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Abstract: The administration of low doses of D,O to living organisms was used for decades for
the investigation of metabolic pathways and for the measurement of the turnover rate for specific
compounds. Usually, the investigation of the deuterium uptake in lipids is performed by measuring
the deuteration level of the palmitic acid residue using GC-MS instruments, and to our knowledge,
the application of the modern untargeted LC-MS/MS lipidomics approaches was only reported
a few times. Here, we investigated the deuterium uptake for >500 lipids for 13 organs and body
liquids of mice (brain, lung, heart, liver, kidney, spleen, plasma, urine, etc.) after 4 days of 100%
D,0O administration. The maximum deuteration level was observed in the liver, plasma, and lung,
while in the brain and heart, the deuteration level was lower. Using MS/MS, we demonstrated the
incorporation of deuterium in palmitic and stearic fragments in lipids (PC, PE, TAG, PG, etc.) but
not in the corresponding free forms. Our results were analyzed based on the metabolic pathways
of lipids.
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1. Introduction

Changes in lipid metabolism regulation play an important role in the development
of many diseases. Obesity leads not only to lipid accumulation in adipose tissue but also
to increased lipid storage in ectopic tissues, such as skeletal muscle, liver, kidney, etc. [1].
Lipid accumulation in the heart may result in cardiac dysfunction and heart failure. Lipid
accumulation in the kidneys causes the alteration of kidney function [2], with diabetic
nephropathy being the most common cause of progressive kidney disease. Currently,
the most common chronic liver disease in the world is non-alcoholic fatty liver disease
(NAFLD), affecting 20-30% of the adult population. It is associated with hepatic insulin
resistance, and it is a risk factor for the development of type 2 diabetes [2,3]. The nervous
system and many organs need a continuous replacement of the components of membranes
to continue functioning well [4].

The investigation of lipid metabolism and lipid turnover in the various tissues and
organs of living organisms dates back to the classical work of R. Schoenheimer in the
1930s [5-8]. He developed an approach of the administration of heavy water (D,0) to the
living organism followed by the measuring of the deuterium content in the different organs
and classes of biomolecules. Later this approach was actively developed, including the
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use of both stable and radioactive isotopes. M.E. Smith reported the use of ['*C]glucose
to measure the turnover rate of many lipids and proteins in the myelin of adult rats [9].
He measured the half-lives of inositol phosphatide (18 days), lecithin (41 days), serine
phosphatide (4 months), sphingomyelin (8 months), ethanolamine phosphatide (6 months),
cerebroside (1 year), and cholesterol (8 months). Similar results were reported by other
authors [10,11].

Many researchers reported the application of the administration of D,O coupled with
mass spectrometry for the investigation of lipid metabolism [3,4,10-14]. Allister et al.
investigated the impaired triglyceride storage in adipose tissue of insulin-resistant humans.
Subjects consumed D, 0O for 4 weeks before adipose tissue biopsy to achieve and maintain
a total body D,O water enrichment of 2%. Isotope enrichments were measured by GC-
MS analysis. The authors demonstrated that the synthesis of fatty acids was 63% lower
in insulin-resistant subjects as compared with insulin-sensitive subjects [13]. Ando et al.
measured the turnover of myelin lipids in the aging brain and demonstrated that the
incorporation of cholesterol was fast in infant brains and fixed at a slower rate in adult
brains [4]. The incorporation rate of phosphatidylcholine and phosphatidylethanolamine
was almost constant. Castro-Perez et al. used D,O administration coupled with GC-MS
and LS-MS/MS to measure the changes in cholesterol synthesis for a high-carbohydrate
and high-fat diet [3]. Fu et al. reported the use of high-resolution Orbitrap for the resolving
of 13C and 2H isotopes of deuterium-labeled fatty acids [15]. Application of the isotope
ratio mass spectrometry was also reported [16,17].

Recently, our research group worked on the application of an isotope exchange ap-
proach (both H/D and '0/'80) for targeted [18-22] and untargeted [23-33] screening of
compounds in complex natural and biological matrixes. We have developed an analytical
platform for the enumeration of the number of isotope exchanges for all compounds in an
LC-MS/MS run. Application of those approaches to the analysis of in vivo labeled lipids
may bring new insights for the understanding of lipid metabolism.

Here, we describe the use of the non-targeted LC-MS/MS lipidomics workflow for
the simultaneous determination of the turnover rate of different lipids in different organs
of mice.

