These mice are often applied for studies examining the effects

of insulin resistance, obesity, and fatty liver disease. Whole-body loss of SREBP-1 prevents
hepatic steatosis in Lep®”?% mice indicating that SREBP-1 proteins are required for TAG
accumulation in the liver (349). In primary rat hepatocytes, Foretz et al. found that

insulin stimulation enhances the transcription of SREBP-1c (95). Insulin increases the
posttranslational processing of SREBP-1c through mTORC1 via S6K (245). Moreover,
primary rat hepatocytes from streptozotocin (STZ)-treated, type 1 diabetic rats, have reduced
basal transcription of lipogenic genes (293). Insulin stimulation of the isolated STZ-treated
rat hepatocytes results in an increase in Srebp-1c mRNA, selectively, consistent with the
notion that insulin stimulates lipid synthesis in the liver (293). Furthermore, gene expression
and protein expression of active SREBP-1c is significantly downregulated in LIRKO mice,
further suggesting insulin is the main regulator of SREBP-1c protein activation (29, 116).
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SREBP-cleavage activating protein (SCAP) is the enzyme responsible for cleavage of
SREBP-1 and SRBEP-2, releasing them from the membrane of the Golgi, and allowing for
their nuclear translocation (Figure 4) (136). Indeed, loss of SCAP in the liver results in an
80% decrease in fatty acid synthesis, along with a reduction in cholesterol synthesis (216).
Furthermore, SCAP is a sterol sensor, such that sterols suppress SCAP-mediated activation
of SREBPs (110). A D443N mutation in SCAP renders it resistant to sterol suppression
leading to constitutive SREBP cleavage and activation, revealing a mechanism in which
SCAP and SREBPs are regulated by sterol (136, 166).

Insig proteins are important regulators of lipid synthesis. Insig-1 and Insig-2 can bind SCAP,
preventing the SCAP-dependent cleavage of SREBPs and its subsequent translocation

to the nucleus (Figure 4) (347). Insig-1 expression is regulated by SREBPs, whereas

Insig-2 is not (347). It is well-known that insulin stimulates processing of SREBP-1c,

and this is associated with a downregulation of Insig-2a transcription (348). However,
knockdown of Insig-2 in LIRKO mice only modestly increases nuclear SREBP-1c,
suggesting that insulin regulates SREBP-1c processing through additional mechanisms
other than Insig-2 transcriptional regulation (116). Posttranscriptionally, insulin additionally
regulates SREBP-1c in part through the depletion of Insig-2a protein, via decay of

InsigZa mRNA (355). Downstream of insulin, inhibition of hepatic TSC, which leads to
constitutive activation of mTORCL, results in increased expression of /nsigZa and protein,
but reduced expression of /nsig1 (354). siRNA-mediated knockdown of /nsigZa restores
SrebpIcexpression in L-TSC-KO hepatocytes (354). Furthermore, ectopic activation of
AKT, via myr-AKT expression, in TSC-deficient hepatocytes rescues the suppression of
Insig2a (354). Therefore, AKT signaling is required for suppression of /nsigZ2a.

Liver X receptors (LXR) are nuclear receptors that are highly expressed in the liver and
have an important role in maintaining lipid homeostasis (343). LXR agonists, such as dietary
cholesterol as well as synthetic agonists, increases mRNA expression of SrebpIcvia an
LXR-binding site (266). Although activation leads to upregulation of SrebpIc transcription,
LXR activation alone does not sufficiently lead to cleavage of SREBP-1c protein (124).
Although, activation of SREBP-1c occurs upon acute insulin stimulation, LXR activation
fails to rescue lipogenesis in LIRKO mice, consistent with other studies that indicate insulin
is required for activation of SREBP-1c (29, 124). Tian et al. uncovered the mechanism in
which LXRa and C/EBP form a complex that binds to SrebpIc promoter region to induce
transcription upon insulin stimulation (322). Furthermore, deletion of both LXR isoforms
(a and B) in mice impairs induction of SREBP-1c lipogenic targets by 75%, thus LXR
activation has a key role in activation of lipogenesis (266).

Carbohydrate-responsive element-binding protein (ChREBP) is a glucose metabolizing and
lipid synthesis promoting transcription factor that responds to changes in carbohydrate
levels. In particular, ChREBP contains a low-glucose inhibitory domain (LID) that

renders it inactive when glucose concentrations are low (330). ChREBP induction occurs
independently of insulin, as determined by unchanged Chrebp (gene name Mixip) mMRNA
expression in LIRKO mice (116). However, ChREBP activation nuclear translocation are
blunted in LIRKO mice, likely due to the decreased expression of glucokinase and reduced
generation of glucose-6-phosphate in the absence of insulin signaling (116). ChREBP-
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deficient mice have decreased lipogenesis as well as reduced expression of ACC, ACLY,

and FASN, but unchanged levels of SREBP-1c, suggesting that ChREBP and SREBP
proteins are both required for the regulation of lipid synthesis genes (137). In ob/ob mice,
ChREBP mRNA and nuclear protein are upregulated (71). Ob/ob mice lacking ChREBP, via
adenovirus-mediated ShRNA or congenital deletion, have improved glucose tolerance and
improved hepatic steatosis due to decreased hepatic fatty acid synthesis and plasma TAG, as
compared to ob/+ controls (71, 138). Overall, ChREBP is an essential transcription factor
coordinating the regulation of lipid synthesis in response to carbohydrates. Together, these
transcription factors coordinate DNL gene expression to respond to the liver’s metabolic
demands.

Lipid synthesis requires the production of acetyl-CoA, the main substrate composing

lipids (Figure 3). Therefore, an important regulator of DNL is the ATP-citrate lyase
(ACLY) enzyme, which catalyzes the synthesis of acetyl-CoA and oxaloacetate from
citrate transported into the cytosol from the TCA cycle in the mitochondria (Figure 3)
(304). Following feeding, Acly transcription is stimulated (82, 96). Additionally, the ACLY
promoter contains a sterol response element (SRE), indicating its transcription is regulated
by SREBP-1 (Figure 3) (284). Posttranscriptionally, ACLY enzymatic activity is regulated
via phosphorylation, specifically, phosphorylation at Ser454 activates the enzyme (259).
mTORC2-AKT signaling is recognized as the primary pathway for the phosphorylation

of ACLY at Ser454 in primary rat hepatocytes and adipocytes (14, 28). Additionally,
acetylation is suggested to promote ACLY protein stability, and this modification is
implicated in NAFLD. ACLY acetylation at Lys540, Lys546, and Lys554 are detected

at higher levels in NAFLD, promoting ACLY stability and DNL (114). Whole-body
knockout of Aclyis embryonically lethal, revealing that ACLY-dependent lipid synthesis is
essential for development (26). Deletion of liver ACLY in genetically obese mice improves
hepatic steatosis via inhibition of DNL (340). Cultured ACLY-deficient mouse embryonic
fibroblasts have impaired viability due to a lack of acetyl-CoA pools, a phenotype that

is rescued by acetate supplementation to replenish acetyl-CoA (361). The significance

of ACLY in DNL and glucose metabolism makes the enzyme an attractive target for
reducing lipid synthesis. Thus, many groups aimed to identify potential inhibitors of ACLY.
Hydroxycitrate is a competitive inhibitor of ACLY that is known to inhibit enzymatic
activity and suppress DNL /n vivo (314). Bempedoic acid directly inhibits ACLY to

block fatty acid synthesis, ultimately leading to the upregulation of low-density lipoprotein
(LDL) receptors, decreasing circulating LDL-cholesterol, and attenuating atherosclerosis
(255, 256). Recently, the FDA approved the ACLY inhibitor, bempedoic acid (Nexetol), for
the treatment of heterozygous familial hypercholesterolemia (FH) and atherosclerotic CVD
(210).

