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Abstract

Lipids have central roles in cell structure and energy generation, there is high interest in
analysis of the different types of lipids in the cell the study of all this matter is referred to
as lipidomics, which is often regarded as a branch of metabolomics. Through a
guantitative and qualitative analysis of lipids they can tell part of the history behind a
disease or healthy organism. In the current work 1D *3C Nuclear Magnetic Spectroscopy
gives a detailed insight of the triglycerides fatty acid composition and positions, using the
natural abundance of the 3C isotope. We applied this approach to resolve the
contributions of different fatty acids to triglycerides recovered from mouse visceral
adipose tissues. Also, as a first step towards combining lipidomic analyses with
measurements of fatty acid **C-enrichment from 3C-enriched precursor substrates, we
also identified and measured *C-3C-spin-spin coupling constants from glyceryl trioleate.
13C-13C-spin-spin coupled signals from oleate were successfully identified in triglyceride

fatty acids obtained from a mouse that had been fed with [U-3C]glucose.

Keywords: Lipidomics, Nuclear Magnetic Resonance (NMR), Triglycerides, Fatty acids,

Positional fatty acids composition *

1 Abbreviations: NMR, nuclear magnetic resonance; NAFLD, non-alcoholic fatty liver disease;
GC-MS, gas chromatography-mass spectroscopy; AT, adipose tissue; FFA, free fatty acids; FID,
free induction decay; NOE, nuclear Overhauser effect; FAME, fatty acid methyl ester; TLC, thin
layer chromatography.
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1 Lipids as biomolecules

Lipid, etymologically derived from the Greek word lipos which means “fat “, refers to a
family of biomolecules that that can be roughly defined as being soluble in non-polar
solvents, and which are hydrophobic or amphiphilic. Due to their characteristics these
biomolecules have a vital role in numerous pathways including energy storage, structural

support acting as part of the cell membranes, protection, and even signaling.

In terms of abundance, lipids constitute nearly 50% of the mass from the majority of
animal cell membranes (4 Alberts, B. et al. (2007) Molecular Biology of the Cell. Garland

Science).

A number of diseases are closely related with fat metabolism such as NAFLD (non-
alcoholic fatty liver disease) and Type 2 diabetes. NAFLD is defined as an accumulation
of fat in the hepatocytes in the absence of significant alcohol intake and it represents a
major economic burden in European countries. The prevalence of this disease in Europe
it's 2-44% for general population and 42.6-69.5% in people with type 2 diabetes,
depending on the country (Blachier, Leleu, Peck-radosavljevic, Valla, & Roudot-thoraval,
2013).

Due to its central roles in cell structure and energy generation, there is high interest in
analysis of the different types of lipids in the cell the study of all this matter is referred to
as lipidomics, which is often regarded as a branch of metabolomics. Although many
analytical methodologies such as GC-MS and *C NMR were developed in 70°s and 80’s
to identify and quantify different lipid species, their systematic application to study lipid

metabolism in healthy and disease states has only begun in the last decade or so.
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2 Lipids as a class

As for many other components of biological tissues, lipids are mainly composed of atoms
of carbon, hydrogen and oxygen. The key aspect of this class of molecules is their
solubility in organic solvents. This feature, in addition to the presence of long

hydrocarbon, chains allows us to define lipids (see Figure 1).

Fatty Acyls(FA) /VW\/\/U\

Glycerolipids (GL) /W\/E/\/WY 1

Glycerophospholipids (GP)

N
Sphingolipids (SP) NVWO

Sterol Lipids (ST) /\/\/\/\/\)\

Prenol Lipids (PR) N N N
Figure 1: Lipids classes (Fahy, Cotter, Sud, & Subramaniam, 2011)

2.1 Lipids classification and nomenclature

The major building blocks of biological lipids are ketoacyl and isoprene groups therefore
all lipids result from a condensation of ketoacyl and/or isoprene groups (Fig. 2). Having
this in mind LIPID MAPS consortium, founded in 2003, have suggested a lipid
nomenclature for lipids which separates this type of biomolecules in eight major groups:
fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, saccharolipids,
polyketides, sterol lipids and prenol lipids (Fahy, Cotter, Sud, & Subramaniam, 2011).
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Figure 2: Lipid Biosynthesis (Fahy et al., 2011)

2.2 Fatty acyls

This major group includes fatty acids, alcohols, aldehydes, amines and esters too. These
molecules are formed by the elongation of a preexisting acetyl-CoA primer to which is
added a molecule of malonyl-CoA (Fig. 2). However, considering the purpose of this

work we will only focus on fatty acids.

2.2.1 Fatty acids

Fatty acids are hydrocarbon derivatives, with a carboxyl group on one end.. Depending
on the absence or presence of double bonds, fatty acids can be grouped in two types:
saturated and unsaturated, respectively. Fatty acids have a key role in many of cell
processes as they are energy sources resultant of their oxidation and membrane
constituents. They are responsible by the regulation of some important aspects on cells
and tissue as membrane structure and function, intracellular signaling pathways,
transcription factor activity and gene expression and they are also precursors for the
synthesis of bioactive lipid mediators (Calder, 2015). In fact, as constituents of
membranes they are also precursors of signaling molecules as endocannabinoids,

ceramides, lyso-pospholipids and diacylglycerals.
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As part of their signaling functions, fatty acids interact with gene expression by regulating
the expression or activity of transcription factors. These interactions are important in the
regulation of many metabolic pathways including fat oxidation and de novo lipogenesis.
Through these and other mechanisms, fatty acids play an important role in metabolic
control and changes in fatty acid metabolism are associated with disease risk(Calder,
2015).

2.2.1.1 Structure and Nomenclature

Fatty acids can be identified by their LIPID ID, by their numerical identifier and finally by
their familiar name. The nomenclature for the LIPID ID works as mentioned above for

the general case of lipids.

On the other hand, in the numerical identifier the number on the left says respect to the
number of carbons presents in the fatty acid and the number right after the colon gives
us the information about how many double bonds are in the fatty acid. Finally, the
numbers after the delta sign indicates the location of the double bond, taking in account
that the carboxyl carbon it's the number 1 carbon, so the counting should start by the

carboxyl end.

i LIPID MAPSg, Lipidomics Gateway

Structure database (LMSD)

Download file | | MDLMOL * | MDLMOL files can be opened in various drawing programs. In ChemDraw, open as filetype "MDL Molfile".

/V\RMQH

LMID LMFAQ1030120
Common Name Linoleic acid (W& )
Systematic Name 9Z127-octadecadienoic acid
cis-9, cis-12-octadecadiencic acid; cis,cis-Linoleic acid; cis,cis-9,12-
Synonyms octadecadienoic acid; Linoleate; 97,127-Linoleic acid; Telfairic acid; C18:2n-
6.9; Linolic acid; Leinolic acid
Exact Mass 280.2402 (neutral) Calculate m/z: | (Select m/z) ~

Formula C1gH3203

Figure 3: Print Screen relating the nomenclature and structure of Lineolate in the LIPID MAPS database

For example, the fatty acid in Fig. 2 says respect to the lineolate (familiar name) which
have the following LIPID ID: LMFA01030120.