2. Results

Briefly, our experiment can be described as follows. Pure deuterium oxide (D,0O) was
administrated to two mice for 7 days. No other liquids were given. Despite the fact that
living organisms cannot tolerate 100% D,O for a long time, we still decided to work with
100% D,O in order to achieve the maximum possible deuteration level. Mice were killed at
the beginning of the dramatic decrease in well-being after 1 week, so they did not suffer.
The concentration of deuterium in plasma was measured by IR spectroscopy, and after
7 days, it was approximately 60%. Blood and several organs were collected, and lipids
were extracted and analyzed using HPLC-MS/MS. We identified more than 650 lipids in
the negative ion mode and assigned potential candidates to more than 1000 lipids in the
positive ion mode. Details are given in Section 4. The tables of lipids can be found in the
Supplementary Materials.

We clearly observed the deuterium incorporation in all detected lipids. In Figure 1,
we present the deuterium distribution for LPC (Ilysophosphatidylcholine) 20:4, LPC 16:0,
and PC (phosphatidylcholine) 16:0_20:2 for the brain and liver. The accurate mass dif-
ference corresponding to the H/D exchange is 1.006277. Unfortunately, our experiments
were performed with the maximum resolving power of 140,000 (Orbitrap QExactive mass
spectrometer), so we were not able to resolve natural ['>C] isotopic peaks from the peaks
corresponding to the incorporation of deuterium. However, the remarkable changes in the
shape of the isotopic distribution (the appearance of many new peaks shifted to the right)
and close values of mass differences to that corresponding to the H/D exchange prove
considerable deuterium uptake. New peaks corresponding to the deuterium exchange are
marked with a red rectangle (Figure 1).
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Figure 1. Isotopic distribution for selected lipids in brain and liver after D,O administration and
normal isotopic distribution of those lipids. RT is the retention time in minutes. Negative ESI mode.

We can see that for each lipid, the deuterium incorporation is considerably higher in
the liver than in the brain. Also, the deuterium incorporation in LPC 16:0 and PC16:0_20:2
is higher than in LPC 20:4. This is expected because the deuterium preferably incorporates
in the palmitic acid (16:0) via biochemical synthesis. As a consequence, we can expect
higher deuterium incorporation for lipids containing palmitic (16:0) and stearic (18:0) acids.
A low rate of deuterium incorporation is expected for non-saturated acids, which also can
be synthesized in organisms; however, they mainly enter the body via consuming foods.

In Figure 2, we present the obtained deuterium distribution for 13 lipids for several
selected organs, plasma, and urine. Here, we selected only those lipids for which we
observed high-quality spectra for all organs. We can see that the shape of the isotopic
distribution and, as a consequence, the number of deuterium uptakes is different for
different organs. Generally, the highest deuterium uptake was observed in plasma, lung,
and liver. The deuterium uptake for the brain, heart, fat, kidney, spleen, erythrocytes, and
lymphocytes was considerably lower. We can also see the lipids containing saturated acids
(16:0 and 18:0) produce an elongated to the right deuterium distribution.

If we take a closer look at the deuterium distribution of the selected lipids in the lung,
we will see that the lipid PG (Phosphatidylglycerol) 16:0_18:2 demonstrated a considerable
deuterium uptake compared to all other lipids. Moreover, the deuterium uptake of this
lipid is higher in the lung than in the liver. Such results can indicate the fast synthesis
of this lipid in the lung. This is in agreement with the fact that phosphatidylglycerols
are secreted by the alveolar wall surface and that pulmonary surfactant consists of phos-
phatidylcholine (primarily dipalmitoylphosphatidylcholine), forming 40% of surfactant
and phosphatidylglycerols, forming 10% of surfactant.

In order to get a general estimation of the deuterium uptake rate and compare it for
different organs, we calculated the average shift of the isotopic distribution for each lipid.
Precisely, the following value was calculated:

Dghift = sum (mp X In)/sum (In) — my,
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where m,, and I, are the m/z and intensity of n-peak in the isotopic envelope.
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Figure 2. Deuterium distribution for 13 lipids in different organs. Negative ESI mode.