Following the production of acetyl-CoA from citrate, acetyl coenzyme A carboxylase (ACC)
is the first major enzyme involved in lipid synthesis (101). ACC catalyzes the carboxylation
of acetyl-CoA to generate malonyl-CoA that is shuttled within the mitochondria to FASN
for further processing (159). In the liver, insulin and refeeding promote the transcription

of ACC (gene name Acaca) (151). Two isozymes of ACC are present in mammals,

ACC1, which is present in the cytosol, and ACC2, which is located at the mitochondrial
membrane (101, 102). The production of malonyl-CoA generated by either ACC1 or ACC2
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has distinct roles, respective of the compartments they are produced in. There are two
isoforms of cytosolic ACC1, ACC-a, and ACC-B, where ACC-a is the rate-limiting enzyme
in long-chain fatty acid synthesis (121). ACC-a is regulated posttranslationally, being
activated through a series of phosphorylation events (159). Whole-body deletion of ACC1

in mice is embryonically lethal, providing evidence for the importance of ACC1-derived
malonyl-CoA for embryonic development (3, 121). Multiple groups have studied the effects
of liver-specific deletion of ACC1 (L-ACC1-KO). Some report that L-ACC1-KO has no
significant effect on hepatic DNL, which is attributed to the compensatory increase of ACC2
mMRNA and protein expression (121), while other groups report L-ACC1-KO decreases
DNL and is protective of hepatic steatosis (208). ACC2 is the mitochondria-anchored
isozyme of the ACC enzyme, which regulates the production of malonyl-CoA at the
mitochondrial membrane, potently regulating the influx of fatty acids into the mitochondria
for B-oxidation (3). It is well-known that malonyl-CoA is a negative regulator of FAO,

due to the allosteric inhibition of the carnitine palmitoyltransferase 1 (CPT1) shuttle that
regulates the transferring of long-chain acyl-CoAs into the mitochondria for oxidation (218).
Deletion of ACC2 in mice results in fewer hepatic TAG accumulation and improved glucose
metabolism due to the unrestrained FAO in the mitochondria (3, 299). On the other hand,

a study from Olson et al. detected very little changes in lipid metabolism following ACC2
deletion (240). Based on the role of ACC and its product, malonyl-CoA, as a critical
regulator balancing synthesis and breakdown of lipids, many pharmaceutical companies
target ACC1 and ACC2 for the treatment of NAFLD. Pharmacological inhibition of both
hepatic ACC1 and ACC2 lowered hepatic TAG by inhibiting DNL and increasing FAO but
ultimately led to hypertriglyceridemia from increased VLDL-TAG export and SREBP-1c
activation (156, 299).

Fatty acid synthase (FASN) is the second enzyme in the pathway contributing to lipogenesis,
thereby it catalyzes the production of palmitate from acetyl-CoA and malonyl-CoA (337).
Insulin stimulates transcription of Fasnin a PI3K-AKT-dependent manner (339). Deletion
of FASN in the liver reduces DNL and increases malonyl-CoA pools in the cytosol, due

to the lack of flux through palmitate synthesis (50). As another key enzyme in DNL,
inhibitors of FASN are currently being tested for their therapeutic efficacy in reversing
hepatic steatosis. A selective and reversible FASN inhibitor, TVB-2640, has shown strong
potential for reducing DNL in human studies, with minor hair loss side effects (317).

Stearoyl-CoA desaturase 1 (SCD1) is the membrane-bound rate-limiting enzyme in the
conversion of saturated fatty acids to monounsaturated fatty acyl-CoAs, which is used in

the production of TAG, amongst other fats (115). Upon refeeding of a high carbohydrate
diet, ScdZ expression is substantially increased in mice, suggesting nutrients may regulate
expression of the desaturase (147, 235). Additionally, insulin stimulates ScdZ mMRNA
expression through the interaction of an insulin-responsive element and this mechanism

is dependent on PI3K and mTORC1 activation (217). Correlating with decreased SREBP-1c,
expression of lipogenic genes is decreased in LIRKO mice, such as Scd and Fasn (29).
Loss of SCD1 activity enhances liver AKT phosphorylation and improves glucose tolerance
in diet-induced insulin resistance (115).
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Interplay of carbohydrates and lipid synthesis

One of the main roles of the liver is to maintain consistent blood glucose levels between
fluctuating periods of nutrient deprivation and abundance. Since dietary sugar intake
correlates with lipogenesis in adults; it is important to understand the metabolic link
between carbohydrate metabolism and lipogenesis (Figure 3) (248). Glucokinase (GCK)

is the predominant glucose sensor in the liver and is activated when blood glucose rises,
driving an increase in glucose utilization. GCK is a hexokinase in the liver that catalyzes the
phosphorylation of glucose to generate glucose-6-phosphate (G6P), either to be consumed
for energy or stored as glycogen or TAGs (213). Hepatic GCK activity is tightly regulated
to the nutritional status of the liver, particularly regarding glucose homeostasis. First, Gck
transcription requires stimulation by insulin, denoting an increase in blood glucose levels
(142). Second, glucose induces a structural shift in GCK into a more active conformation,
making the protein more active as glucose concentrations increase (126). Lastly, when
glucose concentrations are low (e.g., during extended fasting), GCK is sequestered in

the nucleus by the liver-specific protein, glucokinase regulatory protein (GKRP) (332).
GKRP inactivates GCK, allowing the liver to shift from glucose uptake to hepatic glucose
production to meet the systemic metabolic demands of the body (73). When glucose levels
rise, this pool of GCK can be quickly released back into the cytoplasm, allowing the liver
to switch swiftly back to glucose uptake. Along with glucose, other carbohydrates, such as
fructose-1-phosphate (F1P), break the GCK-GKRP interaction, signaling to the liver that

a mixed carbohydrate meal has been consumed (73, 334). Fructose is processed in cells

by ketohexokinase (KHK) to generate F1P (125). Whereas, when glucose is processed
through glycolysis, fructose-6-phosphate (F6P) is generated, and F6P interacts with GKRP,
promoting its association with GCK, and inhibiting GCK kinase activity (333). Therefore,
F6P presence acts as an inhibitor of GCK activity, but the generation of F1P promotes

its activation. Thereby, fructose feeding potently activates lipogenic pathways, such that
fructose feeding partially rescues hepatic lipogenesis in the absence of insulin signaling in
the liver (116). Together, these regulatory mechanisms help ensure that the liver can respond
quickly and efficiently to the body’s constantly fluctuating blood glucose levels.

Insulin activates hepatic Gck transcription, via AKT signaling (141, 197, 242). Deletion

of AKT1 and AKTZ2 in the liver eliminates liver GCK mRNA and protein expression

in mice (197). Conversely, mice expressing the constitutively active myr-AKT display a
marked increase in Gck gene expression (242). AKT promotes Gek expression in part via
suppression of FOXO, a negative regulator of Gck. Hepatocyte-specific deletion of FOXO1
in AKT-deficient mice partially restores GCK expression, glycemia, and insulin sensitivity
(323, 325). Similarly, loss of the three FOXO isoforms expressed in the liver FOXO1, 3,
and 4) blocked the decrease in GCK expression during fasting (118). GCK re-expression in
AKT-deficient livers improves glycemia and increases insulin sensitivity (325). Therefore,
Gck expression is regulated by AKT in part via FOXO-dependent mechanisms.

SREBP-1c is commonly considered to be a major regulator of hepatic Gek transcription.
Expression of a dominant negative form of SREBP-1c blocked insulin-stimulated Gck
expression in rat primary hepatocytes, whereas expression of an active form of SREBP-1c
increased expression of Gek independently of insulin stimulation (94). However, other
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studies demonstrate that SREBP-1c inhibition in mice is not sufficient to suppress insulin-
mediated or AKT-mediated induction of Gck, suggesting SREPB-1c alone is not sufficient
for Gek expression (193, 242). Additional data demonstrate that several other factors, such
as ChREBP, LXR, hypoxia-induced factor 1 (HIF1), hepatic nuclear factor 4 (HNF4), and
peroxisome proliferator-activated receptor gamma (PPAR-7y) also have roles in the insulin-
dependent induction of GCK (161, 270).

The significant role of GCK in maintaining hepatic glucose homeostasis has made it an
appealing target for pharmaceutical companies to develop drugs to lower blood glucose
levels in diabetic patients (214). However, because of the role of GCK in other tissues,
namely its role as the glucose sensor controlling insulin secretion in the pancreatic p-

cell, global activation of GCK leads to hyperinsulinemia, resulting in potentially severe
hypoglycemia (232). As such, companies have aimed to develop liver-specific GCK
activators to promote glucose uptake while minimizing the effects on insulin secretion from
the B-cell (20, 25). Many of the liver-specific GCK activators improved blood glucose levels;
however, the majority have failed clinical trials due to adverse side effects, which typically
include increased blood lipid levels and/or fatty liver, suggesting that prolonged and chronic
activation of hepatic GCK adversely affects hepatic lipid metabolism (69, 84). These
findings are complemented by the identification of several single-nucleotide polymorphisms
(SNP) in GKRP, the protein that inhibits and sequesters GCK during fasting, that strongly
associate with lower fasting glucose and insulin resistance coupled with increased blood and
liver TAGs (243, 296). Together, these data suggest that GCK activity promotes lipogenesis
in the liver and that inappropriate timing of GCK activation may lead to increased lipid
synthesis.

