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Abstract

Mitochondria are present in all mammalian cells except matured red blood cells. Mitochondria consist of
several metabolic pathways for glucose, fatty acids, amino acids, and bioenergetic pathways for ATP
synthesis, membrane potential, and reactive oxygen production. In the liver, hepatic mitochondria play a
key role in hepatic steatosis because mitochondrial metabolism produces acetyl-CoA which is the building
block for synthesis of lipids and cholesterol. Mitochondria inner membrane is impermeable of metabolites,
reducing equivalents, and small molecules such as phosphate, and sulfate. Thus, mitochondrial shuttles and
carriers function as the routes of influx and efflux of these metabolites and molecules across the inner
membrane. The signal regulation of these shuttles and mitochondrial enzymes could play a key role in
coordinating the mitochondrial metabolism to adapt the cytosolic part of metabolic pathways in liver
metabolic stress. Intriguingly, the interaction of mitochondria protein SH3 domain-binding protein 5 (SAB/
SH3BP5) and c-Jun N-terminal kinase (JNK) was found as a pivotal role in sustained activation of J]NK and
phosphorylated-JNK (P-JNK) mediated activation of lipogenic pathway in nutritional excess. Knockout or
knockdown of SAB prevented or reversed the hepatic steatosis, inflammation, and fibrosis, and improved
metabolic intolerance and energy expenditure. Moreover, blocking the SAB peptide prevents palmitic acid-
induced P-JNK interaction with SAB and inhibition of mitochondrial bioenergetics, implying the P-JNK effect
on mitochondrial metabolism. This review focuses on the flow of mitochondrial metabolites in metabolic
stress conditions and the contribution of mitochondria and mitochondrial stress signals in hepatic steatosis.
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Introduction

Mitochondria occupy 22% of total cell volume, the second largest intracellular compartment of hepatocytes
[1]- Mitochondria are very versatile and adaptive organelles, and the dynamics of mitochondrial shape, size,
and number are congruent with the metabolic and energetic needs of a cell. Metabolic pathways such as the
tricarboxylic acid (TCA) cycle, B-oxidation, ketogenesis, and energetic pathways including electron
transport chain (ETC) and ATP synthesis are the unique components of mitochondria. Mitochondrial
dysfunction is associated with metabolic dysregulation in liver [2]. Hepatic mitochondria provide a hub for
liver metabolic homeostasis by uniquely integrating or coordinating multiple metabolic pathways of
carbohydrate, lipid, cholesterol, bile acid, and amino acids for energy homeostasis and by keeping the
balance of reducing equivalents and intermediary metabolites in the liver and whole body via
mitochondria-cytoplasm shuttles. The TCA cycle is the core of metabolic pathways leading to production of
energy for cells. Anaplerosis, the process of replenishing intermediates into the TCA cycle, is essential for
energy metabolism. Anaplerosis is coupled with cataplerosis, which is the removal of TCA cycle
intermediates. Anaplerosis occurs when intermediates are extracted (cataplerosis) for biosynthesis such as
gluconeogenesis and lipogenesis. In gluconeogenesis, malate leaves the mitochondria, and a subsequent
chain of reactions generates glucose. In lipogenesis, citrate leaves the mitochondria and is metabolized to
form fatty acids. The main anaplerotic substrates are pyruvate, glutamine/glutamate, and fatty acyl-CoA.
Together, anaplerosis and cataplerosis help regulate the biosynthesis and cellular energy status [3]. The
overview of the biochemical pathways of mitochondria, followed by the mechanism of signal modulation on
the mitochondrial metabolism, is the primary focus in this review. This review highlights the regulation of
mitochondrial metabolic adaptation in hepatic steatosis.

Mitochondrial metabolic pathways fueled by cytoplasmic substrates
Mitochondrial TCA cycle

The TCA cycle (Figure 1), also known as the citric acid cycle or Krebs cycle, is a closed cycle of metabolic
reactions. The TCA cycle constitutes the center of cell metabolism because multiple substrates such as
pyruvate, fatty acids, and amino acids can feed into it. Pyruvate, an intermediate of glucose oxidation
(glycolysis in the cytoplasm), is transported into mitochondria by mitochondrial pyruvate carrier (MPC).
Pyruvate dehydrogenase (PDH) complex (PDHC) oxidizes pyruvate to acetyl-CoA. PDHC is subject to
allosteric feedback inhibition by acetyl-CoA, NADH, and ATP. The TCA cycle begins with citrate synthase
(CS) activated by NAD* and its substrates acetyl-CoA and oxaloacetate (OAA). The combination of two-
carbon acetyl-CoA and four-carbon OAA generates six-carbon citrate, which then is converted into cis-
aconitate and isocitrate in the presence of aconitase (ACO). Two carbons from isocitrate are removed as
CO, by oxidative decarboxylation, releasing two NADH in two steps. First, isocitrate dehydrogenase (IDH)
complex (IDHC) decarboxylates isocitrate to five-carbon a-ketoglutarate (a-KG). Second, a-KG is
decarboxylated by oxoglutarate dehydrogenase (OGDH) complex (OGDHC) to four-carbon succinyl-CoA.
Succinyl-CoA synthetase then converts succinyl-CoA into succinate, which is oxidized by succinate
dehydrogenase (SDH) to fumarate and flavin adenine dinucleotide (reduced) (FADH,). Next fumarate is
converted to malate by fumarase. Malate is oxidized to OAA by malate dehydrogenase (MDH). OAA
combines with another acetyl-CoA to continue the TCA cycle [3]. Of note, three enzymes in particular, CS,
IDH, and OGDH, catalyze rate-limiting steps in the TCA cycle. All three enzymes are allosterically inhibited
by high levels of mitochondrial NADH generated from the TCA cycle [4-6]. Mitochondrial Ca®* oscillation
through endoplasmic reticulum (ER) calcium channels modulates the activity of PDHC, IDH, and OGDH [7].
ACO which contains a Fe-S cluster is susceptible to inactivation by superoxide radical (0,'") [8].
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Figure 1. TCA cycle and mitochondrial intermediate metabolite shuttles. CS is the first and rate-limiting enzyme of the TCA
cycle and is activated by its substrate acetyl-CoA generated from pyruvate metabolism and (-oxidation. Acetyl-CoA also
activates PC in pyruvate to OAA to drive citrate synthesis. When pyruvate metabolism is suppressed by acetyl-CoA inhibition of
PDH, mitochondrial B-oxidation mainly contributes necessary acetyl-CoA for citrate synthesis. IDH, and OGDH activity is
suppressed and recycling of OAA is diminished due to an increased ratio of NADH/NAD* state which could occur when
consumption of NADH decreases due to inhibition of mitochondrial respiration. The depletion of OAA is rescued by the citrate-
malate shuttle and malate-aspartate shuttle. Membrane permeable short-chain fatty acid (SCFA) acetate could be generated in
mitochondria via the reaction of mitochondrial acyl-CoA thioesterase and PDH, OGDH, and ALDH. PC: pyruvate carboxylase;
ROS: reactive oxygen species; ALDH: aldehyde dehydrogenase; ACOT: acyl-CoA thioesterases; SUCL: succinyl-CoA ligase;
FAD: flavin adenine dinucleotide; FH: fumarate hydratase

One turn of the TCA cycle, starting with one acetyl-CoA derived from one pyruvate, generates one GTP
(or ATP), three NADH, one FADH,, and two CO,. One NADH yields 10 H* crossing the respiratory complexes
(4 H* through complex I, 4 H" through complex III, and 2 H* through complex 1V), and one FADH, yields 6
H*. Reentry of 4 H* from inter-membrane space through ATP synthase generates one ATP. Therefore, one
turn of the TCA cycle yields ten ATP [3].

Mitochondrial intermediate metabolite shuttles

The mitochondrial inner membrane is impermeable to intermediate metabolites generated in the
mitochondria. In addition to carrier proteins such as pyruvate carrier and carnitine carrier, mitochondrial
shuttles exchange mitochondrial metabolites in or out of mitochondria to replenish or dispose of
metabolites. These transporters become major players in metabolic adaptation in mitochondria during
hepatic metabolic stress. For instance, in the high-fat diet (HFD)-induced metabolic syndrome, liver
mitochondria with an inefficient respiratory chain generate intermediate metabolites for gluconeogenesis.
Antisense oligonucleotide (ASO) targeting PC reverses diet-induced gluconeogenesis [9-11]. Inhibition of
citrate-malate transporter reverses the hepatic steatosis [12].

Malate-a-KG and glutamate-aspartate (malate-aspartate) shuttle

The malate-aspartate shuttle (Figure 2), one of the two redox balancing shuttles, ubiquitously expresses
and generates NAD" in cytoplasm and NADH in mitochondria. This cycle localized to the inner
mitochondrial membrane (IMM) involves two antiporters (glutamate-aspartate and malate-a-KG
antiporter), two oxidation or reduction MDHs (MDH1: cytosolic, MDH2: mitochondrial), and two
transamination glutamate-OAA transaminases (GOTs, GOT1: cytosolic, GOT2: mitochondrial) [13].
Aspartate efflux is accompanied by the electro-gradient influx of glutamate and proton into the
mitochondria. Therefore, this process is irreversible and the rate-limiting step of the shuttle [14, 15]. The
exchange of malate and a-KG is bidirectional because it is driven by the concentration gradients of its
substrates [16, 17]. Compartmentalization of NAD*/NADH through the shuttle is key in stress conditions of
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the liver in which cytosolic NAD* promotes glycolysis and mitochondrial NADH for ATP production [18, 19].
Moreover, aspartate efflux through this shuttle increases the cytosolic NADPH/NADP" ratio essential for
glutathione synthesis [20]. In addition to redox regulation, the shuttle creates amino acid
compartmentalization [21]. The primary action of this shuttle is to replenish substrates for the TCA cycle.
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Figure 2. Malate-a-KG and glutamate-aspartate (malate-aspartate) shuttle. The shuttle has an important role in de novo amino
acid synthesis. The primary action of this shuttle is to import glutamate and malate and convert to TCA intermediate metabolites
necessary to sustain the OAA and a-KG and to maintain reducing equivalents. OMM: outer mitochondrial membrane

Citrate-malate shuttle

In contrast to the malate-aspartate shuttle, the citrate-malate shuttle [solute carrier family 25 member Al
(SLC25A1), Figure 3] equally distributes the reducing equivalents across the mitochondrial membrane. The
shuttle also utilizes both MDH isoforms. However, MDH activity paired with CS, ATP-citrate lyase (ACLY),
and the citrate-malate antiporter drives citric acid from mitochondria to the cytoplasm [12, 22]. Therefore,
citric acid efflux through the citrate-malate shuttle promotes de novo fatty acid synthesis which is limited by
citric acid compartmentalization [12]. Thus, the malate-aspartate and citrate-malate shuttles are not
interchangeable, even though both have MDH activity to balance reducing equivalents. The citrate efflux
activates ACLY generation of acetyl-CoA, resulting in post-translational modification of proteins through
acetylation or deacetylation by acetyltransferases or sirtuins (SIRTs), respectively [23-25]. Importantly,
enhanced activation of the citrate-malate shuttle could completely bypass the in-between intermediates
reactions of the TCA cycle and thus could diminish mitochondrial NADH levels resulting in decreased
mitochondrial bioenergetics.
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Figure 3. Citrate-malate shuttle (SLC25A1). Citric acid exists from mitochondria through this shuttle and has an important role in
de novo fatty acid synthesis. This shuttle bypasses the TCA cycle, thus decreasing mitochondrial bioenergetics but increasing
citrate

a-glycerophosphate shuttle

The a-glycerophosphate shuttle (Figure 4) is a unique redox-balancing shuttle without directly affecting
mitochondrial NAD*/NADH. The shuttle has cytosolic and mitochondrial glycerol-3-phosphate
dehydrogenase (cGPD and mGPD) enzymes (GPD1 and GPD2) which catalyze the reactions between
dihydroxyacetone phosphate (DHAP) and glycerol-3-phosphate (G3P). cGPD1 utilizes NADH to reduce
DHAP to G3P and generates cytosolic NAD*. G3P is subsequently oxidized to DHAP by the FAD-dependent
mGPD2, which directly deposits electrons into the ETC. Of note, triose phosphate isomerase 1 (TPI1)
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rearranges DHAP into glyceraldehyde-3-phosphate (GA3P) which enters into glycolysis or gluconeogenesis.
Thus a-glycerophosphate shuttle is tightly linked to glycolysis to regenerate cytosolic NADH while
simultaneously sinking electrons into the ETC [26, 27]. G3P is also produced by the enzyme glycerol kinase
from glycerol, the triose sugar backbone of triglycerides (TAG) and glycerophospholipids [28], to engage in
thermogenesis, especially in brown adipose tissue. G3P can be synthesized from amino acids and citric acid

cycle intermediates via the glyceroneogenesis pathway. G3P is a starting material for de novo TAG synthesis
[29].
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Figure 4. a-glycerophosphate shuttle. The primary action of this shuttle is to deliver electrons directly sink to the respiratory
chain complex (ll). This shuttle is at the crossroads of pathways for fructose, glucose metabolism, and synthesis of TAG and
fatty acid for lipogenesis. (1) cytosolic and (2) mitochondrial glycerol-3-phosphate dehydrogenase: cGPD and mGPD enzyme
(GPD1 and GPD2)

Dicarboxylate shuttle (SLC25A10)

Malate in the cytosol is distributed into mitochondria through SLC25A1 (citrate-malate antiporter) in
exchange for citrate in mitochondria. Cytoplasmic malate is replenished in two ways: (1) breakdown of
citrate by ACLY to acetyl-CoA in the cytoplasm, and (2) exchange via dicarboxylate shuttles SLC25A10
(dicarboxylate-phosphate antiporter, Figure 5). SLC25A10 transports succinate and malate out of
mitochondria in exchange for phosphate, sulfate, and other small molecules. Inhibition of SLC25A10
diminishes the citrate transport via SLC25A1 [30, 31]. In excess of mitochondrial acetyl-CoA, PC is activated
but PDH is inhibited. PC catalyzes the ATP-dependent carboxylation of pyruvate to OAA which is then
converted to malate by MDH. Malate is transported out of the mitochondria to the cytoplasm for
gluconeogenesis.