The value of a Dy corresponds to the rate of the deuterium uptake for each lipid.
It is high when the rate of uptake is high. We calculated the Dgp; for >150 lipids, for
which we obtained reliable identifications and high-quality isotope distribution spectra.
The table is given in the Supplementary Materials. In Figure 3, we demonstrate the average
values (density distribution) of the Dy for all organs and for several major classes of
lipids: LPC, LPE, PG, PC, and PE. Each curve represents the distribution of the values
of Dgpig; for all lipids in the corresponding class. Figure 3 demonstrates the difference
in the rate of deuterium uptake for all organs and classes of lipids. We can see that,
generally, the rate of deuterium uptake for PC, PE, LPC, and LPE is almost the same in the
selected organ. Generally, the rate of uptake in PC and LPC is a little bit higher than in
PE and PLE, correspondingly. The rate of uptake decreases in the following series: liver—
plasma-lymphocytes—spleen-lung—kidney—fat (adipose tissue)-heart-brain—erythrocytes.
The number of detected lipids in cells and urine is not considerable. For PG lipids, the
highest rate of deuterium uptake was observed in the lung, liver, kidney, spleen, and urine.
Our results allow us to estimate the rate of synthesis of lipids in various organs.

In order to prove that deuterium is incorporated in lipids, preferably in saturated
fatty acids, we performed the following experiment. For the selected lipid, we obtained
fragmentation spectra for all peaks corresponding to the different numbers of incorpo-
rated deuterium. Fragmentation pathways for lipids of different classes are shown in
Figure 4. Fragmentation of TAG (Triglyceride) in the positive mode (in the form of [M
+ NH4]%) leads to the loss of each fatty acid residue. We observed fragments without
corresponding residues. In the fragmentation spectrum of PE in negative mode (in the
form of deprotonated ion), we observed ions corresponding to the fatty acid residues and
ions corresponding to the loss of fatty acid from specific sites.

Our results are presented in Figure 5. Fragmentation of TG 16:0_18:1_18:1 leads to the
loss of each fatty acid residue. We can see that when the 18:1 fragment is lost, the number
of deuterium in the fragment ion seems to not decrease, while when the 16:0 fragment is
lost, the shape of the deuterium distribution changes considerably. However, the fact that,
even when the 16:0 fragment is lost, we still observe the peak with the maximum number
of deuteriums means that deuterium can also incorporate in the glycerol or in 18:1.
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Figure 3. The density distribution of the level of the deuterium uptake for different classes of lipids
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Figure 5. Fragmentation of peaks corresponding to the different numbers of incorporated deuterium.

TG in positive ESI mode and PE in negative ESI mode.

Fragmentation of PE 18:0_20:4 results in the three fragment ions, two of them are fatty
acid residues 18:0 (m/z = 283) and 20:4 (m/z = 303), and ion m/z = 480 corresponds to the
loss of a fragment of arachidonic acid (see Figure 4). We can clearly see that the deuterium
primarily incorporates in the stearic acid (18:0) and not in arachidonic (20:4). The loss of
the arachidonic acid also produces ions with the maximum number of deuteriums.

When fragmenting PC lipids in positive ion mode, we never observed any incor-
poration of deuterium in 184+ ions (see Figure 6). That means that all deuterium was
incorporated in the fatty acids and not in the choline.
Deuterium distribution for other lipids, fragmentation spectra, and other initial exper-
imental files are available in the Supplementary Materials.



Int. . Mol. Sci. 2023, 24, 11725

7 of 13

785.59216 PC,RT=8.1 184.07314
786.59766 784.58447
784.58685 s ‘
R 184.07310
787.60376
786.59894
788.61041
184.07297
789.61652
790.62366
791.62903 788.60236
e \.h..\.].\.\.].\..\LJ\.\\.l\ T [ 1 ‘
784 788 792 100 400 700
m/z m/z

Figure 6. Fragmentation of peaks corresponding to the different numbers of incorporated deuterium.
Positive mode. RT is the retention time in minutes.

3. Discussion

The inclusion of the isotopic labels is primarily associated with the active biosynthesis
of fatty acids (Figure 7). The possible sites of the deuterium from D,O incorporation in
the fatty acid are shown in red. The biosynthesis of fatty acids in mammals occurs in the
cytosol and originates from the junction of malonyl-CoA and Acetyl-CoA residues. These
fragments are formed in the cell from the Krebs cycle occurring in the mitochondria. In the
Krebs cycle, there is a hydroxylation reaction catalyzed by the enzyme fumarase. As a result
of this reaction, two deuteriums from heavy water can be introduced into the composition
of the resulting malate. Deuterium in the hydroxyl group is mobile, so we assume that
deuterium bound to the third carbon is primarily retained.

