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Medium-Chain, Even-Numbered Dicarboxylic Acids as
Novel Energy Substrates: An Update
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Medium-chain dicarboxylic acids are produced by
higher plants and animals via fatty acid w-oxidation
or by B-oxidation of longer-chain dicarboxylic acids.
In plants, dicarboxylic acids are components of the
natural protective polymers cutin and suberin; in
animals, dicarboxylic acids are mainly oxidized in
mitochondria, where they are transported through
four different pathways. Their energy density is inter-
mediate between glucose and fatty acids. Dicarboxylic
acid administration does not require insulin or stim-
ulate insulin secretion, and the [-oxidation of dicar-
boxylic acids produces succinic acid, a gluconeogenic
substrate. Therefore, dicarboxylic acids might be a
suitable fuel substrate, particularly in clinical condi-
tions in which marked insulin resistance and/or im-
pairment of aerobic glycolysis occur.
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INTRODUCTION

Sepsis, shock, multiple trauma, and burns are often
associated with severe catabolism that allows wasting of
lean body mass, immune dysfunction, and compromised
wound healing. Nutritional support is key in the man-
agement of these critically ill patients to minimize these
complications. In the early period after trauma, the me-
tabolism slows, oxygen consumption decreases, and en-
ergy is primarily provided to the vital organs. Energy is
supplied by increasing plasma glucose recruited from
glycogen stores in the liver and muscle through glyco-
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genolysis and, to a lesser extent, from protein breakdown
providing amino acids for gluconeogenesis. However,
within 2 to 3 days after trauma, glycogen stores are
depleted and gluconeogenesis increases to fulfill energy
needs using mostly amino acids from muscle. This re-
sults in depletion of muscle proteins and increased ure-
agenesis, leading to muscle wasting, negative nitrogen
balance, loss of function of vital organs, and a delay in
wound healing.! In the 14 days after trauma, the hyper-
metabolism can result in a depletion of essential protein
stores, with the consequence that patients are at an
increased risk of developing serious complications such
as sepsis and multiple organ failure.”

In this situation, appropriate and optimal substrate
support through parenteral and/or enteral nutrition re-
mains of great clinical importance. Branched-chain
amino acids, nonessential amino acids, acetylated amino
acids, peptides, cysteine, and arginine are often used for
this purpose, but prospective, randomized, controlled
trials have not consistently demonstrated improved sur-
vival with their use in critically ill patients.> An excep-
tion seems to be glutamine, since in the catabolic state,
plasma levels of glutamine are insufficient to meet in-
creased demands.* Finally, glucose solutions and con-
ventional intravenous fat emulsions have been shown to
increase susceptibility to infection.’

Even-numbered dicarboxylic acids have been pro-
posed as alternate energy substrates, since their 3-oxida-
tion also produces succinic acid, a gluconeogenic pre-
cursor, which could result in sparing gluconeogenic
amino acid utilization. In addition, the administration of
these diacids does not require insulin or stimulate insulin
secretion, which is desirable because under stressful
conditions, large amounts of energy might be required at
a time when there are marked disturbances in glucose
utilization due to insulin resistance and/or impairment of
aerobic glycolysis.

This review will focus on the metabolism of medium-
chain dicarboxylic acids as possible alternative energy
substrates, as they represent a new class of substrates
with metabolic and energetic characteristics intermediate
between glucose and fatty acids.
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DICARBOXYLIC ACIDS IN PLANTS

Medium- and long-chain dicarboxylic acids are pro-
duced by both higher plants and animals via w-oxidation
of fatty acids.®’ In plants, dicarboxylic acids are com-
ponents of the natural protective polymers cutin and
suberin, which are involved in waterproofing the leaves
and fruits of higher plants, regulating the flow of nutri-
ents among various plant cells and organs, and minimiz-
ing the deleterious impact of pathogens.® The major
components of cutin are dihydroxy C16 fatty acids,
18-hydroxy-9,10-epoxy C18 fatty acids, and trihydroxy
C18 fatty acids, although smaller amounts of w-hydroxy
fatty acids from C16 to C18 are also present. The major
components of suberin are w-hydroxy fatty acids and
dicarboxylic acids with a chain length from 16 to 28
carbon atoms and alcohols with a chain length generally
longer than C20. There is a large body of literature
showing that when aerial portions of the plants such as
leaves or fruits are wounded, they produce cutin or
suberin to seal off the wound.®

