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At present, there is a need for a simple, noninvasive, highly specific and sensitive diagnostic test for hepatobiliary system disorders. Compounds labeled with carbon
isotopes are widely used in various diagnostic breath tests; they are safe and can reliably detect a metabolic disorder or enzyme deficiency. The aim of this study
was to synthesize *C- and “C-labeled linoleic acids suitable for use in hepatobiliary breath tests in terms of purity. In the synthesis of '*C-labeled linoleic acid, the
chemical yield for 1-bromo-8,11-heptadecadien was 86.4% and the chemical yield for barium carbonate-'C, 96.0%. In the synthesis of “C-labeled linoleic acid,
the chemical yield for 1-bromo-8,11-heptadecadien was 87.39%; for barium carbonate-'“C it was 97.1%. The specific radioactivity of “C-labeled linoleic acids
was 45.36 + 0.02 mCi/g. The radiochemical yield of the reaction was 96.0%. The proposed method is suitable for batch production.
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The prevalence of chronic liver diseases that progress to
cirrhosis, including hepatitis B and C, alcoholic liver disease, toxic
hepatitis, primary sclerosing cholangitis, etc., is on the rise [1].

The gold standard for evaluating the liver is a liver biopsy.
However, being an invasive procedure, it is associated with
the risk of complications and, therefore, cannot be used as
a routine test [2]. Adoption of highly reliable, simple and safe
noninvasive diagnostic tests into clinical practice [3] will allow
clinicians to monitor the efficacy of treatment and estimate the
functional reserve of the liver [2, 4]. Such tests have a strong
advantage over elastography, as well as APRI [5] and FORNS
[6] scores calculated from a patient’s laboratory data.

Breath tests rely on the body’s ability to metabolize *C- and
“C-substrates into *CO, [7] or ™“CO, [8] that are subsequently
transported in the blood to all organs and tissues and excreted
through the lungs; "*CO, or '“CO, concentrations in exhaled
breath can be reliably detected by mass spectrometry,
nondispersive infrared spectroscopy (NDIRS) and cavity ring-
down spectroscopy (CRDS), a spectroscopic technique for
measuring absorption of laser light by a gaseous sample
introduced into an optical cavity consisting of two high-
reflectivity mirrors, where the laser pulse is reflected between
them back and forth; in CRDS, absorption is calculated from
the time of light decay (the ring-down time) [3, 9]. Thus, a
diagnosis can be stablished by analyzing the pharmacokinetics
of a radiolabeled compound, such as information about its
metabolic pathways and rates and “CO, concentrations in
exhaled breath [10].

Currently existing clinical breath tests used to evaluate liver
function measure the metabolic activity of *C-methacetin [11-
13], ®C-galactose, cytochrome P450 (the *C-aminophenazone
test) [14], *C-phenylalanine [15, 16], *C-caffeine [17, 18], and
8C3-trioctanoin (a triglyceride of 'C-labeled octanoic acid
esters), which facilitates the diagnosis of exocrine pancreatic
insufficiency (7, 19].

Breath tests that harness radiolabeled fatty acids, like
linoleic acid, hold great promise for nuclear medicine. Linoleic
acid plays an essential role in the energy metabolism of higher
organisms and is a building block for a few lipid classes,
including neutral fats, phosphoglycerides and cholesterol
esters [20].

Linoleic acid is a long-chain water-insoluble compound.
Bile secreted by the gall bladder catalyzes hydrolysis of linoleic
acid in the small intestine; the reaction results in the formation
of mixed micelles. The lack of bile salts in the bile caused by a
hepatobiliary disorder slows absorption of a labeled fatty acid,
which can be inferred from the isotopic composition of exhaled
carbon dioxide [20].

The literature reports an 11-step method for stereospecific
synthesis of [1-“C] isomers of monounsaturated fatty acids
using olefin inversion [21]. Advantageously, this method
allows obtaining monounsaturated fatty acids with a C=C
double bond at different positions. However, it is very labor-
intensive, involves preparative separation of sterecisomers
upon epoxidation and requires an expensive and toxic source
of *C, such as cyanide. These factors impede adoption of the
method in large-scale manufacturing.