18:A9,12 is the numerical identifier, and as we can confirm from the figure above it's a

18 carbon fatty acid with a double bond in the carbon 9 and 12 (counting from carboxyl

group).



13C NMR analysis of triglyceride fatty acid enrichment from 3C-enriched lipogenic
substrates

According to the absence or presence of double bonds, fatty acids can be classified as
being saturated on unsaturated, respectively. For the specific case of unsaturated fatty
acids with only one double bond they are named monounsaturated and the ones with

two or more instaurations are named polyunsaturated.

/ﬁ\/\/\ s
=

HO HO

Saturated Fatty Acid (C5:20)

trans
HO e cis Unsaturated Fatty Acid (L9:In5c)

trans Unsaturated Fatty Acid (C5:1n31t)
An Omega 3 Fatty Acid

Figure 4: Structure of saturated, unsaturated, cis and trans fatty acids

In the case of unsaturated fatty acids, another classification system is used, based on
the distance between the methyl carbon and the nearest carbon from a double bond,
known as omega classification. For instance, for omega-3 fatty acids such as those found
in fish, this means that the nearest double bond from the terminal methyl end is 3 carbons
away. Essential fatty acids, which cannot be by humans or mammals and must therefore

be obtained from the diet include omega-3 and omega-6 species.

Besides this classification we can also consider the another classification taking in
account the stereochemistry of the hydrogens atoms according to the double bonds.
(Laposata, 1995) We can classify them into cis or trans (Fig. 4) according to the form
they are arranged. The cis conformation makes a bend in the fatty acid chain but trans
conformation doesn’t. Now it’s clearly that this have consequences in the biological role
of each type of fatty acid causing the trans to assume same three-dimensional structure
from a chain of a saturated fatty acid, in fact this could be the cause of some diseases

due to its atherogenic properties.
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2.2.1.2 Hepatic fatty acid Metabolism

The liver is a crossroads for whole body lipid metabolism (Figure 5). It receives free-
fatty acids (FFA) from diet and from adipose tissue (AT) lipolysis, of which mesenteric
adipose tissue (MAT) may play a key role since it drains directly into the portal vein. The
liver can also synthesize FA from acetyl-CoA via de novo lipogenesis (DNL). These
inflows are normally balanced by mitochondrial FFA oxidation and/or FFA esterification
and export via VLDL particles. In NAFLD, there is an excess of inflow via lipogenesis or
FFA import which exceeds the capacity for FA oxidation and/or export.

adipose tissue

- " -

oS s
via thoracic duct spillover

(AR

blood vessel

intestine

Figure 5: Hepatic fatty acid metabolism. 1-Export for the blood; 2-Import; 3-DNL; 4-
Oxidation; 5-Export TAG, triacylglycerol; FFA, free fatty acids; DNL, de novo lipogenesis;
VLDL, very low-density lipoprotein; LPL, lipoprotein lipase.
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2.2.1.2.1 Fatty acid uptake

Recent findings suggests that free fatty acids freely diffuse into cells, across the plasma
membrane and could be enhanced by CD36 multifunctional protein.(Xu, Jay, Brunaldi,
Huang, & Hamilton, 2013) Although they mainly exist, in bloodstream complexed with
albumin or in triglycerides which are themselves in the core of lipoproteins, fatty acids
are available for cell uptake as free fatty acids due to the action of lipoprotein lipase
present in the walls of blood vessels which hydrolysis the lipoprotein-associated
triglycerides.(Chen & Farese, 2002) Once inside the cells the free fatty acids will be

stored in the form of triglycerides.

2.2.1.2.2 Fatty acid Synthesis
Fatty acids production it’s low in most of the cells due to the incorporation of them from
the plasma, obtained from food ingestion. The biosynthetic process responsible by the

production of fatty acids it’s called de novo synthesis.

De novo fatty acids synthesis produces long chain fatty acids by the successive addition
Acetyl-CoA molecules resultant from glycolysis or fructose. In the first step of this
reaction the Acetyl-CoA it’s carboxylated into a fragment of 3 carbons named malonyl-
CoA. This step results from the direct action of acetyl-CoA carboxylase. Next, the
malonyl-CoA undergoes a descarboxylative condensation with the preexisting acyl chain

resulting in the increase of the acyl chain length (Sanders & Griffin, 2016).

2.2.1.2.3 Fatty acids desaturation and elongation
Once the fatty acids are synthetized or even from fatty acids obtained from the nutrition,
there are some alterations that they can undergo as the insertion of double bonds or

even the increase of acyl chain length.

10
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The process by which it’s inserted a new double bond in the fatty acid chains it’s named
desaturation and it results from the activity of several microsomal enzymes, which in fact
are called desaturases. These enzymes make use of molecular oxygen and NADH to
insert a desaturation at a specific position according to the type of desaturase. For
example, delta-9 desaturase it's capable of insert a double bond in the middle of the
ninth and tenth carbons. This kind of enzymes allow the cells to produce unsaturated
fatty acids from saturated ones. Besides their activity, they are unable to change the
omega type of a certain fatty acids due to their incapacity to insert a new double bond

next to the last double bond and the methyl group.

o-0-0-0-00

Fructose Glucose O-O-O-OHO-O-O-O-O-0-0-0-0HO-0-0
\ j *-e-e ES 0-0-0-0-0-0-0-0-0-0-0-00-0-0-0-0

\ Glycerol-3-P 0000000

Triose-P Oleate (18:1) 0-0-0-0-0-0-0-0-0O0-0-0-0C-0-0-00
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Figure 6: Fatty acid synthesis and elongation from [U-13C]glucose. 3C-atoms are represented by filled red
circles and 2C-atoms by unfilled circles.

2.3 Glycerolipids

Glycerolipids is another class of lipids that will be one of the major focus of this work,
specially the triacylglycerols (or triglycerides, which will be the term that will be used in
the present work to refer to this molecules). This class includes the mono-, di and tri-

substituted glycerol molecules of fatty acids. (Figure 6)

11
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Figure 7: Mono-, di-, triacylglycerol structures

This lipids class it's in charge of energy storage in animals and plants, being present in

fats or oils coming from those organisms.

According to its synthesis and the enzymes involved in that process they have an
asymmetry center in the center carbon (carbon-2) of the glycerol molecule, conducing to
the existence of different enantiomeric forms. This way a numbering system it's used to
name these molecules, so when the stereochemistry of a glycerolipid it's known, a sn
prefix it's used before the lipid name. The same procedure it's used for the
monoacylglycerols and diacylglycerols, which normally result from the metabolism of

triacylglycerols (anabolism or catabolism).

