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Abstract: Azelaic acid and its esters, the azelates, occur naturally in organisms ranging from plants
to humans. We have shown that diethyl azelate (DEA) exhibits a broad range of immunomodulatory
activities in vitro and in vivo, and mitigates insulin resistance. To further investigate the therapeutic
utility of DEA, we evaluated its mutagenicity in Salmonella typhimurium strains, examined metabolism
of DEA in rat, dog, monkey and human primary hepatocytes and in human saliva, determined
pharmacokinetics of DEA after an oral dose in rats, and queried its physicochemical properties for
drug-like characteristics. DEA was not mutagenic in bacterial strains ± rat liver metabolic activation
system S-9. It was chemically unstable in hepatocyte culture medium with a half-life of <1 h and
was depleted by the hepatocytes in <5 min, suggesting rapid hepatic metabolism. DEA was also
quickly degraded by human saliva in vitro. After an oral administration of DEA to rats, the di- and
monoester were undetectable in plasma while the levels of azelaic acid increased over time, reached
maximum at <2 h, and declined rapidly thereafter. The observed pharmacological properties of DEA
suggest that it has value both as a drug or a nutritional supplement.

Keywords: azelaic acid ester; diethyl azelate; immunomodulation; nutritional supplement; drug
metabolism

1. Introduction

Azelaic acid (AZA is a nine-carbon (C9) dicarboxylic acid occurring naturally in plants,
animals, and humans. AZA is endogenously formed from longer chain dicarboxylic acids
and omega-oxidation of nonanoic acid. Other precursors of AZA are dietary fatty acids,
especially oleic acid, a C18 monounsaturated omega-9 fatty acid present in olive oil. Oleic
acid is also endogenously produced in the human body [1].

AZA and the azelates act as immunomodulators in organisms ranging from plants to
humans. In plants, AZA is a key part of an innate immune response to pathogen infection
and serves as a signal that induces the mobilization of salicylic acid, a plant hormone
that activates multilevel defensive responses [2,3]. AZA modulates the innate immune
responses in human skin [4,5]. The immunomodulatory role of the azelates, and especially
diethyl azelate (DEA), has been discovered only recently [6,7]. These findings suggest
highly conserved functions of AZA and azelates in multicellular organisms.

AZA and the azelates have been part of the human diet for millennia due to their
abundance in olives, grains, and soybeans. Azelate content in foods is increased by
fermentation due to bacterial metabolism of acyl glycerol fatty acids and esterification of
the resulting medium chain fatty acids [8]. Fermentation of olives by Lactobacilli to render
them edible [9] converts some of the oleic acid into AZA and azelates [10]. Fermentation
of rice also results in the formation of fatty acid ethyl esters [11]. AZA and its esters are
present in douchi, a fermented black bean product [12], and in alcoholic beverages made
from grains and soybeans [13–15].

Azelates are currently utilized as lubricants, plasticizers, and flavor additives. AZA
has been used as a topical drug for several decades. Select classical and more recent studies
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on AZA describe a breadth of its biomedical applications [16–20]. However, the azelates
have been little explored as drugs. We have identified the azelates as representatives of a
new class of drugs and discovered a number of potential applications of DEA and other
azelates in treating diverse human pathologies [6,7,21].

In our past studies, we have found that DEA is not mutagenic using in silico and
in vitro assays, and it is not cytotoxic in various types of primary normal human cells [6].
Importantly, we have found that oral DEA has displayed an inverse U-shape dose response
effect with an optimum around 1 mg/kg [21–23]. Such a dose was used in daily oral
applications of DEA over three weeks in the clinical study in overweight adult males,
which demonstrated significant effects of the orally administered DEA on biomarkers of
insulin resistance such as blood plasma glucose, insulin, and lipids [24]. Similar DEA oral
doses around 1 mg/kg are intended in the future efforts of the development of DEA as a
drug and/or a nutritional supplement.

The goal of the present work was to expound upon the suitability of DEA as a food
supplement or a drug. This manuscript describes a number of preclinical tests that are
typically required for the registration of a drug candidate in the US and worldwide. Our
earlier work referenced above informed the doses of DEA used in the preclinical tests.