So far, there are no published reports describing chemical
synthesis of ®C- and '“C-labeled derivatives of most common
dietary unsaturated fatty acids (linoleic and linolenic) from the
most common source (CO,) Synthesis by biological methods
involving protists and fungi, like Thraustochytrium and Mortierella
alpina, has a low radiochemical yield under 60% [22, 23].
The residual isotope is disposed of as waste. Given that “C
is a long-lived radionuclide, this method of synthesis is a
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hazard to the environment. Another drawback of the method
is distribution of labeled atoms along the entire carbon chain of
the acyl group, which limits application of synthesized *C- and
“C-labeled fatty acids in breath tests. The highest sensitivity,
repeatability and safety of a liver function breath test can be
achieved by using fatty acids in which 100% of labeled atoms
are at position 1 (the carboxyl group). Biogenic synthesis often
results in a mix of fatty acids differing in their composition.
For instance, Thraustochytrium-based synthesis produces
10 different fatty acids with a yield range of 0.72 to 21.82%.
Besides, 1.9% of the isotope is included in the structure of
unidentified fatty acids [23].

This study aimed to develop a method of synthesis of
linoleic acids labeled with *C- and '“C-atoms at position 1
of the acyl group using CO, as an isotope source for use in
diagnostic tests for hepatobiliary disorders.

METHODS
Equipment

Purity of intermediate and final reaction products was controlled
by means of thin-layer chromatography using precoated silica
gel Kieselgel 60 F254 TLC plates (Merck; Germany) and Sorbfil
plates PTLC-AF-V-UF. The ethyl acetate : n-hexane (1 : 1)
eluent mixture was used as a mobile phase. The separated
analytes were visualized by exposing the plates to iodine
vapors. The structure of the final product was confirmed using
nuclear magnetic resonance spectrometers AM-300, 300 MHz
(Bruker; Germany) and DRX-500, 500 MHz (Bruker; Germany).
Deuterated chloroform was used as a solvent for NMR analysis;
NMR spectra were recorded at 300.1 mHz.

Specific activity of tracer carbon was measured by means
of a DPM 7001 liquid scintillation counter (RadEk Scientific
and Technical Center; Russia) equipped with 2 photomultiplier
tubes. Microcalorimetric analysis of mixtures was carried
out using a Setaram C80 Calvet calorimeter (SETARAM
Instrumentation; France). Potentiometric pH measurements
of aqueous solutions were taken with a Sartorius PB-11 basic
meter (Sartorius; Germany).

Materials

The following reagents were used in the experiment:

- 1-bromo-8,11-heptadecadien CH,(CH,),-(CH,CH=CH),
(CH,).,Br (AppliChem; USA); molar mass 315.332 g/mol,
melting point 3.4 °C, boiling point 112 °C [24];

—the source of a stable carbon isotope: anhydrous barium
carbonate-'*C (JSC Isotope; Russia); isotopic purity 99.32%;
molecular weight 198.3359 g/mol; melting point 1,558 °C;

—the source of a radioactive carbon isotope: anhydrous
barium carbonate-'“C (Mayak Production Association,
Rosatom; Russia); isotopic purity 97.8%; molar mass 199.3359
g/mol; melting point 1,566 °C; specific activity 66.92 mCi/g;