Triacylglycerols are the major contribute in terms of lipids obtained directly from diet, they
can come from a variety of fats used in the human diet, from the olive oil to the fat present
in the adipose tissue from fish or bovine meat. However, all these kinds of fat have in
common their fatty acid profile complexity, which is related to with the numerous

variations in the chain length, saturation and stereochemistry.

Nowadays there are some evidences that the fatty acid distribution among the positions
1,2 and 3 from the triglycerides it's not random. Besides that, there is an increased
interest in the positional fatty acid composition of triglycerides due to the different fates
of each fatty acid chain according to its position in the glycerol backbone.(Brockerhoff,
Hoyle, & Wolmark, 1966; Gouk, Cheng, Ong, & Chuah, 2012) So, the focus of this work
will be the analysis of the distribution from different species of fatty acids in the
triglycerides.

12
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2.3.1 Triacylglycerol Metabolism

2.3.1.1 Digestion of dietary triglycerides

The digestion of triglycerides begins with the action of lipases present in the mouth and
in the stomach, this particular lipase is specific for fatty acids chain with a length from 6

to 12 carbons.

However, the bigger event in the triglycerides digestion occurs when they reach the
intestine. By the action of pancreatic lipase which hydrolyzes the fatty acids esterified in
the sn-1, 3 positions originating 2 free fatty acids and 2-monoacylgycerol. As we can see

this is particular important because it results in two different fates.

The free fatty acids and the 2-monoacylglycerol are ready to permeate throw the
intestinal villi. As soon as these lipids pass across the membrane of intestinal epithelial
cells, the 2-monoacylglycerol its esterified with 2 free fatty acids by the action of mono-

and diacylglycerol acyltransferases.

So, during all this process the fatty acid in the sn-2 position it's conserved, which just by
itself it's an curious aspect, but along with that it is known that dietary fats with high

saturation in the sn-2 position are more atherogenic (Berry, 2009).

i
R~C—OH
9
o CH,—0—C=R, PL
il | or
Rz_c —0=—CH b1 (3
|
CHz_O—C-‘R3 %
1]
TAG] 8
f
R~C—OH

Figure 8: Triglycerides metabolism and uptake. Abbreviations: PL: Hepatic lipase; LPL: Lipoprotein lipase;
HP: Hepatic lipase; MAG: Monoacylglycerol; DAG: Diacylglycerol; TAG: Triacylglycerol. (Karantonis,
Nomikos, & Demopoulos, 2009)

2.3.1.2 Triglycerides synthesis

Such as fatty acids synthesis, the triglycerides synthesis takes place in the liver, which
in term it’s the disruption point between the anabolism and catabolism of fatty acids,

which it’s determined by the metabolic needs of the body. Besides that, even if the body

13
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needs fatty acids, they can undergo a pathway that will lead to the synthesis of

phospholipids or eventually our object or study of this work, triglycerides.

The synthesis of triglycerides undergoes the same steps as fatty acids synthesis, but
once they are completed they will be esterified with a glycerol-3-phosphate backbone,
which have been obtained from dihydroxyacetone phosphate, an intermediate from
glycolysis which suffered the action of glycerol-3-phosphate dehydrogenase; or from
free glycerol which have been converted to glycerol-3-phosphate by glycerol kinase; and
finally from pyruvate which undergoes different metabolic process which lead to the
formation of dihydroxyacetone that will suffer the action of glycerol-3-phosphate

dehydrogenase.

After we obtain the glycerol backbone it will be esterified with a fatty acyl-CoA at the
carbon 1 of glycerol to form lysophosphatidic acid. In fact, this reaction it’s catalyzed by
the action of acyl-CoA:sn-glycerol-3-phosphate 1-O-acyltransferase, this enzyme could
be found in mitochondrial and endoplasmic reticulum isoform. Specifically, the
mitochondrial isoform it’s highly specific for saturated fatty acyl-CoA which explains the
high prevalence of this type of fatty acyls in the sn-1 position of triglycerides, one more
evidence that the positional fatty acid composition could play a significant role in the
lipids metabolism. Besides that, the esterification of sn-2 position it’'s catalyzed by acyl-
CoA:1-acylglycerol-3-phosphate acyltransferase and finally the last one it's catalyzed by

diacylglycerol acyltransferase arising the complete triglyceride (Karantonis et al., 2009).

(I:H 20OH C]:H 2O0CR (I:H 200CR
CHOH GPAT » CHOH AGPAT » CHOOCR'
I FA-CoA | FA-CoA I
CH>0PO-H CH-0OPO-H CH20PO-zH
glycerol-3-phosphate lysophosphatidic acid phosphatidic acid
lPAP
where GPAT = glycerol-3-phosphate acyltransferase CH200CR
AGPAT = acylglycerophosphate acyltransferase (I3H OOCR
PAP = phosphatidic acid phosphohydrolase CH,OH
DGAT = diacylglycerol acyltransferase diacylglycerol
FA-COA = fatty acid coenzyme A ester
FA-CoA |DGAT
CH,00CR
Biosynthesis of triacylglycerols '
by the Kennedy pathway (HOOCR
CHz;OOCR"
triacylglycerol

Figure 9: Main pathway of triglycerides synthesis from fatty acyl-CoA and glycerol-3-phosphate in the liver.
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3 NMR analysis of lipids

3.1 Overview of NMR in molecular structure analysis

Nuclei of atoms that have either an odd mass or atomic number have a property known
as nuclear spin, among them *H, 3C, 3P and ®N. NMR spectroscopy exploits the
interaction between a particular nucleus and its surrounding chemical environment.
Nuclear spins have quantum numbers (l) consisting of half-integers and these have 21
+1 possible orientations in a magnetic field. Thus, a nucleus with | = % will have 2
possible orientations: aligned with the magnetic field or aligned opposite to the field.
Nuclei with higher | values (for example 5/2 for ’O) will have more possible orientations,
which among other things leads to more complex spectra and less resolved signals. For
structure determination of organic molecules, nuclei with | = % - which include *H, *C
and N - are more useful. The interactions of such nuclei with an applied magnetic field
involves changes in spin states whose energy differences correspond to the
radiofrequency (RF) range of the electromagnetic spectrum.

Excitation of these spin states by RF input followed by the detection of emitted RF after
their relaxation to the ground state is the basis of NMR spectroscopy. Nuclear spin
interactions with their immediate chemical environment include shielding by the electrons
surrounding each nucleus as well as spin-spin coupling with neighboring nuclear spins.
The shielding effect result in a segregation of the resonances according to the chemical
environments that surrounding the nuclei in the molecule of study, while spin-spin
coupling results in a well-defined signal splitting for the nuclei involved. These, as well
as many other interactions, combined provide in-depth information on molecular
structures. Based on this, NMR can be used to empirically identify a molecule through a
unique fingerprint spectrum. In addition, the NMR signals can provide precise information

about the structure and conformation of a molecule (Keeler, 2002).