We have shown that DEA lacks mutagenicity, is rapidly metabolized in mammals, and
that it possesses a number of useful pharmacological properties. These findings support
development of DEA as a nutritional supplement and/or a novel therapeutic.

2. Materials and Methods
2.1. Chemical Synthesis

DEA (CAS 624-17-9) was synthesized by esterification of AZA with ethanol and purified
to 99% purity as determined by gas chromatography–mass spectrometry (GC-MS) [24].

2.2. Bacterial Reverse Mutation Assay

The studies were conducted by Covance Laboratories Inc. (Madison, WI, USA) in
accordance with the company standard operating procedures. The assay in Salmonella
typhimurium strains TA98, TA100, TA1535, TA1537, and TA102 in the absence or presence of
rat liver metabolizing system (S-9) followed an established method [25]. The mutagenic com-
pounds used as positive controls were, respectively, in the absence and presence of S-9: TA-98
(2-nitrofluorene and benzo[a]pyrene), TA100 (sodium azide and 2-aminoanthracene), TA1535
(sodium azide and 2-aminoanthracene), TA1537 (9-aminoacridine and 2-aminoanthracene),
and TA102 (mitomycin C and 2-aminoanthracene). DEA was formulated in anhydrous
dimethyl sulfoxide (DMSO) and assayed in triplicate repeats at concentrations from 5 to
5000 µg/plate.

2.3. Quantitative Liquid Chromatography (LC)-MS Method for the Analysis of DEA

The samples were extracted after protein precipitation with acetonitrile and analyzed
using a C18 column in a Shimadzu high performance liquid chromatography (HPLC)
system with a gradient of 0.1% trifluoroacetic acid in acetonitrile, followed by analy-
sis in a SCIEX API 5000 triple quadrupole mass spectrometer. AZA was used as an
internal standard.

2.4. Metabolism and Metabolic Profile of DEA in Rat, Dog, Monkey and Human
Primary Hepatocytes

The studies were conducted by Covance Laboratories Inc. in accordance with the
company standard operating procedures. Cryopreserved hepatocytes from male Sprague
Dawley rats, beagle dogs, cynomolgus monkeys, and pooled female human hepatocytes
were obtained from BioIVT (Baltimore, MD, USA). Prior to performing the incubations, the
viability of hepatocytes was evaluated by counting on a Cellometer (Nexcelom Biosciences,
Lawrence, MA, USA). The assays were performed using 8 × 106 viable cells per ml of the
incubation mixture.
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Chemical stability of DEA was determined by incubating 1 and 10 µM DEA in serum-
free Williams’ Medium E for up to 120 min, and measuring the remaining DEA concentra-
tions. Metabolic activity of the hepatocytes under test article incubation conditions was
measured using standard protocols [26,27] with minor modifications. DEA (1 and 10 µM)
was incubated with rat, dog, monkey, and human hepatocytes for up to 120 min. The
remaining DEA concentrations were measured as described above.

2.5. Metabolic Stability of DEA in Human Saliva

Aliquots of human saliva (approximately 1 to 2 mL) from two healthy subjects were
freshly collected into 12 mL polypropylene test stock tubes and gently inverted 5 times to
assure sample homogeneity. Aliquots of 100 µL of the stock specimens were incubated
in microcentrifuge tubes with 22 mM DEA (final concentration) with gentle shaking on
a horizontal plate shaker at room temperature. At select times of 120, 60, 30, 15, 5 and
0 min of incubation, 40 µL aliquots of the incubates were mixed with an equal volume
of the thin layer chromatography (TLC) mobile phase (hexane/acetone 70:30 v/v). AZA
(22 mM) in serial dilutions in the mobile phase was used as a control. TLC was performed
as described [28] using 10 × 10 cm silica gel plates with aluminum backing and fluo-
rescent UV254 background (Whatman; Maidstone, UK) in a glass latch-lid ChromoTank
with a 6-plate rack (General Glassblowing Company, Richmond, CA, USA) that was pre-
equilibrated with the mobile phase solution. The plates were developed until the mobile
phase reached about 80% height of the plates, then air dried and visualized under UV
light. Retardation factor (Rf) values of at least three separate measurements were defined
as the distance travelled by a given component divided by the distance travelled by the
solvent front.

