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Even-number, medium-chain dicarboxylic acids (DAs), naturally occurring in higher plants, are a promising alternative energy substrate.
Unlike the homologous fatty acids, DAs are soluble in water as salts. They are B-oxidized, providing acetyl-CoA and succinyl-CoA, the
latter being an intermediate of the tricarboxylic acid cycle. Sebacic acid and dodecanedioic acid, DAs with 10 and 12 carbon atoms
respectively, provide 6.6 and 7.2 kcal g™" each; therefore, their energy density is intermediate between glucose and fatty acids.
Dicarboxylic acids have been proved to be safe in both experimental animals and humans, and their use has recently been proposed in
diabetes. Studies in animals and humans with type 2 diabetes showed that oral administration of sebacic acid improved glycaemic
control, probably by enhancing insulin sensitivity, and reduced hepatic gluconeogenesis and glucose output. Moreover, dodecanedioic
acid intake reduced muscle fatigue during exercise in subjects with type 2 diabetes, suggesting an improvement of energy utilization
and ‘metabolic flexibility’ In this article, we review the natural sources of DAs, their fate in animals and humans and their effect in

improving glucose metabolism in type 2 diabetes.

Introduction

Type 2 diabetes mellitus is often associated with obesity
and insulin resistance. In all these pathological conditions,
the presence of an increased deposition of intracellular
triglycerides in insulin-sensitive tissues, such as the skeletal
muscle and the liver, led to the hypothesis of a defect in
mitochondrial substrate oxidation [1-4]. This hypothesis
was supported by the finding of multiple defects of
metabolic fluxes through the tricarboxylic acid (TCA) and
oxidative phosphorylation in skeletal muscle, as assessed
by magnetic resonance spectroscopy [5, 6]. These findings
were confirmed by the evidence that the rate of incorpo-
ration of *C into the C,-glutamate pool was slower in the
offspring of patients with insulin-resistant type 2 diabetes
than in control subjects, reflecting a 30% decrease in the
basal rate of muscle substrate oxidation [7]. This impair-
ment of the TCA flux was associated with an increased
deposition of intramyocytic triglycerides [7].

In addition, the plasticity of the mitochondria, which
is their capacity to adapt to different degrees of energy
requirements through fission (division of a mitochondrion
into two mitochondria) and fusion (fusion of two mito-
chondria to form a new one) [8-10], is reduced in type 2

diabetes mellitus, with subsequent metabolic inflexibility
[11, 12]. Metabolic inflexibility is a characteristic feature of
diabetic individuals, who are incapable of adapting their
metabolism to different energy requirements by switching
from glucose to fatty acid oxidation as a consequence of a
defective response to insulin.

In a recent study, Gaster [13] found that myotubes from
patients with diabetes express a significantly lower acetate
oxidation (30%) compared with myotubes from lean indi-
viduals, both in the basal state and during acute insulin
stimulation. Also, the insulin-induced increment in acetate
oxidation tended to be lower in myotubes from patients
with diabetes but did not reach statistical significance
between groups [13].

It is not known whether the mitochondrial function is
impaired as a primary, heritable defect or whether it is a
consequence of insulin resistance.

In any case, an energy substrate providing TCA inter-
mediates might be a potentially valuable fuel in those
pathological conditions associated with insulin resistance,
including type 2 diabetes mellitus.

Even-number dicarboxylic acids (DAs) have been
shown to be a suitable energy substrate [14-22], with char-
acteristics intermediate between glucose and fatty acids.
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In fact, they are B-oxidized like fatty acids but, like glucose,
their salts are soluble in water, thanks to their short-to-
medium chains and the presence of two terminal carboxy-
lic groups.Their end product of -oxidation is succinic acid,
which enters the TCA.

This review focuses on our studies of the effects of
even-number, medium-chain DAs, specifically sebacic and
dodecanedioic acids, as possible alternative energy sub-
strates in diabetes. It is divided into sections describing
the natural source of DAs, their formation from free
fatty acids though m-oxidation, their cellular fate through
[-oxidation, and the benefits of medium-chain DA intake
in type 2 diabetes.

Dicarboxylic acids in nature

Medium- and long-chain DAs are present in higher plants
and animals deriving from the w-oxidation of fatty acids
[23,24].

In higher plants, DAs are components of natural protec-
tive polymers, cutin and suberin, a support biopolyester
that waterproofs the leaves and fruits, regulating the
flow of nutrients and minimizing the harmful impact of
pathogens [25].Dihydroxy C16 fatty acids, 18-hydroxy-9,10-
epoxy C18 fatty acids and trihydroxy C18 fatty acids are the
major components of cutin, while suberin is mainly com-
posed of w-hydroxy fatty acids and C16-C18 dicarboxylic
acids. Dicarboxylic acids are B-oxidized in specialized plant
peroxisomes (glyoxysomes), where the glyoxylate cycle,
whose intermediates derive from the degradation of
reserve or structural lipids, takes place [26].