From the Krebs cycle, intermediates for the biosynthesis of fatty acids exit the mito-
chondria at the citrate level, which is then converted to acetyl-CoA and malonyl-CoA. As
a result of transformations in acetyl and malonyl residues, deuterium remains bound to
the second carbon atom. For each new cycle of the fatty acid synthase, two carbon atoms
are attached to the fatty acid molecule (the third atom in the composition of the malonyl
residue is decarboxylated as a result of the initial stages of the fatty acid synthase). As a
result of such synthesis, the inclusion of eight deuterium isotopes bound to every second
carbon atom in fatty acids 16:0 should be expected.

It is evident that the accurate understanding of the lipid biosynthesis pathways in
different organs using deuterium exchange will also require measuring the deuterium
incorporation in the intermediates of the Krebs cycle, NADH, and other compounds.

It is also important to discuss the possible incorporation of the deuterium into the
residues of glycerin, ethanolamine, and choline. The biosynthesis of these lipid fragments
is depicted in Figure 8.
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Figure 7. Biosynthesis of fatty acids (palmitic, palmitoleic, stearic, and oleic) in mice cells with the
possible sites of deuterium incorporation.

Despite the fact that at the stage of serine formation preceding the biosynthesis of
choline and ethanolamine, a hydration reaction occurs, deuterium, which can come from
D,0, does not bind to carbon, therefore it is labile and is not visible in the analysis of
HPLC-MS.

Further work on the improving of HPLC separation of lipids and use of higher
resolving power, as well as the optimization of the D,O feeding protocol, are required for
obtaining results of better quality and further understanding of the metabolic pathways
and turnover rates of lipids in different tissues.
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Figure 8. Synthesis of choline.

4. Materials and Methods

Mouse handling. The six male C57BL/6] mice used in this study had an average age
of 8 weeks, with an average weight of 20 £ 2.0 g. The mice were kept in the RairlsoSystem-
microisolator system. Animals were satisfied with conventional category. Regular rodent
food (standard granular compound feed for laboratory animals (extruded) PK-120 GOST R
51849-2001 R.5) was provided. For the labeling experiments, deuterated water (100%) for
experimental animals and filtered tap water for control animals were provided ad libitum.
The climate was maintained at a room temperature of 22 °C (+/—2), room humidity at
60-70%, and a 12/12 light/dark cycle regimen. All experiments were carried out in
accordance with the ethical principles and regulations recommended by the European
Convention for the Protection of Vertebrate Animals used for Experiments.

After 7 days, mice were sacrificed and immediately decapitated, and the full blood
samples were collected directly from eye into EDTA tubes. For plasma preparation, tubes
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were centrifuged for 5 min at 3000 g, and plasma was collected within 1 h after blood
collection. Samples were frozen at —80 °C until lipid extraction.

Organs and tissues were dissected from fresh cadavers after all blood was drained
(no perfusion was performed), resulting in the following samples: heart, liver, brain, kidney,
lung, and spleen adipose tissue (from the abdominal region). Sterile urine was collected
with a sterile needle from the bladder. Lymphocyte fraction was obtained in a ficoll gradient
according to the standard protocol. These organs, cells, and tissues were put into 2 mL
microcentrifuge tubes and immediately frozen on dry ice at —80 °C until homogenization.

Sample preparation. For liquids (plasma, blood, urine), the following protocol
was used:

1. A total of 300 mL of cold methanol was added to 40 mL of aliquots of the sample and
vigorously shaken on a shaker for 1 min;

2. Then, 1 mL of cold MTBE was added, and the mixture was treated with ultrasound
for 10 min and incubated for 40 min at 4 °C with stirring;

3. Atotal of 250 mL of water was added to the extract to separate the phases. The extract
was shaken for 1 min at 4 °C, then centrifuged for 10 min at 13,000 rpm at 4 °C;

4. Analiquot of 1000 uL of the upper layer containing nonpolar components was col-
lected in a separate vial;

5. A total of 400 uL of buffer (MeOH:MTBE:H,0 = 3:10:2.5) was added to the lower
phase for repeated extraction;

6. The sample was shaken and centrifuged for 10 min at 13,000 rpm at 4 °C. The up-
per fractions were combined (a total of 1300 uL) and evaporated dry in a vacuum
concentrator at room temperature;

7. The dry residue was re-dissolved in 200 mL of a mixture of acetonitrile: isopropanol
cooled to 0 °C (7:3 (v/v));

8.  The sample was shaken for 10 min, kept in an ice-cooled ultrasonic bath for 10 min,
and centrifuged for 5 min at 13,000 rpm;

9.  Before the HPLC MS analysis, the samples were diluted 1:5 and 1:2 with a mixture
of acetonitrile: isopropanol (7:3 (v/v)) for measurements in the registration mode of
positively and negatively charged ions, respectively.