—among other reagents were high-purity dry argon and
nitrogen (M-Gas; Russia); ethyl acetate, GOST 22300-76 rev.1-3
(Chimmed; Russia); n-hexane, specifications 2631-158-
44493179-13 (Lenreactiv; Russia); magnesium turnings, GOST
804-93 (Interchim; Russia); crystalline iodine, reagent grade
(Lenreactiv; Russia); diethyl ether, specifications 2600-001-
45682126-13 (Chimmed; Russia); sulfuric acid, pure grade,
GOST 4204-77 (Chimmed; Russia); hydrochloric acid, pure
grade, GOST 3118-77 (Chimmed; Russia); sodium hydroxide
98% (Fluka; Switzerland; catalog number 71695); acetonitrile,
specifications 6-09-3534-87 (Chimservice; Russia).
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Absolute ether was prepared as described below. Briefly,
diethyl ether was washed in the saturated solution of calcium
chloride (50 ml of the solution per 1 L of ether) and dried for
48 h over calcium chloride precalcined at +120 °C for 24 h (130 g of
calcinated calcium chloride per 1 L of ether). The reagent was
filtered through a fluted paper filter into a dry flask; then, sodium
metal (1 g per 1 L of the reagent) was added to the flask.
The flask was closed with a holed stopper holding a calcium
chloride drying tube. Absolute ether was used to carboxylate
the Grignard reagent once hydrogen was no longer released
after sodium addition.

RESULTS

Linoleic acid labeled with '°C and "C at position 1 was
synthesized in two steps: 1) preparation of the Grignard reagent;
2) carboxylation of the Grignard reagent with *C and “C
dioxides.

Preparation of the Grignard reagent

The apparatus for synthesizing the Grignard reagent was set
up as shown in Fig. 1 (adopted from [25]).

A 250 ml three-necked flask was clamped on a stand; a
reflux condenser with a calcium chloride drying tube and a
pressure-equalizing dropping funnel were fitted into the side
necks of the flask. An electric stirrer was introduced into the
middle neck through an oil seal. Magnesium turnings (3.0 g)
and an iodine crystal were put inside the flask. High purity grade
argon was blown through the apparatus for 20 min. Then,
160 ml of absolute ether was added into the flask through
the dropping funnel, the stirrer was switched on, and 3.78 g
(12 mmol) of the 1-bromo-8,11-heptadecadien solution in
diethyl ether (80 ml) was added under weak argon flow. To
initiate the reaction, the flask was warmed over a water bath
until the ether started to boil. Once the reaction started, the
water bath was switched off and stirring continued until the
magnesium was completely consumed.

Carboxylation of the Grignard reagent with *C
and “C dioxides

Isotopically labeled acids were obtained through carboxylation
of the Grignard reagent using a high vacuum manifold with
ports for connecting a reaction flask, a CO, source, a mercury
column manometer, and tubes for nitrogen inlet/outlet to the
line. A cone-shaped three-necked reaction flask resistant to
freezing was equipped with a magnetic stirrer that allowed
carrying out reactions in vacuum at low temperatures (Fig. 2;
adopted from [25]).

The source of *C and “C dioxides was represented by
5.4 mmol of isotopically labeled barium carbonate (a weighted
amount of 1.071 g for the *C isotope and a weighted amount
of 1.076 g for the *C isotope) placed in a round-bottom flask.
The flask was connected to a pressure-equalizing dropping
funnel filled with concentrated sulfuric acid. This part of the
apparatus was connected to the vacuum manifold via a
desiccant-containing tube.

First, the apparatus was evacuated to 0.1 mmHg using
an oil pump and filled with dry nitrogen. Then, the Grignard
reagent solution prepared from 6 mmol of 1-bromo-8,11-
heptadecadien (half of the total synthesized amount) was taken
up into a prewashed dispenser pipette filled with nitrogen
and quickly injected into the flask. The free side neck of the
flask was closed with a stopper. The flask was cooled in liquid

nitrogen, and the apparatus was evacuated to 0.1 mmHg.
Then, the solution in the reaction vessel was thawed to =77 °C in
a mixture of dry ice and acetone, frozen in liquid nitrogen, and
the apparatus was again evacuated to remove nitrogen.

Carboxylation of the Grignard reagent was performed
at —20 °C under continuous stirring. To initiate liberation of
labeled CO,, concentrated sulfuric acid was slowly added
to barium carbonate through the dropping funnel, making
sure that the pressure did not exceed 500 mmHg. To finish
off liberation of labeled CO,, the reaction flask was carefully
heated until barium carbonate was completely dissolved.
After the Grignard reagent was depleted, manometer
readings indicated that CO, pressure in the apparatus was no
longer decreasing. For both '*CO, and “CO, the reaction was
completed in 15 minutes.