The mechanisms by which glucose and GCK contribute to lipid metabolism are still ill-
defined. The predominant mechanism is presumed to be through controlling glycolytic flux
of G6P into acetyl-CoA, the building block of fatty acids in DNL (214, 236, 252). However,
recent liver-specific GCK activators have challenged this hypothesis, as they are capable of
decreasing blood glucose without such an effect on hepatic lipid metabolism (335). This
suggests that increased hepatic glucose flux per se, due to activated GCK, is not sufficient
to drive hepatic lipid metabolism. In addition to metabolic flux, glucose can play other roles
in the regulation of DNL (196, 335). Like SREBP, ChREBP promotes the expression of
many genes involved in DNL, as previously described. ChREBP is activated by G6P and
migrates to the nucleus where it activates the lipogenic gene program. Mice with ChREBP
deleted in the liver show reduced glycolytic and lipogenic gene expression following a high-
carbohydrate diet (196). Further, restoring SREBP-1c signaling in a liver-specific ChREBP
knockout mouse partially restored expression of lipogenic gene expression without affecting
glycolytic gene expression. Conversely, when SREBP is inactivated by deletion of SCAP,
ChREBRP is insufficient to restore lipogenic gene expression (196). Altogether, these data
indicate that, /77 vivo, SREBP is sufficient to regulate lipogenesis while ChREBP is not.
Therefore, even though it is known that glucose can regulate DNL via activation of ChREBP,
whether this activity is responsible for the increased TAG levels observed when GCK is
inappropriately activated is still to be determined.
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Another mechanism by which glucose has been proposed to regulate lipogenesis is through
LXR modulation. Glucose and G6P are proposed to be direct activators of LXR, which

in turn would lead to the activation of SREBP-1c to promote the expression of lipid

and cholesterol synthesis genes (226). However, these data are not consistent with LXR
ligand binding favoring small hydrophobic compounds (177, 226). Moreover, this study is
controversial as it was not able to be reproduced by others (70, 113). In a separate study,
Grgnning-Wang’s group proposed a glucose-mediated posttranslational regulation of LXR
(17). In response to glucose, LXRs undergo O-linked p-A-acetylglucosamine (O-GIcNAC)
and act as a glucose- O-GIcNAc sensor, enhancing SrebpIctranscription via upregulation of
GCK, upstream of ChREBP (17, 30).

In addition to glucose, another carbohydrate with an increasingly important role in
regulating lipogenesis is fructose. Studies have shown that fructose consumption, and not
glucose consumption, led to a potent stimulation in DNL and decreased insulin sensitivity
(85, 305). Further, fructose consumption is associated with a more severe development

of fibrosis in patients with NAFLD (1). It is necessary to consider the role of fructose

in lipogenesis given its increasing presence in human consumption. From 1978 to 2004,
fructose consumption in the United States, measured as a percentage of total energy

intake, increased from 8.1% to 9.1% (204). Unlike glucose, very little fructose makes it

to systemic circulation, being primarily absorbed by the intestine and liver (321). Until
recently, the liver was believed to be the main site of fructose clearance, but isotope-tracing
experiments with 13C-labeled fructose in mice found that most of the fructose is cleared by
the intestines while any excess passes through the portal vein and is taken up by the liver
(146, 360). Unlike glucose, circulating fructose does not trigger insulin secretion and hepatic
fructose uptake occurs largely independently of insulin (64). Upon uptake by the liver,
fructose is phosphorylated by the fructokinase, KHK, into F1P (7, 125). Fructose is broken
down into acetyl-CoA via a similar pathway to glycolysis but bypasses several of the rate-
controlling enzymes of glycolysis, including GCK and phosphofructokinase. Fructokinase
can phosphorylate fructose at a rate 10 times faster than GCK can phosphorylate glucose,
allowing fructose a faster rate of entry into further metabolic pathways (298). Without these
regulatory steps that glucose metabolism requires, fructose can proceed more readily, and
studies have demonstrated that consuming fructose resulted in larger amounts of circulating
lactate than glucose (81).

Despite fructose metabolism itself being largely insulin independent, fructose regulates
many facets of the insulin-dependent arms of DNL. A high fructose diet can partially
stimulate SREBP-1c expression and activity in LIRKO mice, demonstrating that fructose
is sufficient to induce lipogenesis, but insulin is still required for a maximal effect (116).
Additionally, F1P is a potent activator of GCK, promoting the dissociation of GCK from
its regulatory protein, GKRP, and thus stimulating glucose phosphorylation and activation
of ChREBP (8, 251). Fructose, itself, is also a potent activator of ChREBP and mice on a
high fructose diet demonstrate a higher increase in ChREBP than mice on a high dextrose
diet. In addition, ChREBP is required for fructose to exert its effects on hepatic gene
expression (160). One of its gene targets encodes FGF21, a protein thought to regulate
glucose tolerance and FAO in the liver (21, 209). Knockdown of hepatic FGF21 causes
hepatic steatosis and a reduction in serum ketones in mice fed a ketogenic diet (22). Fructose
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promotes FGF21 expression and secretion in a manner completely dependent on ChREBP,
as deletion of ChREBP eliminates fructose-stimulated FGF21 secretion (91). Taken together,
carbohydrates provide more than just the fuel for lipid synthesis and regulate many aspects
of DNL in the liver, including gene expression.

Insulin control of lipogenic gene expression

Acute loss of liver IR results in reduced expression of the lipogenic genes SrebpIcand Fasn,
highlighting the importance of insulin signaling for postprandial induction of DNL (116).
Downstream of insulin, AKT is required to stimulate lipogenesis. Inhibition of hepatic

AKT activity leads to a significant reduction in DNL and lipogenic gene expression (325).
Treatment of primary rat hepatocytes with a specific AKT inhibitor, AKTi-1/2, blocked

the induction of insulin-stimulated SREBP-1c, indicating that insulin increases SREBP-1c
through AKT (189). Loss of AKT2 in ob/0b mice or high fat diet-fed (HFD) mice prevents
hepatic TAG accumulation, and subsequently leads to reduced body and liver weight in both
models (179). Consistent with insulin action on driving lipogenesis, loss of PTEN in the
liver induces SREBP-1c, as PTEN deficiency leads to PIPz accumulation (130). Thus, PTEN
deficiency in hepatocytes drives DNL through promotion of lipid genes, Fasnand Acc (130).
However, simultaneous deletion of PTEN and AKT2 reduced lipogenic gene expression to
similar levels of the control, including ScdZ (123). In contrast, constitutive activation of
AKT led to increased glucose uptake and accumulation of hepatic TAGs (242). Therefore,
AKT is both required and sufficient to stimulate SREBP-1c and DNL.

AKT-dependent activation of SREBP1 is blunted by rapamycin treatment, indicating

that mMTORC1 is additionally required for SREBP1 activation and lipogenesis (258).
Accordingly, pretreatment of isolated hepatocytes with rapamycin suppressed the ability of
insulin to stimulate SrebpIcand Fasn, which subsequently inhibited DNL (189). Therefore,
AKT and mTORC1 activation are required for insulin-stimulated induction of SREBP-1c
and DNL. To define the effects of constitutive mMTORC1 activation, several studies utilize the
liver-specific knockout of TSC, leading to destabilization of the TSC complex and mTORC1
activation. Interestingly, loss of TSC in the liver protected mice from age-induced and

high fat diet-induced hepatic steatosis as compared to floxed controls (354). The improved
hepatic steatosis from TSC deficiency is, in part, a result of modulation in DNL, FAO,

and VLDL secretion. In terms of hepatic lipogenic gene expression, SrebpIc, Fasn, and
Scd1 are reduced, accompanied by a decrease in the ratio of active SREBP-1c to full-length
protein (354). Interestingly, S6K inhibition in the hepatocytes did not block the induction

of Srebp-1c mRNA in response to insulin but did impair insulin-stimulated processing and
activation of SREBP-1c, suggesting that downstream of mMTORC1, S6K regulates DNL at
the protein expression level (189, 245). In livers deficient of AKT activity, constitutive
mTORC1 activation fails to induce lipogenic genes Srebplcand Fasn, and DNL (325).
Taken together, mTORCL1 is required but not sufficient to stimulate DNL downstream of
hepatic insulin signaling.

