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Abstract

The reactions of the tricarboxylic acid (TCA) cycle allow the controlled
combustion of fat and carbohydrate. In principle, TCA cycle intermediates
are regenerated on every turn and can facilitate the oxidation of an infi-
nite number of nutrient molecules. However, TCA cycle intermediates can
be lost to cataplerotic pathways that provide precursors for biosynthesis,
and they must be replaced by anaplerotic pathways that regenerate these
intermediates. Together, anaplerosis and cataplerosis help regulate rates of
biosynthesis by dictating precursor supply, and they play underappreciated
roles in catabolism and cellular energy status. They facilitate recycling path-
ways and nitrogen trafficking necessary for catabolism, and they influence
redox state and oxidative capacity by altering TCA cycle intermediate con-
centrations. These functions vary widely by tissue and play emerging roles in
disease. This article reviews the roles of anaplerosis and cataplerosis in var-
ious tissues and discusses how they alter carbon transitions, and highlights
their contribution to mechanisms of disease.

9


mailto:shawn.burgess@utsouthwestern.edu
https://doi.org/10.1146/annurev-nutr-120420-025558
https://www.annualreviews.org/doi/full/10.1146/annurev-nutr-120420-025558

20

Contents

L. INTRODUCTION ...t 20
1.1, Background..........ccooiiiiiiiiiii 20
1.2. Definitions and NUances ............ooooiiiiiiiiiiiiiiiii i, 21

2. MAPPING TCA CYCLE METABOLISM .......ccoiiiiiiiiiiiiiiiaeaiinn. 22
2.1. Carbon Transitions of the TCA Cycle and Anaplerosis...................... 22
2.2. Tracer and Isotopomer Approaches ... 24
2.3. Label Recycling .. .....ouviuuiiniii i 25

3. PATHWAYS OF CATAPLEROSIS AND ANAPLEROSIS
IN BIOSYNTHESIS . ...t 26
3.1. Hepatic Gluconeogenesis. ............oooiiiiiiiiiiiiiiiiiiiniiinieien... 26
3.2. Extrahepatic Gluconeogenesis ................ooiiiiiiiiiiiiiiiiiiiiiiin... 30
3.3, Lipogenic TIsSue. ....ovuniiniii it 31
3.4, Central Nervous SYSTeITL. . ... vuuunteiunetitettieeeiaeeiiaeeiaeeiunns 31
3.5. Porphyrin Synthesis..........ooooiiiiiiiiiii 32

4. CATABOLIC FUNCTIONS OF ANAPLEROSIS AND CATAPLEROSIS...... 33
4.1. Anaplerotic Substrate REcycling....................oo o 33
4.2. Nitrogen Trafficking ........... .. o i 33
&S0 15N 0000000000000000000000000000000600000060000006630000GEG000008G00030a 36
4.4. Energeticsand Redox ........ooiiiiiiiiiiiiiiii 37

5. ADAPTIVE ROLES OF ANAPLEROSIS AND CATAPLEROSIS
INCANCER . ... o 37

6. SUMMARY . ... 38

1. INTRODUCTION

1.1. Background

Over the past 2 decades, our view of the mitochondrion as a site of cellular respiration has broad-
ened to include essential roles in biosynthesis, growth, redox regulation, and cell signaling. Many
of the metabolites necessary for these functions are derived from the tricarboxylic acid (TCA)
cycle. The eight intermediates of the TCA cycle, and the enzymes that link them, form an el-
egant system of oxidative decarboxylation that facilitates the controlled combustion of nutri-
ents. The T'CA cycle intermediate oxaloacetate (OAA) condenses with acetyl-CoA to generate
citrate, and seven subsequent reactions produce two CO, molecules, four reducing equivalents
(NADH/FADH,), and a GTP and, importantly, regenerate OAA. In principle, a finite number of
T'CA cycle intermediates can facilitate the oxidation of an infinite number of nutrient molecules.
However, most of the organic acids of this system are also substrates for biochemical reactions
outside of mitochondria, and once they are lost, they must be replaced. The phrase “anaplerotic
sequence” was used by Hans Kornberg to describe this process. He noted that for the

proper description of the flow of nutrients associated with the release of energy and its utilization for
biosyntheses, a special type of metabolic pathway must operate inside the cell which may be regarded as
serving solely to maintain the functioning of the tricarboxylic acid cycle and other amphibolic routes.
It has been proposed to generically designate this type of ancillary pathway as an anaplerotic sequence.
(72, p. 565)
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Kornberg showed that, in the absence of an anaplerotic pathway, TCA cycle function declines
and cell replication ceases. The emerging view of mitochondrial function in cell proliferation,
biosynthesis, and cell signaling was predicted by Kornberg’s (71) research.

1.2. Definitions and Nuances

Anaplerosis perfectly balances pathways that consume T'CA cycle intermediates. These pathways,
collectively termed cataplerosis, supply substrate for the synthesis of carbohydrates, fats, amino
acids, proteins, hormones, nucleotides, and other classes of biomolecules (106) (Figure 1). Yet,
it is not necessarily obvious what constitutes an anaplerotic and/or cataplerotic sequence. By
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Figure 1

Anaplerosis and cataplerosis link the T'CA cycle to biosynthesis and catabolism. Abbreviations: ALAS,
8-aminolevulinic acid synthase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BCAAs,
branched-chain amino acids; BCAAT, branched-chain amino acid aminotransferase; CiC, citrate-isocitrate
carrier; CS, citrate synthase; 4H, fumarylacetoacetate hydrolase; FAs, fatty acids; FH, fumarate hydratase;
GOT, glutamic-oxaloacetic transaminase; IDH, isocitrate dehydrogenase; MDH, malate dehydrogenase; ME,
malic enzyme; MMUT, methylmalonyl-CoA mutase; OAA, oxaloacetate; OGDH, 2-oxoglutarate
dehydrogenase (or a-ketoglutarate dehydrogenase); PC, pyruvate carboxylase; PCC, propionyl-CoA
carboxylase; PEP, phosphoenolpyruvate; PEPCK, phosphoenolpyruvate carboxykinase; redox, reduction—
oxidation; SDH, succinate dehydrogenase; T'CA, tricarboxylic acid.
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Kornberg’s strict definition, one could argue that cataplerosis and the need for anaplerosis only
occur when a T'CA cycle intermediate is lost to biosynthesis. For instance, the liver uses OAA as
a substrate for glucose synthesis; thus, an equally active anaplerotic sequence converts pyruvate
to OAA. This example illustrates the net loss of an OAA to biosynthesis and its replacement
by a new OAA. Yet, the terms anaplerotic and cataplerotic are often applied more broadly.
Citrate transport, which provides an essential source of cytosolic acetyl-CoA for lipid synthesis,
is classically considered a cataplerotic pathway (106). However, if the same OAA carbons cleaved
by the citrate lyase reaction are subsequently returned to mitochondria, one might argue that no
net loss or gain of T'CA cycle carbon mass has transpired. Kornberg’s definition leaves room for
interpretation: Anaplerosis serves “solely to maintain the function of the tricarboxylic acid cycle
and other amphibolic routes.” In other words, any pathway that contributes intermediates to the
TCA cycle, other than the synthesis of citrate from OAA and acetyl-CoA, is usually considered
anaplerotic. Likewise, any pathway that removes carbon from the TCA cycle, other than CO,, is
usually considered cataplerotic. Such a broad definition includes futile cycles, redox shuttles, and
catabolic pathways of amino acid metabolism and nitrogen trafficking (Figure 1).

This article reviews the roles of anaplerotic and cataplerotic pathways in metabolism and at-
tempts to put them in context with emerging concepts in molecular metabolism. We cover the
molecular transitions that define these pathways and allow them to be detected by tracer ap-
proaches. We describe the biochemical routes of anaplerosis and cataplerosis and how these path-
ways allow mitochondria to mediate anabolic and catabolic processes. Finally, we discuss these
pathways in the context of the tissues where they are most active and the roles they play in a
variety of diseases.

2. MAPPING TCA CYCLE METABOLISM

.. for they took away the old planks as they decayed, putting in new and stronger timber in their places,
insomuch that this ship became a standing example among the philosophers, for the logical question
of things that grow; one side holding that the ship remained the same, and the other contending that
it was not the same.