The reaction flask with the Grignard reagent was cooled
in liquid nitrogen to collect the remaining labeled CO,; the
stopcock connecting the apparatus to the source of labeled
CO,, was closed and the reaction mass was stirred for
15 min at =20 °C until labeled CO, was fully absorbed. Then,
the apparatus was filled with nitrogen and connected to the air
inlet tube. The obtained complex was decomposed by diluted
hydrochloric acid. The acidified mixture was extracted in ether.
The resulting ether extract was treated with 100 mM NaOH,

Fig. 1. The apparatus for preparing the Grignard reagent in argon atmosphere
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Fig. 2. The apparatus for carboxylation of the Grignard reagent. 7 — source of
carbon dioxide; 2 — drierite-containing tube; 3 — high-vacuum manifold (tube
diameter of 13 mm); 4 — mercury column manometer; 5 — flask; 6 — 3-phase
magnetic stirrer (110 V); 7 — cooling bath; 8 — nitrogen inlet; 9 — glass joint,
28/12; 10 — stopcock, bore size 3 mm; 17 — stopcock, bore size 2 mm;
12 — ground-glass joint, 18/9; 13 — ground-glass joint, 14/35; 14 — ground-
glass joint, 14/20
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Fig. 3. The 'H-NMR spectrum of "“C-labeled linoleic acid

and the obtained alkaline solution was acidified to achieve
pH = 7.0. The released acid was filtered. The precipitate was
collected, washed in water and recrystallized from acetonitrile
at -20 °C (for linoleic acid, t, ., was assumed to be -11 °C).

The total mass of the synthesized '*C-linoleic acid equaled
1,459 mg (5.184 mmol). The final chemical yield of 1-bromo-
8,11-heptadecadien was 86.4%; the *CO, yield was 96.0%.
For the final product, the empirically measured freezing point
was -11.0 °C.

The total mass of the synthesized '“C-linoleic acid
was 1,480 mg (5.243 mmol). The yield of 1-bromo-8,11-
heptadecadien was 87.39%; the "*CO, yield was 97.1%. The
specific activity of “C-linoleic acid was measured using the
scintillation counter and equaled 45.36 + 0.02 mCi/g. Thus, the
total radiation and chemical yield was 96.0%. The final reaction
product had a freezing point at —=10.7 °C.

The synthesized *C- and '“C-linoleic acids were analyzed
by means of thin layer chromatography using Kieselgel 60 F254
plates; the ethyl acetate : n-hexane (1 : 1) eluent mixture was
used as a mobile phase (see Methods); the obtained linoleic
acids contained admixtures. *C-linoleic acid made up 98.2%
of the dry product weight after elution.

The ™H NMR spectrum of “C-linoleic acid was compared
to the reference spectrum of 1S/C, H,,0,/c1-2-3-4-5-6-7-8-9-
10-11-12-13-14-15-16-17-18(19)20/h6-7, 9-10H, 2-5, 8, 11-
17H,, 1H,, (H, 19, 20)/b7-6-, 10-9 described in the literature
[26]; the synthesized compound matched the structure of the
linoleic acid (Fig. 3).

DISCUSSION

The proposed method of synthesis of '*C- and “C-labeled
linoleic acids has a few strengths, including shorter reaction
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time, reduced loss of labeled CO, and increase in the total
chemical and radiation vyield. Importantly, the isotopically
labeled atoms are not distributed along the entire carbon chain
of acyl but instead occur only at position 1.

Shorter reaction time due to the optimization of reagents
ratios and measurements of the CO, pressure in the system
taken to check the completion of Grignard reagent carboxylation
ensured operational simplicity and cost-effectiveness of the
method. The method significantly increases the radiation and
chemical vyield of the product in comparison with other known
techniques [21-23]. The labeled isotope is almost entirely
included in the final reaction product, meaning that the amount
of radioactive waste is near zero. This makes the proposed
method appealing in terms of cost reduction, given that disposal
of long-lived radioactive waste is difficult and expensive.