Cells were suspended in 100 pL of MeOH and sonicated for 10 min prior to applying
the above protocol.

Tissues were homogenized in 4:1 MeOH (to mass of tissue) prior to applying the
above protocol.

LC-MS/MS analysis. The mice tissue lipidome profiling was performed on a Waters
Acquity UPLC system (Waters, Manchester, UK) coupled with Q-Exactive Orbitrap mass
spectrometer (Thermo Fisher, CA, USA) equipped with a heated electrospray ionization
(HESI) probe. The lipid extracts were separated on a Reversed Phase Bridged Ethyl Hybrid
(BEH) C8 column (100 mm x 2.1 mm, 1.7 um, Waters) coupled with a Vanguard pre-
column with the same solid phase. A binary solvent system used for the chromatographic
separation consisted of Buffer A (water containing 10 mM ammonium acetate, 0.1% formic
acid) and Buffer B (acetonitrile:isopropanol (7:3 (v:v)) containing 10 mM ammonium acetate,
0.1% formic acid). The gradient for separation was programmed as follows: 1 min 55%
B, 3 min linear gradient from 55% to 80% B, 8 min linear gradient from 80% B to 85% B,
and 3 min linear gradient from 85% B to 100% B. After 4.5 min washing with 100% B, the
column was re-equilibrated with 55% B for 4.5 min. The flow rate was kept at 400 puL/min
during the whole 24 min run, and the column temperature was set at 60 °C. For negative
polarity, formic acid was substituted with acetic acid.

HESI source tune parameters for ionization were set as follows: 320 °C; aux gas heater
temperature: 350 °C; capillary voltage: 4.5 kV (—3.5 kV); S-lens RF level: 60; sheath gas
flow rate (Ny): 45 arbitrary units (a.u.); auxiliary gas flow rate (N3): 20 a.u., sweep gas flow
rate (N3): 4 a.u. and kept identical for both polarities. Data acquisition was performed
in data-dependent mode in positive and negative polarities separately. For the full scan
events, operating parameters were set as listed: resolution: 140,000 at m1/z 200, automatic
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gain control (AGC target): 5 x 10°, maximum injection time (IT): 50 ms, scan range: 100 to
1500 Da (positive polarity) and 200 to 1800 Da (negative polarity). For DDA mode: topN:10,
resolution 17,500 at m/z 200, AGC: 2 x 10%, IT: 100 ms, mass isolation window: 1.2 Da,
retention time window width: expected time + 1 min, stepped normalized collision energy:
15, 25, 30%, dynamic exclusion 12 s, inclusion: on, customize tolerances: 10 ppm. The
spectra were recorded in the profile mode. Inclusion lists were prepared base on in-house
lipid database. Injection volume of 3 pL in both positive and negative ionization modes
was used.

Data processing. Data processing and lipid identification was performed by freely
available MS-DIAL (RIKEN) software V.4.9. Thermo. Raw data format was converted
to Analysis Base File (.abf) to import the data into MS-DIAL. Mass accuracy for MS and
MS/MS peak centroiding was set to 0.01 and 0.05 Da, respectively. Retention time was not
taken into consideration for the calculation of the total score. Accurate mass tolerances
were set to 0.01 Da and 0.05 Da for MS! and MS? ions, accordingly. Lipids were annotated
according to their accurate precursor and fragment characteristic ions. All identified lipids
were manually curated, and then expected lipid elution patterns were considered for further
confirmation. Namely, retention time should increase for the series of homologues and
decrease with addition of double bonds.

Analysis of the deuterium distribution was performed semi-manual. For each iden-
tified lipid, we have extracted spectra at the corresponding retention time in the vicinity
of the corresponding m/z and visually analyzed the shape of the isotopic distribution
and the mass difference between peaks. The main problem affecting the analysis was
the short elution time and the overlapping of deuterium peaks with 13C peaks and peaks
corresponding to other lipids.

5. Conclusions

We have investigated the deuterium uptake for >500 lipids for 13 organs of mice after
the D,O administration using the conventional untargeted lipidomics workflow. Using
MS/MS, the incorporation of the deuterium into the saturated fatty acid residues was
demonstrated. The maximum deuteration level of lipids was observed in the liver, plasma,
and lung, while in the brain and heart, the deuteration level was low. We observed that the
deuterium was not incorporated into the choline. It was demonstrated that the combination
of modern untargeted lipidomics and in vivo deuterium exchange can help to understand
the biosynthesis pathways and measure the turnover rate for all lipids simultaneously.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms241411725/s1.

