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Abstract Monoacetyldiglycerides (MADGs) were isolated
from an animal tissue, bovine udder, by solvent extraction
and silica gel column chromatography. Monoacetyldiglycer-
ide structures were identified using a variety of 1-D and 2-D
NMR techniques and collision-induced dissociation (CID)
tandem mass spectrometry coupled with fast atom bom-
bardment. CID of sodium-adducted molecular ions ([M+
Na]*) generated numerous types of product ions providing
information on the double bond position of fatty acyl
groups as well as fatty acid compositions. Structural analy-
sis led to the classification of the MADGs isolated from
bovine udder as 1-palmitoyl-2-lauroyl-3-acetyl-rac-glycerol,
1,2-dimyristoyl-3-acetyl-racglycerol, 1-palmitoyl-2-myristoyl-3-
acetyl-racglycerol, 1-oleoyl-2-myristoyl-3-acetyl-rac-glycerol,
1-palmitoyl-2-palmitoleoyl-3-acetyl-racglycerol, 1,2-dipalmitoyl-
3-acetyl-racglycerol, 1-linoleoyl-2-palmitoyl-3-acetyl-racglyc-
erol, 1-oleoyl-2-palmitoleoyl-3-acetyl-racglycerol, 1-oleoyl-2-
palmitoyl-3-acetyl-racglycerol, 1-stearoyl-2-palmitoyl-3-acetyl-
rac-glycerol, 1-oleoyl-2-linoleoyl-3-acetyl-rac-glycerol, 1,2-
dioleoyl-3-acetyl-racglycerol, and 1-stearoyl-2-oleoyl-3-acetyl-
racglycerol.—Limb, J-K., Y. H. Kim, S-Y. Han, and G-J. Jhon.
Isolation and characterization of monoacetyldiglycerides
from bovine udder. J. Lipid Res. 1999. 40: 2169-2176.
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All mammalian udders (1, 2) are composed of a specific
number of mammary glands (3). Most lipids (4-8) syn-
thesized in mammary glands are in the form of triglycer-
ides and play an important biochemical role as an energy
source. According to previous reports (2), the fatty acids
that form the triglycerides synthesized in mammary
glands are a variety of C4-C18 saturated acids and oleic
acid. Even though fatty acids of ruminant milk fat may
range in chain length from C2 to C24 (9), there have
been no reports on the presence in animal tissues of natu-
ral triglycerides containing acetic acid.

The existence of acetic acid as a natural triglyceride
component was first found in seed oils of Balsaminaceae
(10). Later, monoacetyldiglycerides were also reported to
be present in a variety of plant species, including Celas-

traceae, Lardizabalaceae, Ranunculaeae, and others (11-14).
However, the structures of these monoacetyldiglycerides
(MADGSs) were investigated only with thin-layer chroma-
tography (TLC), infrared spectroscopy (IR), and gas chro-
matography (GC) at low resolution (11, 12). The struc-
tural analyses of MADGs in seed oils from Maytenus
ilicifolia (MI), M. dasyclada (MD), and M. cassineformis
(MC) were performed by high resolution GC-mass spec-
trometry (GC/MS) in negative chemical ionization (NCI)
mode (15). Although these reports contained improved
structural analyses (10-13), the use of 'H-nuclear mag-
netic resonance (NMR), 13C-NMR, and GC/MS failed to
establish the position of attachment of fatty acids to the
triglycerides and the position of double bonds within the
fatty acid groups.

As an extension of our original study to locate new lip-
ids with interesting biological functions in nature (16), we
isolated and structurally characterized a number of natu-
rally occurring monoacetyldiglycerides from bovine
udder. Structures were characterized by IH-NMR, 13C-NMR,
distortionless enhancement by polarization transfer
(DEPT) 135, 1H-IH COSY NMR, 2-D 'H-13C COSY NMR,
FAB-MS, and MS/MS.