The amount and purity of the synthesized *C- and "“C-linoleic
acids make them suitable for use in preclinical trials of acute,
subchronic, chronic and other types of toxicity [27]. Once the
safety of the compounds has been confirmed, they can be
recommended for clinical trials of hepatobiliary function breath
tests.

CONCLUSIONS

This paper describes a method of synthesis of '*C- and
“C-linoleic acids with carbon isotopes occurring at position 1.
The method is advantageously simple and consists of 2 steps
instead of 11 reported in other works. For *C, the radiochemical
yield of the method is very close to quantitative (96%), which
almost rules out the issues associated with radioactive waste
disposal. The method requires no sophisticated analytical and
preparative instrumentation, which may facilitate its adoption to
batch production.




METHOD | DIAGNOSTICS

References

10.

11.

12.

13.

14.

Liou IW. Management of end-stage liver disease. Med Clin North
Am. 2014; 98 (1): 119-52. DOI: 10.1016/j.mcna.2013.09.006.
Musialik J, Jonderko K, Kasicka-dJonderko A, Buschhaus M.
8CO, breath tests in non-invasive hepatological diagnosis. Prz
Gastroenterol. 2015; 10 (1): 1-6.

Modak AS. Stable isotope breath tests in clinical medicine: A
review. J Breath Res. 2007; 1 (1): R1-R13. DOI: 10.1088/1752-
7155/1/1/014003.

Razlan H, Marzuki NM, Tai M-L S, Shamsul Tze-Zen Ong A-S,
Mahadeva S. Diagnostic value of the '*C-methacetin breath test
in various stages of chronic liver disease. Gastroenterol Res Pract.
2011; 2011 (1): 1-6. DOI: 10.1155/2011/235796.

Forns X, Ampurdanés S, Llovet JM, Aponte J, Quinté L, Martinez-
Bauer E, et al. Identification of chronic hepatitis C patients without
hepatic fibrosis by a simple predictive model. Hepatology, 2002;
36 (41): 986-92. DOI: 10.1053/jhep.2002.36128.

Wai CT, Greenson KJ, Fontana RJ, Kalbfleisch JD, Jorge AM,
Hari SC, et al. A simple noninvasive index can predict both
significant fibrosis and cirrhosis in patients with chronic
hepatitis C. Hepatology. 2003; 38 (2): 518-26. DOI: 10.1053/
jhep.2003.50346.

Elman AR, Rapoport Sl. Stabil'no-izotopnaja diagnostika v Rossii:
itogi i perspektivy. ®C-preparaty, pribory, metody. Klin med. 2014;
92 (7): 5-11. Russian.

Balan H, Gold CA, Dworkin HJ, McCormick VA, Freitas JE.
Procedure Guideline for Carbon-14-Urea Breath Test. J Nucl
Med. 2016; 39 (11): 2012-14.

Plavnik RG. ®S-Ureaznyj dyhatel'nyj test na Helicobacter pylori
(Klinicheskie i organizacionnye aspekty). M.: MEDPRAKTIKA-M,
2017; 36 s.

Grattagliano |, Lauterburg BH, Palasciano G, and Portincasa P.
8C-breath tests for clinical investigation of liver mitochondrial
function. Eur J Clin Invest. 2010; 40 (9): 843-50. DOl
10.1111/).1365-2362.2010.02331 .x.

Gorowska-Kowolik K, Chobot A, and Kwiecien J. '*C-Methacetin
Breath Test for Assessment of Microsomal Liver Function:
Methodology and Clinical Application. Gastroenterol Res Pract.
2017; 2017 (1): 1-5.

Moran S, Mina A, Dugue X, Ortiz-Olvera N, Rodriguez-Leal G,
Sierra-Ramirez JA, et al. The utility of the *C-methacetin breath test in
predicting the long-term survival of patients with decompensated
cirrhosis. J Breath Res. 2017; 11 (3): 1-28. DOI: 10.1088/1752-
7163/aa7b99.