—Plutarch, Theseus

2.1. Carbon Transitions of the TCA Cycle and Anaplerosis

Gluconeogenesis is an archetypal cataplerotic pathway whose high flux and clear relevance to
human physiology made it an early target of isotope tracer approaches. Krebs and colleagues (73)
observed that lactate was quantitatively converted to glucose by mass balance, but that glucose
generated from #C-lactate was missing 60% of the label, the balance of which was detected as
#CO;. The explanation for this observation had come years earlier, when Strisower et al. (128)
developed a model to explain how *C-acetate, a substrate that cannot be used to produce glucose
by mass balance, nonetheless generated *C-glucose. These early experiments established the
molecular connections among anaplerosis, TCA cycle intermediates, and cataplerosis required for
gluconeogenesis. Over the next 50 years, scientists still struggling to obtain accurate ' C-tracer
measurements of gluconeogenesis developed quantitative models to describe anaplerosis and
the carbon transitions of the TCA cycle that account for tracer dilution (14, 31, 48, 67, 68, 79).
An additional benefit was that these models, and the experiments used to test them, provided a
foundation for understanding the carbon transitions of anaplerosis, TCA cycle metabolism, and
cataplerosis in general contexts (3, 5, 7, 103, 125, 148).
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Figure 2

(@) Rearrangements of acetyl-CoA atoms during the first and second turns of the T'CA cycle are predictable and can be modeled.

(b) Effect of anaplerosis on acetyl-CoA carbon incorporation into the TCA cycle. The fraction of OAA carbons derived from
acetyl-CoA in the absence of anaplerosis (green line) during successive turns of the TCA cycle approaches 1 by 10 turns of the cycle.
When anaplerosis is active, for example, when the rate of anaplerosis equals the rate of oxidation (red /ine), the fraction of OAA carbons
derived from acetyl-CoA will never reach 1 during TCA cycle turnover. Note that the exact kinetics of the process depends on
intermediate pool sizes. (c) Anaplerosis alters the carbon-atom transitions of the TCA cycle. (d) The fractions of OAA derived from
anaplerosis (red line) and from acetyl-CoA oxidation (green line) are dependent on the relative rates of anaplerosis and TCA cycle flux.
() The ratio of these isotopomers is proportional to the ratio of anaplerosis and T'CA cycle flux. Abbreviations: OAA, oxaloacetate;
TCA, tricarboxylic acid; «KG, a-ketoglutarate.

During the oxidation of acetyl-CoA, its two carbons are condensed with OAA in the citrate
synthase reaction to form citrate. The former carbon 1 (C1) of OAA is lost at the isocitrate dehy-
drogenase (IDH) reaction, and the former C4 of OAA [now C1 of a-ketoglutarate (¢KQG)] is lost at
the 2-oxoglutarate dehydrogenase (or a-ketoglutarate dehydrogenase) (OGDH) reaction. Thus,
in the first four reactions of the TCA cycle, two carbons are gained and two different carbons are
lost (Figure 24). C1 and C2 of acetyl-CoA are retained as C5 and C4 of «KG and subsequently
become C4 and C3 of succinyl-CoA. An important factor in the carbon transitions of the TCA
cycle is that succinate and fumarate intermediates are symmetrical, resulting in C1 and C2 being
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indistinguishable from C4 and C3. Thus, when OAA is regenerated at the end of one turn of the
cycle, two of its carbons originate from the last acetyl-CoA, with an equal probability of them
existing in C1 and C2 or C4 and C3 (Figure 24). Each turn gradually replaces the carbons of
the TCA cycle without introducing new molecules. An OAA molecule will have replaced most
of its carbons after traversing the cycle twice, and virtually all after ~10 times (Figure 25). Like
the planks of Theseus’s ship, the individual intermediates continue to exist, though all their atoms
have been replaced.

Anaplerotic and cataplerotic activity introduce new intermediates into the TCA cycle which
prevent the carbons of its intermediates from being completely replaced by acetyl-CoA carbons
(Figure 2b). For example, anaplerotic substrates that undergo carboxylation will generate new
OAA. C1, C2, and C3 of the new OAA will have originated from the respective carbons of the
anaplerotic substrate, while C4 originates from the carboxylation of an endogenous bicarbonate.
Rapid reverse equilibration among OAA, malate, and fumarate (i.e., backward scrambling) ensures
the symmetry of these sources in four-carbon intermediates (Figure 2c¢). To the extent that the
cycle operates in the oxidative direction, these new OAA carbons will be transmitted to C1, C2,
and C3 of aKG as described above. Upon reforming OAA, either C3 and C4 or C1 and C2 are
replaced by carbons of acetyl-CoA (Figure 2d). Thus, the carbons of an anaplerotic substrate
are interrupted by acetyl-CoA carbons. These carbon transitions have been rigorously described
using mathematical models (3, 5, 7, 103, 125, 148).

2.2. Tracer and Isotopomer Approaches

Any BC tracer that enters the TCA cycle will undergo the carbon transitions of anaplerotic,
cataplerotic, and oxidative reactions described above. The resulting *C isotope isomers, or
isotopomers, can be detected by high-resolution *C NMR or mass spectrometry approaches
(38, 39, 64, 65). The complexity of the model required to fit these isotopomers to fluxes
depends on how many carbon transitions involve *C (34). For example, liver has a rate of
anaplerosis from pyruvate that exceeds the rate of pyruvate dehydrogenase (PDH) activity by
more than 10-fold. Thus, the model is simplified by ignoring the entry of *C-acetyl-CoA into
the TCA cycle (14, 64). The anaplerotic metabolism of a [U-*C]pyruvate tracer introduces
contiguous *C labeling in C1, C2, and C3 (or C4, C3, and C2) of OAA, but not acetyl-CoA
carbons, which become C3 and C4 (or C1 and C2) during oxidative turnover (Figure 2¢). Thus,
acetyl-CoA dilutes the labeling of anaplerotic tracers as a function of the rates of anaplerosis
and TCA cycle turnover (Figure 2d), allowing these fluxes to be determined if the isotopomer
distributions are known (14, 64) (Figure 2e). Alternatively, a tracer that enters the TCA cycle
as acetyl-CoA, but not anaplerosis, also provides isotopomers that indicate rates of anaplerosis.
For example, [U-1*Clfatty acids are avidly metabolized to [U-*CJacetyl-CoA in liver but cannot
be used as an anaplerotic substrate in vertebrate animals. Thus, «KG (or glutamate) C4 and C5
will be labeled on every turn of the cycle, with C1, C2, and C3 becoming labeled on subsequent
turns. Unlabeled anaplerotic substrate will dilute C1, C2 and C3, but never C4 and C5. Thus,
dilution of C isotopomers in the glutamate C2 and C3, relative to C4 and CS, indicates the
relative rates of anaplerosis and TCA cycle turnover (11, 14, 142). Rates of anaplerosis in excess
of TCA cycle turnover in human liver were detected by *C magnetic resonance spectroscopy
(MRS) of hepatic glutamate C1 and CS, following [U-"*Clacetate infusion (11). In tissues like
skeletal muscle, heart, B-cells, and brain, [U-"*C]pyruvate may be metabolized by both PDH- and
pyruvate carboxylase (PC)-mediated anaplerosis, thus invalidating these simplified assumptions
about *C transitions. The simultaneous oxidation and anaplerosis of pyruvate can be quantified
by analysis of glutamate isotopomers in C1-C3, which informs anaplerosis, and in C4 and CS5,
which informs oxidation, but require a more detailed positional isotopomer analysis (125).