Activation of hepatic AKT is regulated in part via a negative feedback loop from mTORC1
activity (145, 153, 264, 354). Though the mechanisms in which AKT activity is inhibited
by mTORCL1 are still unclear and may occur at multiple levels in the signaling cascade,
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it is clear that disruption of TSC negatively impacts insulin-stimulated PI3K and AKT
activation. Initial observations demonstrated that TSC1-TSC2 deficiency results in decreased
activation of the IRS proteins, causing a defect in insulin-mediated activation of PI3K and
AKT (327). However, other groups describe a mechanism through mTORC1 and S6K in

the regulation of IRS in both mRNA transcription and in protein activation and turnover
(122, 290). TSC-deficient cells were found to have depleted IRS-1 mRNA, an effect that is
reversed by treatment with rapamycin, which inhibits unrestrained mTORCL activation (122,
290). These effects of TSC deletion are attributed to the enhanced activation of S6K, as
RNA knockdown of S6K1 and S6K2 restores IRS-1 mRNA levels (122). Nonetheless, mice
with constitutive mTORC1 activity in the liver, via TSC1 deletion, display decreased AKT
phosphorylation and subsequently decreased phosphorylation of FOXO1 (329, 354). Due

to decreased phosphorylation and inhibition of FOXO1, TSC-deficient mice have increased
gluconeogenic genes, Pepck and /gfbp, both targets of FOXO1 (354). Expression of an
active AKT isoform in hepatocytes with unrestrained mTORC1 activity rescued the defect in
lipogenesis (354). Thus, AKT is required for the induction of lipogenesis, in addition to its
regulation of the mTORC1 signaling pathway. Moreover, AKT signals through FOXO1,
independent of MTORC1, to regulate lipid synthesis (118). Interestingly, simultaneous
deletion of FOXO1 and TSC1 from livers lacking AKT completely restored lipogenesis

in vivo, independent of increased /nsig2a expression, indicating that the AKT-FOXO1
signaling axis may additionally regulate DNL (325).

Insulin Regulates Hepatic Triglyceride Content

Triglycerides, or triacylglycerol (TAG), are neutral lipids utilized as storage forms for

fatty acids (FA). TAG are composed of a glycerol backbone and three fatty acyl chains.
Aside from de novo synthesis of TAG by the liver, dietary TAGs are packaged in
chylomicrons and released into circulation for uptake by metabolic tissues (Figure 2). The
liver facilitates the synthesis of TAG from free fatty acids (FFA), as well as the export of
packaged TAG to be taken up by peripheral tissues. In the liver, insulin stimulates TAG
synthesis (326, 358). Dysregulation of insulin-regulated TAG pathways is implicated in

the pathophysiology of metabolic diseases, such as in NAFLD, of which insulin resistance
is highly correlative. A hallmark feature of NAFLD is the accumulation of TAG in the
liver, which is hypothesized to cause lipotoxicity and further progression of NAFLD (68).
Additionally, hyperinsulinemia, through chronic insulin infusion, accelerates TAG turnover
(309). Further, the rate of TAG secretion from the liver is decreased in mice with loss-of-
function IRs, as measured by injection of a lipase-inhibiting detergent, which suggests that
insulin regulates TAG secretion from the liver (29). Therefore, the synthesis, clearance, and
degradation of TAG are essential for maintaining hepatic lipid homeostasis.

Fatty acid esterification and triglyceride synthesis

During periods of fasting, TAGs are broken down from adipose tissue and released into
circulation as FFA. FFA are taken up by hepatocytes, diffusing freely via membrane-
associate proteins, including FA-binding protein (FABP-pm) and FA-translocase (FAT)
(294, 313). In humans TAG synthesis is mainly fueled by circulating FA, which highlights
the impact of FA uptake in the contribution toward hepatic steatosis in NAFLD (77).
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Interestingly, FAT and FABP-pm mRNA expression are upregulated in genetically obese
ob/ob mice (219). However, in primary hepatocytes from LIRKO mice, cells retain normal
FFA uptake, normal rates of FAO, and normal fasting hepatic TAG levels, suggesting
other factors may regulate FA uptake and TAG synthesis in addition to insulin (116).
Amongst FAT and FABP-pm, another family of proteins involved in trafficking exists,
named FA-transport proteins (FATP) (285). Though there are six isoforms of FATP involved
in long-chain fatty acid activation for uptake and re-esterification, only FATP2 and FATP5
are detected in the liver (75, 86). Knockdown of FATP2 in the murine liver caused an
approximately 40% reduction in long-chain FA uptake, and an overexpression of FATP2 in
immortalized HepG2 cells reciprocally increased FA uptake (86, 168). Deletion of FATP5
led to a reduction in long-chain FA uptake and hepatic TAG content (75). Taken together,
FATPs have a significant role in FA uptake in the liver.

Upon being taken up by hepatocytes, FA must be activated for further processing and
utilization. Long-chain FA undergo thioesterification to form fatty acyl-CoA, facilitated by
the long-chain acyl-CoA synthetases (ACSLs). There are five members of the mammalian
ACSL family, ACSL1, ACSL3, ACSL4, ACSL5, and ACSL6 (211). The ACSL isoforms
vary in terms of their localization and substrate preference, which aligns with their
individually distinct functions in regulating FA fates (158, 184, 331). ACSL1 interacts

with the outer mitochondrial membrane and carnitine palmitoyltransferase 1 (CPT1) and

is a target of peroxisome proliferator-activated factor a (PPARa) in rat livers (180, 287).
Deletion of ACSL1 from mouse livers led to a reduction in the oxidation of FA but did

not affect total hepatic TAG levels (187). Interestingly, overexpression of ACSL1 in rat
hepatocytes does not increase TAG either (188). The ACSL3 isoform is upregulated in ob/0b
mice and knockdown of ACSL3 reduces expression of DNL genes (44). ACSLS5 is the only
isoform found associated with the mitochondria, suggesting it may have a role in regulating
FAO (184). However, overexpression of ACSL5 in cells increases FA uptake and flux

into TAG synthesis (212). Additionally, ACSL5 mRNA expression is induced upon insulin
stimulation and SREBP-1c activation, suggesting this isoform contributes to the anabolic FA
uptake cascade (6).

After the generation of long-chain acyl-CoAs, TAG synthesis primarily occurs through

the glycerol-3-phosphate (G3P) pathway. G3P acyltransferase (GPAT) enzymes control the
esterification of acyl-CoA chains to G3P, producing lysophosphatidic acid (LPA), which

is then acylated to phosphatidic acid. Phosphatidic acid is further converted to cytidine
diphosphate diacylglycerol (CDP-DAG) or diacylglycerol (DAG) (154). There are multiple
fates of DAG, one of which is the acylation by DAG acyltransferase (DGAT) to produce
TAG (60). There are two named DGAT enzymes, DGAT1 and DGAT2. DGAT1 deficiency
does not significantly affect TAG metabolism (54). However, whole-body deletion of
DGAT?2 reveals a requirement of DGAT2 for survival and TAG synthesis (312). Therefore,
DGAT2 is an essential DGAT that is responsible for the majority of hepatic TAG synthesis.
DGAT2 is an integral endoplasmic reticulum (ER) membrane protein, where it resides to
facilitate TAG synthesis (311). Antisense oligonucleotide (ASO) silencing of DGAT2 in
diet-induced obese and genetically obese ob/0b mice results in a decrease in hepatic TAG
content (357). Reduction in hepatic TAG corresponds to a decrease in TAG synthesis and
simultaneous increase in FAO (357). Shulman and coworkers demonstrate a mechanism
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by which DGAT silencing prevents TAG synthesis, increases DAG levels, and prevents
activation of protein kinase C epsilon (PKCe), which suppresses DNL and increases
oxidation (57). Indeed, a liver-specific deletion of DGAT?2 prevents diet-induced hepatic
steatosis, in which hepatic TAG was approximately 70% lower than DIO controls (107).

Insulin facilitates hepatic triglyceride export

Insulin-regulated liver secretion of TAG occurs via very low-density lipoproteins (VLDL),
and this step is essential for maintaining systemic lipid homeostasis. Blockade of VLDL-
TAG secretion causes hepatic steatosis, demonstrating the importance of TAG secretion

for lipid homeostasis (225). In healthy males, hyperinsulinemia suppresses VLDL-TAG
production as well as reduces circulating FFAs (185). Elevated FFA levels additionally
stimulate hepatic VLDL production, which modestly attenuates insulin’s inhibitory effects
(185). This is consistent with the observation that LIRKO mice retain normal FFA uptake
(116). During periods of fasting, approximately 70% of VLDL-TAG pools are derived from
adipose FA (24). VLDL production and its subsequent secretion from the liver are regulated
at multiple levels, one of which being the synthesis of apolipoprotein B (ApoB) (105).