Collision-induced dissociation (CID) tandem mass
spectrometry (MS/MS) coupled with fast atom bombard-
ment (FAB) is known to be very useful for the structural
determination of glycerolipids (17-21). We applied CID-
MS/MS coupled with FAB (22) for the structural identifi-
cation of individual molecular species in a mixture of
monoacetyldiglycerides isolated from bovine udder. The

Abbreviations: MADGs, monoacetyldiglycerides; 1-D, one dimen-
sional; 2-D, two dimensional; NMR, nuclear magnetic resonance; DEPT,
distortionless enhancement by polarization transfer; CID, collision-
induced dissociation; MS/MS, tandem mass spectrometry; FAB-MS, fast
atom bombardment mass spectrometry; COSY, correlation spectrometry;
HPTLC, high-performance thin-layer chromatography; PBS, phosphate-
buffered saline; HMQC, 1H-detected heteronuclear multiple-quantum
coherence; 3-NBA, 3-nitrobenzyl alcohol; [M+Na]*, sodium-adducted
molecular ions; MS-1, first mass spectrometer; MS-2, second mass spec-
trometer; CRF, charge-remote fragmentation.
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application of these improved techniques led us to better
elucidate characteristic fragments of each fatty acid while
still attached to its triglyceride backbone, and also locate
the position of double bonds in fatty acid chains, unlike
previous studies (10-15). We consequently determined that
the major components isolated from bovine udder lipid ex-
tract were sn-3-monoacetyldiglycerides (sn-3-MADGsS).

MATERIALS AND METHODS

All solvents and reagents used were of the highest commercial
quality available. All aqueous solutions were prepared using
deionized and distilled water. High performance thin-layer chro-
matography (HPTLC) and silica gel column chromatography
were performed using Merck Kieselgel 60 Fys5, and Kieselgel 60,
230-400 mesh ASTMC silica gel, respectively. Fresh bovine
udder was purchased at a meat market in Seoul, Korea.

Isolation of monoacetyldiglycerides from bovine udder

Bovine udder (2.7 kg) was minced, washed with distilled water,
and then repeatedly rinsed with phosphate-buffered saline solu-
tion (PBS, pH 7.4), while cooling in ice water. The bovine udder
was homogenized in 20 g portions with a mixer for 15 min in
CHCI;-MeOH 2:1 (v/v) (23). The homogenized bovine udder
was extracted overnight at 4°C by stirring with CHCl;—MeOH 2:1
(v/v) and then the extract was centrifuged at 4°C and 5,000 rpm
(JA-14R) for 30 min. The supernatant in chloroform was concen-
trated under reduced pressure to afford 63.4 g of a lipid mixture.
The resultant residue was subjected to silica gel column chroma-
tography using hexane-diethyl ether 4:1 (v/v) as eluent, collect-
ing a total of eight fractions. NMR analysis showed that the fifth
fraction contained monoacetyldiglycerides, so this fraction (285
mg) was then chromatographed on a silica gel column (35 cm X
1.3 cm 1.D.) using hexane—ethyl acetate 9:1 (v/Vv) for further pu-
rification. The third (55.8 mg) of five fractions collected was fur-
ther purified by repeated chromatography on a silica gel column
(16 cm X 1.0 cm 1.D.) eluted with hexane—ethyl acetate 20:1 (v/V),
yielding monoacetyldiglycerides (6.5 mg); R; 0.29 (hexane:ethyl
acetate, 9:1, v/v). The purity of each band was confirmed by
HPTLC and visualization with I, vapor. In a comparative HPTLC
analysis of these lipid extracts corresponding to the MADGs frac-
tion, weak spots were observed after the first step and the second
step purification, but a clear spot appeared as a single band after
the third step purification.

NMR analyses

NMR analyses were conducted at 250 MHz (for 1H, 'H-1H
COSY NMR), 63 MHz (for DEPT 135, 13C-NMR), and 500 MHz
(for HMQC NMR) in CDCl; with tetramethylsilane (TMS) as an
internal standard. NMR spectra were recorded using the Xwin
software package.