Dicarboxylic acids are (-oxidized in plant peroxi-
somes. Glyoxysomes are specialized peroxisomes
present in various plant organs such as germinating
cotyledons and senescing leaves. They are the site of
B-oxidation and of the glyoxylate cycle, pathways essen-
tial to maintaining the gluconeogenesis deriving from
degradation of reserve or structural lipids.’

DICARBOXYLIC ACIDS IN ANIMALS
AND HUMANS

Omega Oxidation

In animals and humans, medium-chain dicarboxylic
acids, which include adipic (C6), suberic (C8), sebacic
(C10), and dodecanedioic (C12) acids (Figure 1), derive
from the B-oxidation of longer-chain dicarboxylic acids.'
Long-chain dicarboxylic acids, in turn, are formed from the
correspondent fatty acids by w-oxidation (Figure 2) in the

ADIPIC ACID HOO— (CH,),—COOH
SUBERIC ACID HOOD— (CH,);—COOH
SEBACIC ACID HOO2— (CH,);—COOH

DODECANEDIOIC ACID HOOD— (CH,),,— COOH

Figure 1. Chemical structure and nomenclature of the main
medium-chain dicarboxylic acids.
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Figure 2. Fatty acid w-oxidation. The w-methyl group of a fatty
acid (e.g., dodecanoic or lauric acid) is first oxidized to an
alcohol group, and is then further oxidized to form an aldehydic
group and finally a carboxylic group. At the end of these
oxidative steps, a fatty acid is converted into the correspondent
dicarboxylic acid.

microsomial membranes'" or are consumed with a diet rich
in vegetables. However, there is evidence of a direct con-
version of lauric acid to dodecanedioic acid—that is, from
a monocarboxylic acid with 12 carbon atoms to the corre-
spondent C12 dicarboxylic acid. In fact, when the recom-
binant fusion protein rF450[mRat4Al/mRatOR]L1, con-
taining the heme domain of P450 4Al and the flavin
domains of NADPH-P450 reductase, is incubated with
dilaurylphosphatidylcholine, it catalyzes the w-oxidation of
lauric acid at a very high rate (about 300 nmol/min/nmol
P450).'* The w-oxidative pathway is prominent in brain
and could play a role in brain fatty acid metabolism. In fact,
Alexander et al.'* showed that homogenates of rat brain
catalyze the w-oxidation of monocarboxylic acids with a
specific activity of between 0.87 and 5.23 nmol/mg of
post-mitochondrial protein per hour, depending on the sub-
strate. This activity is remarkably higher (0.25 to 4 times)
than that found in rat liver, depending on the chain length of
the substrate. Specific activity increases with increasing
chain length of the substrate. Cultured rat neurons, astro-
cytes, and oligodendrocytes all contain w-oxidation activity,
and the product of w-oxidation in the brain is almost
exclusively dicarboxylic acid.'?

Gluconeogenic Properties of
Dicarboxylic Acids

It has been proposed by Mortensen'? that fatty acid
w-oxidation might play a physiologic anti-ketogenic and
gluconeogenic role in energy metabolism. In fact, we
have shown that after administering adipic acid to ketotic

Nutrition Reviews®, Vol. 64, No. 10



rats, urinary excretion of succinic acid increased at the
same time as ketosis decreased and blood glucose in-
creased.

As glucose is an essential nutrient for the human
body, its circulating levels must be carefully maintained
to supply adequate amounts to peripheral tissues. The
liver plays a central role in glucose homeostasis by
balancing its uptake and storage via glycogenesis and its
release via glycogenolysis and gluconeogenesis. An im-
pairment of glucose homeostasis is a typical feature of
type 2 diabetes. In fact, type 2 diabetic patients exhibit a
marked reduction of the net hepatic glycogen synthesis
after either a mixed meal or during combined hyperin-
sulinemic hyperglycemia.'”