Author Contributions: Conceptualization, Y.K.; mouse handling, A.L.; sample preparation, A.K.
(Anna Kovalenko); HPLC-MS, E.S. and PK.; data processing, A.L., A K. (Anna Kovalenko), YK, S.O.,
AV, AB,B.T,LR. and A K. (Albert Kireev); writing, Y.K., ENN. and PK. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by RSF grant N 18-79-10127.

Institutional Review Board Statement: The animal study protocol was approved by the Skoltech
ethical comity.

Informed Consent Statement: Not applicable.
Data Availability Statement: All data can be requested from authors.

Acknowledgments: Authors are grateful to V. Lobyshev for fruitful discussions and Dominik Werner
for the help with the Fisher-Py Python package.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/ijms241411725/s1
https://www.mdpi.com/article/10.3390/ijms241411725/s1

Int. . Mol. Sci. 2023, 24, 11725 12 0f13

References

1. Boren, J.; Taskinen, M.R.; Olofsson, S.0.; Levin, M. Ectopic lipid storage and insulin resistance: A harmful relationship. J. Intern.
Med. 2013, 274, 25-40. [CrossRef]

2. Guebre-Egziabher, F; Alix, PM.; Koppe, L.; Pelletier, C.C.; Kalbacher, E.; Fouque, D.; Soulage, C.O. Ectopic lipid accumulation: A
potential cause for metabolic disturbances and a contributor to the alteration of kidney function. Biochimie 2013, 95, 1971-1979.
[CrossRef]

3. Duarte, J.A,; Carvalho, F; Pearson, M.; Horton, J.D.; Browning, ].D.; Jones, ].G.; Burgess, S.C. A high-fat diet suppresses de novo
lipogenesis and desaturation but not elongation and triglyceride synthesis in mice. |. Lipid Res. 2014, 55, 2541-2553. [CrossRef]

4. Ando, S.; Tanaka, Y.; Toyoda, Y.; Kon, K. Turnover of myelin lipids in aging brain. Neurochem. Res. 2003, 28, 5-13. [CrossRef]

5. Schoenheimer, R.; Rittenberg, D. The application of isotopes to the study of intermediary metabolism. Science 1938, 87, 221-226.
[CrossRef]

6.  Barrett, H,; Best, C.; Ridout, J.H. A study of the source of liver fat using deuterium as an indicator. J. Physiol. 1938, 93, 367.
[CrossRef]

7.  Schoenheimer, R.; Rittenberg, D. Deuterium as an indicator in the study of intermediary metabolism. Science 1935, 82, 156—157.
[CrossRef]

8.  Schoenheimer, R.; Rittenberg, D. Deuterium as an indicator in the study of intermediary metabolism. 9. The conversion of stearic
acid into palmitic acid in the organism. . Biol. Chem. 1937, 120, 155-165. [CrossRef]

9.  Smith, M.E. The turnover of myelin in the adult rat. Biochim. Biophys. Acta (BBA) Lipids Lipid Metab. 1968, 164, 285-293. [CrossRef]

10. Jungalwala, F.B. The turnover of myelin phosphatidylcholine and sphingomyelin in the adult rat brain. Brain Res. 1974, 78,
99-108. [CrossRef]

11.  Jungalwala, F; Dawson, R. The turnover of myelin phospholipids in the adult and developing rat brain. Biochem. J. 1971, 123,
683-693. [CrossRef] [PubMed]

12. Brook, M.S.; Wilkinson, D.J.; Atherton, P.J.; Smith, K. Recent developments in deuterium oxide tracer approaches to measure
rates of substrate turnover: Implications for protein, lipid, and nucleic acid research. Curr. Opin. Clin. Nutr. Metab. Care 2017, 20,
375-381. [CrossRef] [PubMed]

13. Allister, C.A.; Liu, L.-f.; Lamendola, C.A.; Craig, C.M.; Cushman, S.W.; Hellerstein, M.K.; McLaughlin, T.L. In vivo 2H20
administration reveals impaired triglyceride storage in adipose tissue of insulin-resistant humans1. J. Lipid Res. 2015, 56, 435-439.
[CrossRef]

14. Lee, W.; Bassilian, S.; Ajie, H.; Schoeller, D.A.; Edmond, J.; Bergner, E.A.; Byerley, L.O. In vivo measurement of fatty acids and
cholesterol synthesis using D20 and mass isotopomer analysis. Am. J. Physiol. Endocrinol. Metab. 1994, 266, E699-E708. [CrossRef]