ApoB is an important structural protein integrated in chylomicron, LDL, VLDL, and
intermediate-density lipoprotein (IDL) (31). In humans, liver-derived VLDL particles
primarily contain apoB100, but rodent hepatocytes synthesize both apoB100 and apoB48
for VLDL production, therefore lipoprotein data from mice must be evaluated cautiously
(31, 260). Interestingly, secretion of apoB100 and apoB48 and its association with VLDL
and LDL are increased in LIRKO mice (29). However, insulin has no effect on apoB mRNA
(67). Though it is well characterized now that ApoB gene is constitutively expressed and any
changes in its protein levels do not directly correlate to mMRNA expression (105). ApoB is
regulated through a co-translational mechanism, being readily degraded, in which multiple
mechanisms are proposed (32, 117). Labeling in primary hepatocytes shows that insulin
inhibits the synthesis of apoB and stimulates the degradation of newly translated apoB

to inhibit newly synthesized apoB secretion (249, 303). Consistently, in rat livers, insulin
inhibits TAG secretion (358). Serum FFA levels are also linked to plasma apoB protein
content, where exogenous FFA decreased the rate of apoB degradation, thus promoting
VLDL secretion (203).

Apolipoproteins E and C regulate uptake of chylomicrons by the liver. In the liver,

apoE mediates uptake of chylomicrons and TAG-containing lipoproteins, and this process
is inhibited by apoC-I11 (263). apoC-I11I is an apolipoprotein that inhibits uptake of
chylomicrons (344). Therefore, apoC-I11 expression is correlated with elevations in
plasma TAG (48). Further, overexpression of apoC-I11 leads to hypertriglyceridemia
(140). Therefore, it is no surprise that insulin regulates chylomicron uptake, where
insulin dose-dependently suppresses transcription of apoC-/// (gene name Apoc3) gene
(55). Genetic variation in insulin response element of the apoC-111 promoter impairs
insulin’s control of apoC-I11 transcription, and patients with this variation often present
with hypertriglyceridemia (190). FOXO1 activity is also linked to apolipoprotein C-111
expression, such that expression of constitutively active FOXO1 stimulates apoC-lII
expression and the opposite is true when FOXOL is deleted in hepatocytes (16). Altogether,
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insulin suppresses apoC-I11 expression through its inhibition of FOXOL1 to promote uptake
of chylomicrons.

Another component of lipoprotein production is microsomal triglyceride transfer protein
(MTTP). MTTP is a lipid transfer protein that regulates the synthesis of apoB-containing
lipoproteins, such as VLDL and chylomicrons (112). Impaired MTTP activity is linked to
abetalipoproteinemia, a genetic disease characterized by low levels of apoB lipoproteins
(292). Insulin negatively regulates MTTP mRNA in an acute, dose-dependent fashion,
which was elucidated in cultured HepG2 cells (195). However, further investigation into the
mechanisms of apoB regulation demonstrates that insulin acutely suppresses apoB secretion
independently of its regulation of MTTP mRNA (302). Dong and coworkers demonstrate a
mechanism by which insulin suppresses MTTP expression through FOXO1 inhibition (148).
In mice that express a constitutively active form of FOXO1, MTTP expression is induced,
and VLDL production and its subsequent secretion are enhanced (148). Interestingly,
mutations in MTTP (rs2306986) are associated with a higher susceptibility of developing
NAFLD, attributed to a deficiency in VLDL-TAG secretion (65, 134). Accordingly, MTTP
inhibitors in mouse models lead to hepatic steatosis, via decreased hepatic TAG export
(183).

VLDL secretion is also regulated by the rate of biosynthesis of phosphatidylcholine (PC),
the main phospholipid coating lipoproteins (144). Vance and coworker have elucidated the
mechanisms in which inhibition of PC synthesis decreased the rate of VLDL secretion
(88). In the liver, PC is primarily produced through the Kennedy (CDP-choline) pathway
and regulated by the rate limiting enzyme, CTP:Phosphocholine cytidylyltransferase (CCT)
(154). DAG concentration is an important regulator of PC synthesis, as it is required to
produce PC from CDP-choline (154). CCTa is the major isoform expressed and accounts
for most PC production in liver (149). Congenital loss of liver CCTa protein, in mice,
results in hepatic steatosis due to reduced PC synthesis with no effect of liver TAG
synthesis (143). Further, CCTa loss-of-function mutations in humans lead to a reduction
in PC synthesis and development of fatty liver disease (272). Thus, CCTa activity is
essential for maintaining hepatic lipid homeostasis. Recently, our laboratory demonstrated
that loss of mMTORC1 activity suppressed hepatic VLDL-TAG secretion (264). Inhibition
of VLDL secretion was linked to defects in CCTa activity, suggesting a mechanism in
which mTORC1 regulates PC synthesis through CCTa protein stabilization (264, 329).
Furthermore, activation of hepatic mMTORC1 promotes PC synthesis and VLDL-TAG
secretion in mice fed NASH-promoting diets, which prevents and reverses NASH in mice
(329). These data are consistent with findings that the rate of TAG secretion is decreased
in LIRKO mice, as measured by injection of a lipase-inhibiting detergent to monitor TAG
secretion /n vivo (29). Serum VLDL particles isolated from LIRKO mice contained less
TAG as compared to control, but had normal levels of cholesterol, indicating that lack of
liver insulin signaling leads to impaired TAG secretion (29).

Sortilin also has a role in regulating apolipoproteins and VLDL secretion (61). Sortilin

is proposed to be involved in intracellular trafficking (10). A Genome-wide association
study (GWAS) identified a novel locus on chromosome 1p13 harboring SORT1, the gene
encoding sortilin, that is associated with reduced LDL cholesterol (150). Indeed, knockdown
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of sortilin in primary murine hepatocytes increases apoB secretion, while its overexpression
decreases secretion, suggesting that sortilin is involved in regulating degradation of apoB
(230). In immortalized AML12 liver cells, insulin upregulated sortilin protein content (186).
In mice, treatment with wortmannin, a PI3K inhibitor, or an AKT1/2 inhibitor decreased
sortilin protein levels and increased plasma cholesterol and TAG (186). Downstream of
insulin and AKT, mTORC1 suppresses sortilin, leading to an increase in apoB secretion
(10).

The balance between the synthesis and secretion of TAG may represent a target for

the treatment of NAFLD, in which no effective therapeutic exists yet. Decreased levels

of hepatic PC are correlated with liver damage, implicating PC in the progression of
NAFLD (192). The 1148M loss-of-function mutation in patatin-like phospholipase domain-
containing protein 3 (PNPLA3) correlates with an increased risk of developing NAFLD.
Carriers of 1148M mutation have decreased PC synthesis and increased hepatic TAG content
(199, 328). Additionally, protective NASH variants correspond with increased hepatic PC
content. Carriers of the protein-truncating variant (rs72613567T > TA), which encodes a
hepatic lipid droplet protein hydroxysteroid 17- dehydrogenase 13 (HSD17B13) protein,
have an upregulation in liver PC and are protected from fibrosis (200, 257). Next, a coding
variant (rs2642438G > A) in mitochondrial amidoxime reducing component 1 (MARC1)
gene is associated with decreased severity of NAFLD, presenting with increased plasma
TAG and an enrichment of hepatic PC content (198, 286). Lastly, a human genome-wide
association study identified the E167K variant in the transmembrane 6 superfamily 2
(TMS6F2) gene correlated with defects in apoB trafficking and VLDL secretion, leading
to an increased risk of NAFLD and progression to NASH (80, 167, 201). Collectively,
there are an increasing number of studies supporting a role for hepatic PC content and
VLDL-TAG secretion in NAFLD progression. Taken together, hepatic TAG export is an
essential regulator of lipid homeostasis that is controlled by hepatic insulin action via
multiple complementary mechanisms.