2.6. Animal Study Ethics Statement

The animal studies were conducted by Covance Laboratories Inc. at the Madison,
WI, USA site in accordance with the company standard operating procedures and in
compliance with the Animal Welfare Act Regulations (9 CFR 3). The facility is accredited by
the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)
International; renewed 11 July 2016; which uses the National Research Council Guide for
the Care and Use of Laboratory Animals (Guide) as its primary reference standard. The
site also maintains the National Institutes of Health Office of Laboratory Animal Welfare
(OLAW) Assurance Statement #A3218-01; expiration 31 July 2023; which is also based on
compliance with the Guide. Covance supports the 3Rs principles: to reduce the number
of animals used per study, to refine the experimental procedures, and to use non-animal
alternatives when scientifically feasible. Humane care is provided through programs of
animal care and use based on the Guide for the Care and Use of Laboratory Animals,
Public Health Service Policy and the Animal Welfare Act regulations (USA) and relevant
regulations such as Home Office (UK) and AAALAC International. The protocol #8380089
for the study “Determination of The Pharmacokinetics of DEA After an Oral Dose to Rats”
was approved by the Covance’s Institutional Animal Care and Use Committee.

2.7. Determination of the Pharmacokinetics of DEA after an Oral Dose to Rats

Male Sprague Dawley rats (Envigo RMS, Indianapolis, IN, USA), 9-weeks-old and
weighing approximately 250 g, were acclimated to study conditions for three days prior to
dose administration. The animals were group housed up to three animals/cage/group in
polycarbonate cages with hardwood chip bedding. Certified Rodent Diet #2016C (Envigo
RMS) was provided ad libitum. Fresh water ad libitum was provided daily. Environmental
and psychological enrichment and various cage and food enrichment that did not require
analysis were offered in accordance with the applicable protocols. Environmental controls
for the animal room were set to maintain a temperature of 20 to 26 ◦C, a relative humidity
of 50 ± 20%, and a 12-h light/12-h dark cycle. Animals were not randomized and selected
for use in the test based on overall health and body weight.
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DEA was prepared in corn oil to final dose levels of 0.1, 1.0 and 10 mg/kg and
administered via a gavage needle to three animals per group. Animals were weighed at
the time of animal selection and on the day of dose administration. Blood (approximately
0.3 mL) was collected via a jugular vein into tubes containing K2EDTA from each animal
pre-dose and at approximately 0.25, 0.5, 1, 2, 4, 8, 12 and 24 h post-dose, stored in chilled
racks, and processed by centrifugation to obtain plasma within 1 h of collection. Plasma
was maintained on dry ice prior to storage at −70 ◦C.

2.8. Examination of Physicochemical Properties of DEA for Its Potential as a Drug

The octanol/water value of a logarithm of partition coefficient (log P) for DEA and
AZA was calculated as described [29]. DEA drug potential was evaluated using the
“Lipinski Rule of Five” [30,31].

3. Results
3.1. Toxicity and Mutagenicity

Building upon our earlier findings that demonstrated lack of DEA mutagenicity using
in silico and in vitro assays [6], we have further expanded the study to include a panel of
Samonella strains commonly used in testing developmental drugs [32]. The concentrations
of DEA spanned a broad range, corresponding to approximately 1000% of the intended
oral dose. Since DEA has limited solubility in aqueous solutions, DMSO was chosen as the
best solvent for the mutagenicity studies.

Following control treatments of all the test strains, the evidence of toxicity in the
form of a diminished background bacterial lawn and/or a marked reduction in revertant
numbers was observed at DEA ≥ 1600 µg/plate in strain TA1537 in the absence of S-9, and
at 5000 µg/plate in strains TA1535 and TA102 in the absence of S-9, and in strains TA100
and TA1537 in the presence of S-9. Precipitation of DEA was observed on all test plates at
≥1600 µg/plate. The controls validated the functionality of the bacterial strains.