Because the change in energy states of the nuclear spin is relatively low, in accordance
with the Maxwell-Boltzmann distribution predictions, there exists a very small excess of
nuclear spins in the ground versus excited state. For this reason, NMR spectroscopy is
inherently far less sensitive compared to other spectroscopic methods that involve much
greater changes in energy state (for example UV-VIS and fluorescence spectroscopy).
Many advances in NMR analysis have relied on increasing the energy difference
between the ground and excited states of nuclear spins, principally by designing ever
more powerful magnets that expose the nuclei to higher magnetic fields. For any

nucleus, the sensitivity of an NMR spectrometer is proportional to (magnetic field)32.

15
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Among other things, this means that an instrument with a field strength of 800 MHz has
more than twice the sensitivity of a 400 MHz instrument. In addition, the signal dispersion
is directly related to field strength, meaning that the absolute difference in frequency
between two signals (in Hz) at 800 MHz is twice that at 400 MHz. This means that for a
given sample, the NMR signals are twice as resolved at 800 MHz compared to 400 MHz
allowing better characterization and quantification of crowded spectral regions. New
developments in NMR probes have provided additional improvements in sensitivity. For
example, cryogenic probes provide up to a fourfold improvement in sensitivity by
reducing the background electronic noise (Tokunaga & Okamoto, 2010). NMR sensitivity
also depends on the nucleus being observed, which is related to its gyromagnetic ratio,
y, with a higher value of y corresponding to higher sensitivity. y is directly related with
the resonance frequency, wg, of a nucleus under the action of a magnetic field with a
strength of By, by the following equation: we=yBo (MARTIN & CROUCH, 1991). Thus, a
nucleus with higher y resonates at a higher resonance frequency for a given magnetic

field strength compared to a nucleus with a lower y value.

Another feature that makes NMR an extremely versatile technique is the proportionality
of the number of spins from a particular resonance with its signal intensity. Thus, the
NMR signal intensity of a nucleus can be related to its absolute concentration. For
sample analysis, an internal standard of known concentration can be added to obtain
concentrations of the analyte provided that its signal does not overlap with those of the
analyte. In the absence of an internal standard, the relative concentrations of different
molecules can be estimated from their respective signal ratios. In the specific case of
lipidomics, the NMR technique can be used to discriminate the alterations in the lipids

structure and in their biological dynamics.

H NMR spectroscopy of lipids

Almost all organic molecules contain protons (*H), and this nucleus has the highest y
value for a stable isotope. Thus, 'H NMR has the highest sensitivity and application for
organic molecule analysis. Its main limitation is the relatively low dispersion of H signals
from nuclei that have a close chemical equivalence. For lipids, this includes the protons
attached to the carbon chain of fatty acids. Thus, there are few if any fully resolved
signals from individual fatty acid protons, but instead there are clusters of resonances
representing protons attached to saturated and unsaturated carbons of the fatty acid
chain. Therefore, while H signals from individual fatty acid species cannot be assigned,

IH NMR can provide average information on triglyceride fatty acyl residues according to
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their level of unsaturation and chain length. Miyake, Yokomizo, & Matsuzaki, 1998
successfully determined the unsaturated fatty acid composition in rapeseed and soybean
oil by *H NMR. They were able to quantify the percentage of linoleic acid, linolenic acid

and oleic acid by measuring the relative intensities of each fatty acyl resonance.

Barison et al., 2010 developed a new methodology which takes in account some intrinsic
aspects of each fatty acyl residue which let them directly quantify each one of them from

the spectra.

13C NMR spectroscopy of lipids

When discussing *C NMR spectroscopy, it is assumed that the spectra are acquired
with broadband H-decoupling which eliminates 3C signal splitting from heteronuclear
13C-H coupling interactions. Compared to *H, the *C nucleus has a lower y (about %
that of H) and its abundance in nature is only 1.1% (i.e. about 1 in every 100 carbons).
Thus, the sensitivity for **C observation of molecules not enriched above natural
abundance is far below that of *H. However, this disadvantage is more than offset by

the following features:

a) Its low natural abundance simplifies *C spectra due to the virtual absence of *C-
13C spin-spin coupling interactions. In probabilistic terms, the chances of having two *C
carbons next to each other is 0.0112 for the first and last carbons and 2 x 0.0112 for the
intervening chain carbons. Thus, a *C signal for a given position is composed of a

singlet.

b) the much larger chemical shift range of **C (~200 ppm compared to ~10 ppm for
'H) thereby providing increased dispersion of *C signals. This is sufficient to resolve

carbons of specific fatty acids in selected cases.

The lower sensitivity of 3C is overcome by signal averaging, which is the summing of
successive free-induction decays (FIDs), resulting in an increase in the coherent signals
representing the resonances relative to random noise. For dilute samples, hundreds or
even thousands of FIDs need to be collected and summed hence the total collection time
for 3C NMR spectra can extend to many hours, compared to a few minutes for *H NMR

spectra.

Quantitative analysis of 1*C NMR spectra needs to account for two key factors associated
with the acquisition of *3C signals. First is the longitudinal relaxation time (T1), which is

the decay constant for the NMR signal. For rigorous quantitative analysis the NMR signal
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needs to fully decay before acquisition of the next FID. Since the T; values of some
carbons may be in the tens of seconds, the total time required to collect a large number
of FIDs with sufficient delay between each FID for complete signal decay (> 5 x T1) may
be prohibitive (Evilia, 2001). The second factor is the nuclear Overhauser effect (NOE)
that accompanies *H decoupling. This results in a significant amplification (up to 3-fold)
of 3C signals from carbons that are covalently bound to protons, for example the fatty
acid methylene carbons, while signals from **C that are not bound to protons such as
the fatty acid carboxyl carbons, are unaffected. Due to constraints on the availability of
spectrometer time, *C NMR spectra are typically acquired with NOE and with insufficient

inter-pulse interval for complete signal decay.

This results in a significant amplification (up to 3-fold) of 3C signals from carbons that
are covalently bound to protons, for example the fatty acid methylene carbons, while
signals from *3C that are not bound to protons such as the fatty acid carboxyl carbons,
are unaffected. Due to constraints on the availability of spectrometer time, 3C NMR
spectra are typically acquired with NOE and with insufficient inter-pulse interval for
complete signal decay. Another potentially confounding effect with *C NMR analysis of
fatty acids is the sensitivity of the chemical shift value of some fatty acid carbons to their
fractional abundance (Mannina et al., 2000). In other words, the chemical shift value of
the carboxyl carbon for a specific fatty acid such as oleate is different for a triglyceride
consisting of 100% oleate compared to one where oleate comprises 10% of triglyceride
fatty acids (Mannina et al, 2000). The effect of fatty acid abundance on the chemical
shift of a particular carbon can be much greater in comparison to structural differences
(i.e. additional carbons). This means that correct assignment of a 13C NMR triglyceride

signal to a particular fatty acid must take its relative abundance into account.