Gluconeogenesis
OAA SLC25A10 *
"0+ Malate » Malate —~OAA

/ ¥
Phosphate + Phosphate NAD"  NADH

sulfate sulfate
IMM OMM
Mitochondrial matrix Cytoplasm

Figure 5. Dicarboxylate shuttle (SLC25A10). This shuttle is important in malate exchange out of mitochondria when pyruvate to
OAA conversion is upregulated by activated PC in mitochondria due to increased mitochondrial acetyl-CoA. The activity of this
shuttle has a key role in gluconeogenesis and TAG synthesis

Mitochondrial fatty acid -oxidation

Fatty acid (-oxidation (FAO) is the major pathway for the degradation of fatty acids and is essential for
maintaining energy homeostasis. Free fatty acids (FFAs) are a crucial energy source when glucose supply is
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limited such as in the post-enteric phase and fasted states. Fatty acyl-CoA converted from FFA in the non-
mitochondrial compartment is a substrate of 3-oxidation in mitochondria. Based on length, FFA transfer to
the mitochondria varies. SCFAs, fatty acids with aliphatic tails of fewer than 6 carbons are produced when
bacteria in the intestines ferment fiber. The three main SCFAs are acetate (C2), propionate (C3), and
butyrate (C4) [32-34]. Medium-chain fatty acids (MCFAs) are fatty acids with 6 to 12 carbons. MCFA
includes caprylic acid (C8:0), capric acid (C10:0), and lauric acid (C12:0). Coconut oil, palm kernel oil, and
bovine milk are rich in medium-chain TAGs [35, 36]. Long-chain fatty acids (LCFAs), fatty acids with 13 to
21 carbons, such as oleic, linoleic, palmitic, docosahexaenoic acid (DHA), and eicosapentaenoic acid (EPA)
are transported into mitochondria for 3-oxidation [37, 38]. Very LCFAs (VLCFAs) with 22 or more carbons
such as peanuts are oxidized in peroxisomes [39].

Fatty acids taken up by hepatocytes and fatty acids accrued in the cytoplasm are converted to fatty
acyl-CoA by acylation, catalyzed by acyl-CoA synthases (ACS). At this step acyl-CoA thioesterase hydrolyzes
and deactivates fatty acyl-CoA generating FFA and CoA, thus limiting the availability of fatty acyl-CoA to
transport to mitochondria [40]. Mitochondrial membranes are not permeable to LCFAs. Cytoplasmic long-
chain fatty acyl-CoA is converted to fatty acyl-carnitine by carnitine acyl transferase [carnitine palmitoyl
transferase-I (CPT-I)], located at the inner aspect of the OMM. CPT-I is sensitive to inhibition by malonyl-
CoA, an intermediate of the TAG synthesis pathway. Malonyl-CoA level determines the switch between
cytoplasmic fatty acid synthesis and mitochondrial $-oxidation [41]. Carnitine in mitochondria is converted
by carnitine acetyltransferase (CrAT) to acetyl-carnitine which is transported back to the cytoplasm. The
details of carnitine transport are available in previous reviews [42, 43]. MCFAs such as octanoic acid
(caprylic acid, C8:0), enter the mitochondria by diffusion and rapidly undergo -oxidation independently of
the carnitine transport system [44-46]. SCFAs, such as acetate, enter mitochondria by diffusion and are
converted by ACS short-chain family member 1 (ACSS1) to acetyl-CoA in mitochondria [47].

Fatty acid oxidation occurs in four stages—dehydrogenation, hydration, oxidation, and thiolysis. These
four stages repeat until all the carbons in the fatty acid are turned into acetyl-CoA. For every cycle, the acyl-
CoA unit is shortened by two carbon atoms. Concomitantly, one molecule of FADH,, NADH, and acetyl-CoA
are formed. The purpose of fatty acid oxidation in mitochondria is to generate acetyl-CoA for the citric acid
cycle, and FADH, and NADH for the ETC and ATP synthesis. The ATP yield for one oxidation cycle is
theoretically a maximum yield of 14, as one NADH produces 2.5 ATP, one FADH, produces 1.5 ATP and a
full rotation of acetyl-CoA in the citric acid cycle produces 9 ATP and 1 GTP [48].

Ketogenesis

Ketogenesis is the formation of ketone bodies such as -hydroxybutyrate ($-HB), acetoacetate (AcAc), and
acetone. Ketogenesis primarily occurs in liver mitochondria when there is excess mitochondrial acetyl-CoA
from f-oxidation in fasting and starvation during which glucagon increases peripheral lipolysis.
Mitochondrial acetoacetyl-CoA thiolase [acetyl-CoA acetyltransferase 1 (ACAT1)] condenses two acetyl-CoA
to form acetoacetyl-CoA. Next, the third acetyl-CoA delivers acetyl-SH to acetoacetyl-CoA. The reaction is
catalyzed by mitochondrial hydroxymethylglutaryl (HMG)-CoA synthase 2 (HMGCS2) to form HMG-CoA
that is transformed into the AcAc and acetyl-CoA by HMG-CoA lyase (HMGCL). The majority of newly
formed AcAc is then reduced to 3-HB by NADH-dependent (3-HB dehydrogenase (BDH). 3-HB is the most
abundant ketone body delivered from the liver into circulation as an energy source to the brain, heart, and
skeletal muscles. A small fraction of AcAc is spontaneously decarboxylated into volatile acetone.
Ketogenesis depends on the acetyl-CoA pool coming from FAO. Chronic starvation, cancer cachexia or
diabetic ketoacidosis, and amino acids catabolism such as lysine, phenylalanine, tyrosine, tryptophan,
isoleucine, and leucine provide acetyl-CoA for ketogenesis. The rate of ketogenesis decreases when the
concentration ratios of acetyl-CoA to acetoacetyl-CoA and acetyl-CoA to free CoA-SH are low. HMGCS2 is the
rate-limiting enzyme of the ketogenesis pathway [49].

AcAc and -HB are transported across the cell membrane via monocarboxylate transporters 1 (MCT1)
and MCT 2 (also known as SLC16A1 and SLC16A7) to extrahepatic tissues for terminal oxidation. The
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transporter across the IMM is not known [50-52]. AcAc in the cytoplasm is converted to AcAc-CoA by
acetoacetyl-CoA synthetase (AACS) which enters cholesterol biosynthesis or is converted to acetyl-CoA for
de novo lipogenesis [49, 53].

Mitochondrial lipoic acid synthesis

The majority of lipids in hepatocytes are generated in ER, but fatty acid (lipoic acid) synthesis
[mitochondrial fatty-acid synthesis type I (mtFASII) cycle] occurs in mitochondria. Mitochondrial fatty acid
elongation, a minor pathway, occurs by a reversal of -oxidation. In the mitochondria, fatty acid (lipoic
acid) is synthesized de novo using intermediates from the mtFASII cycle, s-adenosylmethionine, and iron-
sulfur clusters [54].

In the mtFASII cycle, malonyl-CoA synthetase [acyl-CoA synthetase 3 (ACSF3)] links malonate to CoA,
producing malonyl-CoA in mitochondria. The malonyl moiety from malonyl-CoA is transferred by malonyl-
CoA-acyl carrier protein transacylase (MCAT) to an acyl carrier protein (ACP), resulting in malonyl-ACP.
Thus, a major function of mitochondrial ACP (mtACP) is the biosynthesis of lipoic acid. The initial
condensation reaction, malonyl-ACP condensation with acetyl-ACP or acyl-ACP, produces 3-ketoacyl-ACP.
The 3-ketoacyl-ACP is reduced to 3-hydroxyacyl-ACP. Hydroxyacyl-thioester dehydratase type 2 (HTD2)
then dehydrates 3-hydroxyacyl-ACP to trans-2,3-enoyl-ACP. Finally, mitochondrial trans-2-enoyl-CoA
reductase (MECR) reduces trans-2,3-enoyl-ACP to acyl-ACP. Octanoyl-ACP is shuttled into the lipoic acid
synthesis pathway [55, 56] in which lipoyltransferase 2 (LIPT2) transfers ocyanoyl moiety. [ron-sulfur
enzyme lipoic acid synthetase (LIAS) catalyzes the final step in the de novo biosynthesis of lipoic acid. Lipoic
acid is an essential cofactor for mitochondrial metabolism by lipoylation of enzymes such as PDH, a-KG
dehydrogenase, and oxoacid dehydrogenase. LIPT1 targets protein lipoylation. Therefore, the knockdown
of mtFASII components results in reduced cellular lipoic acid content and protein lipoylation levels [57].
Application of exogenous lipoate does not alleviate the effects of mtFASII knockdowns on protein
lipoylation, indicating that a mitochondrial origin of fatty acids may be required for lipoylation to occur
[58]. In addition, ETC activity is highly regulated by mtFAS function independent of protein lipoylation [59].

Glutamine and branched chain amino acids

The mitochondrion is involved in the synthesis of amino acids, such as glutamine, glutamate, alanine,
proline, and aspartate. The glutamine metabolites are distributed into macromolecules throughout the cell,
including TCA cycle intermediates (important in bioenergetics), amino acids, nucleotides, glutathione, and
lipids. In mitochondria, glutaminase (GLS) converts glutamine into glutamate and ammonia. Reciprocally,
glutamine synthetase (GS) condenses glutamate and ammonia to make glutamine. Glutamate is converted
into a-KG by transaminase or glutamate dehydrogenase (GDH) [60, 61]. When mitochondrial a-KG is low
due to citrate being exported to cytosol for lipogenesis, activation of glutaminolysis converts glutamine to
glutamate to replenish mitochondrial a-KG [62]. Glutamine crosses the plasma and mitochondrial
membrane via glutamine transporters (SLC1A5) [63]. GS has been reported to have activity in cytosol and
mitochondria in the liver [64].

The branched chain amino acids (BCAAs) leucine, isoleucine, and valine generate acetyl-CoA and
succinyl-CoA as an alternative source of cellular energy especially in myocytes and adipocytes during
exercise and fasting, respectively [65, 66]. Proline and ornithine metabolism are centered in mitochondria.
The mechanisms underlying the compartmentalization of proteinogenic amino acids, such as proline and
glutamate, are sparse [67].

Mitochondrial cholesterol oxidation (oxysterol)

Compared to other subcellular membranes, mitochondrial membranes, particularly IMM, are cholesterol-
poor. Thus, cholesterol metabolism (oxysterol synthesis in hepatocytes, and steroidogenesis in the adrenal
gland) is controlled through the delivery of cholesterol to the IMM [68]. Mitochondria receive cholesterol
from late endosomes and lysosomes or from the ER membrane [69]. The transport of cholesterol from the
OMM to the IMM occurs via non-vesicular transport by the steroidogenic acute regulatory protein 1
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(StARD1, also known as StAR) [70]. The ER is the main organelle responsible for cholesterol synthesis [71].
Cholesterol is imported to mitochondrial membranes by multiprotein complexes that incorporate Tom40
acting at ER-mitochondria contact sites. In the absence of Tom40, the mitochondria-associated membrane
(MAM) complex fails to assemble and mitochondrial cholesterol transport is ablated [72]. Cholesterol
import to the mitochondria from the late endosomes and lysosomes is mediated by the interaction of
metastatic lymph node-64 (MLN-64), Niemann-Pick disease type C1 (NPC1), and NPC2 [73]. Subsequently,
IMM localized cytochrome P450 family 27 subfamily A member 1 (CYP27A1) converts cholesterol to
oxysterols such as (25R)26-hydroxycholesterol and 33-hydroxy-5-cholesten-(25R)26-oic acid. Oxysterols
accumulate in mitochondria and are transferred to the cytoplasm to enter into bile acid synthesis (acidic
pathway). Transcription of CYP27A1 is suppressed by bile acids but activated by hepatocyte nuclear factor
4a (HNF4a) [74]. Reactive adduct modification of CYP27A1 is identified [75], but this needs further
characterization of enzyme activity. The responsible transporter of oxysterol is not known. In addition,
autooxidation of cholesterol by free radicals and ROS generates many oxysterols [76, 77]. Oxysterol inhibits
cholesterol synthesis by directly silencing the expression of two enzymes, CYP51A1 and squalene synthase,
via the nuclear hormone receptor for oxysterols, the liver X receptor a (LXRa) [77, 78]. The role of
oxysterol in cholesterol-associated steatohepatitis and cancer was recently reviewed [79].