Inigo » Deja » Burgess



2.3. Label Recycling

Cataplerotic pathways that lead back to anaplerosis are common in metabolism and are accompa-
nied by additional carbon transitions. This phenomenon, termed pyruvate cycling, was described
by Friedman and colleagues (48), who unexpectedly detected the label from a [2-1*C]pyruvate
tracer in positions C1 and C3 of pyruvate in liver. Pyruvate cycling occurred when carboxylation
and symmetrization caused 50% of C2 OAA originating from pyruvate to be converted to C3
pyruvate upon cataplerosis. C1 labeling was generated by cataplerosis, following one turn of the
TCA cycle (Figure 34). Thus, these isotopomers capture relative rates of anaplerosis, TCA cycle
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(@) Schematic illustrating the carbon transitions during pyruvate cycling. Pyruvate cycling was detected by Friedman et al. (48) when
labeled C2 of an anaplerotic substrate (red circles with red border) underwent carboxylation and symmetrization that caused 50% of C2
OAA originating from pyruvate to be converted to C3 pyruvate upon cataplerosis. C1 labeling was generated by cataplerosis following
one turn of the TCA cycle. (b) Pyruvate cycling generates OAA isotopomers enriched with carbons from carboxylation and depleted of
carbons from the original anaplerotic substrate. The ratio of pyruvate cycling—derived OAA to anaplerosis-derived OAA increases as a
function of both relative anaplerotic flux and relative pyruvate cycling. Note that the nonlinear relationships necessitate special
consideration when examining isotope enrichments in tissues where anaplerosis is active. (c) Fractions of OAA derived from anaplerosis
(red line), pyruvate cycling (blue line), and oxidative metabolism (green /ine) as a function of pyruvate cycling relative to TCA cycle
turnover (example shown when the rates of biosynthesis and T'CA cycle flux are equal). (d) The ratio of anaplerosis-derived OAA
isotopomers to oxidation-derived OAA isotopomers increases linearly as a function of relative anaplerotic flux (as in Figure 2e), but
pyruvate cycling decreases the slope of this relationship (i.e., predictably lowers the ratio of isotopomers). (¢) Pyruvate REcycling
generates new acetyl-CoA isotopomers, which compounds the complexity of the isotopomer patterns and generates all 16 possible
OAA isotopomers. Abbreviations: OAA, oxaloacetate; PEP, phosphoenolpyruvate; TCA, tricarboxylic acid.
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turnover, cataplerosis lost to pyruvate cycling, and net cataplerosis for biosynthesis. A similar ap-
proach using [U-!*Cllactate or [U-*C]propionate provides an analytical advantage for detecting
these transitions, since contiguous '*C labeling in OAA C1-C3 is easily distinguished from OAA
isotopomers in which C1 is lost to pyruvate cycling. As the fraction of cataplerosis that under-
goes pyruvate cycling increases, C1-C3 labeling is progressively converted to C2-C3 labeling
(Figure 3b). This process also increasingly dilutes anaplerotic carbons with acetyl-CoA, as
pyruvate cycling decreases these carbons’ probability of escaping to biosynthesis (Figure 3c).
Thus, the ratio of labeling in C1-C3 compared to C1-C2 is predictably lowered by the increasing
contribution of pyruvate cycling to anaplerosis (Figure 3d). Despite not contributing to net
cataplerotic biosynthesis, cycling pathways alter carbon transitions of the TCA cycle.

Pyruvate cycling has been attributed to the decarboxylation activities of pyruvate kinase
(PEP — Pyr) and/or malic enzyme (ME) (Mal — Pyr). Pyruvate cycling by the pyruvate ki-
nase pathway may occur in gluconeogenic tissue to provide added metabolic control through
futile cycling (52) or in separate tissue compartments during Cori cycling (55). The ME path-
way may be used to recycle OAA following citrate lyase during lipogenesis. However, the actual
nature of pyruvate cycling detected by an anaplerotic tracer is often ambiguous, and it is more
commonly used as a modeling allowance than as a focus of biological significance (86). Pyruvate
kinase, ME, Cori cycling, and exchange in a variety of carboxylation reactions all remove C1 of
OAA, thereby generating indistinguishable carbon transitions. The observation of these carbon
transitions is also tracer dependent. Lactate tracers that undergo anaplerosis to OAA but do not
complete backward scrambling underestimate cycling compared with anaplerotic tracers that are
symmetrized by virtue of entering the cycle as succinate (e.g., propionate) (55, 122). Nevertheless,
both tracers give similar rates of net biosynthetic cataplerosis, despite ongoing debate about the
nature of pyruvate cycling (55). A variant of pyruvate cycling, called pyruvate REcycling, occurs in
tissues with active anaplerotic and PDH pathways. Rather than reentering the TCA cycle as OAA,
pyruvate originating from cataplerosis is converted to acetyl-CoA and oxidized in the TCA cycle.
Pyruvate REcycling allows anaplerotic nutrients to be oxidized. For example, this pathway is nec-
essary for glutamine, propionate, and branched-chain amino acid (BCAA) oxidation. In a tracer
experiment with 1*C anaplerotic substrates, pyruvate REcycling can generate all 4 * C-acetyl-CoA
isotopomers, all 16 isotopomers of OAA, and 32 isotopomers of aKG (Figure 3e); therefore, it
requires more complex computational models to solve (125).

3. PATHWAYS OF CATAPLEROSIS AND ANAPLEROSIS
IN BIOSYNTHESIS

...and by putting [the old planks] afterwards together in the same order, had again made a ship of them,
this, without doubt, had also been the same numerical ship with that which was at the beginning; and
so there would have been two ships numerically the same, which is absurd.

—Thomas Hobbes on Theseus’s Paradox

3.1. Hepatic Gluconeogenesis

Phosphenolpyruvate carboxykinase (PEPCK) catalyzes the GTP-dependent decarboxylation of
OAA to PEP. The most conspicuous role of PEPCK is to provide PEP to the gluconeogenic path-
ways in liver and kidney, but it also functions in nongluconeogenic contexts (25). There are two
isoforms of PEPCK, one situated in the cytosol (Pck1; PEPCK-C) and one in the mitochondria
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(Pck2; PEPCK-M), whose relative amounts are species and tissue dependent (10). Mouse liver
expresses 95% Pckl; therefore, its regulation has been the most widely studied (25). Hepatic
Pckl mRNA is upregulated 100-fold by fasting and is suppressed by feeding through hormone-
mediated transcriptional regulation (25). PEPCK-C has a short half-life, which is regulated by
acetylation events that promote its degradation (63). The activity of PEPCK-C is generally con-
sidered to be governed by protein concentration (25), but recent studies suggest that its activity
can be reversed in the hyperacetylated state (80). The regulation of PEPCK-M is thought to be
less dependent on hormone signaling than PEPCK-C (25). Human liver expresses roughly 50%
of each isoform, and certain avian species express mainly PEPCK-M (25), suggesting that it must
play a significant role in certain contexts (10). PEPCK-C is important when an oxidized cytoso-
lic redox induces the transport of malate from mitochondria to cytosol. The oxidation of malate
by cytosolic malate dehydrogenase produces NADH for redox control and OAA for PEPCK-C-
mediated cataplerosis. When cytosolic redox state is reduced, malate export is inhibited, and PEP
produced by PEPCK-M can be transported to the cytosol without affecting redox. The promi-
nent expression of PEPCK-M in nongluconeogenic tissues, such as -cells (61), brain (4), and
certain cancers (95), allows anaplerotic substrates to enter the glycolytic pathway without losing
NADH to the cytosol. However, genetic studies in mice indicate a more complex synergy between
PEPCK isoforms. Although Pck2 constitutes less than 10% of total hepatic PEPCK, knockdown
of Pck2 in rodent liver resulted in suppressed gluconeogenesis from lactate (127). Likewise, over-
expression of Pck2 augmented gluconeogenesis in wild-type mice but, surprisingly, was unable to
rescue gluconeogenesis in liver-specific Pck knockout mice (94), indicating that both isoforms are
necessary. Indeed, human inborn errors of both PckI and Pck2 genes cause severe phenotypes, in-
cluding hypoglycemia and liver failure (30, 138). Thus, cataplerosis by the two isoforms may have
cooperative roles, with PEPCK-M being necessary but not sufficient for normal gluconeogenesis,
though nevertheless more prominent in nongluconeogenic tissues of mice.

Mitochondria of liver have the highest cataplerotic flux of all major tissues, and most of this
flux originates from PEPCK for carbohydrate synthesis. In humans, more than 1.5 OAAs are lost
to cataplerotic gluconeogenesis for every OAA converted to citrate in the TCA cycle (17, 65, 86,
130). This pathway produces ~40% of circulating glucose after an overnight fast and up to 80%
after glycogen depletion following 2 days of fasting (16). Thus, a 75-kg human produces 10 g
of glucose per hour, 5 g of which originate from the T'CA cycle of liver mitochondria. Despite
the remarkable suppression of PEPCK-C by feeding (25), tracer studies demonstrated that flux
through this pathway remains active, ostensibly to facilitate Cori cycling (93) and the indirect syn-
thesis of glycogen (97). Indeed, insulin infusion in the canine model suppressed PckI expression by
90% and PEPCK-C protein by 50%, but not cataplerotic flux to gluco/glyconeogenesis (41, 116).
The continuation of hepatic cataplerosis despite downregulation of PckI expression indicates that
PEPCK-C is a weak regulator of flux. A sevenfold overexpression of PEPCK-C increased flux
by only twofold (136). Likewise, a 70% and 90% loss of PEPCK-C protein caused a decline in
flux by only 25% and 40%, respectively (20). While surprising in the context of transcriptional
regulation, these functional data are consistent with metabolic control analyses in liver indicating
that PEPCK-C concentration controls only 20% of its own flux (20, 52). Nevertheless, despite its
modest control over cataplerotic flux, PEPCK-C function can inversely alter TCA cycle interme-
diate concentrations (122), which play important roles in signaling and redox (74, 88, 120).