13C NMR analysis of triglyceride fatty acid composition of natural oils and fats, including
olive oil, coconut oil, mango fat, rice bean oil and palm oil, have been previously
performed (Gouk et al., 2012), (Vlahov, 1999). In these reports, the authors identified
four major clusters of fatty acid resonances corresponding to the main chemical
environments in the triglyceride. Importantly, they established that certain 1C fatty acid
signals inform its location in position 2 or in positions 1 and 3 of glycerol. Gouk et al.,
2012 were able to successfully determine the positional fatty acyl composition of several
natural oils and fats, but they aren’t able to resolve all of the individual fatty acid

constituents.

In this study, we applied **C NMR to study the abundance and distribution of fatty acids

in hepatic triglyceride of the mouse with the aim of providing more detailed lipidomic
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information on triglyceride structure. Given the potential uncertainties in assigning
chemical shifts of individual fatty acids, we analyzed their *3C chemical shift behavior in
triglyceride standards with a range of fatty acid fractional concentrations, including those
mimicking the fatty acid profile of human adipose tissue triglyceride (Garaulet, Pérez-
llamas, Pérez-ayala, Martinez, & Medina, 2001). In addition, we also measured *C-*C-
coupling constants of selected fatty acid signals as a prelude to predicting the positions
of 3C-13C-coupled signals from the incorporation of [U-**C]substrates into hepatic fatty

acids via de novo lipogenesis.
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4 Materials and Methods

4.1 Reagents and Materials

All the synthetic fatty acids methyl esters (FAME) were obtained from Sigma-Aldrich
Company which were respectively methyl palmitate [ CHsz(CH2)14CO2CHs; n-
Hexadecanoic acid methyl ester] ; methyl oleate [CH3(CH2);CH=CH(CH;);CO,CHjs;
Methyl cis-9-octadecenoate] and finally methyl linoleate
[CH3(CH2)3(CH2.CH=CH)(CH);CO.CHs; Methyl cis,cis-9,12-octadecadienoate], all of
them were have a purity 299% according to the manufacturer. They were used without

further purification.

Along with the FAMEs the homotriglycerides standards of glyceryl tripalmitate (T5888),
glyceryl tristearate (T5016), glyceryl tripalmitoleate (T2630) and glyceryl trinlinoleate
(T9517) were also obtained from Sigma-Aldrich. All of them were used without any
additional purification. Finally, glyceryl trioleate (368120010) was obtained from ACROS

Organics.

Isotope-labeled triglycerides were obtained from Cambridge Isotope Laboratories, Inc.
The labeled triglycerides used were tripalmitin, trispalmitoyl-D93 and glyceryl-D5, which
are respectively substituted in the fatty acyl chains and in the glycerol backbone

hydrogen atoms.

Table 1: Standard triglyceride mixture composition

Stock solutions Expected ratio (mol) Final ratio (mol%)
Palmitate 18,1 16,87
Palmitate-D93 11 1,13
Palmitate-glyceryl D5 2l 2,00

Stearate 4,3 4,31

Oleate 51,1 52,54
Palmitoleate 4,3 3,99

Linoleate 19,1 19,16
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4.2 Standard Preparation

In first approach 3 synthetic mixtures of FAMEs in equal parts were prepared. One
mixture containing methyl palmitate and methyl oleate, another mix containing methyl
linoleate and methyl oleate and finally the last one containing methyl palmitate and
methyl linoleate. All the solutions were prepared by mixing 100uL of each component

from a previous solution of 1mg/mL concentration.

Besides those 3 standards another one was made including glyceryl tripalmitate,
tristearate, trioleate, tripalmitoleate and trilinoleate. The proportions of these fatty acids
in the mixture was matched to that measured in human adipose tissue triglyceride and
they account for 94% of the total fatty acid content (Garaulet et al., 2001). For modelling
deuterium labeling studies (not the focus of this Thesis work) a small percentage of the
glyceryl tripalmitate was enriched with deuterium in the fatty acid chains (D93) as well
as the glyceryl moiety (D5). Thus, the mixture was composed of 10,94 mg of glyceryl
tripalmitate; 0,73 mg of glyceryl tripalmitate-D93; 1,30 mg of glyceryl tripalmitate-D5; 2,80
mg of glyceryl tristearate; 34,09 mg of glyceryl trioleate; 2,59 mg of glyceryl
tripalmitoleate and 12,43 mg of glyceryl trilinoleate. Table 1: Standard triglyceride mixture

composition .

4.3 Thin Layer Chromatography

To confirm the presence of triglycerides or methyl fatty acyl species, thin layer
chromatography was performed. The eluent used was a mixture of petroleum
ether/diethyl ether/acetic acid in a proportion of 7:1:0,1 respectively. The plate used were
obtained from Sigma-Aldrich company. When the eluent reached 2 cm from the top of

the plate the plate was allowed to dry and then was stained with iodine vapor.

4.4 Biological Samples

The biological sample were obtained from 12-week-old C57BL6 mice. The mice were
feed with standard chow. The animals were euthanized and the liver and the fat tissues
were rapidly extracted and rapidly frozen using liquid nitrogen then they were stored until

further being processed.

The following step was the triglycerides extraction through the usage of solid-phase
extraction columns obtained from Sigma-Aldrich Company (52657-U). First the column
was washed with 8 mL of hexane and 24 mL of hexane/methyl tert-butyl ether and then
the tissues were prepared by dissolving them in 800 uL of hexane/methyl tert-butyl ether

(96:4) and then load on the column. Then the column was eluted with 32 mL of
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hexane/methyl tert-butyl ether and 4 mL fractions were collected. To finish the fractions
were subjected to TLC analysis to confirm the presence of triglycerides. The fractions
with triglycerides will be mixed together and then evaporated to further analysis
(Hamilton & Comai, 1988).

4.5 NMR spectroscopy

All *H and **C NMR spectra were obtained using a Varian VNMRS 600 MHz NMR
(Agilent, Santa Clara, CA, USA) spectrometer equipped with a 3 mm broadband probe
with z-gradient. 2*C NMR spectra were obtained at a temperature of 25°C, using a sweep
width of 30 KHz, 70° pulse, 2.5 seconds acquisition time and 0.5 second pulse delay.
For each spectrum, 1,000-15,000 FID were obtained corresponding to ~1-15 hours of
collection time per spectrum. Fully relaxed *H NMR spectra of TAG samples were
obtained were acquired with a sweep width of 8 KHz, a 90° pulse and 8 s of recycling
time (3 s of acquisition time and 5 s pulse delay). A total of 16 FIDs were acquired for

each *H NMR spectrum.