Glycogen synthesis is a major pathway of glucose
disposal in skeletal muscle and is regulated by the insu-
lin-sensitive and rate-limiting enzyme glycogen syn-
thase. Defects in this enzyme can significantly alter the
intracellular routing and metabolism of glucose and con-
tribute to insulin resistance in muscle tissue. Skeletal
muscle glycogen synthase has been shown to be scarcely
stimulated by insulin in Caucasian subjects with type 2
diabetes and in Pima Indians,'®!” as well as in relatives
of patients with diabetes,'® demonstrating their insulin
resistance.

In other pathological conditions associated with
hypercatabolism, such as sepsis and burns, sources of
energy are provided by gluconeogenesis, lipolysis, and
ketogenesis. However, sepsis is associated with abnor-
mality of virtually all of these provisional sources of
energy substrates'® because it impairs the function of
the glycolytic pathway, the integrity of which is nec-
essary for glucose to be used effectively to produce
energy.'®

When glucose homeostasis is impaired, as dem-
onstrated by a reduction of its peripheral utilization,
alternate fuel substrates become essential. In fact,
while de novo lipogenesis, the enzymatic pathway for
converting dietary carbohydrate into fat, is available in
humans, the capacity to convert fats into carbohy-
drates does not exist. Therefore, during higher catab-
olism, amino acids are preferentially utilized by the
liver. In these situations, amino acids are the major
fuel of liver—in fact, their oxidative conversion to
glucose accounts for about one-half of the daily oxy-
gen consumption of the liver, more than any other
fuel.'® The daily supply of amino acids provided in the
diet cannot be totally oxidized to carbon dioxide in the
liver, because such a process would provide far more
ATP than the liver could utilize. Instead, most amino
acids are oxidatively converted to glucose. This results
in an overall ATP production during amino acid oxi-
dation very nearly equal to the ATP required to con-
vert amino acid carbon to glucose.

Nutrition Reviews®, Vol. 64, No. 10

The energy cost of gluconeogenesis is as follows:

2 pyruvate + 4ATP + 2GTP + 2NADH + 2H"

+ 4H,0 — glucose + 2NAD" + 4ADP + 2GDP + 6Pi

where for each molecule of glucose there are six high-
energy phosphorus molecules used and two molecules of
NADH. Overall, the “cost” of making glucose from
pyruvate is two ATP equivalents (i.e. —2 ATP/mole
pyruvate). In contrast, the synthesis of glucose from
succinic acid (Tables 1 and 2) deriving from the oxida-
tion of even-numbered dicarboxylic acids, is +1 ATP, or
7.3 kcal/mole succinate.

The use of even-numbered dicarboxylic acids can
supply succinic acids to both liver and muscle, thus
increasing glunoneogenesis (Figure 3), particularly in
those clinical conditions in which glycogen stores are
inadequate, for example, in diabetes and in sepsis.

Beta-Oxidation of Dicarboxylic Acids

The oxidation of dicarboxylates can take place in
both mitochondria and peroxisomes.”**' However, until
1996 the mechanism of transport of these acids into
peroxisomes and mitochondria was not established.”*'
Liu et al.>> demonstrated that four different pathways for
the transport of dicarboxylates operate in mitochondria.
These pathways include electrophoretic transport via the
inner membrane anion channel, electroneutral transport,
tributyltin-mediated transport, and transport via the di-
carboxylate carrier. The latter can transport only oxalate,
malonate, and succinate, while dicarboxylic acids with
longer chain length enter the mitochondria via the other
transport mechanisms.