Following DEA treatment of the test strains in the absence and presence of S-9, no
notable increases in revertant numbers were observed, and none that were ≥1.5-fold (in
strain TA102), ≥2-fold (in strains TA98 and TA100) or ≥3-fold (in strains TA1535 and
TA1537) compared to the vehicle (DMSO) control. Figure 1 shows the results for the two
highest concentrations of DEA that are quantitatively representative of all doses of the ester.
In contrast to the DEA treatment, the numbers of revertants in positive controls increased
up to 40-fold (TA1535 in the absence of S-9) and over 2000-fold (TA102 in the presence of
S-9). Since the standard errors of the measurements were all <10%, except for the positive
control for TA102 without S-9 (16% error), the error bars are not shown.

Overall, DEA was not mutagenic in the examined S. typhimurium strains at concentra-
tions up to 1600 µg/plate, both with and without the activation system S-9.

3.2. Metabolism and Metabolic Profile of DEA In Vitro Using Rat, Dog, Monkey, and
Human Hepatocytes

The liver is the major site of metabolism of many drugs, and hepatocytes are commonly
used to assess drug metabolism in preclinical studies. We have examined DEA metabolism
in hepatocytes from representative animal models in a side-by-side comparison with human
hepatocytes. In the past, we have shown that DEA was non-toxic up to concentrations
as high as 25% v/v in different types of normal human cells [6]. In the present studies in
mammalian hepatocytes, the concentrations of DEA corresponded to the anticipated liver
levels of the ester following a single oral or an intravenous dose in vivo.

Further, we have selected 10 µM of DEA as the highest concentration in hepatocyte
tests based on our clinical dose of DEA of 1 mg/kg [24] corresponding to the maximum
plasma level of 57 µM DEA. This would be the maximum level of DEA in the absence of
any metabolism. It was reasonable to expect that much lower levels of DEA in plasma
would reach hepatocytes, thus 10 µM DEA is likely to represent a high dose that may never
be attained in vivo.
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We have noted in the past that the levels of AZA and its esters appear to be dynamically
regulated immune responses, as illustrated by their increase in the response to toxin exposure [7].

First, we determined the chemical stability of DEA in Williams’ Medium E. For 1 µM
DEA, the remaining levels of the ester were 82, 76, 42, 48, 41, 38, and 28% of the 0-min
control after incubation for 5, 15, 30, 45, 60, 90, and 120 min, respectively. For 10 µM
DEA, the remaining levels were 98, 81, 63, 49, 38, 33 and 25% of the 0-min control after
incubation for 5, 15, 30, 45, 60, 90, and 120, respectively (Figure 2). These experiments
indicated that DEA was chemically unstable, with approximately 25% remaining after
120 min, corresponding to a mean value of half-life of 52 min.

Nutraceuticals 2021, 1,  5 

 

 

Figure 1. Mutagenicity tests of diethyl azelate (DEA) in Salmonella strains in the absence (A) and in the presence (B) of S-9 

activation. On the X axis, the consecutive numbers correspond to the Salmonella strains TA98, TA100, TA1535, TA1537, 

and TA102, respectively. The numbers on the Y axis indicate the numbers of revertants per plate. The treatment groups 

are: a negative control/DMSO solvent (black), DEA at 500 μg/plate (red), DEA at 1600 μg/plate (green), and positive con-

trols for each Salmonella strain (yellow), as described under Materials and Methods. 

3.2. Metabolism and Metabolic Profile of DEA In Vitro Using Rat, Dog, Monkey, and Human 

Hepatocytes 

The liver is the major site of metabolism of many drugs, and hepatocytes are com-

monly used to assess drug metabolism in preclinical studies. We have examined DEA 

metabolism in hepatocytes from representative animal models in a side-by-side compari-

son with human hepatocytes. In the past, we have shown that DEA was non-toxic up to 

concentrations as high as 25% v/v in different types of normal human cells [6]. In the pre-

sent studies in mammalian hepatocytes, the concentrations of DEA corresponded to the 

anticipated liver levels of the ester following a single oral or an intravenous dose in vivo. 