Spectra were analyzed with ACD/NMR Processor Academic Edition software

(ACD/Labs, Advanced Chemistry Development, Inc.).
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5 Results and Discussion

5.1 NMR Assignments

5.1.1 BCNMR

In the past few years, several works have assigned the constituent carbon atoms from
triglycerides. Furthermore, four major clusters of resonances are described in literature
(Vlahov, 1999) (Figure 10):

e Methylenic region from 10 to 35 ppm which correspond to the resonances of
methyl and methylene carbons from the fatty acyl chains, (saturated and
unsaturated);

e Glycerol region from 60 to 72 ppm which correspond to the resonances from the
glycerol backone carbons;

e Olefinic region, from 124 to 134 ppm, which corresponds to the unsaturated
carbon resonances;

e Carbonyl region, from 172 to 174 ppm, which corresponds to the carbonyl

carbons from the fatty acyl chains.

In the present work the main focus will be the methylenic region in addition to the

carbonyl region, which in fact was already studied in detail by Gouk et al., 2012.

Because of the marked concentration dependence of the chemical shifts on the fatty
acyl concentrations (Mannina et al., 2000), during this section, the assignments will

based in the comparison between the different fatty acyls species and their structure.
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Methyl and Methylenic region
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Figure 10: 600 MHz 13C NMR spectrum of glyceryl trioleate, with the respective clusters from the Carbonyl,
Olefinic, Glycerol and Methyl and Methylenic carbons resonances.
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Figure 11: 600 MHz 13C NMR spectrum of a glyceryl tripalmitate standard.
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The first cluster, which corresponds to the resonances from 14 to 35 ppm (see Figure

11) and says respect to the carbons from the fatty acyl chains.

The 14 ppm peak corresponds to the terminal carbon from the fatty acyl chain (see Figure
12), according to Vlahov, 1999. The chemical shift of this signal shows small variations
depending on the nature of the fatty acyl. For the fatty acids studied, the chemical shift

signal seems to be the least sensitive to changes in fatty acid concentration.
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Figure 12: Methyl and methylenic carbon region of 600 MHz 3C NMR spectrum of glyceryl tripalmitate.
As we move left in the spectrum we find another set of peaks in the 22 ppm region (see
Figure 11) which correspond to the resonance of the penultimate carbons from the fatty
acyl chains once more this assignment it's made based on the reports from literature
(Vlahov, 1999).

Finally, the most upfield set of peaks from this cluster, resonating at about 34 ppm are
the resonances of the fatty acids carbon 2. In this set of signals, there is clear separation
between the two fatty acids occupying positions 1,3 of the glycerol backbone and the
third fatty acid located on glycerol position 2. The position 2 carbons resonate at higher
frequency compared to the signal from carbons 1 and 3. In accordance with the fatty acid
distributions, the ratio of the signal intensities of the 1-,3- positions relative to that of

position 2, is 2:1 (See Figure 13).

The cluster of signals representing the fatty acid carbonyls is also the focus of the present
work. These signals are also sensitive to the fatty acid position in the glyceryl chain as

for the C-2 carbons. For the carboxyl signals, those of positions 1 and 3 resonate at 0,42
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Figure 13: The Cz region of 600 MHz 3C spectrum of glyceryl tripalmitate.

ppm upfield of the signals from position 2 (Figure 14), this result from the two y-gauche

interactions on the carbonyl carbons from position 2 against just one for the carbonyl

carbons in the positions 1 and 3 (Vlahov, 1999).
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Figure 14: The carbonyl region of 600 MHz 13C spectrum of glyceryl tripalmitate.
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Considering the purpose of using **C NMR spectroscopy as a quantitative technique the
spectra need to be acquired in the same conditions, in such a way that the integration of
the areas under each carbon signal could be directly proportional to the concentrations
of that atom and the relation of proportionality remains constant. Therefore, if this was
true, then resolved signals from individual carbons of the same fatty acid should have
the same intensity. Moreover, if this was the case, then the relative abundance of two
(or more) fatty acids could be precisely estimated from the ratio of any carbon signal of

fatty acid 1 with any carbon signal of fatty acid 2.

However, as shown in Table 2, the signal intensities of individual fatty acid carbons

carbons show large variations.

The reason for this is due to the carbons having different longitudinal relaxation times
(T1), as well as NOE effects.

Table 2: Integration areas of standard triglycerides 600 MHz 3C NMR spectra obtained with ACDLabs
software.

: Terminal : Carbonyl
Normalized area of Penultimate C2 carbon

_ : carbon : : carbon

integration/ carbon region region (34

: : . region (14 region (174
Triglyceride specie (22 ppm) ppm)
ppm) ppm)

Glyceryl
y y 8059732

8808353 14441917 4938074

tripalmitate

Glyceryl trioleate 327000256 355449664 501649872 213341688
Glyceryl tristearate 774824,88 818510,5 1377265 418959,48

Glyceryl trilinoleate 11307468 11923778 24507995 7200551

Glyceryl
2474426,25 2457796,75 2611052 1201271,75

tripalmitoleate

From the table, it can be seen that the carbonyl carbons have notably lower signal

intensities compared to the other resonances. This is because these carbons have no
directly attached protons, and therefore do not experience NOE. Also, they have long
T1 values, which leads to signal saturation under the conditions of the NMR acquisition.
and higher at the C2 methylene carbon and very similar in the terminal and penultimate
carbons from the fatty acyl chains. In theory, these differences in signal intensities can
be minimized by using very long interpulse delays to ensure full relaxation of long T1

nuclei and inverse gated decoupling to avoid NOE buildup. However, this would lead to
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a prohibitively long collection time (many days!) for each spectrum. Therefore, under the
standard acquisition conditions used for these samples, a carboxyl signal from one fatty
acid cannot be directly measured against the methyl signal of another in order to obtain
their relative abundance. However, since T: and NOE effects are very similar if not
identical for equivalent carbon positions of different fatty acids, then comparing the
methyl signal of one fatty acid versus the methyl signal of another can provide a precise

measure of their relative abundance.
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5.2 Standard mixture quantitative analysis

Considering the main focus of this work and all the assignments and results obtained so
far, we proceeded to the quantitative analysis of the mixture presented in Table 1. The
resultant spectrum it's presented in Figure 15, and in more detail in the Figure 16, 17, 18
and 19. We started by assigning each peak, taking in account the prior literature and

the aforementioned assumptions from our results and the synthetic mixture ratios.