Palmitate and medium-chain dicarboxylic acids
(C10 and C12) enter the mitochondria through different
processes. Unlike palmitate, C10 and C12 do not depend
upon transport across the cell membrane by the fatty acid
transporters, activation in the extra-mitochondrial space,
or upon transport into the matrix by the carnitine shuttle
(CPT1, CPT2, and CAT). Consequently, while LCFA
utilization may be tightly regulated by the activity of the
carnitine shuttle, C10 and C12 bypass this control net-
work (Figure 4).

Dicarboxylic Acids in Nutrition

Medium-chain dicarboxylic acids, those with a
chain length from 6 to 12 carbon atoms, have been
recently regarded as possible alternate fuel substrates in
both normal and pathological conditions in man, since
they are rapidly B-oxidized in both mitochondria and
peroxisomes.?>?” Even-chain dicarboxylic acids such as
sebacic acid (C10) and dodecanedioic acid (C12) pro-
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Table 1. Energy Metabolism of Sebacic Acid

Reaction

ATP*

B-Oxidation

Sebacic acid + 3FAD + 3NAD" + 3CoA + H,O = Succinyl-CoA + 3Acetyl-CoA + 3FADH, + 13+

3NADH + 3H"

3Acetyl-CoA + 3FAD + 9NAD™ + 3GDP + 3P, + 6H,0 = 6CO, + 3FADH, + 9NADH + 3GTP° 36

+ 6H' + 3CoA

Succinyl-CoA = = = 2 CO, + FADH, + 3NADH + GTP° + 2H" + CoA 12

NET:
Gluconeogenesis

Succinyl-CoA + Pi + GDP < Succinate + GTP + CoA-SH

Succinate + E-FAD < Fumarate + E-FADH,
Fumarate + H,0 < L-Malate
L-Malate + NAD™ & Oxaloacetate + NADH + H™

Oxaloacetate + GTP < phosphoenolpyruvate + CO, + GDP

phosphoenolpyruvate + H,O < 2-phosphoglycerate
2-phosphoglycerate <& 3-phosphoglycerate

3-phosphoglycerate + ATP < 1,3-diphosphoglycerate + ADP
1,3-diphosphoglycerate + NADH + H" < 3-phosphoglyceraldehyde + NAD™ + P,

3 phosphoglyceraldehyde < dihydroxyacetonephosphate

3-phosphoglyceraldehyde + dihydroxyacetonephosphate < fructose-1,6-diphosphate
fructose-1,6-diphosphate + H,O < fructose-6-phosphate + P;

fructose-6-phosphate < glucose-6-phosphate + P;
glucose-6-phosphate + H,O < glucose + P,
NET:

I
—_ O OO OO W= OO = WON =

*One turn of the citric acid cycle generates 12 ATP:

e One high-energy phosphate (° GTP + ADP < GDP + ATP)

e Three NADH = 1 NADH produces 3 ATP
e One FADH, = 1 FADH, produces 2 ATP
TTwo ATP are used in the activation of dicarboxylic acid.

duce as an intermediate metabolite succinyl-CoA, a glu-
coneogenic substrate that might play a relevant role in
those clinical conditions in which glucose metabolism is
impaired, such as starvation, sepsis, and diabetes.?®

The transmembrane transport of dicarboxylic acid
seems to be mediated by a carrier, which has been
characterized in rats in the cellular membranes of both
hepatocytes® and renal tubular cells**>' rather than in
mitochondria.*?

Among medium-chain dicarboxylic acids, C12
seems to be the most suitable for nutritional purposes. In
fact, the urinary excretion of C12 is low (3%—5% of
administered dose)>*>* compared with azelaic acid (di-
carboxylic acid with nine carbon atoms)® and sebacic
acid (dicarboxylic acid with 10 carbon atoms),>*37 and
the energy density is high (7.18 kcal/g of C12 oxi-
dized).>® The CI12 respiratory quotient (0.77) is rather
low, representing an advantage in patients with respira-
tory distress, in whom CO, pulmonary exchange is low
with subsequent hypercapnia and acidosis. Furthermore,
the free fraction of C12 in plasma is higher than the
fraction of both long- and medium-chain monocarboxy-
lic acids, in view of its relatively high water solubility
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and its low affinity for albumin-binding sites.>® Finally,
unlike both long- and medium-chain monocarboxylic
acids, C12 administered in free form as a salt does not
require hydrolysis before cellular utilization.