One carbon metabolism (NADPH/NADP balance)

Mitochondrial methylenetetrahydrofolate dehydrogenase 2 (MTHFD2) is among the major contributors of
NADPH [80, 81]. The cytosolic isoform favors NADP* production [82]. The MTHFD isoforms are involved in
adaptive response to survive oxidative stress. Upon ETC inhibition, the mitochondrial MTHFD?2 is activated
for NADPH/NADP* balance [83]. NADPH is required for the reduction of glutathione, an antioxidant. The co-
factor tetrahydrofolate (THF) is the carrier for de novo nucleotide (purine) synthesis. Activated THF
molecules are generated through an oxidative/reductive cycle that catabolizes serine to generate glycine in
the mitochondria and synthesizes serine in the cytosol [84, 85]. Thus, the pathway involves de novo
nucleotide synthesis, amino acids, and redox homeostasis. Mitochondrial MTHFD2 converts 5,10-
methylene-THF to 10-formyl-THF which is then hydrolyzed to formate, the main carbon source for
cytosolic 1C metabolism. MTHFD2 expression is regulated by the mammalian target of rapamycin complex
1 (mTORC1) and is critical for growth and proliferation [86].

Metabolic pathways involving both mitochondria and non-mitochondria
compartments
Gluconeogenesis

Gluconeogenesis is a predominantly cytosolic process occurring when liver glycogen stores start to deplete
during fasting for more than 8 h. However, the initiating step by PC occurs inside the mitochondria. PC
converts pyruvate to OAA which is in turn converted to malate by MDH. Malate is exported from the
mitochondria for the remaining steps of gluconeogenesis. The mechanism driving the export of malate for
gluconeogenesis is unknown. It is unclear if the pathway is activated in conditions such as nutrient
deprivation or hypoxia. However, in fatty liver, impaired ketogenesis, inefficient respiratory chain, and
increased acetyl-CoA oxidation promote hyperglycemia [9, 10]. In the cytosol, malate is converted to OAA
which is converted by phosphoenolpyruvate (PEP) carboxykinase (PCK) to PEP for gluconeogenesis
(Figure 5). The mitochondrial isoform of this enzyme, PCK2, is not involved in gluconeogenesis. A
comprehensive review of gluconeogenesis was recently updated [87-90].

Lipogenesis, cholesterol biosynthesis, bile acid synthesis

Dietary fat is distributed mainly to adipose tissue and muscle. In the liver, de novo lipogenesis is a major
contributor to hepatic TAG accumulation. Dietary carbohydrates and FFA redistributed from adipose tissue
lipolysis are the primary sources of de novo lipogenesis in the liver, contributing to 1-3% of the total fat
balance in humans consuming a typical diet. Although lipogenesis occurs in the cytoplasm (ER),
mitochondria are the primary source of acetyl-CoA, the building block for lipogenesis in the liver. Acetyl-
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CoA is not transported across mitochondrial membranes. However, mitochondrial citrate is transported to
the cytoplasm and converted by cytosolic ACLY to acetyl-CoA for fatty acid synthesis in the cytoplasm.

The liver is a key organ in cholesterol homeostasis. The increased lipogenesis in the liver generates
increased cholesterol synthesis which occurs in the cytoplasm [91]. Mitochondrial-derived acetyl-CoA is
essential for the synthesis of cholesterol and bile acids in the liver. Bile acid synthesis is a major catabolic
pathway of hepatic cholesterol. Under physiological conditions, the bile acid synthesis occurs via two main
pathways. In humans, the neutral (or classical) pathway accounts for more than 90% of bile acid
production, whereas the acidic (or alternative) pathway accounts for a smaller portion. The cholesterol 7a-
hydroxylase (CYP7A1), localized in the ER of hepatocytes, is the rate-limiting enzyme. It hydroxylates the
carbon-hydrogen bond of cholesterol at the 7-alpha position. CYP7A1 gene expression is negatively
regulated by bile acids returning to the liver via enterohepatic circulation. In the alternative pathway,
StARD1, a mitochondrial cholesterol transporter, and CYP27A1 limit mitochondrial oxysterol synthesis.
CYP7B1 in cytoplasm is the rate-limiting enzyme in oxysterols to bile acid synthesis. Oxysterols can be
excreted after sulfation or glucuronidation [92]. Oxysterol, on the other hand, activates LXRs, and synthetic
LXR agonists increase the transcription of sterol regulatory element binding protein 1c (SREBPIc) and its
lipogenic genes [93]. Update on hormonal and circadian regulation of bile acid homeostasis have been
recently updated [94].

Signal regulation of mitochondrial metabolism

Mitochondrial metabolism adapts to the signals of metabolic and stress sensors at post-translational or
transcriptional levels in response to conditions such as changes in the ratio of NADH/NAD* or adenosine
monophosphate (AMP)/ATP, Ca?* influx from ER to mitochondria, redox balance, and changes in the level
of amino acids, succinyl-CoA, acetyl-CoA, and methyl donors. The broader and conceptual review of
metabolic sensors has been described [95]. This review focuses on signal activations that regulate
mitochondrial metabolism and that are closely associated with mitochondria.

Signals from outside of mitochondria
Stress-activated kinases

Both c-Jun N-terminal kinase (JNK) and p38 stress-activated kinases are activated by mitogen-activated
protein (MAP) kinase (MAPK) cascade [MAPK kinase kinase (MAP3K)—=MAPK kinase (MAP2K)—=MAPK] in
response to various chemical, environmental, and biological stress including metabolic stress. Hepatic JNK
is activated by meal but activated phosphorylated-]NK (P-JNK) decreases shortly after meal (after enteric
emptying). However, p38 is phospho-activated in fasting [96, 97]. Both kinases are predominantly localized
in the cytoplasm. The activated P-JNK, but not phospho-p38 (P-p38), translocates and binds with OMM
protein SH3 domain-binding protein 5 (SAB/SH3BP5) releasing tyrosine-protein phosphatase non-receptor
type 6 (PTPN6) from SAB to the intermembrane space. PTPN6 inactivates phospho-Src (P-Src, active form)
which is required to maintain mitochondrial respiration. Inactivation of Src by PTPN6 on Src-binding
protein docking protein 4 (DOK4) occurs on the IMM leading to decreased ETC activity and increased
production of ROS. ROS then activates MAPK cascade—MAP3K such as apoptosis signal-regulating kinase 1
(ASK1) which activates MAP2K such as MAP2K 4 (MKK4) which then activates JNK. Thus, the feed-forward
activation pathway is described as the JNK-SAB-ROS activation loop [98-102]. Therefore, JNK and SAB
interaction sustains the P-JNK activation followed by decreased ATP synthesis (decreased oligomycin-
inhibitable respiration) and may result in an incremental increase of NADH leading to allosteric inhibition
of enzymes in the TCA cycle such as PDHC, CS, IDHC, OGDHC [6]. Initial post-prandial JNK activation is
suggested through cell membrane-associated Src and mixed lineage kinases (MLKs) activation [103].
Continue JNK activation (sustain P-JNK) through P-JNK-SAB mediated modulation of mitochondrial
metabolism is suggested because the hepatocyte-specific deletion of SAB before the hepatic accumulation of
TAG or in established nonalcoholic steatohepatitis (NASH) abolishes P-JNK and decreases hepatic lipogenic
genes expression, hepatic steatosis, inflammation, fibrosis, and improved metabolic intolerance and energy
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expenditure [104]. Moreover, SAB peptide or JNK inhibitor prevents palmitic acid-induced P-JNK
interaction with SAB and inhibits mitochondrial bioenergetics, implying the P-JNK effect on mitochondrial
metabolism [104]. However, further exploration is required to uncover the direct and indirect mechanism
of modulation of mitochondrial metabolism when P-JNK interacts with SAB, especially during nutrition
excess.

Cyclic AMP-activated kinase

AMP-activated protein kinase (AMPK) primarily resides in the cytoplasm. Mitochondrial localization of
AMPK has been reported and supported by the presence of two AMPK substrates at the OMM,
mitochondrial fission factor (MFF) and acetyl-CoA carboxylase 2 (ACC2) [105, 106]. AMPK is the key sensor
of coordinated upregulation of the enzymes of -oxidation, ketogenesis, gluconeogenesis, and peripheral
lipolysis in fasting and starvation [107].

AMPK is inhibited by overnutrition, excess amino acids (high protein diets) especially leucine,
inflammation, and hypersecretion of certain anabolic hormones, such as insulin, during obesity. Under
energy (ATP)-shortage conditions lipid and sterol synthesis is inhibited by activated AMPK through
inhibitory phosphorylation of ACCs, which catalyzes the first step in de novo lipid synthesis, and inhibitory
phosphorylation of HMG-CoA reductase (HMGCR), which catalyzes the rate-limiting step in cholesterol
synthesis. AMPK inhibition of ACCs, especially ACC2 on mitochondria decreases malonyl-CoA inhibition of
long-chain fatty acyl-CoA transporter mitochondrial CPT-I and thus enhances mitochondrial 3-oxidation
[108, 109]. AMPK is a dominant negative regulator of mTORC1. AMPK inhibition of mTORC1 in the liver
activates ketogenesis in fasting. mTORC1 inhibition removes the nuclear receptor co-repressor 1 (NCoR1),
and recruits transcriptional coactivators and histone acetyltransferases to the peroxisome proliferator-
activated receptor a (PPAR«)-regulated genes for oxidation and ketogenesis [110, 111]. On the other hand,
mTORC1 activates SREBP and lipogenesis [112]. In the liver, PPARa strongly upregulates fibroblast growth
factor 21 (FGF21) which activates hepatic lipolysis and ketogenesis in hepatocytes. In addition, under low
ATP conditions, cyclic AMP (cAMP)-activated AMPK phosphorylates MFF and unc-51 like autophagy
activating kinase 1 (ULK1) to facilitate the segregation of damaged mitochondria and their removal by
mitophagy [113]. Moreover, AMPK activation of insulin induced gene 1 (INSIG) inhibits the cleavage of
SREBP1c and reduces lipogenic gene expression and lipid accumulation [114]. Re-activation of AMPK
suppresses hepatic steatosis but its downregulation does not promote fatty liver development [115].
Overall, AMPK activity is a keynote in the regulation of fatty acid transport to mitochondria and gene
expression of mitochondria 3-oxidation and ketogenesis.

Signals within mitochondria
Mitochondrial NAD* sensor SIRTs

Two-thirds of mitochondrial proteins contain lysine acetylation sites. Mitochondrial acetylation is thought
to occur through the chemical reaction between lysine residues and acetyl-CoA. However, a definitive
mitochondrial acetyltransferase has not been identified [116]. Overall, the acetylation of mitochondrial
enzymes causes inhibition of enzyme activity, and thus oxidative metabolism is inhibited [117]. NAD*
dependent mitochondrial deacetylase SIRT3 is the principal enzyme for deacetylation, and SIRT4 and 5
contribute to the reversal of succinylation [49, 118, 119]. SIRT3 deacetylation activates PDHC subunits in
pyruvate metabolism. Acetylation and succinylation of HMGCS2 inhibit the enzyme activity and ketogenesis
in mitochondria. During fasting, SIRT3 removes acetyl groups to activate enzymes involved in fatty acid
oxidation, such as long-chain acyl-CoA dehydrogenase (LCAD) [120], which acts to activate ketogenesis in
the liver. Therefore, mitochondrial SIRTs promote fatty acid oxidation, glucose oxidation, and ketone body
production [119].

Mitochondrial cAMP sensor protein kinase A

Cytoplasmic cAMP produced by soluble adenylyl cyclase (sAC) in response to starvation activates protein
kinase A (PKA) on mitochondria resulting in mitochondrial elongation because PKA phosphorylation of
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dynamin-related protein 1 (DRP1) at S637 inhibits mitochondria fission [121]. The mechanism is mediated
by PKA binding to mitochondrial A-kinase anchoring protein 1 (AKAP1) localized at the outer leaflet of the
IMM. PKA is also identified in the mitochondrial matrix. However, cytoplasmic cAMP does not have access
to matrix PKA. Intriguingly, the CO,/HCO; -mito-sAC-cAMP-mito-PKA signaling cascade was identified as
wholly contained in mitochondria and the cascade is completely compartmentalized [122]. CO,/HCO3"-
inducible mito-sAC increases intramitochondrial cAMP leading to activation of mito-PKA which phospho-
activates some of the subunits of cytochrome c (CYCS) oxidase subunit IV (COXIV) and increases
bioenergetics. Therefore, mito-PKA synchronizes mitochondrial tricarboxylic metabolism and
bioenergetics, and hepatic expression of PKA-inhibiting peptide in the liver accelerates TAG accumulation
[121-126]. Further studies will be intriguing to uncover the mito-PKA targets of mitochondrial metabolism.

Mitochondrial responses in liver metabolic adaptation

Liver mitochondrial metabolism switches between the TCA cycle, B-oxidation, and ketogenesis in
compliance with mitochondrial coenzymes and metabolites, signals from metabolic sensors, substrates
availability, and hepatic and whole-body metabolic needs which vary diurnally or with stress such as
exercise, infection, temperature, and hepatotoxins.