This way, the first set of peaks in the Figure 16 we can distinguish 2 resonances in the

14 ppm region which says respect to the terminal carbons from the acyl chains.
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Figure 15: 600 MHz 13C NMR spectra from the synthetic mixture of triglycerides.
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Figure 16: Terminal carbon region of 600 MHz *3C NMR spectra from the synthetic mixture of triglycerides.
S-stearate acyl chain; P-palmitate acyl chain; O-oleate acyl chain; Po-palmitoleate acyl chain; L-linoleate
acyl chain.
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Figure 17: Penultimate carbon region of 600 MHz 3C NMR spectra from the synthetic mixture of
triglycerides. S-stearate acyl chain; P-palmitate acyl chain; O-oleate acyl chain; Po-palmitoleate acyl chain;
L-linoleate acyl chain.
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Figure 18:. C2 methyl carbon region of 600 MHz 13C NMR spectra from the synthetic mixture of triglycerides.
S-stearate acyl chain; P-palmitate acyl chain; O-oleate acyl chain; Po-palmitoleate acyl chain; L-linoleate

acyl chain.
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Figure 19: Carbonyl carbon region of 600 MHz *3C NMR spectra from the synthetic mixture of triglycerides.
S-stearate acyl chain; P-palmitate acyl chain; O-oleate acyl chain; Po-palmitoleate acyl chain; L-linoleate

acyl chain.
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After the integration of the total area of these signals the relative area of the two peaks
was 5,18% and 94,82% (Table 3). According to the calculated composition of the mixture
(Table 1) we can expect that the smaller signal corresponds to the resonance of stearate

or palmitoleate fatty acyl chains.

As we pass to the penultimate carbon region (Figure 17) we obtain a ratio of 6,46%,
3,11%, 52,47% and 37,89%. So in this set of peaks we can do some significant
assignments, starting for the major constituent, which will correspond to the resonance
of oleate (22,9 ppm), in other and the only way to achieve a ratio of 37,89% it’s if that
peak correspond to the resonance of palmitate and linoleate which will give arise to a
ratio of 39,15 according to the Table 1. By comparison between the ratios of stearate
and palmitate and based on the bigger ratio should correspond to stearate and the minor

to palmitoleate.

In the 34 ppm region we have the 4 signals which correspond to the signals from the 2-
position (upfield) and from 1,3 positions (downfield). The ratios obtained were 47,80%,
17,76%, 24,57% and 9,87% taking in account the unsaturation level and the prior
literature (Gouk et al., 2012) and the similar behavior to the carbonyl carbon, the signals
with higher frequency correspond to the saturated fatty acyl chains and the remains to

the other species. The same argument applies to the carbonyl region.

The results are summarized in Table 3 and the in more detail in Annex I.

Table 3: Relative integration areas obtained with ACDLabs from the 600 MHz **C NMR spectra of the
triglyceride synthetic mixture

Region Expecte

(relative Composition d ratio

integration (mol%) (mol %)
area %)

14ppm (22 ppm :
e & Position |Position 2

1,3 from
glycerol

Position |Position 2
1,3 from

glycerol | glycerol | glycerol

Position |Position 2
1,3 from

glycerol

from from from

Fatty acid
glycerol
backbone [backbone [backbone

backbone |backbone |backbone

Stearate 5,82 *
17,76 9,87 17,76 10,9
Palmitate 37,89 21,46%* 20
Oleate 52,47 52,47 52,54
_ 94,82
Palmitoleate 3,11 47,80 24,57 47,80 25,47 3,11 3,99
Linoleate 37,89 17,15%* 19,16
Total 100 100 66,71 33,29 66,11 33,89 100,01 100

*obtained by calculating the average between the values obtained for stearate contribution.

**obtained by subtracting the average value of stearate to the value of sterate+palmitate peaks in the 34ppm and 174
ppm region.

***obtained by subtracting the contribution of oleate and palmitoleate to the average value of the peak from
oleate+linoleate+palmitaoleate.
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As we can observe, the fatty acid composition determined from 3C NMR analysis of their
common carbon positions was in close agreement with the expected composition of the

triglyceride mixture.
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5.3 Biological samples

Following the methodology mentioned above, the next step will be applying it biological
samples. *C NMR spectra from visceral fat of 12-week-old mice were obtained and the
resultant spectra is shown in Figure 20.
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Figure 20: 600 MHz 13C NMR spectra of visceral fat from 12-week-old mouse.
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Figure 21: Methyl carbon region of 600 MHz 3C NMR spectra of mouse visceral fat from a 12-week-old mouse.
S-stearate acyl chain; P-palmitate acyl chain; O-oleate acyl chain; Po-palmitoleate acyl chain; L-linoleate acyl
chain.
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Taking in account the assignments established above for the 14 ppm region we will have
the Cig of stearate in the lower frequency and the remaining ones on the higher frequency

peak. See Figure 21.
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Figure 22: Penultimate carbon region of 600 MHz **C NMR spectra of mouse visceral fat from a 12-week-
old mouse S-stearate acyl chain; P-palmitate acyl chain; O-oleate acyl chain; Po-palmitoleate acyl chain;
L-linoleate acyl chain.
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Figure 23: C2 methyl carbon region of 600 MHz 13C NMR spectra of mouse visceral fat from a 12-week-
old mouse. S-stearate acyl chain; P-palmitate acyl chain; O-oleate acyl chain; Po-palmitoleate acyl chain;
L-linoleate acyl chain.
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For the 22 ppm region there are for peaks as we saw in Figure 22. However, a close look
reveals that the chemical shift dispersion of these 4 peaks are identical to that observed
in the standard mixture (Figure 17). Moreover, the relative intensities of the signals were

similar to those of the synthetic mixture.

In the 34 ppm region (Figure 23) the signals of the mouse visceral adipose tissue
triglyceride had near-identical chemical shifts and similar signal intensities to the

standard mix were also found.

Finally, the 174 ppm region representing the carboxyl carbons (Figure 24), has an array
of signals corresponding to different fatty acid species and their positions in the glycerol
moiety. According to the literature (Gouk et al., 2012) and taking in account the data from
the literature that shows a minor probability of saturated fatty acyl chains to be in the
position 2 from the glycerol backbone, we can expect that the minor intensity peak
(173,07 ppm) will correspond to the saturated fatty acyl chains, stearate and palmitate
possibly. The signals in 173,03 and 173,04 correspond to linoleate and oleate according
to the literature.
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Figure 24: Carbonyl carbon region of 600 MHz 3C NMR spectra of mouse visceral fat from a 12-week-old
mouse. S-stearate acyl chain; P-palmitate acyl chain; O-oleate acyl chain; Po-palmitoleate acyl chain; L-
linoleate acyl chain; cis-11-monoene acyl chain.