Further, we have selected 10 μM of DEA as the highest concentration in hepatocyte 

tests based on our clinical dose of DEA of 1 mg/kg [24] corresponding to the maximum 

plasma level of 57 μM DEA. This would be the maximum level of DEA in the absence of 

any metabolism. It was reasonable to expect that much lower levels of DEA in plasma 

would reach hepatocytes, thus 10 μM DEA is likely to represent a high dose that may 

never be attained in vivo. 

We have noted in the past that the levels of AZA and its esters appear to be dynami-

cally regulated immune responses, as illustrated by their increase in the response to toxin 

exposure [7]. 

First, we determined the chemical stability of DEA in Williams’ Medium E. For 1 µM 

DEA, the remaining levels of the ester were 82, 76, 42, 48, 41, 38, and 28% of the 0-min 

control after incubation for 5, 15, 30, 45, 60, 90, and 120 min, respectively. For 10 µM DEA, 

the remaining levels were 98, 81, 63, 49, 38, 33 and 25% of the 0-min control after incuba-

tion for 5, 15, 30, 45, 60, 90, and 120, respectively (Figure 2). These experiments indicated 

that DEA was chemically unstable, with approximately 25% remaining after 120 min, cor-

responding to a mean value of half-life of 52 min. 

Figure 1. Mutagenicity tests of diethyl azelate (DEA) in Salmonella strains in the absence (A) and in the presence (B) of S-9
activation. On the X axis, the consecutive numbers correspond to the Salmonella strains TA98, TA100, TA1535, TA1537, and
TA102, respectively. The numbers on the Y axis indicate the numbers of revertants per plate. The treatment groups are: a
negative control/DMSO solvent (black), DEA at 500 µg/plate (red), DEA at 1600 µg/plate (green), and positive controls for
each Salmonella strain (yellow), as described under Materials and Methods.

Nutraceuticals 2021, 1,  6 

 

 

Figure 2. Chemical stability of DEA in cell culture medium; 10 mM DEA was incubated in Williams’s Medium E and the 

remaining levels (mean ± SD) were quantified at indicated time points using LC-MS, as described under Materials and 

Methods. 

Metabolic stability of DEA was determined by incubating 1 and 10 µM DEA with the 

hepatocytes. In rat hepatocytes at 1 µM DEA, the remaining DEA was below the detection 

limit of 0.025 µM at all time points. With 10 µM of DEA, the remaining DEA was only 

detected at 5, 15, and 30 min (0.08, 0.07, and 0.04 µM corresponding to 0.55, 0.47, and 0.27% 

of 0-min control, respectively) and was undetectable at the later time points. In dog 

hepatocytes dosed at 1 and 10 µM of DEA, the remaining DEA was below the detection 

limits at all time points. In monkey hepatocytes dosed at 1 µM DEA, the remaining DEA 

was below the detection limits at all times. In monkey hepatocytes dosed at 10 µM DEA, 

the residual remaining DEA was detected only at 5 min (0.03 µM corresponding to 0.2% 

of 0-min control). In human hepatocytes dosed at 1 and 10 µM DEA, the remaining DEA 

was undetectable at all time points. An estimated half-life for DEA in rat hepatocytes was 

0.6 min and in other cases the half-lives were even shorter. Overall, the results suggest a 

very high hepatic metabolism of DEA in rat, dog, monkey, and human hepatocytes. 

3.3. Determination of the Pharmacokinetics of DEA after an Oral Dose to Rats 

Although both plasma and whole blood are used in drug pharmacokinetic studies, 

plasma is the preferred matrix [33], and for this reason we have selected the latter. 

After an oral gavage administration of DEA at all dose levels, neither diethyl or mo-

noethyl azelate were detectable in the rat plasma (with the lower limit of quantitation at 

<10.0 ng/mL). As shown in Figure 3, AZA readily appeared in plasma with mean maxi-

mum time values ranging from 0.25 to 1.75 h. After reaching the maximum concentrations, 

AZA levels declined with individual half-life values of 1.18 and 1.16 h at the 1 and 10 

mg/kg dose levels, respectively. Due to the lack of a distinct elimination phase, estimation 

of elimination phase half-life was not attempted for most animals. The changes of the 

Figure 2. Chemical stability of DEA in cell culture medium; 10 mM DEA was incubated in Williams’s Medium E and the
remaining levels (mean ± SD) were quantified at indicated time points using LC-MS, as described under Materials and Methods.