Metabolites

Mitochondrial metabolic pathways are tightly regulated by intermediate metabolites, substrates, and
coenzymes such as acetyl-CoA, pyruvate, fatty acyl-CoA, amino acid, NAD*/NADH, and ADP/ATP.
Mitochondria coordinately synchronize with non-mitochondrial metabolic pathways through activated JNK,
AMPK, and PKA. Mitochondrial utilization of metabolites varies depending on the type of diet consumed
(e.g., HFD), and the time between meals (e.g., fasting or starvation). Mitochondria metabolizes one molecule
of pyruvate with preexisting one molecule of OAA to produce one molecule of citrate which enters the TCA
cycle and produces 3 NADH and 1 FADH, which generate 22 ATP in coupling with the ETC and ATP
synthesis. However, the entry molecule to the TCA cycle could be malate from cytoplasm via malate-OAA or
citrate-malate shuttle, succinate from cytoplasm via malate-succinate shuttle, a-KG from the conversion of
cytoplasmic glutamate. During high-fat and high-carbohydrate diet consumption, excess intermediate
metabolites such as acetyl-CoA are produced in mitochondria because of upregulated -oxidation and
glycolysis. Mitochondrial acetyl-CoA is converted to citrate by the first reaction of TCA cycle and then
exported into the cytoplasm via citrate transport protein and stored in the cytoplasm as TAG via lipogenesis
[127]. This process results in a leak in the TCA cycle and could cause insufficient conversion of a-KG to OAA.
Mitochondrial OAA is replenished by carboxylating pyruvate into OAA by PC, which is activated by high
mitochondrial acetyl-CoA during hepatic lipogenesis [11, 128]. In addition, cytosolic malate could be
transported into mitochondria and converted to OAA [129]. High expression and activity of PC leads to
gluconeogenesis and has been associated with metabolic reprogramming and increased tumor progression
[130].

A depletion of OAA relative to acetyl-CoA is the key step for the production of ketone bodies,
acetoacetyl-CoA, and 3-HB, within the liver when replenishing of OAA is not available such as low/no
carbohydrate HFD [131]. Excess amounts of acetyl-CoA converted from fatty acyl-CoA inhibit pyruvate
metabolism via inhibition of PDH but increase ketone bodies [132]. Mitochondria contain ACOTSs, similar to
cytoplasmic and peroxisomal ACOTs (12 and 8), which convert excess acetyl-CoA to acetate, a SCFA. Acetate
crosses the mitochondrial membrane to cytoplasm where it is converted to acetyl-CoA by ACSS2 for fatty
acid synthesis and cholesterol synthesis [133]. During nutrient excess: A high carbohydrate diet stimulates
adipose tissue lipogenesis via insulin and SREBP-targeted adipogenic gene expression [134]. Postprandial
dietary fat from the gut deposits in adipose tissue and muscle. High fructose diet consumption facilitates
hepatic de novo lipogenesis. During fasting and starvation: When liver glycogen storage is depleted in
fasting or starvation, FFA delivered to the liver from adipose and muscle by lipolysis is the source of
metabolic substrates for gluconeogenesis, $-oxidation, ketone, and amino acid synthesis [90].
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Membrane lipids composition

Mitochondria membrane lipids play a vital role in mitochondrial biogenesis, bioenergetics, and metabolism,
in addition to protein import and assembly, membrane architecture, and mitochondrial dynamics [135].
The liver mitochondria mainly consist of 34-55% phosphatidylcholine, 19-36% phosphatidylethanolamine
(PE), 12-23% cardiolipin, and small fractions of phosphatidylinositol, phosphatidylserine,
lysophospholipids, sphingomyelin, and phosphatidic acid [136, 137]. The OMM is rich in
phosphatidylcholine and PE [138]. PE is highly enriched in inner membranes [139]. Cardiolipin, an
important phospholipid in the IMM, has four fatty acids rather than two and makes the membrane
especially impermeable to ions. Cardiolipin is synthesized via condensation of phosphatidylglycerol (PG)
and cytidine diphosphate (CDP)-diacylglycerol catalyzed by cardiolipin synthase 1 (CRLS1) in the matrix
side of the IMM [137]. The majority of mitochondrial lipids are synthesized in the ER and transported to the
mitochondria, but the synthesis of cardiolipin and PE in the IMM highlights the importance of
mitochondrial lipid metabolism [140, 141].

The lipid compositions of mitochondrial membrane change during liver metabolic stress such as in
HFD-fed mice, diabetes mice, and progression of NASH in humans. Cardiolipin is important in the efficient
coupling of the respiratory chain and ATP synthase [142]. Deletion of CRLS1 (decreased cardiolipin) or
lysophosphatidylglycerol acyltransferase 1 (LPGAT1), an acyltransferase that catalyzes the remodeling of
PG, exacerbates the hepatic steatosis in diet-induced NASH model [143, 144]. Cardiolipin has a methylene
bridge between two double bonds of fatty acids. Thus, cardiolipin is highly sensitive to ROS-induced
oxidative damage [145]. In fact, cardiolipin level decreases in established hepatic steatosis [143], but,
increases in streptozotocin (STZ)-induced diabetes models, suggesting the compensatory adaptation at
preserving mitochondrial bioenergetic function [146-148]. In addition, cardiolipin changes facilitate the
initiation and completion of apoptosis. Flipping of cardiolipin from the IMM to the OMM is a hallmark of
upcoming CYCS leakage and apoptotic cell death. Flipping facilitates the contact between cytoplasmic
caspase 8 and BH3 interacting domain death agonist (Bid) to form a truncated Bid (tBid). Besides, loss of
cardiolipin from the IMM confers complete disorganization of mitochondrial respiratory complexes.
Cardiolipin also regulates mitochondrial fission through positive interaction with the DRP1 the major
effector of mitochondrial division. Other lipids best described in apoptosis have been reviewed recently
[138, 149].

Compared to other subcellular membranes, the IMM is cholesterol-poor [68]. Mitochondria require
cholesterol for biogenesis and membrane fluidity and for the biosynthesis of steroids, oxysterols, and bile
acids. Cholesterol is dynamically transported to mitochondria primarily by non-vesicular mechanisms.
Sterol transfer proteins (STPs) bind cholesterol in their hydrophobic pockets to transfer across the aqueous
cytosol [150, 151]. Cholesterol is situated in the membrane in between the phospholipids. The rigid rings of
the cholesterol molecule interact with the hydrophobic tails of the phospholipids. This stabilizes them and
makes them more rigid as well. This also prevents the membrane from being permeable to water and
water-soluble small molecules [152, 153]. Thus, the fluidity of the mitochondrial membrane is determined
by its cholesterol content. The higher the cholesterol content in membranes, the lower its fluidity, and vice
versa [154]. At high temperatures, cholesterol stabilizes the membrane by raising the melting point to keep
the same degree of fluidity. At low temperatures, cholesterol prevents clustering by intercalating between
the phospholipid bilayer [155]. Mitochondrial cholesterol levels are elevated at low temperatures [156].
Cholesterol increases bilayer thickness, presumably due to the ordering of the acyl chains of phospholipids
[70,157].

Response to hormonal and neurogenic regulation

The liver adapts to whole-body metabolic needs through the hormonal and neurogenic regulation of liver
mitochondrial metabolism. Insulin increases hepatic glycolysis and lipogenesis but suppresses
gluconeogenesis. Glucagon counteracts insulin action [90]. Insulin directly stimulates mitochondrial
glucose oxidation without modulating glucose uptake or glycolysis, through activating mitochondrial PDH,
the rate-limiting enzyme of pyruvate metabolism in mitochondria [158]. Insulin stimulates lipogenesis by
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activating glucose import, regulating the levels of G3P and lipoprotein lipase (LPL) [134, 159]. Insulin
markedly reduces the activity of AMPK both by increasing glucose uptake and oxidation and by protein
kinase B (Akt)-mediated phosphorylation of AMPK (Ser485/491) leading to protein phosphatase 2A
(PP2A) mediated dephosphorylation at Thr172 and deactivation of AMPK [160]. Metabolic dysfunction-
associated steatohepatitis (MASH) is associated with insulin resistance. Insulin resistance is suggested to
promote the progression from simple fatty liver to MASH because insulin stimulates lipogenic enzymes via
SREBP1c [161-163], but it needs further evidence to explore the contribution of insulin resistance
mechanism in MASH progression.

The thyroid hormone [triiodothyronine (T3)] is the major endocrine regulator in a hypermetabolic
state. T; also has profound impacts on mitochondrial function and turnover by regulating processes such as
mitogenesis, proton leak, oxidative phosphorylation (OXPHOS), ROS generation [164, 165], autophagy, and
B-oxidation [166, 167]. Thyroid hormones stimulate mitochondrial replication and energy production by
switching metabolism from the glycolytic pathway to more efficient OXPHOS [168] and by regulating NADH
shuttles in the liver and cardiac mitochondria [169]. Thyroid hormones regulate serum levels of cholesterol
by stimulating cholesterol biosynthesis through inducing HMGCR, cholesterol export [primarily as low-
density lipoprotein (LDL) and very LDL (VLDL)], reverse transport from peripheral tissues, hepatic
reuptake via LDL receptors (LDLRs), and cholesterol conversion into bile acids in the liver [170, 171]. The
past and updated reviews are recommended for the direct and indirect effects of thyroid hormone on
mitochondria [172-177].

The sympathetic nervous system stimulates hepatic gluconeogenesis, whereas the parasympathetic
system does not. Catecholamines, particularly norepinephrine, are the primary activators of fasting-induced
peripheral (adipose) lipolysis, while cortisol, glucagon, growth hormone (GH), and adrenocorticotropic
hormone (ACTH) also activate lipolysis [178]. Dietary compounds, such as caffeine and calcium, also
stimulate lipolysis. Leptin inhibits lipogenesis increases lipolysis, and thus reduces fat pad size [179]. In the
liver, leptin stimulates fatty acid oxidation and glucose uptake. Thus, leptin-mediated increases in energy
expenditure and basal metabolic rate contribute to the improvement in steatosis [180].

Metabolic stress

Among different forms of liver metabolic stress dietary, alcohol, and genetic causes are briefly discussed
here.

Diets

Mitochondrial metabolites, such as acetyl-CoA, succinyl-CoA, acetate, NAD*/NADH, and S-adenosyl-L-
methionine (SAM) which are capable of directly affecting the posttranslational and epigenome regulation,
switch according to nutrients and whole-body metabolic response through hormone and neurogenic
signals. Consumption of very low amounts of carbohydrates with an adequate protein content diet
(ketogenic diets, fasting) will force the liver to produce ketone bodies. Excessive production of acetyl-CoA
by B-oxidation and/or depletion of oxalacetate are both capable of triggering liver ketogenesis. However,
the rate of ketogenesis is not linearly dependent on hepatic acetyl-CoA concentration [181, 182]. The
amount of acetyl-CoA available can modulate acetylation-mediated post-translational modifications such as
histone, transcription factors, and kinases, resulting in gene activation for de novo lipogenesis and
consequential transcription of pro-growth genes [183]. Most of the dietary fat (chylomicron) is deposited in
adipose tissue and FFAs are redistributed to the liver and further metabolized in mitochondria to acetyl-
CoA which are building blocks for hepatic de novo lipogenesis. Intriguingly, dietary sugars, fructose versus
glucose have opposing effects on HFD-induced metabolic changes. Fructose supplementation increases
fatty acid synthesis mediated via upregulation of SREBP1c and carbohydrate response element binding
protein (ChREBP) target genes, while glucose supplementation upregulates ChREBP target genes [184, 185].
Dietary sugar (glucose, fructose) supplementation in the chow diet causes hyperacetylation of
mitochondrial proteins including acyl-CoA dehydrogenase, long chain (ACADL) and hydroxyacyl-CoA
dehydrogenase trifunctional multienzyme complex subunit A/B (HADHA/B), thereby inhibiting 3-oxidation
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[186]. Mitochondrial protein acetylation is increased in chronic HFD feeding (13 weeks) but not in acute
HFD feeding (1 week). Chronic HFD feeding reduces ACADL enzyme activity by increased acetylation which
is enhanced in SIRT3 knockout. However, the direct role of mitochondrial protein acetylation in de novo
lipogenesis is difficult to reconcile in SIRT3 knockout or HFD-fed mice because of the absence or loss of
SIRT3 leading to aberrant upregulation of stearoyl-CoA desaturase 1 (SCD1) [187]. Notably, fructose intake
triggers de novo lipogenesis independent of ACLY-mediated citrate to acetyl-CoA metabolism. Dietary
fructose is converted by the gut microbiota to acetate which is taken up by the liver and irreversibly
catalyzed to acetyl-CoA by the hepatic cytosolic enzyme ACSS2 [188]. Fructose in hepatocytes is converted
to fructose-1-phosphate which is converted by aldolase B to DHAP and then G3P, a backbone of TAG
synthesis. GA3P derived from fructose metabolism eventually gives rise to citrate as a result of oxidative
stress-induced inhibition of aconitase [189]. Thus, dietary fructose-derived citrate provides substrates for
fatty acid synthesis [190-193].

Cholesterol content in the diet increases mitochondrial oxysterol production which is highly dependent
on CYP27A1 expression activated by HNF4a [74]. However, dietary intake and endogenous enzymatic
synthesis of oxysterols account slightly for the increased oxysterol levels, because the nonenzymatic
cholesterol oxidation pathway is responsible for the changes in oxysterol metabolism [194]. Furthermore,
HFD induces cytoplasmic retention of HNF4a in hepatocytes [195], and HNF4a prevention of hepatic TAG
accumulation could be due to other actions of HNF4a such as promoting hepatic TAG lipolysis, fatty acid
oxidation, and VLDL secretion [196].