Elman AR, Korneeva GA, Noskov YuG, Khan VN, Shishkina EVYu,
Negrimovski VM, Syntheses of products labeled with *C isotope
for medicine diagnosis. Russian Chemical Journal. 2013; LVII (5):
3-24.

Giannini EG, Alberto F, Paolo B, Federica B, Federica M, et al.
8C-galactose breath test and *C-aminopyrine breath test for the

JNutepatypa

1.

2.

Liou IW. Management of end-stage liver disease. Med Clin North
Am. 2014; 98 (1): 119-52. DOI: 10.1016/j.mcna.2013.09.006.
Musialik J, Jonderko K, Kasicka-Jonderko A, Buschhaus M.
8CO, breath tests in non-invasive hepatological diagnosis. Prz
Gastroenterol. 2015; 10 (1): 1-6.

Modak AS. Stable isotope breath tests in clinical medicine: A
review. J Breath Res. 2007; 1 (1): R1-R13. DOI: 10.1088/1752-
7155/1/1/014003.

Razlan H, Marzuki NM, Tai M-L S, Shamsul Tze-Zen Ong A-S,
Mahadeva S. Diagnostic value of the '*C-methacetin breath test
in various stages of chronic liver disease. Gastroenterol Res Pract.
2011; 2011 (1): 1-6. DOI: 10.1155/2011/235796.

Forns X, Ampurdanes S, Liovet JM, Aponte J, Quinté L, Martinez-
Bauer E, et al. Identification of chronic hepatitis C patients without
hepatic fibrosis by a simple predictive model. Hepatology, 2002;
36 (4l): 986-92. DOI: 10.1053/jhep.2002.36128.

Wai CT, Greenson KJ, Fontana RJ, Kalbfleisch JD, Jorge AM,
Hari SC, et al. A simple noninvasive index can predict both

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

10.

11.

study of liver function in chronic liver disease. Clin Gastroenterol
Hepatol. 2005; 3 (3): 279-85. DOI: 10.1016/51542-3565(04)00720-7.
Moran S, Gallardo-Wong |, Rodriguez-Leal G, McCollough P,
Mendez J, Castafieda B, et al. L-[1-"*C]phenylalanine breath
test in patients with chronic liver disease of different etiologies.
Isotopes Environ Health Stud. 2009; 45 (3): 192-7. DOl
10.1080/10256010903083995.

Zhang GS, Bao ZJ, Zou J, Yin SM, Huang YQ, Huang H, et al.
Clinical research on liver reserve function by *C-phenylalanine
breath test in aged patients with chronic liver diseases. BMC
Geriatr. 2010; 10 (23): 1-8 . DOI: 10.1186/1471-2318-10-23.
Schmilovitz-Weiss H, Niv Y, Pappo O, Halpern M, Sulkes J,
Braun M, et al. The ®C-caffeine breath test detects significant
fibrosis in patients with nonalcoholic steatohepatitis. J Clin
Gastroenterol. 2008; 42 (4): 408-12, 2008. DOI: 10.1097/
MCG.0b013e318046ea65.

Gordon J, Park H, Wiseman E, George J, Katelaris PH, Seow F,
et al. Non-invasive estimation of liver fibrosis in non-alcoholic fatty
liver disease using the *C-caffeine breath test. J Gastroenterol
Hepatol. 2011; 26 (9): 1411-6. DOI: 10.1111/j.1440-
1746.2011.06760.x.

Braden B. ®C breath tests for the assessment of exocrine
pancreatic function. Pancreas. 2010; 39 (7): 955-9. DOI: 10.1097/
MPA.Ob013e3181dbf330.

Titov VN. Klinicheskaja biohimija zhirnyh kislot, lipidov i lipoproteinov.
Gipolipidemicheskaja terapija i profilaktika ateroskleroza. Kliniko-
laboratornyj konsilium. 2014; 1: 4-29. Russian.

Georgin D, Taran F, Mioskowski C. A divergent synthesis of
[1-"“C]-mono-E isomers of fatty acids. Chem Phys Lipids. 2003;
125 (1): 83-91.