The disposition of C12 in humans has been investi-
gated* by a mathematical model also taking into account
the kinetics of CO, produced by C12 oxidation. In this
study the maximal rate of C12 tissue uptake estimated by
the model was 0.38 = 0.08 mmol/min, with a maximal
calorie delivery of 750 kcal/d.

By using the euglycemic hyperinsulinemic clamp
technique to evaluate insulin sensitivity, it has been
demonstrated®® that sebacate (C10) administration in
healthy volunteers was associated with a glucose-sparing
effect.

Furthermore, C12 infusion in type 2 diabetic pa-
tients decreased plasma glucose levels to a normal range
without influencing plasma insulin levels.*! These find-
ings suggest that in type 2 diabetes, in which both
glucose oxidation and storage as glycogen are im-
paired,*>** C12 as an alternate substrate, thanks to its
intermediate biochemical and metabolic characteristics
between free fatty acids and glucose, might be useful
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Table 2. Energy Metabolism of Dodecanedioic Acid

Reaction

ATP*

B-Oxidation

Dodecanedioic acid + 4FAD + 4NAD" + 4CoA + H,O = Succinyl-CoA + 4Acetyl-CoA + 18+

4FADH, + 4NADH + 4H™

4Acetyl-CoA + 4FAD + 12NAD™ + 4GDP + 4P, + 8H,0 = 8CO, + 4FADH, + 12NADH 48

+ 4GTP° + 8H" + 4CoA

Succinyl-CoA = = = 2 CO, + FADH, + 3NADH + GTP° + 2H" + CoA 12

NET:
Gluconeogenesis

Succinyl-CoA + Pi + GDP < Succinate + GTP + CoA-SH

Succinate + E-FAD < Fumarate + E-FADH,
Fumarate + H,0 < L-Malate
L-Malate + NAD™ & Oxaloacetate + NADH + H™

Oxaloacetate + GTP < phosphoenolpyruvate + CO, + GDP

phosphoenolpyruvate + H,O < 2-phosphoglycerate
2-phosphoglycerate <& 3-phosphoglycerate

3-phosphoglycerate + ATP < 1,3-diphosphoglycerate + ADP
1,3-diphosphoglycerate + NADH + H" < 3-phosphoglyceraldehyde + NAD™ + P,

3 phosphoglyceraldehyde < dihydroxyacetonephosphate

3-phosphoglyceraldehyde + dihydroxyacetonephosphate < fructose-1,6-diphosphate
fructose-1,6-diphosphate + H,O < fructose-6-phosphate + P;

fructose-6-phosphate < glucose-6-phosphate + P;
glucose-6-phosphate + H,O < glucose + P,
NET:

I
—_ O OO OO W= OO = WON =

*One turn of the citric acid cycle generates 12 ATP:

e One high-energy phosphate (° GTP + ADP < GDP + ATP)

e Three NADH = 1 NADH produces 3 ATP
e One FADH, = 1 FADH, produces 2 ATP
TTwo ATP are used in the activation of dicarboxylic acid.

because it is promptly oxidized in high amounts and
supplies succinic acid for gluconeogenesis.

Recent studies have described the oxidation and the
insulinotropic action of C12 in isolated pancreatic islets
prepared from normal rats.***> The energy density of
medium-chain dicarboxylic acids (4.97 kcal/g for azelaic
acid, C9; 6.64 kcal/g for sebacic acid, C10; and 7.2
kcal/g for dodecanedioic acid, C12) is roughly in be-
tween the values known for the conventional energy
substrates such as glucose (3.75 kcal/g) and fatty acids (9
kcal/g).

Indeed, the physical-chemical characteristics of me-
dium-chain, even-numbered dicarboxylic acids—their
solubility in water and their gluconeogenic properties—
put these molecules in a separate class between fat and
carbohydrates.