Insulin Inhibits Fatty Acid Oxidation

Regulation of lipid homeostasis requires a coordinated balance between fatty acid synthesis
and fatty acid breakdown, otherwise known as FAO, or B-oxidation. Though there are

other pathways of FA breakdown, named a-oxidation and w-oxidation; p-oxidation is the
primary pathway in the liver. While insulin plays a key role in regulating lipid synthesis,
here we discuss insulin’s role in regulating the breakdown of fats, an essential provider

of energy during periods of fasting and nutrient limitations. Under fasting conditions,
adipose tissue activates lipolysis, breaking down TAG into FFA. FFA are released into
circulation by the adipose and taken up by the liver. Upon the uptake of FFA into the
cytosol of hepatocytes, carnitine palmitoyltransferases (CPT) and carnitine-acylcarnitine
translocase (CACT), allow for the transferring of acyl chains into the mitochondria for
[B-oxidation and complete breakdown of lipids (170). Deficiencies in mitochondrial enzymes
involved in FAO result in inborn fasting-induced hypoketotic hypoglycemia, indicating the
necessity of FAO in maintenance of metabolic homeostasis (246). The oxidation of acyl
chains in the mitochondria leads to the production of acetyl-CoA and ketone bodies. The
products of p-oxidation contribute to TCA cycle and the electron transport chain to release
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energy via ATP. Ketogenesis is key in the processing of liver lipid content, regulating the
breakdown of nearly two-thirds of lipids in the liver (342). Under periods of fasting, the liver
facilitates breakdown of glycogen stores and secretion of TAG to supply peripheral tissues.
However, during prolonged fasting, characterized by low blood glucose and insulin levels,
with increased glucagon, the liver utilizes the FFA, resulting in the generation of ketone
bodies. Ketone bodies supply energy to the brain, being a monocarboxylate that may be
transported through the blood-brain barrier. Several mitochondrial enzymes are required for
the metabolism of lipids and are discussed in detail below.

p-Oxidation in the mitochondria

Among the first enzymes required for acyl chain breakdown are the CPTSs, required to
transport long-chain acyls to the mitochondria. First, CPT1 sits at the outer mitochondrial
membrane awaiting acyl-CoA chains (103, 229). CPT1 facilitates the transferring of

acyl groups from acyl-CoA to carnitine to produce long-chain acyl-carnitines that may
translocate the inner mitochondrial membrane, via CACT, encoded by the gene SLC25A20,
while releasing CoA as a byproduct (34, 129). Deficiencies in SLC25A20 are correlated
with early infancy death, likely occurring from decreased fasting FAO, causing a decrease
in ATP production required for fueling gluconeogenesis, leading to hypoglycemia and
hypoketonemia (306). Within the mitochondrial matrix, CPT2 transfers the acyl group
from acyl-carnitine to CoA to reform acyl-CoA for breakdown in the mitochondria (353).
However, medium-chain fatty acids can transport into mitochondria independent of CPT1/2.
As previously mentioned, CPT1 may be allosterically inhibited by malonyl-CoA, a product
of ACC (Figure 3). A key regulator of ACC activity is AMP-activated protein kinase
(AMPK), a kinase activated during low-energy states, such as fasting. AMPK activation
promotes catabolic, energy-producing pathways like B-oxidation (47, 139, 237). AMPK
phosphorylates both isoforms of ACC at Ser79 on ACC1 and Ser221 on ACC2 leading to
inhibition of ACC and subsequent reduction of malonyl-CoA production (152, 238, 247).
Insulin inhibits AMPK activity and promotes dephosphorylation of these AMPK-mediated
sites, among others, activating ACC and inhibiting FAO (346). Thus, the synthesis of new
fatty acids prevents mitochondrial oxidation of lipids. Genetic CPT1A deficiency is a very
rare occurrence, but patients generally present with hypoketotic hypoglycemia and hepatic
encephalopathy due to defects in long-chain FAO (27).

Once in the mitochondria, dehydrogenases act on the acyl-CoA chains. There are numerous
acyl-CoA dehydrogenases, all of which are flavoenzymes, that facilitate p-oxidation (97,
119). The acyl-CoA dehydrogenases are bound to flavin adenine dinucleotide (FAD) and
are reduced to FADH, upon dehydrogenation of acyl chains (97). The bound FADH; is
reoxidized by the electron-transferring flavoprotein (ETF) which shuttles electrons to the
inner mitochondrial membrane (307, 308). An ETF:ubiquinone oxidoreductase complex
carries electrons from ETF to ubiquinone in the electron respiratory chain to generate
ATP (273). Acyl-CoA dehydrogenases (ACADs) desaturate the acyl-CoA esters in the
mitochondria. There are 11 known members of ACADs in the human genome (316).
Five of the 11 ACAD:s are involved in mitochondrial p-oxidation: very long-chain acyl-
CoA dehydrogenase (VLCAD), long-chain acyl-CoA (LCAD), medium-chain acyl-CoA
dehydrogenases (MCAD), short-chain acyl-CoA dehydrogenase (SCAD), and ACAD9
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(316). VLCAD and ACD9 have similar homology and specificity for long acyl chains,
palmitoyl-CoA (C16:0) and stearoyl-CoA (C18:0) (301, 359). LCADs play an essential
role in oxidizing C8-C16 chains (178). Mice that lack LCAD present with defects in FAO,
leading to hypoglycemia, elevated FFA in circulation, and some cases of cardiomyopathy,
suggesting the importance of LCAD in p-oxidation (171). MCADs act on medium-chain
acyl-CoA chains, specifically C4-C16 (90). SCAD catalyzes the breakdown of short-chain
fatty acids, with specificity for butyryl-CoA (C4:0) and is the final step of oxidation for an
acyl-chain (90).

Upon dehydrogenation, enoyl-CoA hydratases hydrate the substrate, 2-trans-enoyl-CoA to
L-3-hydroxyacyl-CoA (97, 98). In the next step, L-3-hydroxylacyl-CoA is dehydrogenated,
producing 3-ketoacyl-CoA, specifically with NAD+ (244). This leads to the last reaction in
B-oxidation, in which 3-ketoacyl-CoA is thiolytically cleaved to produce acetyl-CoA and the
acyl-CoA chain that is two carbons shorter (224). Two thiolases exists, where thiolase | may
cleave any length of acyl-CoA, but thiolase Il, otherwise known as acetoacetyl-CoA thiolase,
exclusively cleaves acetoacetyl-CoA (227).

Transcriptional regulation of p-oxidation

Regulation of the FAO-associated genes is essential for maintaining lipid homeostasis.

For example, genetic abnormalities in FA shuttling and FAO genes in the mitochondria

are associated with lipid storage defects, hypoglycemia, lactic acidosis, and low ketones
(164). Many cases of CPT1A deficiency result in fasting-induced hypoglycemia and infant
mortality (33). A functional mutation in MCAD leads to low plasma carnitines and fasting
hypoglycemia (215). Therefore, the expression of FAO genes is essential for survival. Many
of the FAO enzymes are regulated in part by nuclear receptors like peroxisome proliferator-
activated receptor (PPAR). Though there are three forms of PPARs identified, PPARa is
highly expressed in the liver (162). Mice with whole-body loss of PPARa do not respond

to peroxisome proliferators, indicating that PPARa is the main isoform for PPAR actions
(181). Additionally, PPARa-deficiency in mice results in decreased expression of VLCAD,
LCAD, and ACSL1 (18). Under high fat diet conditions, deletion of PPARa induces hepatic
steatosis (155).