Remarkably, a metabolic control analysis indicated that hepatic cataplerosis is controlled pre-
dominantly by PC-mediated anaplerosis (52). PC is located in mitochondria and catalyzes the
ATP-dependent carboxylation of pyruvate to OAA. This reaction is necessary for the anaplero-
sis of lactate, alanine, and a variety of other amino acid sources of pyruvate. PC is expressed in
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most tissues and is considered the anaplerotic counterpart of PEPCK-mediated gluconeogenesis
in liver (22). However, in contrast to the exquisite transcriptional regulation of PEPCK, PC is
controlled through allosteric regulation (1). PC is a tetrameric mitochondrial enzyme with sep-
arate regions containing an ATP-dependent biotin site for bicarbonate activation and a pyruvate
binding transferase site. An allosteric site that binds acetyl-CoA induces a conformational change
that brings these two regions into proximity and catalyzes pyruvate carboxylation (1). PC activity
requires acetyl-CoA and has a binding constant in the physiological range of acetyl-CoA concen-
tration, but it is also inhibited by ADP and oKG (90, 135, 140). The allosteric regulation of PC
allows hepatic anaplerosis to be stimulated by fatty acid oxidation, which provides more than 90%
of liver acetyl-CoA and increases ATP/ADP. This aspect of regulation may be why mouse mod-
els and humans with defects in fat oxidation have impaired gluconeogenesis and are vulnerable
to hypoglycemia (21, 126). In contrast, increasing free fatty acid (FFA) delivery to liver increases
gluconeogenesis within minutes, consistent with allosteric activation of PC and induction of en-
ergy production by fatty acid oxidation (146). The induction of gluconeogenesis by fatty acids is
replicated in humans when circulating FFAs are supplemented by lipid infusion (119), and it is
countered by suppressing adipose lipolysis (26). The ability of adipose lipolysis to influence hep-
atic anaplerosis is a remarkable example of interorgan communication, and it allows insulin and
glucagon to regulate gluconeogenesis by directly acting on liver and indirectly acting on adipose
lipolysis (118). Additional molecular studies identified similar mechanisms that mediate hormone-
regulated lipolysis of intrahepatic triglyceride and fatty acid oxidation (150). Thus, despite not
being an anaplerotic substrate, fatty acid oxidation elegantly links control of anaplerotic flux and
energy availability for gluconeogenesis (Figure 4).

3.1.1. Hepatic anaplerosis and cataplerosis are stimulated by obesity and insulin resistance.
During obesity (29), type 2 diabetes (T2DM) (32), and nonalcoholic fatty liver disease (NAFLD)
(45), insulin fails to suppress cataplerotic PEPCK flux to gluconeogenesis. However, PEPCK-
C is not overexpressed in all rodent models of diet-induced obesity or in humans with T2DM
(121). In fact, normalization of gluconeogenic flux in a high-fat diet-fed mouse model requires
that PEPCK-C be reduced by 70% below normal (122), and a 50% knockdown was insufficient
to normalize plasma glucose in a genetic mouse model of T2DM (51). These surprising findings
may be related to the stimulation of anaplerosis, rather than the direct activation of cataplerosis
during diabetes. Indeed, loss of insulin action triggers events that facilitate the energetic require-
ments and allosteric activation of both gluconeogenesis and anaplerosis. Adipocyte insulin resis-
tance causes increased lipolysis and FFA delivery to liver (12), elevated fat oxidation, and allosteric
activation of PC-mediated anaplerosis, analogous to the effect of exogenous FFAs (119, 146). Loss
of hepatic insulin action independently increases fat oxidation, thus supplying ample ATP to drive
the endergonic reactions of gluconeogenesis (75). Remarkably, glycemic regulation is normal in
the absence of hepatic insulin action if the transcription factor FOXO1 is also removed to prevent
overexpression of gluconeogenic and oxidative programs (133). Glycemia and gluconeogenesis
became elevated only when oxidative metabolism and acetyl-CoA levels were increased by in-
fusion of an exogenous oxidative substrate, consistent with a prominent role of adipose insulin
resistance in fueling excess gluconeogenesis (111). Insulin resistance also increases Cori cycling
and proteolysis in muscle, which contribute lactate and alanine as anaplerotic substrates that sup-
ply gluconeogenesis in T2DM and obesity (29, 32). In addition, glycerol generated during lipolysis
was found to be largely converted to circulating lactate (124, 143), which may explain why glyc-
erol as a direct precursor for gluconeogenesis is not affected as strongly as gluconeogenesis from
anaplerotic substrates in insulin-resistant humans (29). Thus, insulin resistance and obesity may
overactivate anaplerosis and gluconeogenesis by promoting substrate-replete conditions in liver.
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Figure 4

Pathways of anaplerosis and cataplerosis that play critical roles in liver GNG, GlycoNG, GlyceroNG, lipogenesis, and urea production.
PC carboxylates pyruvate to OAA and is a key pathway in the control of GNG. PC is allosterically activated by acetyl-CoA and is
inhibited by ADP and «KG. PEPCK is a cataplerotic pathway that catalyzes the decarboxylation of OAA to phosphoenolpyruvate and
plays roles in GNG, GlyceroNG, and glycogen synthesis. Fumarate formed in the urea cycle can be converted to cytosolic OAA and
used in the PEPCK pathway. ME heavily favors the cataplerotic decarboxylation of malate to pyruvate and participates in lipogenesis.
PCC and MMUT are essential for the anaplerosis of BCKAs derived from systemic BCAAs and odd-chain FAs. Anaplerosis through
aKG begins with glutamine, as illustrated in Figure 5. Abbreviations: BCAAs, branched-chain amino acids; BCKAs, branched-chain
ketoacids; CiC, citrate-isocitrate carrier; FA, fatty acid; GLS/AST, glutaminase/aspartate aminotransferase; GlyceroNG,
glyceroneogenesis; GlycoNG, glyconeogenesis; GNG, gluconeogenesis; ME, malic enzyme; MMUT, methylmalonyl-CoA mutase;
OAA, oxaloacetate; PC, pyruvate carboxylase; PCC, propionyl-CoA carboxylase; PEPCK, phosphoenolpyruvate carboxykinase; TCA,
tricarboxylic acid; TG, triglyceride; aKG, a-ketoglutarate.

3.1.2. Hepatic anaplerosis and TCA cycle metabolism during nonalcoholic fatty liver
disease. Overactivation of anaplerosis may also be involved in the dysregulation of hepatocellu-
lar energetics in animal models and humans with NAFLD (42,45, 69, 122, 130). Overnight-fasted
obese humans with NAFLD have elevated lipolysis and the expected induction of anaplerosis
and gluconeogenesis, and they also have elevated oxidative TCA cycle turnover (130). Surpris-
ingly, prolonged fasting in a similar cohort of subjects produced markedly lower circulating
FFAs, ostensibly due to lingering hyperinsulinemia, yet the subjects retained slightly higher
rates of gluconeogenesis from anaplerosis (45). Notably, these individuals had modestly impaired
ketogenesis and elevated T'CA cycle flux, indicating that acetyl-CoA was preferentially oxidized in
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lieu of normal activation of fasting ketogenesis. The cause of this altered acetyl-CoA partitioning
in NAFLD during fasting is unclear, but elevated anaplerosis may provide increased OAA, a factor
which is known to favor acetyl-CoA metabolism in the T'CA cycle over ketogenesis. Likewise,
when ketogenesis was genetically inhibited in mice, TCA cycle metabolism and gluconeogenesis
were stimulated, and hepatocellular damage was worsened (33, 35). Forcing acetyl-CoA into
the TCA cycle increases the respiratory load compared with ketogenesis and may create more
oxidative stress (27), especially as NAFLD progresses to impaired respiratory capacity during
nonalcoholic steatohepatitis (NASH) (69). Low-carbohydrate diets divert acetyl-CoA to ketones
and require high rates of B-oxidation to maintain energy status, thereby rapidly lowering steatosis,
but do not induce anaplerosis or oxidative TCA cycle metabolism (17, 85). Hepatic mitochondrial
pyruvate carrier inhibition in animal models restricts anaplerosis (91), prevents the overactivation
of TCA cycle metabolism (117), and protects against the development of NASH (92). Conversely,
pharmacological respiratory uncouplers reduce steatosis by accelerating acetyl-CoA oxidation in
the TCA cycle and suppress anaplerosis, likely due to lower acetyl-CoA and/or depressed energy
status (50). Interventions that induce gluconeogenesis and TCA cycle metabolism can also have
protective effects in liver. Acute exercise markedly elevates flux through these pathways to support
peripheral glucose utilization (57) and chronic exercise protects against NAFLD by increasing
fat oxidation (132). Sodium glucose cotransporter 2 (SGLT2) inhibitors increase glucose disposal
by glucosuria, and they may have similar effects as exercise by activating compensatory gluco-
neogenesis and ketogenesis (43). It is notable that increasing gluconeogenic demand, limiting
oxidative substrate, reducing oxidative efficiency, and treating with pharmacological uncouplers
may have the common effect of lowering mitochondrial membrane potential and decreasing
oxidative stress during nutrient excess (27).