Alcohol

Alcohol (ethanol) is primarily oxidized in the liver by alcohol dehydrogenase with NAD* and by CYP2E1 to
acetaldehyde and NADH in the cytosol. Alcohol dehydrogenase-derived NADH is transported into the
mitochondria by substrate shuttles. Acetaldehyde is oxidized to acetate by NAD* dependent acetaldehyde
dehydrogenase generating NADH in mitochondria. Long-term alcohol consumption causes mitochondrial
enlargement (mega-mitochondria) and structural changes and impairs mitochondrial functional
respiration. Mitochondrial morphology is regulated by mitochondrial fission proteins such as DRP1, and
MFF and fusion proteins such as mitofusin-1 (MFN1), and MFN2. Intriguingly, alcohol decreases DRP1
expression by impairing transcription factor EB activity. Mega-mitochondria formation is accelerated in
alcohol-fed liver-specific DRP1 knockout mice because of inefficient removal of damaged mitochondria by
mitochondrial fission followed by mitophagy. Importantly, the results implied that mega-mitochondria is an
adaptive response to increased mitochondrial metabolism in alcohol consumption, but the defect in the
removal of damaged mitochondria due to decreased expression of DRP1 in alcohol consumption
contributes to alcohol-induced liver injury [197]. In chronic alcohol consumption, inefficient mitochondrial
electron transfer reactions and high NADH lead to increased production of mitochondrial ROS when
mitochondrial glutathione is reduced, or mitochondrial DNA and translation are defective. Then, impaired
mitochondrial metabolism and increased lipid oxidation lead to hepatic steatosis [2, 198-201]. Studies
showed that alcohol causes mitochondrial membrane depolarization in nearly all hepatocytes in the liver as
early as 1 h and peaks at 6-12 h [202, 203]. Furthermore, alcohol induces StARD1 expression in perivenous
hepatocytes and increases mitochondrial cholesterol accumulation and loss of mitochondrial ultrastructure
architecture [204]. Acetate, the alcohol metabolite, is converted by ACSS1 in mitochondria and ACSS2 in the
cytosol to acetyl-CoA, directly supplementing substrates for fatty acid synthesis. In addition, chronic alcohol
consumption shifts the substrate of oxidation from carbohydrates to lipids and increases acetyl-CoA
availability because of increased adipose tissue lipolysis [205]. Acetyl-CoA and acetylation reprogram
circadian metabolism and hepatic metabolic enzymes via SREBP-driven transcription [206]. Multiple
pathways of SREBP activation by alcohol, including induction of SREBP1c maturation by acetaldehyde,
downregulation of AMPK and SIRT1, and signal transducer and activator of transcription 3 (STAT3)
suppression of SREBP1c expression have been described [207, 208].
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Genetic disorders

Mitochondrial FAO disorders (FAODs) are a heterogeneous group of defects in fatty acid transport and
mitochondrial $-oxidation [48]. FAODs are inherited as autosomal recessive disorders [209] approximately
one in every 5,000 to 10,000 live births. The most common FAOD is medium-chain acyl-CoA dehydrogenase
deficiency (MCADD) causing accumulation of MCFAs in the blood which can lead to a metabolic crisis with
hypoglycemia and lethargy. Without rapid treatment, this can result in liver damage, brain damage, and
death [210, 211].

Conclusions

The role of mitochondria in metabolism has been expanding ever since the discovery of the TCA cycle. The
integration of several metabolic pathways, the presence of shuttles, and signal transduction from
cytoplasmic sensors constantly determine the flow of mitochondrial metabolites which are continuously
changing with influx and efflux of intermediary metabolites. Among metabolites, mitochondrial acetyl-CoA
level plays a key role in lipogenesis and cholesterol biosynthesis in the liver via providing substrate for
lipogenesis and modulating enzyme activity, epigenetic, and transcriptional activity. The direct action of
stress kinases on mitochondrial metabolic flow needs further exploration. The critical role of mitochondria
in lipogenesis and cholesterol biosynthesis is conceptualized in Figure 6. This review provides an overview
of the regulation of metabolic flow in the progression of steatotic liver disease.
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Figure 6. The central role of mitochondria in lipogenesis and cholesterol synthesis. The level of mitochondrial acetyl-CoA plays
a pivotal role in mitochondrial metabolic shift. High mitochondrial acetyl-CoA upregulates the synthesis of citrate which is
exported out of mitochondria into the cytosol via citrate-malate shuttle (SLC25A1) and conversion by ACLY to acetyl-CoA, which
is the building block for fatty acid synthesis and cholesterol synthesis. Excess mitochondrial malate, generated by activation of
PC by acetyl-CoA, is exported out of mitochondria via dicarboxylate shuttle (SLC25A10) and provides intermediate metabolites
for gluconeogenesis and TAG synthesis. Ketogenic activity is largely activated by high levels of acetyl-CoA in mitochondria.
AcAc, a ketone body, is condensed to acetoacetyl-CoA which provides substrates for cholesterol and fatty acid synthesis.
Overall, the acetylation of mitochondrial enzyme inhibits its activity, and deacetylation by intramitochondrial deacetylase SIRT3
increases mitochondrial metabolism and bioenergetics. Moreover, JNK interaction with OMM protein SAB could make two major
changes in mitochondrial metabolism: JNK interaction with SAB inhibits mitochondrial respiration and increases NADH/NAD*
and ROS production; the interaction increases the SAB and CS (and possibly SLC25A1) association. Therefore, hyper nutrition
diet along with increased mitochondrial acetyl-CoA, JNK activation, and interaction with SAB could enhance the citric acid
synthesis and could export citric acid out of the mitochondria into cytosol for de novo fatty acid synthesis and cholesterol
biosynthesis
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IMM: inner mitochondrial membrane

JNK: c-Jun N-terminal kinase

LCFAs: long-chain fatty acids

LDL: low-density lipoprotein

LXRa: liver X receptor «

MAP2K: mitogen-activated protein kinase kinase
MAPK: mitogen-activated protein kinase

MASH: metabolic dysfunction-associated steatohepatitis
MCFAs: medium-chain fatty acids

MDH: malate dehydrogenase
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MFF: mitochondrial fission factor

mGPD: mitochondrial glycerol-3-phosphate dehydrogenase
mtFASII: mitochondrial fatty-acid synthesis type I1
MTHFD2: methylenetetrahydrofolate dehydrogenase 2
mTORC1: mammalian target of rapamycin complex 1
NASH: nonalcoholic steatohepatitis

OAA: oxaloacetate

OGDH: oxoglutarate dehydrogenase

OGDHC: oxoglutarate dehydrogenase complex

OMM: outer mitochondrial membrane

PC: pyruvate carboxylase

PDH: pyruvate dehydrogenase

PDHC: pyruvate dehydrogenase complex

PE: phosphatidylethanolamine

PEP: phosphoenolpyruvate

P-JNK: phosphorylated-c-Jun N-terminal Kinase

PKA: protein kinase A

PTPNG6: tyrosine-protein phosphatase non-receptor type 6
ROS: reactive oxygen species

SAB/SH3BP5: SH3 domain-binding protein 5

SAC: soluble adenylyl cyclase

SCFAs: short-chain fatty acids

SDH: succinate dehydrogenase

SIRTs: sirtuins

SLC25A1: solute carrier family 25 member A1l
SREBPIc: sterol regulatory element binding protein 1c
StARD1/StAR: steroidogenic acute regulatory protein 1
TAG: triglyceride

TCA: tricarboxylic acid

THF: tetrahydrofolate

a-KG: a-ketoglutarate

B-HB: B-hydroxybutyrate

Declarations
Author contributions

Sanda W: Conceptualization, Investigation, Writing—original draft, Writing—review & editing, Supervision.
TAT: Conceptualization, Investigation, Writing—original draft, Writing—review & editing, Validation. NK:
Writing—review & editing, Validation. NW, AA, ZTW, SHW, EHP, CK, JS, SA, PPD, HWL, Sean W, SK, Samuel
W, KKS, and GK: Resources, Visualization. FWMA: Resources, Visualization, Writing—review & editing,
Validation. All authors read and approved the submitted version.

Explor Dig Dis. 2024;3:42-68 | https://doi.org/10.37349 /edd.2024.00039 Page 58



Conflicts of interest

The authors declare that they have no conflicts of interest.

Ethical approval

Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

Not applicable.

Funding

Not applicable.

Copyright
© The Author(s) 2024.

References

1. Beauvoit B, Kitai T, Chance B. Contribution of the mitochondrial compartment to the optical
properties of the rat liver: a theoretical and practical approach. Biophys J. 1994;67:2501-10.

2. Mansouri A, Gattolliat CH, Asselah T. Mitochondrial dysfunction and signaling in chronic liver
diseases. Gastroenterology. 2018;155:629-47.

3. Inigo M, Deja S, Burgess SC. Ins and outs of the TCA cycle: the central role of anaplerosis. Annu Rev
Nutr. 2021;41:19-47.

4, Martinez-Reyes I, Chandel NS. Mitochondrial TCA cycle metabolites control physiology and disease.
Nat Commun. 2020;11:102.

5. Liu Y, Hu L, Ma T, Yang ], Ding ]. Insights into the inhibitory mechanisms of NADH on the ay
heterodimer of human NAD-dependent isocitrate dehydrogenase. Sci Rep. 2018;8:3146.

6. Arnold PK, Finley LWS. Regulation and function of the mammalian tricarboxylic acid cycle. ] Biol
Chem. 2023;299:102838.

7. Stutzmann GE, Mattson MP. Endoplasmic reticulum Ca?* handling in excitable cells in health and
disease. Pharmacol Rev. 2011;63:700-27.

8. Flint DH, Tuminello JF, Emptage MH. The inactivation of Fe-S cluster containing hydro-lyases by
superoxide. ] Biol Chem. 1993;268:22369-76.

9. Satapati S, Sunny NE, Kucejova B, Fu X, He TT, Méndez-Lucas A, et al. Elevated TCA cycle function in
the pathology of diet-induced hepatic insulin resistance and fatty liver. ] Lipid Res. 2012;53:
1080-92.

10.  Fletcher JA, Deja S, Satapati S, Fu X, Burgess SC, Browning ]D. Impaired ketogenesis and increased
acetyl-CoA oxidation promote hyperglycemia in human fatty liver. JCI Insight. 2019;4:e127737.

11. Kumashiro N, Beddow SA, Vatner DF, Majumdar SK, Cantley JL, Guebre-Egziabher F, et al. Targeting
pyruvate carboxylase reduces gluconeogenesis and adiposity and improves insulin resistance.
Diabetes. 2013;62:2183-94.

12. Tan M, Mosaoa R, Graham GT, Kasprzyk-Pawelec A, Gadre S, Parasido E, et al. Inhibition of the

mitochondrial citrate carrier, Slc25al, reverts steatosis, glucose intolerance, and inflammation in
preclinical models of NAFLD/NASH. Cell Death Differ. 2020;27:2143-57.

Explor Dig Dis. 2024;3:42-68 | https://doi.org/10.37349/edd.2024.00039 Page 59



13.

14.

15.

16.

17.

18.

19.
20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Spinelli JB, Haigis MC. The multifaceted contributions of mitochondria to cellular metabolism. Nat
Cell Biol. 2018;20:745-54.

LaNoue KF, Meijer AJ, Brouwer A. Evidence for electrogenic aspartate transport in rat liver
mitochondria. Arch Biochem Biophys. 1974;161:544-50.

LaNoue KF, Tischler ME. Electrogenic characteristics of the mitochondrial glutamate-aspartate
antiporter. ] Biol Chem. 1974;249:7522-8.

Safer B. The metabolic significance of the malate-aspartate cycle in heart. Circ Res. 1975;37:527-33.
Sluse FE, Ranson M, Liébecq C. Mechanism of the exchanges catalysed by the oxoglutarate
translocatory of rat-heart mitochondria. Kinetics of the exchange reactions between 2-oxoglutarate,
malate and malonate. Eur | Biochem. 1972;25:207-17.

Stein LR, Imai S. The dynamic regulation of NAD metabolism in mitochondria. Trends Endocrinol
Metab. 2012;23:420-8.

Wallace DC. Mitochondria and cancer. Nature Rev Cancer. 2012;12:685-98.

Son |, Lyssiotis CA, Ying H, Wang X, Hua S, Ligorio M, et al. Glutamine supports pancreatic cancer
growth through a KRAS-regulated metabolic pathway. Nature. 2013;496:101-5.

Broeks MH, Meijer NWF, Westland D, Bosma M, Gerrits ], German HM, et al. The malate-aspartate
shuttle is important for de novo serine biosynthesis. Cell Rep. 2023;42:113043.

Bazilevsky GA, Affronti HC, Wei X, Campbell SL, Wellen KE, Marmorstein R. ATP-citrate lyase
multimerization is required for coenzyme-A substrate binding and catalysis. ] Biol Chem. 2019;294:
7259-68.

Schwer B, Verdin E. Conserved metabolic regulatory functions of sirtuins. Cell Metab. 2008;7:
104-12.

Li P, Ge ], Li H. Lysine acetyltransferases and lysine deacetylases as targets for cardiovascular
disease. Nat Rev Cardiol. 2020;17:96-115.

Marmorstein R, Zhou MM. Writers and readers of histone acetylation: structure, mechanism, and
inhibition. Cold Spring Harb Perspect Biol. 2014;6:a018762.

Mracek T, Drahota Z, HouSték ]. The function and the role of the mitochondrial glycerol-3-phosphate
dehydrogenase in mammalian tissues. Biochim Biophys Acta. 2013;1827:401-10.

Dhoundiyal A, Goeschl V, Boehm S, Kubista H, Hotka M. Glycerol-3-phosphate shuttle is a backup
system securing metabolic flexibility in neurons. ] Neurosci. 2022;42:7339-54.

Venugopal SC, Chanda B, Vaillancourt L, Kachroo A, Kachroo P. The common metabolite glycerol-3-
phosphate is a novel regulator of plant defense signaling. Plant Signal Behav. 2009;4:746-9.