PPAR-vy coactivator-1 (PGC-1) is a family of transcriptional coactivators that are known for
promoting cellular energetics, but also have a role in regulating hepatic lipid and glucose
homeostasis (89). They are well-known for their role in activating transcription of genes
involved in gluconeogenesis and FAO (89). In mice, PGC-1 expression is induced by fasting
and repressed in refed conditions (356). PGC-1 mRNA and protein expression are highly
increased in both ob/06 and LIRKO mice (356). Unsurprisingly, insulin suppresses PGC-1
transcription in an AKT-dependent manner (66, 127) in addition to the regulation of the
FOXO pathway (191). However, FOXO1 can bind PGC-1 to activate gluconeogenic gene
program, a mechanism reversed by insulin stimulation (261). Adenoviral expression of
PGC-1 in isolated rat hepatocytes stimulates the transcription of gluconeogenic genes, in

a dose-dependent manner, and results in enhanced glucose output (356). Further, PGC-1
knockdown reduces basal hepatic glucose output and improves liver insulin sensitivity,
which was attributed to an increase in insulin-stimulated phosphorylation of AKT in db/db
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diabetic mice (165). Therefore, AKT controls both FOXO and PGC-1a to regulate FAO

and gluconeogenesis. Adenoviral knockdown of PGC-1 in mice increased hepatic TAG,
highlighting the essential role for PGC-1 activity in maintaining lipid homeostasis as well
(165). Increase in liver TAG is due to impaired induction of FAO genes in the fasted

state, including genes Cptand Mcad (165). Montminy et al. elucidated the mechanism

in which PPARa and PGC-1 induces tribbles homolog, TRB-3, during fasting, which in
turn is an inhibitor of AKT signaling (165). Knockdown of liver-specific TRB-3 yields
improvements in glucose tolerance (165). Thus, fasting induces PGC-1 and induces TRB-3
that contributes to decreased AKT signaling in the fasted state. To determine the role of
PGC-1a more definitively in regulating glucose homeostasis, Kelly and others generated

a whole-body mouse knockout of PGC-1a.. In this model, mice have a wide range of
abnormalities, but specifically in the liver, a 24-h fast-induced hepatic steatosis, with no
change in serum TAG levels (182). PGC-1a-deficient hepatocytes demonstrate reduced rates
of FAO, which contribute to the hepatic steatosis induced in fasting, providing evidence of
the importance of PGC-1a in FAO (182). Of note, PGC-1a knockout mice are protected
against insulin resistance when challenged with a HFD (182). Along these lines, ob/0b mice
have increased expression of gluconeogenic genes, such as Gépc, Pckl1, and Pgc-1a (222).
Overall, PGC-1a is activated at a high level in a diabetic liver; however, PGC-1 coactivators
have various roles depending on tissue context (89).

PGC-1p is also expressed in the liver and is suggested to play a different role than PGC-1a
(89). Surprisingly, mice fed a HFD have an increased expression of PGC-1p, as compared to
mice fed normal chow, but have no effect on PGC-1a (194). To elucidate the mechanism of
this effect, Spiegelman and coworkers treated isolated hepatocytes with trans-fat and found
an enhanced expression of PGC-1f and not PGC-1a (194). Ultimately, it was revealed that
PGC-1p activates lipogenesis through transcriptional coactivation of SREBP-1c, LXR, and
ChREBP (52, 194). Overall, both PGC-1a and PGC-1p play a key role in regulating both
hepatic glucose and lipid homeostasis.

Insulin Promotes Cholesterol Metabolism

T2DM patients present with insulin resistance and dyslipidemia, amongst other metabolic
defects. Dyslipidemia is often defined by abnormal levels of cholesterol, including decreases
in HDL, increase in VLDL and LDL, and as well as increases in inflammation (265).

During insulin resistance, dysregulation of lipid and cholesterol metabolism leads to CVD.
Insulin resistance is correlated with high cholesterol synthesis and decreased cholesterol
absorption in men (254). Initial observations implicate insulin as an important regulator of
LDL cholesterol degradation, further identifying a role for insulin action in the control of
serum cholesterol (49). T2DM associates closely with increased cholesterol synthesis and
decrease cholesterol absorption (295). Of significance, familial hypercholesterolemia (FH) is
a genetic condition causing elevated plasma LDL cholesterol levels (12). When cholesterol
in the diet is high, cholesterol synthesis is decreased, whereas the deficiency of cholesterol

in the diet promotes cholesterol synthesis (131). However, cholesterol synthesis is enhanced
in obesity (233). Thus, it is essential to understand the pathogenesis of dyslipidemia and how
insulin regulates lipid and cholesterol processes.
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Cholesterol is a 27-carbon steroid that is essential for cellular function and survival.
Cholesterols have many roles in the cell, including membrane structure, and production of
bile acids, hormones, and oxysterols. Cholesterol synthesis occurs through several processes
starting with acetyl-CoA and acetoacetyl-CoA substrates. Isoprenoids are generated,
involving hydroxymethylglutaryl-CoA (HMG CoA) synthase and HMG CoA reductase,
which is used to produce squalene. Squalene undergoes cyclization and further conversion to
lanosterol and eventually generates cholesterol (15). The activity of HMG CoA reductase is
a rate-limiting step in the synthesis of cholesterol and is negatively regulated by cholesterol
(38). Cholesterol synthesis is suppressed in the fasting state and induced under feeding
conditions. When IR is deleted in hepatocytes, refeeding-induced cholesterol synthesis is
blunted (221). Therefore, insulin is the key regulator for initiating the fasting and refeeding
cholesterol synthetic response.

Cholesterol is transported throughout the body through two major pathways, HDL and LDL
(241). Initial studies observed that increased plasma LDL correlated with disposition for
myocardial infarction (39). In FH, patients present with elevated plasma LDL cholesterol
levels because of increased cholesterol synthesis and decreased clearance (108). LDL is
taken up by hepatocytes through the LDL receptor (LDLR) (108). LDLR resides at the cell
membrane and binds LDL to undergo endocytosis and degradation at the lysosome (Figure
5) (109, 111). In the lysosome, LDL is degraded to amino acids, and cholesterol is released
into the cell. The LDL-derived cholesterol was found to be a negative regulator of HMG
CoA reductase by decreasing its gene transcription and promoting its degradation (104).
Additionally, LDL-derived cholesterol promotes the activation of acyl CoA:cholesterol
acyltransferase (ACAT) to upregulate the conversion of cholesterol to cholesterol esters
(310).

In the liver, SREBP1 and SREBP2 are the master regulators of cholesterol gene
programming. As previously mentioned, insulin regulates transcription and activation of
SREBPs. In mice lacking liver-specific IR, the nuclear active form of SREBP2 protein

is drastically reduced in all feeding conditions, highlighting the dependency on insulin
signaling for protein activation (221). Subsequently, gene expression of SREBP2 targets
was downregulated in LIRKO mice, including HMG-CoA reductase (Hmagcr), farnesyl
diphosphate synthetase (Faps), squalene synthase (Faftl), and LDL receptor (Ldln) (29).
LIRKO mice develop hypercholesterolemia after 10 weeks on a cholesterol-rich, high fat
diet, suggesting insulin signaling is required for maintaining cholesterol homeostasis in
the presence of excess fat (29). Shimano et al. developed a mouse model that expresses
active SREBP?2 in the liver and adipose tissues, in which the C-terminal regulation domain
is truncated, leading to constitutive translocation to the nucleus (131). They demonstrate
that active SREBP2 increases mRNA expression of many cholesterol synthesis genes,
including Ldlr, Hmgcr, and Sgle. The overexpression of the truncated SREBP2 in the
liver dramatically enhances cholesterol synthesis with a modest induction of lipid synthesis
(131). Accordingly, hepatocyte-specific deletion of Srebf2, the gene encoding SREBP2,
reduced cholesterogenic gene transcription and cholesterol synthesis (268). Surprisingly,
SREBP?2 deletion also leads to decreased fatty acid synthesis, attributed to the reduction
in sterol synthesis and subsequent reduction in SREBP-1c stimulation, demonstrating the
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requirement of SREBP2 for cholesterol and lipid synthesis (268). Thus, SREBP2 is the main
gene regulating hepatic cholesterol metabolism.

In early studies, insulin action was noted to control LDL cholesterol degradation, supporting
the notion that insulin stimulation acts to reduce serum cholesterol (49). LDL half-life is
increased in LIRKO mice, consistent with a reduction in LDLR protein when mice were
challenged to a high fat diet for 10 weeks (29). Further, when subjected to atherogenic
Paigen diet (15% dairy fat, 1% cholesterol, 0.5% cholic acid), LIRKO mice, developed
severe atherosclerosis in 12 weeks, suggesting liver insulin action is required for handling
cholesterol and loss of insulin signaling increases susceptibility to atherosclerosis (29).
The requirement of insulin for LDLR-mediated cholesterol clearance was tested using an
siRNA-mediated knockdown of hepatic IR in an LDLR-deficient liver, which displayed
decreased LDLR protein, as expected, and decreased secretion of apoB, and VLDL-TAG
and -cholesterol (120). Consequently, mice that lack hepatic insulin signaling have 50%
less HDL cholesterol, but a threefold increase in VLDL cholesterol (29). Along these lines,
LIRKO mice have a reduction in serum TAG, which is attributed to reduced TAG in serum
VLDL and LDL particles (29). Therefore, insulin is an essential regulator of lipoproteins
and the LDL receptor.