Sebacic acid, named from the Latin sebum (tallow)
in reference to its use in the manufacture of candles,
is @ minor component of the royal jelly [27], a yellowish
material secreted by the mandibular and hypopharyngeal
glands of worker bees to nourish the queen bee, for whose
longevity it is essential.

Fatty acid w-oxidation

In animals and humans, medium-chain DAs are even num-
bered, with a chain length from 6 to 12 carbon atoms,
and include adipic (C6), suberic (C8), sebacic (C10) and
dodecanedioic (C12) acids (Figure 1).They derive from the
[-oxidation of longer chain DAs [28], which are formed by
w-oxidation from free fatty acids of the same chain length
inside the microsomial membranes or originate from a
vegetable-rich diet. However, a direct w-oxidation of a
medium-chain fatty acid, lauric acid, to dodecanedioic acid
has been also demonstrated [29, 30].

Dicarboxylic acid B-oxidation

B-Oxidation of DAs takes place in both mitochondria
and peroxisomes [31-33]. Four different mitochondrial
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Figure 1

Structural formulae of sebacic and dodecanedioic acids

pathways for DA transportation have been shown [33],
and they include an electrophoretic transport via an inner
membrane anion channel, a passive diffusion, a tributyl-
tin-mediated transport and a transport via the dicarboxy-
late carrier, which operates for short-chain Das, such as
oxalate, malonate and succinate. This transportation does
not require the carnitine shuttle (carnitine palmitoyltrans-
ferase 1, carnitine palmitoyltransferase 2 and carnitine
acetyltransferase). However, a previous study [32] demon-
strated that sebacic and dodecanedioic acids consume
carnitine when entering the mitochondria.

In any case, once in the mitochondria DAs follow the
same fate as free fatty acids, being degraded to acetyl-CoA
through the B-oxidation (Figure 2). A characteristic of DAs,
however, is that they produce succinyl-CoA at the end of
the B-oxidation.

Succinyl-CoA, like other TCA intermediates, is an entry
pathway for other metabolites into the TCA (Figure 2) and
is involved in a variety of important biological actions.
Glucogenic amino acids, i.e. isoleucine, methionine and
valine, are broken down into propionyl-CoA. Propionyl-
CoA is converted into D-methylmalonyl-CoA by propionyl-
CoA carboxylase. D-Methylmalonyl-CoA is racemized
into L-methylmalonyl-CoA by methylmalonyl-CoA race-
mase. Methylmalonyl mutase produces succinyl-CoA,
which enters into the TCA. Succinyl-CoA is an intracycle
regulator, inhibiting citrate synthase and a-ketoglutarate
dehydrogenase.

Use of DAs in diabetes

As shown by acute, subacute and chronic studies in
rodents [34], sebacic and dodecanedioic acids are safe and
well tolerated in humans [15-18].

Being slightly soluble in water, a certain percentage of
circulating dicarboxylic acids, varying from 16 to 46% of the
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Fate of sebacic acid though the intramitochondrial B-oxidation pathway and tricarboxylic acid cycle (TCA)

amount administered for sebacic acid [22] and to less than
4% for dodecanedioic acid [35],is lost in urine. Dicarboxylic
acids are bound to plasma albumin, although to a much
lower extent than the monocarboxylic acids of the same
chain length, in equilibrium with their soluble fraction [35].

Experimentally, the tissue uptake of DAs was estima-
ted to be about 490 mg min™' for sebacic acid [22] and
900 mg min™' for dodecanedioic acid in a man of average
bodyweight (70 kg) [14]. As the glucose uptake measured
by the euglycaemic hyperinsulinaemic clamp is usually
between 7 and 10 mg (kg bodyweight)™ min™, in a man
of average bodyweight its uptake ranges between 490
and 700 mg min™'; thus, it is very close to that of sebacic
acid and lower than that of dodecanedioic acid.The caloric
density of sebacic acid is 6.6 kcal g”' and that of dode-
canedioic acid is 7.2 kcal g™".

Dicarboxylic acid triglycerides
The studies with DAs using intravenous injection were per-
formed with sodium salt formulations in order to improve

their water solubility.In order to reduce by half the amount
of inorganic salts administered together with DAs, glycerol
esters (DA triglycerides) were synthesized. The triglyceride
of dodecanedioic acid is still soluble in water as salt and
shows a very low excretion in the urine, corresponding
to approximately 0.67% of the intake. Kinetic studies in
rats have shown that this DA-C12 triglyceride has a large
volume of distribution (approximately 0.51(kg body-
weight)™") and a rapid plasma clearance rate.Once hydroly-
sed by the organism into glycerol and free dodecanedioic
acid, this latter is taken up by the tissues with a maximal
transport rate of 0.636 mmol min~' [36].