Nutraceuticals 2021, 1 47

Metabolic stability of DEA was determined by incubating 1 and 10 µM DEA with the
hepatocytes. In rat hepatocytes at 1 µM DEA, the remaining DEA was below the detection
limit of 0.025 µM at all time points. With 10 µM of DEA, the remaining DEA was only
detected at 5, 15, and 30 min (0.08, 0.07, and 0.04 µM corresponding to 0.55, 0.47, and
0.27% of 0-min control, respectively) and was undetectable at the later time points. In dog
hepatocytes dosed at 1 and 10 µM of DEA, the remaining DEA was below the detection
limits at all time points. In monkey hepatocytes dosed at 1 µM DEA, the remaining DEA
was below the detection limits at all times. In monkey hepatocytes dosed at 10 µM DEA,
the residual remaining DEA was detected only at 5 min (0.03 µM corresponding to 0.2%
of 0-min control). In human hepatocytes dosed at 1 and 10 µM DEA, the remaining DEA
was undetectable at all time points. An estimated half-life for DEA in rat hepatocytes was
0.6 min and in other cases the half-lives were even shorter. Overall, the results suggest a
very high hepatic metabolism of DEA in rat, dog, monkey, and human hepatocytes.

3.3. Determination of the Pharmacokinetics of DEA after an Oral Dose to Rats

Although both plasma and whole blood are used in drug pharmacokinetic studies,
plasma is the preferred matrix [33], and for this reason we have selected the latter.

After an oral gavage administration of DEA at all dose levels, neither diethyl or
monoethyl azelate were detectable in the rat plasma (with the lower limit of quantitation at
<10.0 ng/mL). As shown in Figure 3, AZA readily appeared in plasma with mean maximum
time values ranging from 0.25 to 1.75 h. After reaching the maximum concentrations, AZA
levels declined with individual half-life values of 1.18 and 1.16 h at the 1 and 10 mg/kg
dose levels, respectively. Due to the lack of a distinct elimination phase, estimation of
elimination phase half-life was not attempted for most animals. The changes of the mean
plasma levels of AZA over time (Figure 3) show that exposure to AZA generally increased
with the increase in DEA dose level from 0.1 to 10 mg/kg.
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The increases in AZA mean maximum concentrations and the values of areas under
the curve from 0 to 24 h were less than dose proportional between the 0.1 to 10 mg/kg dose
levels. When the higher dose levels of 1 and 10 mg/kg were compared, the corresponding
values of areas under the curve from 0 to 24 h were proportional to the dose. In general,
the levels of AZA increased with the increase in DEA doses from 0.1 to 10 mg/kg.

3.4. Metabolism of DEA in Human Saliva

Since DEA is being contemplated for the use in oral applications in a liquid form, it
was of interest to determine the stability of the ester in saliva, given that saliva contains
multiple types of esterases known to display large inter-individual differences that are also
diet-related [34,35].

We have used the DEA band with a Rf of 0.9 to monitor the earliest time when DEA
was no longer detectable in saliva. This time varied between 5 and 60 min on different days
of saliva sampling, and also differed between the two individuals. DEA was apparently
hydrolyzed to AZA that moved with the solvent front on the TLC plates.

The variable rates for DEA hydrolysis by saliva could result from the differences in
the activities of saliva esterases.

3.5. Is DEA a “Druggable” Molecule

According to one definition, a drug-like molecule has a log P between −0.4 and 5.6,
molecular weight 160–480 g/mol, and molar refractivity of 40–130, which is related to the
volume and molecular weight of the molecule that has 20–70 atoms [30]. The calculated
value of log P for DEA is 2.892. In comparison, the log P for azelaic acid is 1.136 [29].