Kawashima H, Akimoto K, Tsuyoshi F, Hideo N, Kyoko K, Sakayu S.
Preparation of '*C-labeled polyunsaturated fatty acids by an
arachidonic acid-producing fungus Mortierella alpina 1S-4.
Analytical Biochemistry. 1995; 229 (2): 317-22. DOI: 10.1006/
abio.1995.1419.

Zhao X, Qiu X. Analysis of the biosynthetic process of fatty acids
in Thraustochytrium. Biochimie. 2018; 144 (1): 108-14.

Lide DR. CRC Handbook of Chemistry and Physics. 86" ed.
CRC Press. 2006; p. 3-320.

Pozdeev W, Tyfio YJ, Morozova GV, Bychenko AB, Biryukova YK,
Shevelev AB; LLC "GK Our World". Method of Synthesis of
Linoleic and Linolenic Acids Labeled with Carbon Isotopes '°C
and 14C. RF Patent # 2630691. 12.09.2017.

Shaaban M, Abd-Alla HI, Hassan AZ, Aly HF, Ghani MA. Chemical
characterization, antioxidant and inhibitory effects of some marine
sponges against carbohydrate metabolizing enzymes. Org Med
Chem Lett. 2012; 2 (1): 30.

Mironov AN. Rukovodstvo po provedeniju doklinicheskih
issledovanij lekarstvennyh sredstv. M.: Grif i K, 2012; 994 s.

significant fibrosis and cirrhosis in patients with chronic
hepatitis C. Hepatology. 2003; 38 (2): 518-26. DOI: 10.1053/
jhep.2003.50346.

AnbmMaH A. P, Panonopt C. W. CtabunbHO-1M30ToMNHas ajarHocTvKa
B Poccumn: ntorn n nepcnektuebl. '*C-npenapatbl, Nprubopsl,
meToabl. KnuH. mea. 2014; 92 (7): 5-11.

Balan H, Gold CA, Dworkin HJ, McCormick VA, Freitas JE.
Procedure Guideline for Carbon-14-Urea Breath Test. J Nucl
Med. 2016; 39 (11): 2012-14.

MnaBHuK P. I ®C-YpeasaHblin oblxatenbHblin TeCT Ha Helicobacter
pylori  (KNWHWYECKNE W OpraHM3auUMOHHble acnekTbl). M.:
MEOMPAKTUKA-M, 2017; 36 c.

Grattagliano |, Lauterburg BH, Palasciano G, and Portincasa P.
8C-breath tests for clinical investigation of liver mitochondrial
function. Eur J Clin Invest. 2010; 40 (9): 843-50. DOl
10.1111/).1365-2362.2010.02331 .x.

Gorowska-Kowolik K, Chobot A, and Kwiecien J. '*C-Methacetin
Breath Test for Assessment of Microsomal Liver Function:

BULLETIN OF RSMU | 2, 2020 | VESTNIKRGMU.RU



METO[ | ONATHOCTUKA

12.

13.

14.

15.

16.

17.

18.

Methodology and Clinical Application. Gastroenterol Res Pract.
2017; 2017 (1): 1-5.

Moran S, Mina A, Duque X, Ortiz-Olvera N, Rodriguez-Leal G,
Sierra-Ramirez JA, et al. The utility of the *C-methacetin breath test in
predicting the long-term survival of patients with decompensated
cirrhosis. J Breath Res. 2017; 11 (3): 1-28. DOI: 10.1088/1752-
7163/aa7b99.

OnbimaH A. P, Kopreesall. A, Hockos HO. I XaH B. H., LUnwkuna E. HO.,
Herpumosckn B. M. n gp. CuHTE3 NpoOyKTOB, MeYeHHbIX
n3otorom '°C, ans MeguLMHCKON auarHoCTUKL. Poc. xum. x. K.
Poc. xum. 06-Ba um. . V. MeHgeneesa). 2013; LVII (5): 3-24.
Giannini EG, Alberto F, Paolo B, Federica B, Federica M, et al.
8C-galactose breath test and *C-aminopyrine breath test for the
study of liver function in chronic liver disease. Clin Gastroenterol
Hepatol. 2005; 3 (3): 279-85. DOI: 10.1016/51542-3565(04)00720-7.
Moran S, Gallardo-Wong |, Rodriguez-Leal G, McCollough P,
Mendez J, Castaiieda B, et al. L-[1-"*C]phenylalanine breath
test in patients with chronic liver disease of different etiologies.
Isotopes Environ Health Stud. 2009; 45 (3): 192-7. DO
10.1080/10256010903083995.