Sebacic acid in diabetes

When the diet of db/db mice was supplemented with 15%
of the energy deriving from sebacic acid over a period of
6 weeks, glycaemic control was significantly improved in
comparison with the control group [37]. Indeed, fasting
plasma glucose and glycated haemoglobin dropped to
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values 40 and 25%, respectively, lower than in control
animals (P < 0.01) and became comparable to that of
lean healthy db/+ animals. The insulin-mediated glucose
clearance was increased, suggesting an improvement of
insulin sensitivity. Fasting concentrations of circulating
non-esterified fatty acids were significantly lowered by
sebacic acid, probably as a consequence of the increased
antilipolytic action of insulin. The transcriptomic analysis
of the liver revealed an upregulation of 288 genes and
a downregulation of 182 genes among 24 600 tested. In
particular, the gluconeogenetic genes, coding for pyruvate
carboxykinase (Pck1) and fructose 1,6-bisphosphatase
(fop1), were greatly downregulated (75 and —38%,
respectively), suggesting that sebacic acid decreased
gluconeogenesis.

Increased glucose production and increased gluconeo-
genesis from glucogenic amino acids are reported to occur
in decompensated type 2 diabetes [38]. Dietary supple-
mentation of sebacic acid reproduced the picture deter-
mined by partly silencing Pck1 expression (~50%) in the
liver of db/db mice [39], which allowed a net reduction of
plasma glucose in this model of type 2 diabetes. Hypogly-
caemic effects have been also observed in db/db mice by
the administration of troglitazone, with a 38% inhibition
of fbp1 expression [40]. Furthermore, it has recently been
demonstrated that teglicar, a new antidiabetic drug acting
through the selective and reversible inhibition of the liver
isoform of carnitine palmitoyl-transferase 1, reduces gluco-
neogenesis and improves glucose homeostasis in diabetic
mice [41]. Indeed, the reduction of hepatic gluconeogen-
esis, which largely contributes to liver glucose output, is
considered nowadays as a key pharmacological target in
the treatment of diabetes.

In type 2 diabetic subjects [42], the ingestion of a mixed
meal (450 kcal) with the addition of 10 g of sebacic acid
or with 23 g of sebacic acid substituting the meal lipid
content resulted in a net reduction of the glucose peak
and, with the larger amount, a significant decrease of the
area under the curve of plasma glucose concentration.The
circulating levels of insulin in response to the meal were
reduced with both amounts of sebacic acid. The rate of
glucose appearance was decreased by about 18% (P <
0.05) with 23 g sebacic [42].

In vitro studies with L6 cells showed that sebacic acid
resulted in a significantly (P < 0.01) increased uptake of
glucose in the presence of insulin, associated with a 1.74 =
0.27-fold increase of glucose transporter GLUT4 protein
expression [42], further supporting a direct action of this
diacid in improving insulin resistance other than in reduc-
ing gluconeogenesis.

Dodecanedioic acid in diabetes

In humans, muscle glycogen stores represent an essential
energy source during submaximal exercise, and depletion
of muscle glycogen stores promotes muscle fatigue
[43-46].
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The skeletal muscle of metabolically healthy individu-
als has the capacity to switch easily from glucose to fat
oxidation and vice versa in relation to the energy request
and the insulin secretion; this phenomenon has received
the name of ‘metabolic flexibility’[11].There is a large body
of literature showing that metabolic flexibility is impaired
in subjects with type 2 diabetes as a consequence of
their state of insulin resistance. Muscle fatigue, and conse-
quently a decline in skeletal muscle performance, is a char-
acteristic feature of diabetes [47] and derives from the
inability to adjust the rate of ATP production to the energy
requirements during a continuous activity.

The oral administration of 40 g dodecanedioic acid in
subjects with type 2 diabetes before a bout of moderate
exercise reduces muscle fatigue, thus allowing completion
of the exercise. Dodecanedioic acid intake does not
promote insulin secretion but is associated with a signifi-
cant increase of plasma non-esterified fatty acids, indicat-
ing increased triglyceride hydrolysis [48].The tissue uptake
in this study was high, with a total uptake of 47% of
ingested dodecanedioate, and the oxidation of the diacid
equalled 69% of the diacid taken up by the tissues, while
the remaining fraction (53%) was possibly converted to
glycogen in the liver. It is likely that dodecanedioic acid is
able to overcome the muscular’‘metabolic inflexibility; pro-
viding intermediate substrates for mitochondrial oxidation
and ATP synthesis.

Perspectives

Future studies are needed to elucidate the fate of DAs in
different tissues and organs in diabetes, as well as the
potential for use of these diacids in enteral nutrition and as
a natural food ingredient in patients with type 2 diabetes
in daily life and during physical exercise.
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