Energy Profile of Dicarboxylic Acids

The equation for the complete degradation of palmi-
tate (C16:0) is:
palmitoyl CoA + 7FAD + 7NAD + 7CoA
+ 7H,0 — 8acetyl CoA + 7FADH2 + 7NADH + 7H"

Nutrition Reviews®, Vol. 64, No. 10

Palmitate oxidation yields the following:
8 acetyl CoAs enter the citric acid cycle and give:
e 24 NADH = 72 ATP (by oxidative phosphoryla-
tion)
« 8 FADH2 = 16 ATP (by oxidative phosphorylation)
e 8§ GTP = 8 ATP
e 7 NADH generated by (3-oxidation itself = 21 ATP

(by oxidative phosphorylation)

o 7 FADH2 generated by 3-oxidation itself = 14 ATP

(by oxidative phosphorylation)

Total number of ATP from 1 molecule of palmi-
tate = 72 + 16 + 8 + 21 + 14 = 131.

High-energy phosphate bonds, the equivalent of 2
ATP, are used to activate palmitate to palmitoyl CoA.
Therefore, the ATP yield is 129, which in terms of
energy is 941.7 kcal/mole of palmitate. The oxidation of
sebacic acid and that of dodecanedioic acid are summa-
rized in Tables 1 and 2, respectively. The ATP yield of
1 mole sebacic acid oxidation is 61 ATP, corresponding
to 445.3 kcal/mole. The ATP yield of 1 mole dode-
canedioic acid oxidation is 78 ATP, corresponding to
569.4 kcal/mole.

Therefore, the energy liberated during the oxidation
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MCDA
acetyl-CoA
GLUCONEOGENIC
AMINO ACIDS R-oxidation

GLUCONEOGENIC
AMINO ACIDS

oxaloacétic acid

isocitric\acid

malid acid

a-ketoglytaric acid

fumarig acid

succipyl-CoA

Figure 3. B-oxidation of medium-chain dicarboxylic acids and
their effect on amino acid sparing in the gluconeogenic path-
way. Aspartate and asparagine oxidation produce oxaloacetate;
arginine, glutamate, glutamine, histidine, and proline produce
alpha-ketoglutarate; isoleucine, methionine, and valine produce
succinyl-CoA; and phenylalanine and trosine produce fumar-
ate. All of these substrates are precursors of pyruvate and thus
contribute to gluconeogenesis. Even-numbered, medium-chain
dicarboxylic acids, through their end product, succinyl-CoA,
produce oxaloacetate and thus ultimately glucose.

of 1 mole of C10 is about 47% and the oxidation of 1
mole of C12 is about 60% of the energy delivered by the
oxidation of 1 mole of palmitate.
Overall, the net reaction of glucose complete oxida-
tion is:
60, + C¢H,,04 + 38ADP — 38ATP + 6CO, + 6H,0
In terms of energy yield, the oxidation of 1 mole of
glucose produces 277.4 kcal, corresponding to approxi-
mately 62% and 49% of the energy produced by 1 mole
C10 oxidation and 1 mole C12 oxidation, respectively.

DICARBOXYLIC ACID TRIGLYCERIDES

To reduce the amount of inorganic salts (sodium,
potassium, calcium, and magnesium) administered to-
gether with dicarboxylic acids to render their molecules
hydrosoluble, esters of dicarboxylic acids with glycerol,
as triglycerides, have been synthesized. In this way, the
amount of inorganic cations administered is halved.

The triglyceride of dodecanedioic acid, while pre-
serving its water solubility, appears to have the lowest
urinary excretion in experimental animals, corresponding
to approximately 0.67% of the administered amount.
Kinetic studies in rats*® have shown that this dicarboxy-
lic acid-C12 triglyceride has a large volume of distribu-
tion (approximately 0.5 L/kg body wt) and a fast disap-
pearance rate from plasma (0.42/min), whereas its
product of hydrolysis, the dicarboxylic acid C12, has a
very small volume of distribution (approximately 0.04
L/kg body wt) and a high tissue uptake, with a maximal
transport rate of 0.636 mM/min. The measured dicar-
boxylic acid-C12 tissue uptake rate is consistent with the
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possibility of achieving substantial energy delivery when
added to parenteral nutrition formulations. Finally, the
amount of sodium administered with the triglyceride
form is one-half of that necessary for water solubility
with the free diacid.