3.2. Extrahepatic Gluconeogenesis

The only quantitatively significant source of extrahepatic gluconeogenesis occurs in the kidney
(115). PEPCK-C is highly expressed in the proximal tubules of the renal cortex, where it facili-
tates cataplerosis following anaplerosis of glutamine carbons. The resulting ammonia neutralizes
metabolic acidosis and is secreted into urine, and the anaplerotic «KG undergoes cataplerotic glu-
coneogenesis. This pathway is considered a negligible source of circulating glucose under most
conditions but may rise to more than 25% during metabolic acidosis, starvation, and type 1 dia-
betes (129). Compensation by renal gluconeogenesis can support normal fasting glycemia in mice
with liver-specific loss of gluconeogenic function (22) and is markedly induced in humans during
the anhepatic phase of liver transplantation (9). The mechanism for this compensatory activation
of renal gluconeogenesis is unclear. While hepatic Pck! is regulated by glucagon and insulin, renal
Pck1 is thought to be upregulated by glucocorticoids and metabolic acidosis (25). In contrast to PC
regulation of anaplerosis in liver, anaplerosis in the renal cortex is induced by increased glutamine
delivery from peripheral tissues and activation of glutaminase (GLS) and glutamate dehydroge-
nase (GDH) by acidosis (25). More recently, it was reported that insulin resistance and hypoxia-
inducible factor la signaling induce proximal tubule Pck! expression, suggesting the potential for
enhanced renal gluconeogenesis during obesity and diabetes (105). SGLT?2 inhibition, which pre-
vents the reabsorption of glucose in the proximal tubule and improves insulin resistance, induced
PEPCK levels and renal gluconeogenesis in some mouse studies (62) but suppressed it in others
(131). Likewise, one study associated the activation of gluconeogenesis with diabetic nephropa-
thy (62), while another found that the inhibition of gluconeogenesis protected against nephropa-
thy (131). In the latter case, differential effects on cataplerosis and anaplerosis by SGLT2 inhi-
bition lowered T'CA cycle intermediates in the renal cortex and prevented oxidative stress (131).

Inigo » Deja » Burgess



Understanding renal anaplerosis and cataplerosis may provide valuable insight into kidney disease
beyond its contribution to endogenous glucose production.

PEPCK-C is also expressed in the enterocytes of the small intestine, where it has been pro-
posed to support a small amount of glucose release (139). This rate cannot be measured in vivo
(115), and ex vivo experiments indicate that it is too low to directly affect endogenous glucose
production (113). Enterocyte-specific PEPCK knockout mice had normal glycemic regulation
in the fed, fasted, and diabetic states but had abnormal amino acid profiles and slower intestinal
lipid absorption, highlighting the importance of intestinal cataplerosis in amino acid processing
and glyceroneogenesis (113). However, intestinal gluconeogenesis might play an indirect role in
glycemic regulation through gut-brain signaling by producing small amounts of glucose detected
by afferent nerves of the portal system (139). Glucose 6-phosphatase knockout mice were reported
to lose some of the beneficial effects provided by intragastric organic acid administration and were
more susceptible to liver steatosis on a carbohydrate diet (139). The mechanisms involved in this
process remain to be determined.

3.3. Lipogenic Tissue

Lipogenesis occurs in most tissues for the maintenance of organelle membranes and growth, but
it is most active in liver and adipose during feeding to convert excess carbohydrate to lipid for
long-term calorie storage (141). Lipogenesis occurs in the cytosol through the condensation of
consecutive units of acetyl-CoA, most of which is derived from mitochondrial PDH during car-
bohydrate metabolism. For mitochondrial acetyl-CoA to be trafficked to the cytosol, it is first
condensed with OAA to generate citrate in the first step of the T'CA cycle, and it is then actively
transported by the citrate-isocitrate carrier (CiC) (112). Cytosolic ATP—citrate lyase regenerates
OAA and acetyl-CoA in the cytosol. These steps remove citrate from mitochondria and therefore
require continuous anaplerosis to maintain lipogenesis (106). Interestingly, in vitro characteriza-
tion of the CiC indicates that it couples citrate transport with malate antiport (109). Thus, cytoso-
lic OAA could be converted to malate and exchanged back into the mitochondria with no further
carbon transitions, obviating the need for other anaplerotic support. However, loss of CiC causes
decreased TCA cycle pool size and lactate accumulation in cell models and humans (109), suggest-
ing that citrate transport is critical to anaplerotic and cataplerotic homeostasis. Indeed, NAFLD
subjects have elevated lipogenesis (78), coincident with increased hepatic anaplerosis and citrate
synthase flux (130). Tracer studies indicate that citrate lyase is a significant source of OAA used by
PEPCK-C (39). This pathway contributes to glycerol-3-phosphate for fatty acid esterification via
the glycerol-3-phosphate acyltransferase pathway and is particularly important in adipose tissue,
which lacks glycerol kinase (106). When this pathway is removed from adipocytes by PEPCK-C
deletion, mice become lipodystrophic upon carbohydrate restriction (25). In liver, the majority of
the OAA returns to the TCA cycle following ME conversion of malate to pyruvate and subsequent
anaplerosis by pyruvate carboxylation, which has the metabolic advantage of providing NADPH
required in the lipogenic pathway (39). Knockdown of liver and adipose PC in rats suppresses
lipid synthesis by decreasing glyceroneogenesis (76), and liver-specific PC knockout mice have
decreased circulating triglycerides (22). It remains unclear whether insulin-resistant dysregula-
tion of cataplerotic gluconeogenesis and lipid synthesis share common metabolic mechanisms.

3.4. Central Nervous System

PC is the most abundant anaplerotic enzyme in brain and is largely expressed in astrocytes
(123). Rare PC loss-of-function mutations in humans cause severe metabolic and neurological
impairments (87). Notable defects in glucose, amino acid, and urea cycle function suggest a
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primary liver phenotype with neurotoxic effects (87). However, anaplerotic therapies and liver
transplant led to only moderate improvements in neurological symptoms (87), and liver-specific
PC knockout mice had no neurological or motor phenotype (22). Astrocytic anaplerosis via PC
allows aKG cataplerosis for glutamate and glutamine (Glx) synthesis during glutaminergic neuro-
transmission (123). Tracer studies indicate that PC flux is roughly 30% of the Glx cycle, suggesting
that PC flux is critical for maintaining this pool (107). The regulation of astrocyte PC by acetyl-
CoA is thought to be retained, but the rationale for this regulation is less clear compared with liver,
where the rate of acetyl-CoA generation by fat oxidation has an extraordinary physiological range.
However, ATP utilization for neurotransmission is high in astrocytes, suggesting a metabolic ben-
efit for positive regulation of neurotransmitter synthesis by cellular energetics. For example, neu-
roglial pyruvate carboxylation was increased by brain activity (107), and inhibition of anaplerosis
suppressed both T'CA cycle flux and oxygen utilization during whisker stimulation in rodents (89).

PCisalso active in oligodendrocytes, where it is proposed to support lipid synthesis for synaptic
and myelin membranes, a process that depends on citrate transport from mitochondria and pyru-
vate cycling via ME, as described above (6). In fact, pyruvate cycling occurs extensively in brain to
recycle neurotransmitters synthesized from anaplerosis (123). The activity of this pathway corre-
lates strongly with ME levels (24), but the fate and compartmental location of recycled pyruvate
remain a matter of discussion. Evidence for the activity of pyruvate REcycling was provided by the
observation of [1-"*Clacetyl-CoA formation following [2-!*Clacetate administration (24), which
occurs as shown in Figure 3. *C MRS studies indicated separate TCA cycle compartments, con-
sistent with anaplerosis in glia and REcycling in neurons (24). Other studies demonstrated that
pyruvate cycling occurs in both astrocytes and neurons, and that it might be more quantitatively
significant as a mechanism to efflux cataplerotic carbons from the brain as lactate (123). What-
ever the case, operation of the ME pathway is notable for its role in maintaining NADPH redox,
which is likely to be physiologically significant in antioxidant mechanisms. Notably, anaplerotic
flux is altered in several animal models of neurological disease, including ischemic brain injury (98),
Alzheimer’s disease (145), and seizure disorders, some of which respond favorably to anaplerotic
therapies like triheptanoin (144, 149).