For the position 1,3 carbonyl carbons the assignments are linoleate, oleate
corresponding to the lower frequencies as in the position 2 chains and then there is a

small peak at 173.47 ppm which according to literature refers to a cis-11-monoene acyl
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chain, which possibly will be from arachidonic acid, since the mice have this fatty acid in
their lipidome in considerable amount. The last peak should correspond to the saturated
species. The total fatty acid composition obtained from 3 replicates of visceral fat from
mouse, according to this methodology it’s presented in Table 4, and the data obtained
from ACDLabs and the calculations in more detail from each sample it's present in the

Annex Il.

Table 4: Relative integration areas obtained with ACDLabs from the 600 MHz 13C NMR spectra of the mouse
visceral fat.

Region

Composition

(relative
integration (mol%)

22 ppm

area %) 14ppm

Position 2 Position 2 from| Position 1,3 |Position 2 from
Fatty acid from glycerol glycerol from glycerol glycerol
backbone backbone backbone backbone
Slieclens | 18,9341,77 | 20,77+1,43 19,85*+0,92
31,38+1,86| 3,58+0,35 |31,31+1,10| 1,88+0,17
Palmitate 35,84+3,22 14,23**+0,92
Oleate 36,24+2,85 36,24+2,85
i 28,11+2,38| 15,79+2,79
Palmitoleate 7,15+1,04 |35,96+1,73|29,07+0,85 7,15+1,04
81,07+1,77
Linoleate 35,84+3,22 5,81+0,63 | 15,52+2,67 | 5,81+0,63 | 15,52+2,67
Cis-11-
ND ND ND 2,38+0,15 ND 2,38+0,15 ND
monoene
100,00 100,00 67,35 32,65 67,60 33,19 101,17

ND- Not detected.

aValues are mean of three replicates + SD.

*obtained by calculating the average between the values obtained for stearate contribution.

**obtained by subtracting the average value of stearate to the value of sterate+palmitate peaks in the
34ppm and 174 ppm region.

Looking at this table it's possible to see that by some easy substitutions we can obtain
the individual contributions from each fatty acid. Besides that, it's clear that the most
abundant fatty acid is oleate and it becomes also clear the preference for saturated fatty
acids in the external positions from the glycerol backbone and the preference for

unsaturated fatty acids in the central positions.

It's also interesting note, that the unsaturated fatty acids are in similar proportions in the
internal and external positions of the triglycerides although we see a 3 times bigger

proportion of linoleate in the central position. This may rise questions related to the
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conformation of the triglycerides and their specificity for the active center of enzymes

related to the numerous pathways where the triglycerides are involved.
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5.4 Detection of 3C-13C-coupling and measurement of 3C-13C

coupling constants
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Figure 25:13C-13C coupling in the penultimate carbon from trioleate in 600 MHz 3C NMR spectra.

The splitting of an observed *3C signal into a doublet as the result of the presence of a
neighboring *C, known as *C-*C-spin-spin coupling, is an extremely useful property for
detecting enrichment from metabolic tracers. With natural abundance 3C, the probability
of two neighboring **C nuclei is very low, hence the characteristic doublet signal from
13C-13C-spin-spin coupled nuclei is very small compared to the singlet. Nevertheless,
this signal can be detected in highly concentrated samples, as shown in Figure 25 for
glyceryl trioleate. In our studies, we were able to observe *C-*C-spin-spin coupled
signals from concentrated solutions of glyceryl trioleate and measure the coupling
constants for various carbons. This work in the process of being extended to other single
triglyceride standards such as glyceryl tripalmitate, glyceryl tristearate and glyceryl
trilinoleate. Single triglyceride samples rather than standards were/are being used
because the *C-*C-spin-spin coupled signals are only observable with high fatty acid
concentrations (which become diluted in triglyceride mixtures). Unlike the chemical
shifts, the 13C-13C-coupling constants do not vary with fatty acid concentration, hence the
values we get from a single fatty acid standard will be apply to that fatty acid if it is mixed
with other fatty acids.
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The importance of identifying and measuring **C-*3C-spin-spin coupled signals becomes
clear in metabolic studies of fatty acid synthesis from **C-enriched precursors such as
[U-3C]glucose. As shown in Figure 6, this tracer is metabolized to [1,2-1*C;]acetyl-CoA,
which is incorporated into fatty acids via de novo lipogenesis. As a result, each *3C that
was derived from the tracer is always accompanied by a neighboring *C, hence this
appears as a doublet in the *C NMR spectrum. Thus, the fatty acid **C-enrichment from
the tracer can be resolved from that of the background and quantified after subtracting
the very small amount of naturally-occurring 3C-13C-spin coupled signals. Since
triglycerides derived from plant and animal tissues consist of a r‘nixture of fatty acids,
some of which can be enriched by metabolic tracers, the resulting spectrum can be highly
complex. Figures 26 and 27 show regions of a **C NMR spectrum of liver triglyceride
from a mouse that had been fed with a diet containing [U-3C]glucose. Based on our
studies, we were able to identify the signals corresponding to the natural abundance 3*C
of oleate as wells as the *C-*C-spin coupled signals of oleate that had been synthesized
from the [U-*C]glucose. The next step will be to identify the chemical shifts and coupling
constants of the other fatty acid components in these mixtures so that all of the NMR

signals are accounted for.
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Figure 26: 13C NMR spectrum of triglyceride obtained from a sample of liver tissue of mouse that had been
previously fed with standard chow and [U-*3C]glucose in the drinking water. The 3C-13C coupling in the
penultimate carbon of oleate is indicated.
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Figure 27: 13C NMR spectrum of triglyceride obtained from a sample of liver tissue of mouse that had been
previously fed with standard chow and [U-'3C]glucose in the drinking water. The 3C-13C coupling in the
carbonyl carbon of oleate is indicated.
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6 Conclusions

From the present work it’s possible to affirm that *3C NMR is a relatively simple method
that can provide both qualitative and quantitative analyses of triglycerides after
identification and assignment of individual fatty acid *3C signals. For some of the carbons,
chemical shift assignment has to take into account both the fatty acid species and its
relative abundance in the sample. Among other things, this means that fatty acid signals
cannot be validated by the addition of a triglyceride standard to the sample since this
would alter the total concentration of that species and therefore the chemical shift would
also change. This work suggests that **C NMR can be a highly effective and practical
method for determining the fatty acid composition of triglycerides from living organisms.
Moreover, this lipidomic information can be integrated with **C-enriched tracer studies
of fatty acid biosynthesis, since the natural-abundance signals that provide the lipidomic
information can be resolved from *C-1*C-coupled signals arising from incorporation of a
uniformly-enriched C-substrate. This combination will prove useful in the study of

diseases involving fatty acid metabolism such as Type 2 diabetes and fatty liver disease.

For future studies, will be interesting to acquire 3C NMR spectra at higher fields (800
MHz) which should provide better signal dispersion and improved sensitivity, particularly

for the carboxyl signals.
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