Small molecules are more easily taken up by the cells, thus molecular weights below
500 Daltons are usually favorable for oral absorption [36]. With the molecular weight
of DEA of 244.33 g/mol, it is anticipated to be absorbed in the gastrointestinal tract.
Absorption after oral administration of DEA is also expected since all five rules of the
“Lipinski Rule of Five” [30,31] are fulfilled. Most drugs on the market have molecular
weights between 200 and 600 Daltons, and the molecules under 500 Daltons are considered
to be small molecules. Thus, based on multiple criteria, DEA is a drug-like small molecule.

4. Discussion

We have shown that DEA has a favorable safety profile in various models relevant
for the potential nutritional supplement or drug use of the molecule. The data showing
lack of mutagenic activity of DEA in bacterial models are in agreement with our earlier
studies in silico and in vitro that have demonstrated no genotoxicity of DEA and other
azelates [6]. These results are consistent with the reports on nontoxic, nonteratogenic, and
nonmutagenic properties of AZA [37], which is not only the metabolic precursor but also
the metabolite of DEA. At the same time, it is not surprising to see bacterial toxicity of DEA
in the light of known antibacterial activities of AZA [38] and some azelates [39].

The chemical stability tests suggest that DEA undergoes a relatively rapid hydrolysis
in aqueous solution represented by the serum-free cell culture medium. To date we
have evaluated the stability of DEA in cell culture medium and in rat plasma, both at
physiologically relevant temperatures. In the future, once the developmental path of DEA
has been decided (as a drug, nutraceutical, or both), we will perform the required stability
studies of DEA in the formulation(s) selected for the commercial product to evaluate its
shelf life. These studies will include testing the DEA product over a range of temperatures
for several months.

It is expected that the rate of clearance of DEA in blood will be even more rapid due
to the binding of DEA to serum proteins and hydrolysis by serum esterases [40].

Our studies have demonstrated rapid metabolism of DEA in vitro and in vivo. Since.
DEA is rapidly converted to AZA upon oral administration, it is unlikely for DEA to reach
hepatocytes. Notably, the metabolism of AZA in hepatocytes and potential downstream
targets of AZA have been described elsewhere [41–43].
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The degradation of DEA by mammalian hepatocytes and human saliva in vitro sug-
gests that the ester has a very short physiological half-life and thus militates against the
accumulation of high levels of DEA on repeated administration, as well as reducing the
potential for drug–drug interactions.

The metabolic study in rats after an oral administration of DEA has demonstrated a
rapid conversion of DEA to AZA, followed by a prompt elimination of AZA. Hydrolysis
of DEA by saliva suggests that the earliest processing of orally taken DEA can happen in
the mouth. The oral persistence of DEA may be affected by the intake of certain foods, in
particular wine [44,45].

Disregarding the route of administration, either as a liquid taken orally or as a swal-
lowed capsule approximating the delivery by gavage in the animal study, the metabolism
of DEA is expected to be rapid.

Our data are consistent with earlier observations of the half-lives of AZA in healthy
human subjects of approximately 45 min after oral dosing and 12 h after topical dosing, in-
dicating percutaneous absorption rate-limited kinetics [46]. The pharmacokinetics of AZA
were evaluated in subjects who received an infusion of 10 g AZA or 1 g oral dose. However,
due to extensive elimination through urinary excretion and a low cellular uptake, AZA
was found unsuitable as an alternative energy substrate in total parenteral nutrition [47].
Our results are also in agreement with the report on the azelates, which are converted to
AZA by esterases upon penetration into the tissues [39].

Looking at our findings in a broader context, we are reminded that the metabolism of
DEA, like other esters of other fatty acids, occurs at first via enzymatic and/or chemical
hydrolysis, leading to the formation of AZA and ethanol. In some cases, the hydrolysis of
certain diesters may be incomplete and result in the formation of monoesters [48]. Increased
levels of AZA monoesters have been reported in steatohepatitis and in response to dioxin
exposure [49]. AZA can be further metabolized and its catabolites, mainly pimelic acid,
are found in serum and urine, indicative of mitochondrial β-oxidation. AZA can also be
conjugated to form more polar products that are excreted in urine [50,51].