3.5. Porphyrin Synthesis

In contrast to the cataplerosis of OAA via PEPCK, which is relevant to multiple pathways, the cat-
aplerosis of succinyl-CoA is specific to the synthesis of porphyrins and hemoproteins. The enzyme
3-aminolevulinic acid synthase (ALAS) condenses succinyl-CoA and glycine to §-aminolevulinic
acid in the mitochondria as the first step of heme synthesis. The molecular and metabolic regu-
lation of this step and related pathways have been thoroughly reviewed elsewhere (110). ALAS1
is ubiquitously expressed and is necessary to maintain homeostasis of mitochondrial and cytoso-
lic hemoproteins involved in oxygen transport, oxygen binding, and electron transport. Because
of their reactive environment, these proteins have short half-lives and are produced on demand
(147). ALASI is activated by highly oxidative conditions, such as increased respiration or Cyp450-
mediated catabolism of xenobiotics, and it is suppressed by elevated heme content through feed-
back inhibition (2). There are no known inborn errors of ALAS, but defects in the heme pathway
cause ALAS to remain activated, leading to porphyrias (110). Despite operating at a fraction of
PEPCK flux, ALAS overactivation suppresses TCA cycle function by depletion of succinyl-CoA
and inhibition of complex 2 (56).

ALAS?2 is expressed exclusively in erythroblasts of bone marrow and erythroid committed pre-
cursors. It is upregulated in response to free iron and functions to fulfill hemoglobin requirements
during erythrocyte development (110). This cataplerotic pathway persists only until the mitochon-
dria are lost during the late stages of red blood cell maturation. ALAS2 function was found to be
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exclusively reliant on glutamine-derived aKG, but tracer studies indicated that this «KG does not
equilibrate with other T'CA cycle intermediates (18). Thus, ALAS2 is a unique example of a path-
way that uses a TCA cycle intermediate for biosynthesis without technically being cataplerotic.

4. CATABOLIC FUNCTIONS OF ANAPLEROSIS AND CATAPLEROSIS

One cannot step twice into the same river. .. it scatters and again gathers; it forms and dissolves, and
approaches and departs.

—Heraclitus

4.1. Anaplerotic Substrate REcycling

REcycling is required for an anaplerotic substrate to be oxidized in the TCA cycle. For example,
to oxidize the five carbons of glutamine, it must enter the TCA cycle as «KG, undergo one decar-
boxylation in the TCA cycle to malate/OAA, one decarboxylation by ME to generate pyruvate,
one decarboxylation by PDH to generate acetyl-CoA, and finally two decarboxylations in one turn
of the TCA cycle. The combined reactions of the ME and PDH constitute pyruvate REcycling
in this example and are required to maintain mass balance of the TCA cycle during glutamine
oxidation. The ME catalyzes the following equilibrium reaction: Mal + NADP* = Pyr + CO, +
NADPH. Under most conditions, the equilibrium heavily favors the cataplerotic decarboxylation
of malate to pyruvate (137). Unlike PEPCK, ME is ubiquitously expressed (40), but it does not
directly facilitate biosynthesis, because pyruvate, unlike PEP, cannot directly enter the triose pool.
The major role of ME is to recycle malate during lipid synthesis, and it is the most common path-
way involved in anaplerotic substrate REcycling. This pathway also provides cytosolic NADPH
for lipid synthesis, antioxidant function, and cell signaling in some tissues.

4.2. Nitrogen Trafficking

The ability to catabolize and resynthesize proteins, oxidize amino acids, or use their carbons in
anaplerotic and biosynthetic pathways depends on managing the fate of nitrogen. Free ammonia is
cytotoxic; therefore, mammalian biology has developed mechanisms to transfer nitrogen between
metabolites in peripheral tissues, blood, and finally liver, where it can be safely sequestered as urea
before renal secretion. In between, there are transaminase reactions, amino acids, and organic
acids that act as an elegant bucket brigade to safely traffic nitrogen between tissues and scavenge
free ammonia. Anaplerotic and cataplerotic pathways of peripheral tissue and liver are essential to
this process.

4.2.1. Skeletal muscle. Skeletal muscle supports high rates of anaplerosis during exercise, but
the mechanism and purpose of this pathway are poorly understood (49). Electrically stimulated
contraction of soleus muscle increased anaplerosis to 20-40% of total TCA cycle flux, and
remained at this proportion throughout contraction, implying that absolute rates of anaplerosis
could increase by 100-fold, similar to O, consumption, during exercise (142). Acute exercise
increases the concentration of TCA cycle intermediates by approximately fivefold, perhaps to
magnify the capacity of the TCA cycle during exercise, but this interpretation has been disputed
(15). In fact, activation of cataplerosis by overexpression of PEPCK-C in skeletal muscle para-
doxically increases exercise capacity by 20-fold (54), and obese mice with low exercise capacity
have twofold-lower PEPCK-C activity in muscle (104). It was suggested (54) that PEPCK-C
overexpression increases intracellular lipid reserves by activating glyceroneogenesis, but it is
unknown whether elevated cataplerotic capacity alters pool sizes or whether a specific end
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product is important in exercise capacity. More commonly, anaplerosis in muscle is thought to
facilitate proteolysis, amino acid oxidation, and ammonia scavenging, especially during exercise
(Figure 5). This process may be partially regulated by CLOCK genes, suggesting that optimal
nitrogen trafficking, anaplerosis, and potentially exercise capacity are modified by circadian
mechanisms (46). Acutely, a rapid rise in glycolysis during exercise provides surplus pyruvate for
PC, ME, or the alanine aminotransferase (ALT) reaction. Some investigators have emphasized
the AT mechanism, since alanine synthesis from pyruvate allows the net export of a nitrogen
as alanine and the anaplerosis of aKG (15). aKG can undergo REcycling by the ME pathway
for complete oxidation or be exported as lactate, but in the presence of high pyruvate, the mass
action of ME causes TCA cycle intermediates to accumulate. The release of free ammonia during
proteolysis is mediated by the purine nucleotide cycle (PNC). This pathway consumes aspartate,
generated by the combined reactions of branched-chain amino acid aminotransferase/aspartate
aminotransferase (BCAAT/AST) or ALT/AST, and produces ammonia and fumarate by deam-
ination, analogous to the urea cycle in liver (8). Fumarate generated in this process replaces the
OAA consumed in the AST reaction, and the ammonia is scavenged by GS to glutamine and
exported from muscle. The importance of this pathway as a contributor to muscle anaplerosis
during exercise has been debated (15), but inborn errors in the PNC do produce moderate effects
on skeletal muscle anaplerosis and exercise capacity (44). Both ALT and the PNC allow muscle to
export nitrogen to liver by continuous anaplerotic and cataplerotic cycling of organic acids, but
the ALT pathway requires a constant supply of pyruvate as an amino acceptor, while the PNC
depends on a constant supply of glutamic acid as an ammonia acceptor (Figure 5).

The BCAAs isoleucine and valine undergo transamination (BCAAT) to branched-chain ke-
toacids (BCKAs), which are converted to succinyl-CoA by a series of reactions culminating in
propionyl-CoA carboxylase and methylmalonyl-CoA mutase (MMUT). Methionine and thre-
onine also produce succinyl-CoA through the MMUT pathway, while the aromatic groups of
phenylalanine and tyrosine are converted directly to fumarate by fumarylacetoacetate hydratase.
Oxidation of these amino acids requires both nitrogen trafficking pathways and REcycling path-
ways in the TCA cycle. BCAAT is expressed primarily in muscle, but BCKAs can escape into
circulation and become anaplerotic substrates in a variety of tissues, including liver (102). The
contribution of BCAA anaplerosis to nonprotein macronutrient synthesis (e.g., gluconeogene-
sis) is probably low on the basis of their 40-fold-lower turnover rates compared with lactate (58,
102). However, these pathways are essential for amino acid catabolism, and their loss of function
causes lethal metabolic defects in humans (53). A more subtle loss of BCAA homeostasis occurs
in obesity and contributes to metabolic dysfunction, perhaps by impinging on insulin secretion
from B-cell and insulin action in peripheral tissues through activation of mechanistic target of
rapamycin complex 1 signaling (101).