15. Fu, X;; Deja, S.; Fletcher, J.A.; Anderson, N.N.; Mizerska, M.; Vale, G.; Browning, ].D.; Horton, J.D.; McDonald, ].G.; Mitsche,
M.A; et al. Measurement of lipogenic flux by deuterium resolved mass spectrometry. Nat. Commun. 2021, 12, 3756. [CrossRef]

16. Leitch, C.A.; Jones, PJ. Measurement of triglyceride synthesis in humans using deuterium oxide and isotope ratio mass
spectrometry. Biol. Mass Spectrom. 1991, 20, 392-396. [CrossRef] [PubMed]

17.  Scrimgeour, C.; Begley, I.; Thomason, M. Measurement of deuterium incorporation into fatty acids by gas chromatography /isotope
ratio mass spectrometry. Rapid Commun. Mass Spectrom. 1999, 13, 271-274. [CrossRef]

18.  Rumiantseva, L.; Osipenko, S.; Zharikov, A ; Kireev, A.; Nikolaev, E.N.; Kostyukevich, Y. Analysis of 160/180 and H/D Exchange
Reactions between Carbohydrates and Heavy Water Using High-Resolution Mass Spectrometry. Int. J. Mol. Sci. 2022, 23, 3585.
[CrossRef]

19. Rumiantseva, L.; Osipenko, S.; Podolskiy, LL; Burmykin, D.A.; Kovaleva, O.; Nikolaev, E.N.; Kostyukevich, Y. Increasing the
reliability of compound identification in biological samples using 1°0/180-exchange mass spectrometry. Anal. Bioanal. Chem.
2022, 414, 2537-2543. [CrossRef]

20. Osipenko, S.; Zherebker, A.; Rumiantseva, L.; Kovaleva, O.; Nikolaev, E.N.; Kostyukevich, Y. Oxygen Isotope Exchange Reaction
for Untargeted LC-MS Analysis. J. Am. Soc. Mass. Spectrom. 2022, 33, 390-398. [CrossRef] [PubMed]

21. Osipenko, S.; Nikolaev, E.; Kostyukevich, Y. Amine additives for improved in-ESI H/D exchange. Analyst 2022, 147, 3180-3185.
[CrossRef] [PubMed]

22.  Kostyukevich, Y.; Sosnin, S.; Osipenko, S.; Kovaleva, O.; Rumiantseva, L.; Kireev, A.; Zherebker, A.; Fedorov, M.; Nikolaev, E.N.
PyFragMS- A Web Tool for the Investigation of the Collision-Induced Fragmentation Pathways. ACS Omega 2022, 7, 9710-9719.
[CrossRef] [PubMed]

23. Tupertsev, B.; Osipenko, S.; Kireev, A.; Nikolaev, E.; Kostyukevich, Y. Simple In Vitro 180 Labeling for Improved Mass
Spectrometry-Based Drug Metabolites Identification: Deep Drug Metabolism Study. Int. . Mol. Sci. 2023, 24, 4569. [CrossRef]
[PubMed]

24. Kostyukevich, Y.; Osipenko, S.; Rindin, K.; Zherebker, A.; Kovaleva, O.; Rumiantseva, L.; Borisova, L.; Borisova, N.; Vlaskin,
M.S.; Nikolaev, E. Analysis of the Bio-oil Produced by the Hydrothermal Liquefaction of Biomass Using High-Resolution Mass
Spectrometry and Isotope Exchange. Energy Fuels 2021, 35, 12208-12215. [CrossRef]

25. Kostyukevich, Y.; Zherebker, A.; Orlov, A.; Kovaleva, O.; Burykina, T.; Isotov, B.; Nikolaev, E.N. Hydrogen/Deuterium and

1608 0-Exchange Mass Spectrometry Boosting the Reliability of Compound Identification; USDA: Washington, DC, USA, 2020.
8 p Y g Y P g