Zhang GS, Bao ZJ, Zou J, Yin SM, Huang YQ, Huang H, et al.
Clinical research on liver reserve function by C-phenylalanine
breath test in aged patients with chronic liver diseases. BMC
Geriatr. 2010; 10 (23): 1-8 . DOI: 10.1186/1471-2318-10-23.
Schmilovitz-Weiss H, Niv Y, Pappo O, Halpern M, Sulkes J,
Braun M, et al. The ®C-caffeine breath test detects significant
fibrosis in patients with nonalcoholic steatohepatitis. J Clin
Gastroenterol. 2008; 42 (4): 408-12, 2008. DOI: 10.1097/
MCG.0b013e318046ea65.

Gordon J, Park H, Wiseman E, George J, Katelaris PH, Seow F,
et al. Non-invasive estimation of liver fibrosis in non-alcoholic fatty
liver disease using the *C-caffeine breath test. J Gastroenterol

BECTHUK PIrMY | 2, 2020 | VESTNIKRGMU.RU

20.

21.

22.

23.

24.

25.

26.

27.

Hepatol. 2011; 26 (9): 1411-6. DOL:
1746.2011.06760.x.

Braden B. C breath tests for the assessment of exocrine
pancreatic function. Pancreas. 2010; 39 (7): 955-9. DOI: 10.1097/
MPA.0b013e3181dbf330.

TutoB B. H. KnuHudeckass OUXUMUSA >KUPHBIX  KUCHOT,
NMNUOOB U IMNONPOTENHOB. [MnonmnuaeMmyeckas Tepanus
1N npodunakTka atepockiieposa. KnMHnko-nabopaTtopHbIv
KoHcumym. 2014; 1: 4-29.

Georgin D, Taran F, Mioskowski C. A divergent synthesis of
[1-"“C]-mono-E isomers of fatty acids. Chem Phys Lipids. 2003;
125 (1): 83-91.

Kawashima H, Akimoto K, Tsuyoshi F, Hideo N, Kyoko K, Sakayu S.
Preparation of '*C-labeled polyunsaturated fatty acids by an
arachidonic acid-producing fungus Mortierella alpina 1S-4.
Analytical Biochemistry. 1995; 229 (2): 317-22. DOI: 10.1006/
abio.1995.1419.

Zhao X, Qiu X. Analysis of the biosynthetic process of fatty acids
in Thraustochytrium. Biochimie. 2018; 144 (1): 108-14.

Lide DR. CRC Handbook of Chemistry and Physics. 86" ed.
CRC Press. 2006; p. 3-320.

[Mo3nees B. B., TbiHbo A. A., Mopo3sosa I. B., bei4erko A. b.,
Buptokosa HO. K., LLleseneB A. b., aBTopbl; OO0 «[K Haw
Mwnp», naTeHToObnagatens. Cnocob cuHTe3a NMHOMNEBOM U
JIMHONEHOBOW KIMCIIOT, Me4YeHHbIX 3oToramu yrnepopa *C n “C.
MateHT PO Ne 2630691. 12.09.2017.

Shaaban M, Abd-Alla HI, Hassan AZ, Aly HF, Ghani MA. Chemical
characterization, antioxidant and inhibitory effects of some marine
sponges against carbohydrate metabolizing enzymes. Org Med
Chem Lett. 2012; 2 (1): 30.

MvpoHoB A. H. PykoBOACTBO MO MPOBEAEHWIO OOKIMHNHECKMX
1ccnefoBaHnin NekapCTBeHHbIX cpeacTs. M.: Tpud 1 K, 2012; 994 c.

10.1111/j.1440-