4.2.2. Urea cycle. Amino acids and ammonia released from peripheral tissue are sequestered
by the urea cycle in liver. The urea cycle converts one free ammonia and one aspartate to one
urea and one fumarate. The stoichiometry of this process dictates the roles of anaplerosis and
cataplerosis in nitrogen disposal (Figure 5). In principle, the amino group of alanine could be
trafficked to urea by the combined reactions of ALT, AST, and the urea cycle. The OAA lost
to aspartate could be regenerated as fumarate by the urea cycle with no net loss of TCA cycle
intermediates. However, this sequence is not self-sustaining for two reasons. First, PC knockout
liver accumulates urea cycle intermediates and is depleted of aspartate, indicating that cataplerotic
flux to gluconeogenesis outcompetes the AST reaction for OAA (22). Thus, anaplerotic flux
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Figure 5

Nitrogen moieties from amino acids released by proteolysis are trafficked to alanine or glutamine in muscle
ALT transfers the amino group from glutamate to pyruvate with the anaplerosis of «KG. BCAAs transfer
amino groups to glutamate and become anaplerotic substrates through the MMUT pathway. Anaplerotic
carbons undergo pyruvate REcycling to be oxidized in the T'CA cycle. Glutamate transfers amino groups to
aspartate by the AST reaction and generates ammonia and fumarate by the PNC pathway. Ammonia and
glutamine (following GS), are exported to liver. In liver, alanine transfers its amino group to urea by the
combined reactions of ALT, AST and the urea cycle, but requires PC-mediated anaplerosis to maintain
cataplerotic GNG from alanine and ammonia to complete the urea cycle. Catabolism of glutamine proceeds
through the combined reactions of GLS, AST, and the urea cycle. GS and GDH function in pericentral
hepatocytes to scavenge ammonia, while GLS and GDH function in periportal hepatocytes to generate
ammonia for the urea cycle. Abbreviations: ALT, alanine aminotransferase; anap, anaplerosis; AST, aspartate
aminotransferase; BCAAs, branched-chain amino acids; BCAAT, branched-chain amino acid transamination;
BCKA, branched-chain ketoacid; catap, cataplerosis; GDH, glutamate dehydrogenase; GLS, glutaminase;
GNG, gluconeogenesis; GS, glutamine synthetase; ME, malic enzyme; MMU'T, methylmalonyl-CoA
mutase; OAA, oxaloacetate; PC, pyruvate carboxylase; PDH, pyruvate dehydrogenase; PEP,

phosphoenolpyruvate; PEPCK, phosphoenolpyruvate carboxykinase; PNC, purine nucleotide cycle; TCA,
tricarboxylic acid; aKG, a-ketoglutarate.
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through PC is required to replace the OAA consumed in the AST reaction (Figure 5). Second, the
aspartate generated by this sequence cannot dispose of its amino group in the urea cycle in the
absence of an independent source of ammonia. Likewise, glutamine anaplerosis through the com-
bined GLS and GDH reactions results in two free ammonias and a stoichiometric mismatch of the
urea cycle in the absence of an independent source of aspartate (Figure 5). These stoichiometric
restrictions are generally met by a continuous supply of ammonia and amino acids from muscle. In
addition, GDH may buffer urea cycle stoichiometry by acting in the anaplerotic direction during
an ammonia deficit and in the cataplerotic direction during an ammonia surplus (Figure 5). Mice
with liver-specific knockout of GDH developed hyperammonemia, lower liver aspartate, and
decreased urea production (66). Remarkably, the glycemic response to a glutamine challenge was
normal, but an alanine challenge produced a blunted response (66). Presumably, glutamine con-
tinued to be anaplerotic through the GLS/AST pathway, which produces stoichiometric amounts
of ammonia and aspartate (Figure 5). However, aspartate generated by the ALT/AST pathway
could not be used for gluconeogenesis in the absence of GDH to maintain the stoichiometry of
the urea cycle. Importantly, GS is restricted to pericentral hepatocytes, allowing ammonia that
escapes the urea cycle of periportal hepatocytes to be sequestered as glutamine, but this pathway
also requires anaplerosis and cataplerosis to provide glutamate as the ammonia acceptor (13)

(Figure 5).

4.3. Heart

Cardiac anaplerosis is less than 10% of total TCA cycle flux in the normal myocardium (49).
This pathway plays a housekeeping role by maintaining TCA cycle intermediates that are lost
to transamination reactions or excretion from the myocardium (49). Heart failure doubles the
rate of anaplerosis for reasons that are unclear. The normal heart oxidizes very little glucose,
but a shift to glycolysis during heart disease may stimulate anaplerosis by increasing myocar-
dial pyruvate availability (49). Pharmacologic activation of PDH (114) or genetic activation of
fat oxidation (70) reduced anaplerosis and improved contractile function, suggesting that ele-
vated anaplerosis is maladaptive. In contrast, mitochondrial pyruvate carrier knockout mice, which
cannot transport pyruvate into mitochondria, surprisingly maintained glucose oxidation and had
only a modest reduction in anaplerosis, indicating alternative routes of anaplerosis and pyruvate
trafficking into mitochondria (151). Other potential pathways have been noted. For example, re-
versal of the myocardial cytosolic ME1 supports the anaplerosis of malate from pyruvate in a rat
model of hypertensive heart disease (77). Inhibition of ME1 by microRINA normalized anaplerotic
flux and improved contractile function. An important difference between PC- and ME-mediated
pyruvate carboxylation is that the latter consumes NADPH, a factor that contributes to
impaired antioxidant response in heart failure (77). However, a mouse model of severe trans-
verse aortic constriction induced anaplerosis through succinyl-CoA or aKG but not pyruvate car-
boxylation (134). Most tracer studies of anaplerosis in heart failure have relied on ex vivo animal
models, but a recent human study used metabolomic arterial/venous differences to determine
cardiac substrate metabolism in subjects with reduced ejection fraction (EF) (100). The normal
human heart supplied more than 80% of its energy requirements from fatty acids, similar to rodent
heart (70, 77, 114, 134, 151), but unlike in rodents, glucose utilization was not detected in human
subjects with normal or reduced EF (100). However, the release of glutamine, alanine, and other
amino acids was doubled in subjects with reduced EF. These data suggest that increased pro-
teolysis in the myocardium may contribute to elevated anaplerosis and cataplerosis in heart
disease (100).
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4.4. Energetics and Redox

Anaplerosis and cataplerosis influence cellular energy status by mediating TCA cycle capacity, the
equilibrium of redox reactions, and the supply of precursors to energetically costly biosynthetic
pathways. In liver, gluconeogenesis from TCA cycle intermediates consumes roughly 40% of
hepatic energy requirements (79, 122). Thus, there is a substantial decline in TCA cycle flux
when hepatic anaplerosis is prevented by loss of PC, or when cataplerosis is prevented by loss of
PEPCK-C (22, 122). In both cases, energy charge is elevated during fasting, suggesting that the
reduction in T'CA cycle flux is an adaptive response to decreased energy demand in the absence
of gluconeogenesis.

In contrast, inhibition of anaplerosis has a dramatically different effect on redox metabolism
than inhibition of cataplerosis. Loss of cataplerosis causes an accumulation of TCA cycle in-
termediates and a reduced redox state (low NAD*/NADH) (19), while the loss of anaplerosis
depletes T'CA cycle intermediates and causes a more oxidized redox state (high NAD*/NADH)
(22). These effects on redox may be mediated by mass action through a network of equilibrium
redox reactions (74). For example, loss of PC inhibits the urea cycle and causes an accumulation
of ammonia, which shifts the GDH equilibrium (Glu + NAD* = oKG + NH* + NADH)
toward a more oxidized state. Similarly, loss of anaplerosis depletes malate and shifts the ME
equilibrium (Mal + NADP* = Pyr + NADPH) toward a more oxidized NADP(H) state, while
loss of cataplerosis causes malate accumulation and a more reduced redox NADP(H) state. These
effects are transmitted to the glutathione redox system, resulting in impaired reactive oxygen
species (ROS) scavenging in the PC knockout liver and improved ROS scavenging in PEPCK
knockdown mice, despite both having very similar glucose phenotypes. Notably, changes in TCA
cycle intermediate concentrations also play a role in a variety of signaling pathways, including
inflammation and oxidative stress (88, 120). Thus, small mismatches in the dynamic equilibrium
of anaplerotic and cataplerotic function may alter pool sizes, without changing flux, and have
yet-to-be-discovered effects on physiology and disease.