Although DEA and AZA are metabolically related, we must keep in mind that DEA
and related azelates have been shown to be entirely different pharmacological entities from
AZA. Based on their distinct pharmacodynamics proteomic signatures, it is clear that DEA,
as well as other azelates, cannot be viewed as mere precursors of AZA [6].

4.1. The Levels of AZA and DEA in Human Body and in the Food

Considerable quantities of fatty acid ethyl esters (>300 pmol/106 cells) are synthesized
endogenously in cultured human mononuclear cells upon exposure to dietary doses of
ethanol [52].

The average level of AZA in human blood is 27.0 µM (range from 0.0 to 58 µM) [53],
17 ± 17 µM in cerebrospinal fluid [53], and 0.0648 ± 0.127 µM in saliva [54]. The level
of AZA in normal human breast milk is 101 ± 72.5 µM [55]. Thus, a 200 mL meal of
mother’s milk taken by a baby weighing 5 kg will deliver AZA at a dose of approximately
1 mg/kg. This value is comparable with the daily oral dose of DEA in adult humans
(1 mg/kg or 0.1 g dose of DEA for an individual weighing 100 kg) in a three-week clinical
study whereby significant health benefits of lowering insulin resistance have been achieved
without adverse side effects [17]. Incidentally, the lactation has been reported to correlate
with a decrease in the incidence of Type 2 diabetes and circulating lipids in women [56,57].

Oleic acid, the endogenous precursor of AZA [1], is the most common monounsat-
urated fatty acid in nature. Oleic acid is the most abundant fatty acid in adipose tissue
and second in abundance in human tissue overall, after palmitic acid [2]. It is present
at high levels of up to 3.2 mM in normal human plasma [58]. However, animal studies
suggest that the endogenous synthesis of oleic acid does not compensate for nutritional
deficiency [59,60].

Although plant-derived food ingredients can vary widely in their composition [61], it
is known that grains such as wheat, rye, and barley contain 0.4 to 7 mg AZA per gram [62].
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One ounce (28 g) of these cereals can provide up to 0.2 g AZA [48]. Thus, a serving of 200 g
breakfast cereal will provide approximately 1.4 g of AZA [48], well above the clinically
effective molar dose of DEA [24].

If we assume a very unlikely scenario that the entire 100 mg dose of oral DEA ends up
in human blood and that the volume of the blood in body is 7 L, the maximum concentration
of DEA in blood will be 14 mg per liter or 57 µM. This is comparable with the normal levels
of AZA in human breast milk [55].

Olive oil contains approximately 70% oleic acid and considerable quantities of fatty
acid ethyl esters [63]. Azelate levels vary widely in fermented foods and liquors. The
reported levels of DEA per liter of fermented soybean and rice-flavored liquors range from
9 µg [14] to 86.6 µg [15].

4.2. Oral Safety of AZA and Related Azelates

The no-observed-adverse-effect-level (NOAE) values were 100 mg/kg body weight/day
given to rodents for 27 weeks and 800 mg/kg/day given to dogs for 6 months. No
treatment-related effects were seen at 250 mg/kg/day administered to monkeys for
4 weeks [37]. Thus, AZA is not expected to cause detrimental health effects following
repeated oral exposure.

Diethylhexyl azelate is approved for food contact packaging in the United States. DEA
is approved as a flavoring additive in the European Union [64]. A closely related ester,
diethyl sebacate, which differs from DEA by one methylene unit (as AZA is a C9 and
sebacic acid is a C10 acid) is on the list of Generally Regarded As Safe (GRAS) compounds
and on the Inactive Ingredients List of the US FDA [48].

5. Conclusions

Based on the published data, the main source of dietary AZA and azelates are cereals,
followed by soy sauce and olive oil, and finally alcoholic beverages. Interestingly, mother’s
milk can deliver clinically relevant doses of AZA to infants.

The future applications of DEA either as a nutritional supplement or a drug will be
used at daily doses similar to those used in the human study. Such doses are expected to
be safe as they are well within the normal levels of dietary azelates.
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