Mugabo Y, Zhao S, Seifried A, Gezzar S, Al-Mass A, Zhang D, et al. Identification of a mammalian
glycerol-3-phosphate phosphatase: role in metabolism and signaling in pancreatic -cells and
hepatocytes. Proc Natl Acad Sci U S A. 2016;113:E430-9.

Monné M, Palmieri F. Antiporters of the mitochondrial carrier family. Curr Top Membr. 2014;73:
289-320.

Mizuarai S, Miki S, Araki H, Takahashi K, Kotani H. Identification of dicarboxylate carrier Slc25a10 as
malate transporter in de novo fatty acid synthesis. ] Biol Chem. 2005;280:32434-41.

Nogal A, Valdes AM, Menni C. The role of short-chain fatty acids in the interplay between gut
microbiota and diet in cardio-metabolic health. Gut Microbes. 2021;13:1897212.

van der Hee B, Wells JM. Microbial regulation of host physiology by short-chain fatty acids. Trends
Microbiol. 2021;29:700-12.

Deleu S, Machiels K, Raes ], Verbeke K, Vermeire S. Short chain fatty acids and its producing
organisms: an overlooked therapy for IBD? EBioMedicine. 2021;66:103293.

Jensen RG. The composition of bovine milk lipids: January 1995 to December 2000. ] Dairy Sci. 2002;
85:295-350.

Explor Dig Dis. 2024;3:42-68 | https://doi.org/10.37349 /edd.2024.00039 Page 60



36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

Jadhav HB, Annapure US. Triglycerides of medium-chain fatty acids: a concise review. ] Food Sci
Technol. 2023;60:2143-52.

Baker J], Burton BK. Diagnosis and clinical management of long-chain fatty-acid oxidation disorders:
areview. touchREV Endocrinol. 2021;17:108-11.

Calder PC. Long-chain fatty acids and inflammation. Proc Nutr Soc. 2012;71:284-9.

Kyselova L, Vitova M, Rezanka T. Very long chain fatty acids. Prog Lipid Res. 2022;87:101180.
Tillander V, Alexson SEH, Cohen DE. Deactivating fatty acids: acyl-CoA thioesterase-mediated control
of lipid metabolism. Trends Endocrinol Metab. 2017;28:473-84.

Foster DW. Malonyl-CoA: the regulator of fatty acid synthesis and oxidation. ] Clin Invest. 2012;122:
1958-9.

LiS, Gao D, Jiang Y. Function, detection and alteration of acylcarnitine metabolism in hepatocellular
carcinoma. Metabolites. 2019;9:36.

Longo N, Frigeni M, Pasquali M. Carnitine transport and fatty acid oxidation. Biochim Biophys Acta.
2016;1863:2422-35.

Goetzman ES, Bharathi SS, Zhang Y, Zhao X], Dobrowolski SF, Peasley K, et al. Impaired
mitochondrial medium-chain fatty acid oxidation drives periportal macrovesicular steatosis in
sirtuin-5 knockout mice. Sci Rep. 2020;10:18367.

Nakajima T, Horiuchi M, Yamanaka H, Kizaki Z, Inoue F, Kodo N, et al. The effect of carnitine on
ketogenesis in perfused livers from juvenile visceral steatosis mice with systemic carnitine
deficiency. Pediatr Res. 1997;42:108-13.

Bremer J. Carnitine--metabolism and functions. Physiol Rev. 1983;63:1420-80.

Moffett JR, Puthillathu N, Vengilote R, Jaworski DM, Namboodiri AM. Acetate revisited: a key
biomolecule at the nexus of metabolism, epigenetics, and oncogenesis - part 2: acetate and ACSS2 in
health and disease. Front Physiol. 2020;11:580171.

Houten SM, Violante S, Ventura FV, Wanders R]. The biochemistry and physiology of mitochondrial
fatty acid B-oxidation and its genetic disorders. Annu Rev Physiol. 2016;78:23-44.

Puchalska P, Crawford PA. Multi-dimensional roles of ketone bodies in fuel metabolism, signaling,
and therapeutics. Cell Metab. 2017;25:262-84.

Halestrap AP. The monocarboxylate transporter family—structure and functional characterization.
IUBMB Life. 2012;64:1-9.

Halestrap AP, Wilson MC. The monocarboxylate transporter family—role and regulation. [UBMB
Life. 2012;64:109-109.

Hugo SE, Cruz-Garcia L, Karanth S, Anderson RM, Stainier DY, Schlegel A. A monocarboxylate
transporter required for hepatocyte secretion of ketone bodies during fasting. Genes Dev. 2012;26:
282-93.

Bergstrom ]D. The lipogenic enzyme acetoacetyl-CoA synthetase and ketone body utilization for
denovo lipid synthesis, a review. ] Lipid Res. 2023;64:100407.

Seifar F, Khalili M, Khaledyan H, Amiri Moghadam S, Izadi A, Azimi A, et al. a-lipoic acid, functional
fatty acid, as a novel therapeutic alternative for central nervous system diseases: a review. Nutr
Neurosci. 2019;22:306-16.

Clay HB, Parl AK, Mitchell SL, Singh L, Bell LN, Murdock DG. Altering the mitochondrial fatty acid
synthesis (mtFASII) pathway modulates cellular metabolic states and bioactive lipid profiles as
revealed by metabolomic profiling. PLoS One. 2016;11:e0151171.

Nguyen C, Haushalter RW, Lee D], Markwick PR, Bruegger ], Caldara-Festin G, et al. Trapping the
dynamic acyl carrier protein in fatty acid biosynthesis. Nature. 2014;505:427-31.

Witkowski A, Thweatt J, Smith S. Mammalian ACSF3 protein is a malonyl-CoA synthetase that
supplies the chain extender units for mitochondrial fatty acid synthesis. ] Biol Chem. 2011;286:
33729-36.

Explor Dig Dis. 2024;3:42-68 | https://doi.org/10.37349 /edd.2024.00039 Page 61



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.

76.

77.
78.

79.

Feng D, Witkowski A, Smith S. Down-regulation of mitochondrial acyl carrier protein in mammalian
cells compromises protein lipoylation and respiratory complex I and results in cell death. ] Biol
Chem. 2009;284:11436-45.

Nowinski SM, Solmonson A, Rusin SF, Maschek JA, Bensard CL, Fogarty S, et al. Mitochondrial fatty
acid synthesis coordinates oxidative metabolism in mammalian mitochondria. Elife. 2020;9:e58041.
DeBerardinis R], Cheng T. Q’s next: the diverse functions of glutamine in metabolism, cell biology and
cancer. Oncogene. 2010;29:313-24.

DeBerardinis R], Mancuso A, Daikhin E, Nissim I, Yudkoff M, Wehrli S, et al. Beyond aerobic
glycolysis: transformed cells can engage in glutamine metabolism that exceeds the requirement for
protein and nucleotide synthesis. Proc Natl Acad Sci U S A. 2007;104:19345-50.

Yang C, Ko B, Hensley CT, Jiang L, Wasti AT, Kim ], et al. Glutamine oxidation maintains the TCA cycle
and cell survival during impaired mitochondrial pyruvate transport. Mol Cell. 2014;56:414-24.
LiuY, Cao L, Song Y, Kang Z, Liu T, Ding ], et al. Mitochondrial glutamine transporter SLC1A5_var, a
potential target to suppress astrocyte reactivity in Parkinson’s Disease. Cell Death Dis. 2022;13:946.
Matthews GD, Gur N, Koopman W], Pines O, Vardimon L. Weak mitochondrial targeting sequence
determines tissue-specific subcellular localization of glutamine synthetase in liver and brain cells. ]
Cell Sci. 2010;123:351-9.

Mann G, Mora S, Madu G, Adegoke OA]. Branched-chain amino acids: catabolism in skeletal muscle
and implications for muscle and whole-body metabolism. Front Physiol. 2021;12:702826.

Brosnan JT, Brosnan ME. Branched-chain amino acids: enzyme and substrate regulation. ] Nutr.
2006;136:207S-11S.

Pérez-Arellano I, Carmona-Alvarez F, Martinez Al, Rodriguez-Diaz ], Cervera ]J. Pyrroline-5-
carboxylate synthase and proline biosynthesis: from osmotolerance to rare metabolic disease.
Protein Sci. 2010;19:372-82.

Elustondo P, Martin LA, Karten B. Mitochondrial cholesterol import. Biochim Biophys Acta Mol Cell
Biol Lipids. 2017;1862:90-101.

Juhl AD, Heegaard CW, Werner S, Schneider G, Krishnan K, Covey DF, et al. Quantitative imaging of
membrane contact sites for sterol transfer between endo-lysosomes and mitochondria in living cells.
Sci Rep. 2021;11:8927.

Goicoechea L, Conde de la Rosa L, Torres S, Garcia-Ruiz C, Fernandez-Checa JC. Mitochondrial
cholesterol: metabolism and impact on redox biology and disease. Redox Biol. 2023;61:102643.
Maxfield FR, van Meer G. Cholesterol, the central lipid of mammalian cells. Curr Opin Cell Biol. 2010;
22:422-9.

Bose HS, Bose M, Whittal RM. Tom40 in cholesterol transport. iScience. 2023;26:106386.

Rone MB, Fan ], Papadopoulos V. Cholesterol transport in steroid biosynthesis: role of protein-
protein interactions and implications in disease states. Biochim Biophys Acta. 2009;1791:646-58.
Chiang JY. Hepatocyte nuclear factor 4a regulation of bile acid and drug metabolism. Expert Opin
Drug Metab Toxicol. 2009;5:137-47.

Charvet C, Liao WL, Heo GY, Laird ], Salomon RG, Turko IV, et al. Isolevuglandins and mitochondrial
enzymes in the retina: mass spectrometry detection of post-translational modification of sterol-
metabolizing CYP27A1. ] Biol Chem. 2011;286:20413-22.

Brown A], Sharpe L], Rogers M]. Oxysterols: from physiological tuners to pharmacological
opportunities. Br ] Pharmacol. 2021;178:3089-103.

Bjorkhem I. Do oxysterols control cholesterol homeostasis? ] Clin Invest. 2002;110:725-30.

Wang Y, Rogers PM, Su C, Varga G, Stayrook KR, Burris TP. Regulation of cholesterologenesis by the
oxysterol receptor, LXRa. ] Biol Chem. 2008;283:26332-9.

Horn CL, Morales AL, Savard C, Farrell GC, loannou GN. Role of cholesterol-associated steatohepatitis
in the development of NASH. Hepatol Commun. 2022;6:12-35.

Explor Dig Dis. 2024;3:42-68 | https://doi.org/10.37349 /edd.2024.00039 Page 62



80.

81.

82.

83.

84.
85.

86.

87.

88.

89.

90.
91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Martinez-Reyes I, Chandel NS. Mitochondrial one-carbon metabolism maintains redox balance
during hypoxia. Cancer Discov. 2014;4:1371-3.

Ye ], Fan |, Venneti S, Wan YW, Pawel BR, Zhang ], et al. Serine catabolism regulates mitochondrial
redox control during hypoxia. Cancer Discov. 2014;4:1406-17.

Lewis CA, Parker S], Fiske BP, McCloskey D, Gui DY, Green CR, et al. Tracing compartmentalized
NADPH metabolism in the cytosol and mitochondria of mammalian cells. Mol Cell. 2014;55:253-63.
Bao XR, Ong SE, Goldberger O, Peng ], Sharma R, Thompson DA, et al. Mitochondrial dysfunction
remodels one-carbon metabolism in human cells. Elife. 2016;5:e10575.

Ducker GS, Rabinowitz JD. One-carbon metabolism in health and disease. Cell Metab. 2017;25:27-42.
Tibbetts AS, Appling DR. Compartmentalization of mammalian folate-mediated one-carbon
metabolism. Annu Rev Nutr. 2010;30:57-81.

Ben-Sahra I, Hoxhaj G, Ricoult SJH, Asara JM, Manning BD. mTORC1 induces purine synthesis
through control of the mitochondrial tetrahydrofolate cycle. Science. 2016;351:728-33.

Zhang X, Yang S, Chen ], Su Z. Unraveling the regulation of hepatic gluconeogenesis. Front Endocrinol
(Lausanne). 2019;9:802.

Cappel DA, Deja S, Duarte JAG, Kucejova B, Ifiigo M, Fletcher JA, et al. Pyruvate-carboxylase-mediated
anaplerosis promotes antioxidant capacity by sustaining TCA cycle and redox metabolism in liver.
Cell Metab. 2019;29:1291-305.€8.

Hughey CC, Crawford PA. Pyruvate carboxylase wields a double-edged metabolic sword. Cell Metab.
2019;29:1236-8.

Rui L. Energy metabolism in the liver. Compr Physiol. 2014;4:177-97.

Berger JM, Moon YA. Increased hepatic lipogenesis elevates liver cholesterol content. Mol Cells.
2021;44:116-25.

Dumas SN, Ntambi JM. Increased hydrophilic plasma bile acids are correlated with protection from
adiposity in skin-specific stearoyl-CoA desaturase-1 deficient mice. PLoS One. 2018;13:e0199682.
Repa J], Liang G, Ou ], Bashmakov Y, Lobaccaro JM, Shimomura I, et al. Regulation of mouse sterol
regulatory element-binding protein-1c gene (SREBP-1c) by oxysterol receptors, LXRa and LXR}.
Genes Dev. 2000;14:2819-30.