Although LDLR mRNA increases with insulin stimulation, LDLR protein levels are
modulated by proprotein convertase subtilisin/kexin type 9 (PCSK9) (Figure 5) (277).
Mutations in PCSK9are linked to autosomal dominant hypercholesterolemia (ADH) (2).
A loss of function variant in PCSK® is associated with lower LDL-cholesterol and reduced
risk for CVD (274). Overexpression of PCKS9 in isolated LDLR-deficient hepatocytes
does not affect apoB protein secretion, thereby providing evidence that PCSK9 does not
affect apoB and only LDLR protein (277). Horton et al. demonstrate, through rigorous
parabiotic experiments, that PCSK9 is secreted from the liver and binds to LDLR proteins
to promote its endocytosis and subsequent degradation (Figure 5) (172). Therefore, PCSK9
is a posttranslational, negative regulator of LDLR protein, and increases in PCSK9 reduce
hepatic LDLR protein, resulting in an increase in plasma LDL cholesterol. Due to its
essential role in inhibiting LDLR and LDL-cholesterol degradation, PCSK9 remains a
therapeutic target for lowering plasma cholesterol.

Interestingly, insulin increases transcription of Ldlr, yet paradoxically promotes degradation
of LDLR protein. Thereby, loss of IR in liver decreased PCSK9 and LDLR mRNA
expression (222). Mice that undergo 24 h fasting have approximately 70% decrease

in PCSK9 mRNA, which is restored upon refeeding, suggesting a correlation between
nutritional status and PCSK9 expression (62). STZ-induced diabetic rats have higher serum
cholesterol levels, correlating to a decrease in Ld/rexpression (234). In primary rodent
hepatocytes, insulin stimulates the induction of Pcsk9 mRNA and protein (62). Further,
Biddinger et al. elucidated the mechanism in which insulin stimulates PCSK9 transcription
to promote the degradation of LDLR protein (222). Indeed, liver insulin signaling is required
for LDLR and PCSK9 expression, as LIRKO mice display decreased Pcsk9and Lalr mRNA
(222). However, LIRKO mice are still able to induce Pcsk9 mRNA in response to feeding
stimulus, but not to the same extent as control mice (222). Further, there is no difference in
plasma PCSKO levels between human patients with normal glycemia and T2DM, suggesting
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there are other factors regulating PCSK9 and perhaps these factors could be therapeutically
attractive (35).

Downstream of insulin action, MTORCL1 is linked to PCSK9 and LDLR protein regulation.
Constitutive mTORC1 activity impairs the induction of Srebp2, Ldlr, and Hmgcrin response
to feeding (354). Administration of rapamycin results in enhanced expression of PCSK9 and
a subsequent reduction in LDLR protein (11). Tall et al. describe a mechanism in which
MTORC1 activates PKC5 to suppress the activity of HNF4a which negatively regulates
PCSK9 (11). Pcsk9gene expression is induced in fasting conditions, where glucagon is
high, and insulin is low. Upon refeeding, insulin suppresses PCSK?9, thereby promoting
LDLR protein degradation. Thus, another mechanism downstream of insulin signaling is the
coordination of PCSK9, LDLR, and cholesterol homeostasis.

Conclusion

In Sir Frederick Banting’s 1925 Nobel Lecture, he states, “Insulin is not a cure for diabetes;
it is a treatment,” opening a Pandora’s box for the endless pathways and mechanisms to
explore in our goal to understand and treat metabolic disorders, including diabetes (23).

As the world celebrates the 100 years since the discovery of insulin, we take a closer

look at the studies from the past century that identified and elucidated the key components
of insulin’s action on hepatic lipid metabolism. Understanding these specific molecular
mechanisms of hepatic insulin action will likely reveal new regulatory pathways governing
hepatic metabolism in health and disease. Although extensive research has unraveled key
insulin-dependent mechanisms, much is still unknown about the molecular pathogenesis of
metabolic diseases like insulin resistance and NAFLD. Thus, many questions remain to be
addressed in the future such as:

. What is the molecular explanation for sustained DNL by insulin during hepatic
insulin resistance?

. What are the transcription-independent mechanisms controlling hepatic lipid
synthesis and how do they contribute to NAFLD?

. How does reducing excess lipid burden (i.e., suppression of DNL) alleviate
NAFLD progression to inflammation and fibrosis?

. Avre there specific lipid species that are particularly pro-inflammatory, pro-
fibrotic in hepatic insulin resistance?
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Didactic Synopsis

Major teaching points

Insulin signals through a complex pathway involving phosphoinositide 3-
kinase (PI3K) and AKT to mediate both liver and systemic metabolic
homeostasis.

The liver responds to insulin and carbohydrates by promoting lipogenesis
through changes in gene expression and posttranslational mechanisms.

Insulin inhibits hepatic fatty acid oxidation through complex regulation of
several mitochondrial enzymes.

Cholesterol synthesis is upregulated in response to insulin action in a
homeostatic balance with degradation of lipoprotein receptors.

Fatty acids are taken up by the liver to be packaged as triglycerides, which
are secreted into circulation and delivered to peripheral tissues upon insulin
stimulation.

In insulin-resistant states, the liver continues to promote lipid synthesis but
fails to suppress glucose production.
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Figure 1.
Hepatic insulin signaling cascade via mTOR. Insulin is released into circulation

from beta cells in the pancreas and bind to the insulin receptor (IR). Upon

binding, IR autophosphorylates itself, resulting in recruitment and activation of

insulin receptor substrates (IRS). IRS proteins then recruit phosphatidylinositol-3-kinase
(PI13K), which phosphorylates phosphatidylinositol 4,5-biphosphate (PIP2) to generate
phosphatidylinositol-3,4,5-triphosphate (PIP3). Generation of PIP3 recruits and activates
PDK-1 which phosphorylates Akt at Threonine-308, a step that can be inhibited by PTEN.
Mechanistic target of rapamycin complex 2 (mMTORC?2) is also able to phosphorylates

Akt at Serine-473. Akt phosphorylates and inhibits tuberous sclerosis complex (TSC),
which allows Rheb-dependent activation of mechanistic target of rapamycin complex 1
(MTORC1). mTORC1 and mTORC?2 are distinguished by complex components Raptor and
Rictor, respectively. mMTORC1 can be inhibited by the rapamycin-FKBP12 complex.
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Figure 2.
Movement of lipids in the liver. Free fatty acids (FFA) are released from peripheral tissues

and taken up by the liver. FFA can then undergo re-esterification to triacylglycerides (TAG),
where they are then packaged in very low-density lipoproteins (VLDL) and secreted into
circulation. FFA can also be broken down via beta-oxidation into ketone bodies, which can
then be released into circulation. FFA are also synthesized from acetyl-coA via de novo
lipogenesis.
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Figure 3.

Mechanisms of fatty acid synthesis. Glucose, or other carbohydrates, are taken up by the
cell, then undergo glycolysis to generate pyruvate. Pyruvate enters the mitochondria and the
citric acid cycle (TCA). Citrate is able to leave the mitochondria and cytoplasmic citrate

is converted to acetyl-coA via ATP citrate lyase (ACLY). Acetyl-coA is then used as a
building block for fatty acid synthesis or de novo lipogenesis (DNL), culminating in the
production of triacylglycerides. Enzymes involved in DNL are transcribed in the nucleus
upon SREBP transcription factor binding to sterol response elements (SRE) in the genome:
acetyl coenzyme A carboxylase (ACC), fatty acid synthase (FASN), and stearoyl coenzyme

A desaturase 1 (SCD1).
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+ Insulin

Sterols

Figure 4.
Sterol regulatory element binding proteins (SREBP) activation at the endoplasmic reticulum

(ER), insig proteins bind SREB cleavage-activating protein (SCAP) preventing SCAP
binding to SREBPs. In the absence of insig proteins, SCAP binds SREBP, allowing for
translocation from the ER to the golgi membrane. Once at the golgi, proteases in the
golgi cleave the membrane-bound domain of SREBPs, allowing for its dissociation and
translocation to the nucleus.
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Figure 5.
Low-density lipoprotein (LDL) and low-density lipoprotein receptor (LDLR) degradation

LDL in the serum, containing cholesterol and fats, bind to the hepatic LDLR, which
undergoes endocytosis. The resulting endosome then gets sent to the lysosome for
cholesterol degradation and LDLR is recycled back to the membrane. However, upon

insulin stimulation, PCSKO transcription is induced. PCSK9 protein is then secreted

into circulation, binds to the LDLR, inhibiting uptake of LDL-cholesterol. PCSK9-LDL
undergoes endocytosis, where the LDLR is sent to the lysosome for degradation, resulting in

reduced uptake of serum LDL.
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