https://doi.org/10.1111/joim.12071
https://doi.org/10.1016/j.biochi.2013.07.017
https://doi.org/10.1194/jlr.M052308
https://doi.org/10.1023/A:1021635826032
https://doi.org/10.1126/science.87.2254.221
https://doi.org/10.1113/jphysiol.1938.sp003646
https://doi.org/10.1126/science.82.2120.156
https://doi.org/10.1016/S0021-9258(18)74369-X
https://doi.org/10.1016/0005-2760(68)90154-9
https://doi.org/10.1016/0006-8993(74)90356-4
https://doi.org/10.1042/bj1230683
https://www.ncbi.nlm.nih.gov/pubmed/5124379
https://doi.org/10.1097/MCO.0000000000000392
https://www.ncbi.nlm.nih.gov/pubmed/28650854
https://doi.org/10.1194/jlr.M052860
https://doi.org/10.1152/ajpendo.1994.266.5.E699
https://doi.org/10.1038/s41467-021-23958-4
https://doi.org/10.1002/bms.1200200611
https://www.ncbi.nlm.nih.gov/pubmed/1653617
https://doi.org/10.1002/(SICI)1097-0231(19990228)13:4&lt;271::AID-RCM468&gt;3.0.CO;2-6
https://doi.org/10.3390/ijms23073585
https://doi.org/10.1007/s00216-022-03924-9
https://doi.org/10.1021/jasms.1c00383
https://www.ncbi.nlm.nih.gov/pubmed/35077167
https://doi.org/10.1039/D2AN00081D
https://www.ncbi.nlm.nih.gov/pubmed/35713507
https://doi.org/10.1021/acsomega.1c07272
https://www.ncbi.nlm.nih.gov/pubmed/35350354
https://doi.org/10.3390/ijms24054569
https://www.ncbi.nlm.nih.gov/pubmed/36902002
https://doi.org/10.1021/acs.energyfuels.1c01649

Int. . Mol. Sci. 2023, 24, 11725 13 0f 13

26.

27.

28.

29.

30.

31.
32.

33.

Kostyukevich, Y.; Zherebker, A.; Vlaskin, M.S.; Roznyatovsky, V.A.; Grishin, Y.K.; Nikolaev, E. Speciation of structural fragments
in crude oil by means of isotope exchange in near-critical water and Fourier transform mass spectrometry. Anal. Bioanal. Chem.
2019, 411, 3331-3339. [CrossRef]

Kostyukevich, Y.; Vlaskin, M.; Zherebker, A.; Grigorenko, A.; Borisova, L.; Nikolaev, E. High-resolution mass spectrometry study
of the bio-oil samples produced by thermal liquefaction of microalgae in different solvents. J. Am. Soc. Mass. Spectrom. 2019, 30,
605-614. [CrossRef]

Kostyukevich, Y.; Vladimirov, G.; Stekolschikova, E.; Ivanov, D.G.; Yablokov, A.; Zherebker, A.Y.; Sosnin, S.; Orlov, A.; Fedorov,
M.; Khaitovich, P.; et al. Hydrogen/Deuterium Exchange Aiding Compound Identification for LC-MS and MALDI Imaging
Lipidomics. Anal. Chem. 2019, 91, 13465-13474. [CrossRef]

Kostyukevich, Y.; Zherebker, A.; Vlaskin, M.S.; Borisova, L.; Nikolaev, E. Microprobe for the thermal analysis of crude oil coupled
to photoionization Fourier transform mass spectrometry. Anal. Chem. 2018, 90, 8756-8763. [CrossRef]

Kostyukevich, Y.; Ovchinnikov, G.; Kononikhin, A.; Popov, I.; Oseledets, I.; Nikolaev, E. Thermal dissociation and H/D exchange
of streptavidin tetramers at atmospheric pressure. Int. . Mass Spectrom. 2018, 427, 100-106. [CrossRef]

Kostyukevich, Y.; Nikolaev, E. Ion source multiplexing on a single mass spectrometer. Anal. Chem. 2018, 90, 3576-3583. [CrossRef]
Kostyukevich, Y.; Kononikhin, A.; Popov, I.; Nikolaev, E. Analytical description of the H/D exchange kinetic of macromolecule.
Anal. Chem. 2018, 90, 5116-5121. [CrossRef] [PubMed]

Kostyukevich, Y.; Acter, T.; Zherebker, A.; Ahmed, A.; Kim, S.; Nikolaev, E. Hydrogen/deuterium exchange in mass spectrometry.
Mass Spectrom. Rev. 2018, 37, 811-853. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s00216-019-01802-5
https://doi.org/10.1007/s13361-018-02128-9
https://doi.org/10.1021/acs.analchem.9b02461
https://doi.org/10.1021/acs.analchem.8b02043
https://doi.org/10.1016/j.ijms.2017.11.002
https://doi.org/10.1021/acs.analchem.8b00027
https://doi.org/10.1021/acs.analchem.7b05151
https://www.ncbi.nlm.nih.gov/pubmed/29558115
https://doi.org/10.1002/mas.21565
https://www.ncbi.nlm.nih.gov/pubmed/29603316

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Conclusions 
	References