Chiang JYL, Ferrell JM. Up to date on cholesterol 7 alpha-hydroxylase (CYP7A1) in bile acid synthesis.
Liver Res. 2020;4:47-63.

Wang YP, Lei QY. Metabolite sensing and signaling in cell metabolism. Signal Transduct Target Ther.
2018;3:30.

Cao W, Collins QF, Becker TC, Robidoux ], Lupo EG Jr, Xiong Y, et al. p38 mitogen-activated protein
kinase plays a stimulatory role in hepatic gluconeogenesis. ] Biol Chem. 2005;280:42731-7.

Vernia S, Cavanagh-Kyros ], Barrett T, Tournier C, Davis R]. Fibroblast growth factor 21 mediates
glycemic regulation by hepatic JNK. Cell Rep. 2016;14:2273-80.

Win S, Than TA, Min RW, Aghajan M, Kaplowitz N. c-Jun N-terminal kinase mediates mouse liver
injury through a novel Sab (SH3BP5)-dependent pathway leading to inactivation of
intramitochondrial Src. Hepatology. 2016;63:1987-2003.

Zhang ], Min RWM, Le K, Zhou S, Aghajan M, Than TA, et al. The role of MAP2 kinases and p38 kinase
in acute murine liver injury models. Cell Death Dis. 2017;8:e2903.

Win S, Than TA, Han D, Petrovic LM, Kaplowitz N. c-Jun N-terminal kinase (JNK)-dependent acute
liver injury from acetaminophen or tumor necrosis factor (TNF) requires mitochondrial Sab protein
expression in mice. ] Biol Chem. 2011;286:35071-8.

Win S, Than TA, Fernandez-Checa JC, Kaplowitz N. JNK interaction with Sab mediates ER stress
induced inhibition of mitochondrial respiration and cell death. Death Dis. 2014;5:€989.

Explor Dig Dis. 2024;3:42-68 | https://doi.org/10.37349 /edd.2024.00039 Page 63



102.

103.

104.

105.

106.

107.

108.

1009.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Win S, Than TA, Le BH, Garcia-Ruiz C, Fernandez-Checa JC, Kaplowitz N. Sab (Sh3bp5) dependence of
JNK mediated inhibition of mitochondrial respiration in palmitic acid induced hepatocyte
lipotoxicity. ] Hepatol. 2015;62:1367-74.

Holzer RG, Park EJ, Li N, Tran H, Chen M, Choi C, et al. Saturated fatty acids induce c-Src clustering
within membrane subdomains, leading to JNK activation. Cell. 2011;147:173-84.

Win S, Min RWM, Zhang ], Kanel G, Wanken B, Chen Y, et al. Hepatic mitochondrial SAB deletion or
knockdown alleviates diet-induced metabolic syndrome, steatohepatitis, and hepatic fibrosis.
Hepatology. 2021;74:3127-45.

Toyama EQ, Herzig S, Courchet ], Lewis TL Jr, Losén OC, Hellberg K, et al. AMP-activated protein
kinase mediates mitochondrial fission in response to energy stress. Science. 2016;351:275-81.

Cho YS, Lee ]I, Shin D, Kim HT, Jung HY, Lee TG, et al. Molecular mechanism for the regulation of
human ACC2 through phosphorylation by AMPK. Biochem Biophys Res Commun. 2010;391:187-92.
Garcia D, Shaw R]. AMPK: mechanisms of cellular energy sensing and restoration of metabolic
balance. Mol Cell. 2017;66:789-800.

Galic S, Loh K, Murray-Segal L, Steinberg GR, Andrews ZB, Kemp BE. AMPK signaling to acetyl-CoA
carboxylase is required for fasting- and cold-induced appetite but not thermogenesis. Elife. 2018;7:
e32656.

Motoshima H, Goldstein BJ, Igata M, Araki E. AMPK and cell proliferation - AMPK as a therapeutic
target for atherosclerosis and cancer. ] Physiol. 2006;574:63-71.

Sengupta S, Peterson TR, Laplante M, Oh S, Sabatini DM. mTORC1 controls fasting-induced
ketogenesis and its modulation by ageing. Nature. 2010;468:1100-4.

Inoki K, Zhu T, Guan KL. TSC2 mediates cellular energy response to control cell growth and survival.
Cell. 2003;115:577-90.

Bakan [, Laplante M. Connecting mTORC1 signaling to SREBP-1 activation. Curr Opin Lipidol. 2012;
23:226-34.

Herzig S, Shaw R]. AMPK: guardian of metabolism and mitochondrial homeostasis. Nat Rev Mol Cell
Biol. 2018;19:121-35.

Han Y, Hu Z, Cui A, Liu Z, Ma F, Xue Y, et al. Post-translational regulation of lipogenesis via AMPK-
dependent phosphorylation of insulin-induced gene. Nat Commun. 2019;10:623.

Boudaba N, Marion A, Huet C, Pierre R, Viollet B, Foretz M. AMPK re-activation suppresses hepatic
steatosis but its downregulation does not promote fatty liver development. EBioMedicine. 2018;28:
194-209.

Baeza ], Smallegan M], Denu JM. Site-specific reactivity of nonenzymatic lysine acetylation. ACS Chem
Biol. 2015;10:122-8.

Baeza ], Smallegan M]J, Denu JM. Mechanisms and dynamics of protein acetylation in mitochondria.
Trends Biochem Sci. 2016;41:231-44.

Yang W, Nagasawa K, Miinch C, Xu Y, Satterstrom K, Jeong S, et al. Mitochondrial sirtuin network
reveals dynamic SIRT3-dependent deacetylation in response to membrane depolarization. Cell.
2016;167:985-1000.e21.

Kumar S, Lombard DB. Mitochondrial sirtuins and their relationships with metabolic disease and
cancer. Antioxid Redox Signal. 2015;22:1060-77.

Bharathi SS, Zhang Y, Mohsen AW, Uppala R, Balasubramani M, Schreiber E, et al. Sirtuin 3 (SIRT3)
protein regulates long-chain acyl-CoA dehydrogenase by deacetylating conserved lysines near the
active site. ] Biol Chem. 2013;288:33837-47.

Ould Amer Y, Hebert-Chatelain E. Mitochondrial cAMP-PKA signaling: What do we really know?
Biochim Biophys Acta Bioenerg. 2018;1859:868-77.

Acin-Perez R, Salazar E, Kamenetsky M, Buck ], Levin LR, Manfredi G. Cyclic AMP produced inside
mitochondria regulates oxidative phosphorylation. Cell Metab. 2009;9:265-76.

Explor Dig Dis. 2024;3:42-68 | https://doi.org/10.37349 /edd.2024.00039 Page 64



123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Valsecchi F, Ramos-Espiritu LS, Buck ], Levin LR, Manfredi G. cAMP and mitochondria. Physiology
(Bethesda). 2013;28:199-209.

Acin-Perez R, Salazar E, Brosel S, Yang H, Schon EA, Manfredi G. Modulation of mitochondrial protein
phosphorylation by soluble adenylyl cyclase ameliorates cytochrome oxidase defects. EMBO Mol
Med. 2009;1:392-406.

Akabane S, Oka T. Insights into the regulation of mitochondrial functions by protein kinase A-
mediated phosphorylation. ] Biochem. 2024;175:1-7.

Yang |, Zhang X, Yi L, Yang L, Wang WE, Zeng C, et al. Hepatic PKA inhibition accelerates the lipid
accumulation in liver. Nutr Metab (Lond). 2019;16:69.

Icard P, Coquerel A, Wu Z, Gligorov ], Fuks D, Fournel L, et al. Understanding the central role of
citrate in the metabolism of cancer cells and tumors: an update. Int ] Mol Sci. 2021;22:6587.
Jitrapakdee S, St Maurice M, Rayment I, Cleland WW, Wallace ]JC, Attwood PV. Structure, mechanism
and regulation of pyruvate carboxylase. Biochem J. 2008;413:369-87.

Sugden MC, Holness M]. The pyruvate carboxylase-pyruvate dehydrogenase axis in islet pyruvate
metabolism: going round in circles? Islets. 2011;3:302-19.

Kiesel VA, Sheeley MP, Coleman MF, Cotul EK, Donkin SS, Hursting SD, et al. Pyruvate carboxylase
and cancer progression. Cancer Metab. 2021;9:20.

Bender DA. Tricarboxylic acid cycle. In: Caballero B, editor. Encyclopedia of food sciences and
nutrition. 2nd ed. Oxford: Academic Press; 2003. pp. 5851-6.

Halestrap AP. Pyruvate and ketone-body transport across the mitochondrial membrane. Exchange
properties, pH-dependence and mechanism of the carrier. Biochem J. 1978;172:377-87.

Moffett JR, Puthillathu N, Vengilote R, Jaworski DM, Namboodiri AM. Acetate revisited: a key
biomolecule at the nexus of metabolism, epigenetics and oncogenesis—part 1: acetyl-CoA,
acetogenesis and Acyl-CoA short-chain synthetases. Front Physiol. 2020;11:580167.

Kersten S. Mechanisms of nutritional and hormonal regulation of lipogenesis. EMBO Rep. 2001;2:
282-6.

Martensson CU, Doan KN, Becker T. Effects of lipids on mitochondrial functions. Biochim Biophys
Acta Mol Cell Biol Lipids. 2017;1862:102-13.

Funai K, Summers SA, Rutter ]. Reign in the membrane: How common lipids govern mitochondrial
function. Curr Opin Cell Biol. 2020;63:162-73.

Schenkel LC, Bakovic M. Formation and regulation of mitochondrial membranes. Int ] Cell Biol. 2014;
2014:709828.

Poulaki A, Giannouli S. Mitochondrial lipids: from membrane organization to apoptotic facilitation.
Int ] Mol Sci. 2022;23:3738.

van der Veen JN, Kennelly JP, Wan S, Vance JE, Vance DE, Jacobs RL. The critical role of
phosphatidylcholine and phosphatidylethanolamine metabolism in health and disease. Biochim
Biophys Acta Biomembr. 2017;1859:1558-72.

Tatsuta T, Scharwey M, Langer T. Mitochondrial lipid trafficking. Trends Cell Biol. 2014;24:44-52.
Horvath SE, Daum G. Lipids of mitochondria. Prog Lipid Res. 2013;52:590-614.

Prola A, Blondelle ], Vandestienne A, Piquereau ], Denis RGP, Guyot S, et al. Cardiolipin content
controls mitochondrial coupling and energetic efficiency in muscle. Sci Adv. 2021;7:eabd6322.

Tu C, Xiong H, Hu Y, Wang W, Mei G, Wang H, et al. Cardiolipin synthase 1 ameliorates NASH through
activating transcription factor 3 transcriptional inactivation. Hepatology. 2020;72:1949-67.

Zhang X, Zhang ], Sun H, Liu X, Zheng Y, Xu D, et al. Defective phosphatidylglycerol remodeling causes
hepatopathy, linking mitochondrial dysfunction to hepatosteatosis. Cell Mol Gastroenterol Hepatol.
2019;7:763-81.

Paradies G, Petrosillo G, Paradies V, Ruggiero FM. Role of cardiolipin peroxidation and Ca* in
mitochondrial dysfunction and disease. Cell Calcium. 2009;45:643-50.

Explor Dig Dis. 2024;3:42-68 | https://doi.org/10.37349 /edd.2024.00039 Page 65



146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.
161.

162.

163.

164.

165.

166.

167.

Ferreira FM, Sei¢a R, Oliveira P], Coxito PM, Moreno A], Palmeira CM, et al. Diabetes induces
metabolic adaptations in rat liver mitochondria: role of coenzyme Q and cardiolipin contents.
Biochim Biophys Acta. 2003;1639:113-20.

Paradies G, Paradies V, Ruggiero FM, Petrosillo G. Oxidative stress, cardiolipin and mitochondrial
dysfunction in nonalcoholic fatty liver disease. World ] Gastroenterol. 2014;20:14205-18.

Peng KY, Watt M], Rensen S, Greve JW, Huynh K, Jayawardana KS, et al. Mitochondrial dysfunction-
related lipid changes occur in nonalcoholic fatty liver disease progression. ] Lipid Res. 2018;59:
1977-86.

Longo M, Paolini E, Meroni M, Dongiovanni P. Remodeling of mitochondrial plasticity: the key switch
from NAFLD/NASH to HCC. Int ] Mol Sci. 2021;22:4173.

Luo ], Jiang LY, Yang H, Song BL. Intracellular cholesterol transport by sterol transfer proteins at
membrane contact sites. Trends Biochem Sci. 2019;44:273-92.

Martin LA, Kennedy BE, Karten B. Mitochondrial cholesterol: mechanisms of import and effects on
mitochondrial function. ] Bioenerg Biomembr. 2016;48:137-51.

Olzynska A, Kulig W, Mikkolainen H, Czerniak T, Jurkiewicz P, Cwiklik L, et al. Tail-oxidized
cholesterol enhances membrane permeability for small solutes. Langmuir. 2020;36:10438-47.
Zhang X, Barraza KM, Beauchamp ]L. Cholesterol provides nonsacrificial protection of membrane
lipids from chemical damage at air-water interface. Proc Natl Acad Sci U S A. 2018;115:3255-60.
Bastiaanse EM, Hold KM, Van der Laarse A. The effect of membrane cholesterol content on ion
transport processes in plasma membranes. Cardiovasc Res. 1997;33:272-83.