DICARBOXYLIC ACIDS REDUCE FATIGUE
DURING PHYSICAL EXERCISE

Metabolically healthy skeletal muscle has the ability
to switch easily between glucose and fat oxidation in
response to homeostatic signals. In type 2 diabetes mel-
litus and obesity, the skeletal muscle shows a great
reduction in this metabolic flexibility.*’ In type 2 dia-
betic patients, irrespective of their treatment status, there
is an increased tendency for muscle to become fa-
tigued.*® It is believed that inefficient ATP production in
response to continued high demand is a factor in muscle
performance. Therefore, a decline in muscle perfor-
mance, often described as muscle fatigue, is observed

LC-CoA
3-oxidation
Acetyl-CoA

Figure 4. Schematic representation of the mechanisms of
transportation of long-chain fatty acids (LCFA) and medium-
chain dicarboxylic acids (MCDA) into the mitochondrion.
LCFAs require the carnitine (CARN) transport system, which
couples the two enzymes CPT1 and CPT?2, respectively located
on the outer and the inner mitochondrial membrane. MCDAs
are transported via a mitochondrial inner membrane anion
channel (IMAC), via passive diffusion (large arrow), which is
gradient related, and through a third transport mechanism,
which requires the presence of tributyltin (TBT). TBT com-
plexes one end of the dicarboxylate and a proton (P+) binds to
the other, thus forming a lipophilic neutral complex that can
cross the bilayer.

LCFA

MCDA
MCDA
MCDA
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when ATP production cannot be sustained during con-
tinuous activity. Therefore, muscle fatigue might be a
consequence of an impaired ATP synthesis in response
to a higher request, possibly secondary to a reduced
mitochondrial function, largely described in type 2
diabetes.*® Magnetic resonance spectroscopy studies
in humans suggest that a defect in insulin-stimulated
glucose transport in skeletal muscle is the primary
metabolic abnormality in insulin-resistant patients
with type 2 diabetes.”® Excess fatty acids appear to
cause this defect of glucose transport by inhibiting
insulin-stimulated tyrosine phosphorylation of insulin
receptor substrate-1 and its associated phosphatidyl-
inositol 3-kinase activity.’®

The ingestion of 40 g of C12 in type 2 diabetic
subjects before moderate exercise reduces muscle fa-
tigue, thus allowing completion of the exercise, and does
not promote insulin secretion; rather, it is associated with
an increase in triglyceride hydrolysis, as shown by the
significant rise of plasma non-esterified fatty acids
(NEFA). Forty-seven percent of C12 is taken up by
peripheral tissues, and 69% of this amount is oxidized in
the observation period, while the remaining fraction
(53%) is possibly taken up by the liver to synthesize
glycogen. In contrast, the ingestion of 40 g of C12 in
healthy subjects before moderate exercise allows a C12
uptake of 33.4 g, corresponding to 83% of its intake, of
which 26.7 g (80% of the amount taken up by tissues) is
oxidized in the observation period.>!

In type 2 diabetes, the incapacity to shift from
glucose to lipids and vice versa as an energy substrate,
depending on the energy requirement, is defined as
“metabolic inflexibility.” C12 may overcome this impair-
ment by providing intermediate substrates for mitochon-
drial oxidation and ATP synthesis.

CONCLUSIONS

Dicarboxylic acids, and in particular dodecanedioic
acid and the sodium salt of its triglyceride, seem to be a
suitable alternative energy substrate for a number of
reasons, including their low cost, peripheral venous ad-
ministration, high energy delivery, and gluconeogenic
and glucose-sparing effects.
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