Pancreatic p-cells support a rate of anaplerosis that is nearly equal to the oxidative flux of the
TCA cycle, and like liver, this pathway affects cellular energy status and physiological function.
However, unlike liver, which releases cataplerotic products (i.e., glucose), the B-cell uses REcycling
pathways to generate energetic and redox-linked signaling factors to sense nutrients and release
insulin (60). When B-cells oxidize glucose, there is a rapid rise in ATP/ADP and Ca’*, which
stimulates an acute phase of insulin secretion. But, to sustain insulin secretion, B-cells require
glucose carbons to undergo anaplerosis-mediated pyruvate REcycling (60). The mechanism by
which substrate cycling helps sustain insulin release remains an active topic of research, but has
thus far been attributed to the NADPH-linked reactions of ME and IDH1 (60), which promote
glutathione (reduced form) formation and other signaling factors (59). Recently, cataplerosis by
PEPCK-M was also described as a mediator of insulin secretion by altering mitochondrial GTP as
a signaling factor (61). The field of B-cell research was among the first to recognize the importance
of anaplerotic and cataplerotic pathways as signals for mediating cell function, a factor that is
increasingly observed in many tissues and disease (88, 120).

5. ADAPTIVE ROLES OF ANAPLEROSIS AND CATAPLEROSIS
IN CANCER

Cancer cells have a remarkable capacity to adapt anaplerotic, cataplerotic, and T'CA cycle function
to maintain growth, despite remarkable genetic and environmental handicaps. A well-established
feature of many cancers is their unusual reliance on the anaplerosis of glutamine (37). Although
glutamine has the metabolic advantage of being less susceptible to hypoxic tumor environments
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compared with pyruvate, it is not an anaerobic-friendly substrate. Anaplerosis and cataplerosis
of glutamine carbons to pyruvate produce four reducing equivalents, and a total of nine reduc-
ing equivalents when the resulting pyruvate is oxidized through the pyruvate REcycling pathway.
Therefore, a distinctive characteristic of cancer metabolism is its ability to consume reducing
equivalents by converting aKG to isocitrate through reverse IDH flux, or reductive carboxylation
(37). Both hypoxia and impaired respiration in tumors provoke high NADH/NAD™ and shift
the equilibrium of IDH toward elevated isocitrate/aKG, while NADP(H)-dependent mitochon-
drial IDH1 and cytosolic IDH2 bypass the thermodynamic restrictions of the mitochondrial and
NAD(H)-dependent IDH3 isoform (108). Citrate produced through this pathway is critical for
lipid synthesis when the TCA cycle is inhibited due to hypoxia or impaired respiration (108). The
role of IDH1/2 isoforms in cancer helped clarify the appearance of M+5 citrate isotopomers orig-
inating from M+S5 [U-"*Cs]glutamine, which could otherwise be interpreted as exchange through
reversible reactions (39). When flux was modeled in subcellular fractions of cancer cells, cytosolic
reductive carboxylation was less than 15% of oxidative flux, but it contributed all of the acetyl-CoA
for lipogenesis (82). The plasticity of anaplerotic pathways is especially pronounced in cancer cells
with mutations in succinate dehydrogenase (SDH), fumarate hydratase, or OGDH (23, 36,47, 99),
which rely on reductive carboxylation to overcome a bisected T'CA cycle and maintain biosynthesis
(Figure 6). Citrate produced by reductive carboxylation provides a source of OAA to bypass TCA
cycle defects, but at the expense of producing massive amounts of lipid. Remarkably, SDH mutant
cells have been observed to produce OAA by reverse citrate synthase (82). An increased reliance
on PC to support anaplerosis from lactate- or ME-derived pyruvate has also been observed in cells
with SDH mutations (23). The PC pathway, though not active in all glutamine-dependent can-
cers, can be activated when necessary. Attempts to deprive glioblastoma of glutamine-dependent
anaplerosis resulted in slowed growth but compensatory activation of PC (28).

Cataplerotic pathways in cancer cells also require unique adaptations to support biosynthe-
sis. Glucose may be metabolized to lactate before reaching tumor tissue (58), which presents a
challenge for the biosynthesis of molecules derived from glycolytic intermediates. To meet this
challenge, certain cancers have adapted the gluconeogenic enzyme PEPCK (95) to subsidize gly-
colytic intermediates necessary for the pentose phosphate pathway and the biosynthesis of purines,
nucleotides, and lipid esterification, all of which are essential for growth (Figure 6). Cataplerosis
through PEPCK allowed increased anaplerosis of lactate (95) and glutamine (96) into downstream
biosynthetic products, like lipids and ribose (96). Overexpression of Pck2 in lung cancer supported
de novo glycerophospholipid formation, especially of phosphatidylethanolamine, and increased
cell growth (83). In contrast, suppressing PEPCK in colon cancer—derived cell lines decreased cell
proliferation (96). However, the advantage of PEPCK expression in cancer cells may be specific
to contexts where glycolytic intermediates are limiting. In liver and kidney, where PEPCK is very
highly expressed, oncogenic transformation suppressed Pckl and/or Pck2 (81, 84). Suppression of
PEPCK in liver cancer was associated with decreased survival, enhanced cell growth, and increased
tumor recurrence (84). Thus, PEPCK cataplerosis in cancer may be titrated according to the need
for glycolytic intermediates, which may be increased in nongluconeogenic tissue and decreased in
gluconeogenic tissues, or altogether unnecessary if glycolysis is active. The factors that regulate
this metabolic shift remain incompletely understood but are relevant to interventional strategies.

6. SUMMARY

Anaplerosis and cataplerosis provide routes of mass balance for TCA cycle intermediates and
allow them to be used in biosynthesis and catabolism without disabling oxidative capacity.
Pathways of carboxylation and decarboxylation alter TCA cycle carbon transitions, while other
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Figure 6

Pathways of anaplerosis and cataplerosis in some cancer cells provide increased metabolic flexibility.
Anaplerosis from glutamine is prominent in cancer cells and may overcome reduced redox state and
mutations in TCA cycle enzymes (red bars). Reductive carboxylation allows aKG to be converted to
isocitrate through reverse IDH flux. PC-mediated anaplerosis from lactate and pyruvate allows growth of
cancer cells with mitochondrial defects in the generation of OAA. When glycolytic intermediates are scarce,
cancers activate cataplerosis through PEPCK, allowing TCA cycle intermediates to support the function of
the pentose phosphate pathway and the biosynthesis of purines, nucleotides, and lipids. Abbreviations:
GDH, glutamate dehydrogenase; GLS, glutaminase; IDH, isocitrate dehydrogenase; ME, malic enzyme;
OAA, oxaloacetate; PC, pyruvate carboxylase; PEP, phosphoenolpyruvate; PEPCK, phosphoenolpyruvate
carboxykinase; TCA, tricarboxylic acid; aKG, a-ketoglutarate.

pathways, such as transport shuttles and the urea cycle, exchange intermediates in and out of the
cycle without altering carbon transitions. These carbon transitions and dilution of *C tracers
in the TCA cycle can be detected by modern analytical tools, but they require mathematical
models to distinguish anaplerotic and oxidative flux. Anaplerotic and cataplerotic sequences
facilitate metabolic processes that would otherwise be thermodynamically, compartmentally, or
stoichiometrically forbidden. The important role of anaplerosis has been well appreciated since
its description by Kornberg (71), but the coordination of these pathways with cellular energy
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status, substrate oxidation, and cell signaling is a more recent metabolic paradigm. While intrinsic
to classic biochemistry, the fact that anaplerotic and cataplerotic sequences are as necessary for
catabolism as they are for biosynthesis is frequently overlooked. Nitrogen trafficking, amino
acid oxidation, neurotransmitter recycling, and acid/base balance require these pathways. The
dynamic equilibrium of anaplerosis and cataplerosis alters TCA cycle intermediate concen-
trations and modifies redox state by the mass action of redox-linked dehydrogenase reactions.
The array of pathways and functions that overlap with anaplerosis and the T'CA cycle must be
finely orchestrated, and aspects of this control are frequently dysregulated in metabolic disease.
Cancers, more than any other disease, annex anaplerosis and cataplerosis to survive and grow
under genetic and nutrient restrictions that would disable normal cell metabolism. Thus, as
therapeutic interventions begin targeting pathways that directly or indirectly impinge on the
TCA cycle, there is potential for surprising effects in seemingly unrelated pathways. Kornberg’s
description of anaplerosis in cellular metabolism foreshadowed important roles for TCA cycle
intermediates in molecular physiology and disease that will continue to be discovered.
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