Zhang ], Li Q, Wu Y, Wang D, Xu L, Zhang Y, et al. Cholesterol content in cell membrane maintains
surface levels of ErbB2 and confers a therapeutic vulnerability in ErbB2-positive breast cancer. Cell
Commun Signal. 2019;17:15.

Crockett EL. Cholesterol function in plasma membranes from ectotherms: membrane-specific roles
in adaptation to temperature. Am Zool. 1998;38:291-304.

Mitra K, Ubarretxena-Belandia I, Taguchi T, Warren G, Engelman DM. Modulation of the bilayer
thickness of exocytic pathway membranes by membrane proteins rather than cholesterol. Proc Natl
Acad Sci U S A. 2004;101:4083-8.

Karwi QG, Wagg CS, Altamimi TR, Uddin GM, Ho KL, Darwesh AM, et al. Insulin directly stimulates
mitochondrial glucose oxidation in the heart. Cardiovasc Diabetol. 2020;19:207.

Otero YF, Stafford JM, McGuinness OP. Pathway-selective insulin resistance and metabolic disease:
the importance of nutrient flux. ] Biol Chem. 2014;289:20462-9.

Jeon SM. Regulation and function of AMPK in physiology and diseases. Exp Mol Med. 2016;48:e245.
Kitade H, Chen G, Ni Y, Ota T. Nonalcoholic fatty liver disease and insulin resistance: new insights and
potential new treatments. Nutrients. 2017;9:387.

Samuel VT, Shulman GI. Nonalcoholic fatty liver disease as a nexus of metabolic and hepatic diseases.
Cell Metab. 2018;27:22-41.

Utzschneider KM, Kahn SE. The role of insulin resistance in nonalcoholic fatty liver disease. ] Clin
Endocrinol Metab. 2006;91:4753-61.

Sinha RA, Singh BK, Yen PM. Direct effects of thyroid hormones on hepatic lipid metabolism. Nat Rev
Endocrinol. 2018;14:259-69.

Sinha RA, Singh BK, Zhou ], Wu Y, Farah BL, Ohba K, et al. Thyroid hormone induction of
mitochondrial activity is coupled to mitophagy via ROS-AMPK-ULK1 signaling. Autophagy. 2015;11:
1341-57.

Sinha RA, You SH, Zhou ], Siddique MM, Bay BH, Zhu X, et al. Thyroid hormone stimulates hepatic
lipid catabolism via activation of autophagy. ] Clin Invest. 2012;122:2428-38.

Sinha RA, Yen PM. Thyroid hormone-mediated autophagy and mitochondrial turnover in NAFLD.
Cell Biosci. 2016;6:46.

Explor Dig Dis. 2024;3:42-68 | https://doi.org/10.37349 /edd.2024.00039 Page 66



168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.
182.

183.

184.

185.

186.

187.

188.

Noli L, Khorsandi SE, Pyle A, Giritharan G, Fogarty N, Capalbo A, et al. Effects of thyroid hormone on
mitochondria and metabolism of human preimplantation embryos. Stem Cells. 2020;38:369-81.
Scholz TD, TenEyck CJ, Schutte BC. Thyroid hormone regulation of the NADH shuttles in liver and
cardiac mitochondria. ] Mol Cell Cardiol. 2000;32:1-10.

Mao Z, Li ], Zhang W. Hormonal regulation of cholesterol homeostasis. In: Nagpal ML, editor.
Cholesterol - good, bad and the heart. London: IntechOpen; 2018.

Zhang D, Wei Y, Huang Q, Chen Y, Zeng K, Yang W, et al. Important hormones regulating lipid
metabolism. Molecules. 2022;27:7052.

Wrutniak-Cabello C, Casas F, Cabello G. Thyroid hormone action in mitochondria. ] Mol Endocrinol.
2001;26:67-77.

Goglia F, Moreno M, Lanni A. Action of thyroid hormones at the cellular level: the mitochondrial
target. FEBS Lett. 1999;452:115-20.

Cioffi F, Giacco A, Goglia F, Silvestri E. Bioenergetic aspects of mitochondrial actions of thyroid
hormones. Cells. 2022;11:997.

Sterling K, Lazarus JH, Milch PO, Sakurada T, Brenner MA. Mitochondrial thyroid hormone receptor:
localization and physiological significance. Science. 1978;201:1126-9.

Hatziagelaki E, Paschou SA, Schon M, Psaltopoulou T, Roden M. NAFLD and thyroid function:
pathophysiological and therapeutic considerations. Trends Endocrinol Metab. 2022;33:755-68.
Carmona MG, Iglesias R, Obregén M], Darlington GJ, Villarroya F, Giralt M. Mitochondrial biogenesis
and thyroid status maturation in brown fat require CCAAT /enhancer-binding protein a. ] Biol Chem.
2002;277:21489-98.

Zhao L, Jiang H. Growth hormone stimulates lipolysis in mice but not in adipose tissue or adipocyte
culture. Front Endocrinol (Lausanne). 2023;13:1028191.

Harris RB. Direct and indirect effects of leptin on adipocyte metabolism. Biochim Biophys Acta. 2014;
1842:414-23.

Singh A, Wirtz M, Parker N, Hogan M, Strahler ], Michailidis G, et al. Leptin-mediated changes in
hepatic mitochondrial metabolism, structure, and protein levels. Proc Natl Acad Sci U S A. 2009;106:
13100-5.

Foster DW. Studies in the ketosis of fasting. ] Clin Invest. 1967;46:1283-96.

Williamson DH, Veloso D, Ellington EV, Krebs HA. Changes in the concentrations of hepatic
metabolites on administration of dihydroxyacetone or glycerol to starved rats and their relationship
to the control of ketogenesis. Biochem ]. 1969;114:575-84.

Cai L, Sutter BM, Li B, Tu BP. Acetyl-CoA induces cell growth and proliferation by promoting the
acetylation of histones at growth genes. Mol Cell. 2011;42:426-37.

Kim CW, Addy C, Kusunoki ], Anderson NN, Deja S, Fu X, et al. Acetyl CoA carboxylase inhibition
reduces hepatic steatosis but elevates plasma triglycerides in mice and humans: a bedside to bench
investigation. Cell Metab. 2017;26:576.

Softic S, Gupta MK, Wang GX, Fujisaka S, O’Neill BT, Rao TN, et al. Divergent effects of glucose and
fructose on hepatic lipogenesis and insulin signaling. ] Clin Invest. 2017;127:4059-74.

Softic S, Meyer |G, Wang GX, Gupta MK, Batista TM, Lauritzen HPMM, et al. Dietary sugars alter
hepatic fatty acid oxidation via transcriptional and post-translational modifications of mitochondrial
proteins. Cell Metab. 2019;30:735-53.e4.

Hirschey MD, Shimazu T, Jing E, Grueter CA, Collins AM, Aouizerat B, et al. SIRT3 deficiency and
mitochondrial protein hyperacetylation accelerate the development of the metabolic syndrome. Mol
Cell. 2011;44:177-90.

Zhao S, Jang C, Liu ], Uehara K, Gilbert M, Izzo L, et al. Dietary fructose feeds hepatic lipogenesis via
microbiota-derived acetate. Nature. 2020;579:586-91.

Explor Dig Dis. 2024;3:42-68 | https://doi.org/10.37349 /edd.2024.00039 Page 67



189.

190.

191.

192.

193.
194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.
210.

211.

Lambertz ], Weiskirchen S, Landert S, Weiskirchen R. Fructose: a dietary sugar in crosstalk with
microbiota contributing to the development and progression of non-alcoholic liver disease. Front
Immunol. 2017;8:1159.

Febbraio MA, Karin M. “Sweet death”: fructose as a metabolic toxin that targets the gut-liver axis. Cell
Metab. 2021;33:2316-28.

Geidl-Flueck B, Hochuli M, Németh A, Eberl A, Derron N, Kofeler HC, et al. Fructose- and sucrose- but
not glucose-sweetened beverages promote hepatic de novo lipogenesis: a randomized controlled
trial. ] Hepatol. 2021;75:46-54.

Softic S, Cohen DE, Kahn CR. Role of dietary fructose and hepatic de novo lipogenesis in fatty liver
disease. Dig Dis Sci. 2016;61:1282-93.

Muriel P, Lopez-Sanchez P, Ramos-Tovar E. Fructose and the liver. Int ] Mol Sci. 2021;22:6969.
Wooten JS, Wu H, Raya ], Perrard XD, Gaubatz ], Hoogeveen RC. The influence of an obesogenic diet
on oxysterol metabolism in C57BL/6] mice. Cholesterol. 2014;2014:843468.

Yu D, Chen G, Pan M, Zhang ], He W, Liu Y, et al. High fat diet-induced oxidative stress blocks
hepatocyte nuclear factor 4a and leads to hepatic steatosis in mice. ] Cell Physiol. 2018;233:
4770-82.

XuY,ZhuY, HuS, XuY, Stroup D, Pan X, et al. Hepatocyte nuclear factor 4a prevents the steatosis-to-
NASH progression by regulating p53 and bile acid signaling (in mice). Hepatology. 2021;73:2251-65.
Ma X, Chen A, Melo L, Clemente-Sanchez A, Chao X, Ahmadi AR, et al. Loss of hepatic DRP1
exacerbates alcoholic hepatitis by inducing megamitochondria and mitochondrial maladaptation.
Hepatology. 2023;77:159-75.

Cederbaum Al. Effects of alcohol on hepatic mitochondrial function and DNA. Gastroenterology.
1999;117:265-9.

Mansouri A, Gaou I, De Kerguenec C, Amsellem S, Haouzi D, Berson A, et al. An alcoholic binge causes
massive degradation of hepatic mitochondrial DNA in mice. Gastroenterology. 1999;117:181-90.
Hoek JB, Cahill A, Pastorino JG. Alcohol and mitochondria: a dysfunctional relationship.
Gastroenterology. 2002;122:2049-63.

Torres S, Segalés P, Garcia-Ruiz C, Fernandez-Checa JC. Mitochondria and the NLRP3 inflammasome
in alcoholic and nonalcoholic steatohepatitis. Cells. 2022;11:1475.

Zhong Z, Ramshesh VK, Rehman H, Liu Q, Theruvath TP, Krishnasamy Y, et al. Acute ethanol causes
hepatic mitochondrial depolarization in mice: role of ethanol metabolism. PLoS One. 2014;9:e91308.
Zhong Z, Lemasters JJ. A unifying hypothesis linking hepatic adaptations for ethanol metabolism to
the proinflammatory and profibrotic events of alcoholic liver disease. Alcohol Clin Exp Res. 2018;42:
2072-89.

Fucho R, Solsona-Vilarrasa E, Torres S, Nufiez S, Insausti-Urkia N, Edo A, et al. Zonal expression of
StARD1 and oxidative stress in alcoholic-related liver disease. ] Lipid Res. 2023;64:100413.

Steiner JL, Lang CH. Alcohol, adipose tissue and lipid dysregulation. Biomolecules. 2017;7:16.
Gaucher ], Kinouchi K, Ceglia N, Montellier E, Peleg S, Greco CM, et al. Distinct metabolic adaptation
of liver circadian pathways to acute and chronic patterns of alcohol intake. Proc Natl Acad Sci U S A.
2019;116:25250-9.

Jeon S, Carr R. Alcohol effects on hepatic lipid metabolism. ] Lipid Res. 2020;61:470-9.

You M, Fischer M, Deeg MA, Crabb DW. Ethanol induces fatty acid synthesis pathways by activation
of sterol regulatory element-binding protein (SREBP). ] Biol Chem. 2002;277:29342-7.

Vishwanath VA. Fatty acid beta-oxidation disorders: a brief review. Ann Neurosci. 2016;23:51-5.
Leonard ]V, Dezateux C. Newborn screening for medium chain acyl CoA dehydrogenase deficiency.
Arch Dis Child. 2009;94:235-8.

Piercy H, Nutting C, Yap S. “It’s just always eating”: the experiences of young people growing up
medium chain Acyl-coA dehydrogenase deficiency. Glob Qual Nurs Res. 2021;8:
23333936211032203.

Explor Dig Dis. 2024;3:42-68 | https://doi.org/10.37349 /edd.2024.00039 Page 68



	Abstract
	Keywords
	Introduction
	Mitochondrial metabolic pathways fueled by cytoplasmic substrates
	Mitochondrial TCA cycle
	Mitochondrial intermediate metabolite shuttles
	Malate-α-KG and glutamate-aspartate (malate-aspartate) shuttle
	Citrate-malate shuttle
	α-glycerophosphate shuttle
	Dicarboxylate shuttle (SLC25A10)

	Mitochondrial fatty acid β-oxidation
	Ketogenesis
	Mitochondrial lipoic acid synthesis
	Glutamine and branched chain amino acids
	Mitochondrial cholesterol oxidation (oxysterol)
	One carbon metabolism (NADPH/NADP balance)

	Metabolic pathways involving both mitochondria and non-mitochondria compartments
	Gluconeogenesis
	Lipogenesis, cholesterol biosynthesis, bile acid synthesis

	Signal regulation of mitochondrial metabolism
	Signals from outside of mitochondria
	Stress-activated kinases
	Cyclic AMP-activated kinase

	Signals within mitochondria
	Mitochondrial NAD+ sensor SIRTs
	Mitochondrial cAMP sensor protein kinase A

	Mitochondrial responses in liver metabolic adaptation
	Metabolites
	Membrane lipids composition
	Response to hormonal and neurogenic regulation
	Metabolic stress
	Diets
	Alcohol
	Genetic disorders


	Conclusions
	Abbreviations
	Declarations
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	References