Mass spectrometry

All mass spectrometric analyses were carried out using a JMS-
HX110/110A tandem mass spectrometer (JEOL, Tokyo, Japan),
a fourssector instrument with an E;B,E,B, configuration previ-
ously described in detail elsewhere (24, 25). Briefly, an ion source
was operated at an accelerating voltage of 10 kV in positive-ion
mode with a mass resolution of 1000 (10% valley). lons were pro-
duced by FAB using a cesium ion beam, which was generated
from an ion gun and accelerated to 12 keV. Approximately 10 pg
of each sample dissolved in chloroform-methanol 1:1 (v/v) was
mixed with 1 pl of 3-nitrobenzyl alcohol (3-NBA; Sigma) and Nal
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on a FAB probe tip. Using the first mass spectrometer (MS-1) to
select sodium-adducted molecules, CID was generated in the col-
lision cell located between B; and E,, floating at 3.0 kV. Resultant
product ions were analyzed by B/E scan method using the sec-
ond mass spectrometer (MS-2). The collision gas, helium, was in-
troduced into the collision chamber at a pressure sufficient to
reduce the precursor ion signal by 70%. Signals were averaged
with double scans. The resolution of MS-1 was adjusted such that
only the 12C-species of the precursor ions was transmitted while
MS-2 was operated at a resolution of 1000.

RESULTS AND DISCUSSION

Extracts from the leaves of Maytenus ilicifolia (15), whose
major compounds are MADGs, have been utilized inter-
nally and externally in a popular medicine. In our study,
MADGs were isolated from bovine udder by solvent extrac-
tion (23) and silica gel column chromatography. Struc-
tural identification of the isolated MADGs by techniques
including NMR, FAB-MS, and MS/MS revealed that these
MADGs contained an acetate group at the sn-3 position of
their glycerol backbone. This is the first report that veri-
fies the presence of MADGs in animal tissue, particularly
bovine udder.

Structural identification

Table 1 displays the IH and 13C-NMR spectral data for
the lipid extract isolated from bovine udder while DEPT
135 spectral data taken at 63 MHz is shown in Fig. 1. The
combination of 13C and DEPT 135 NMR spectra clearly
suggests the presence of the MADG skeleton. For further

TABLE 1. Representative 1H and 13C-NMR peak assignments of
monoacetyldiglycerides isolated from bovine udder

RN

O
1 12! /thiEM

HC—0—2C- = 8

HC—O0——=C %

| 0
3 i \_9/
H,C— O—— C—CH;
1 10

Position 1H-NMR2 § 13C-NMR" §

1 4.30 62.09

2 5.26 68.80

3 4.15 62.39

4 2.33 34.23

5 1.60 22.72

6 2.02 24.89

7 5.32 129.72, 130.04

8 0.92 14.14

9 1.26 22.72,29.09-29.73, 31.95
10 2.07 20.72
11 170.53
12 172.95, 173.35

Measurements were made in CDCl5.
@ Run at 250 MHz.
b Run at 63 MHz.
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Fig. 1. DEPT 135 spectrum of monoacetyldiglycerides isolated from bovine udder (63 MHz). The resonances labeled 1-10 represent the

ten kinds of carbon atoms of the monoacetyldiglycerides.

structural analysis, we used a variety of homonuclear and
heteronuclear 2-D NMR techniques. The 2-D 1H-'H COSY
(250 MHz) and 1H-13C correlation spectrometry (COSY)
1H-detected heteronuclear multiple-quantum coherence
(HMQC) spectra (500 MHz) of MADG:s isolated from bo-
vine udder are presented in Fig. 2 and Fig. 3, respectively.
The 1H and 13C-NMR spectra (Table 1) of isolated extracts
did not give exact signals of the sn-1 and sn-2 positions of
the fatty acid glycerol backbone. However, the 2-D 1H-1H
COSY and HMQC experiments identified almost all of the
vicinal protons and proton-bearing carbons in the mole-
cules. In the H-'H COSY NMR experiment, the partial
structures of H-1 to H-3, H-4 to H-5, H-6 to H-7, and H-8
to H-9 were unambiguously assigned. In particular, H-'H
COSY coupling assisted us in sequencing the carbons at
62.09, 62.39, and 68.80 ppm as the carbon signals of the
glycerol backbone. These three signals were associated
with 1H signals at 4.30, 4.15, and 5.26 ppm based on corre-
lation with the HMQC spectrum of the isolated extracts.
The H-NMR peak at 2.07 ppm for the acetate methyl
group (26, 27) was correlated to the 13C resonance at
20.72 ppm in the HMQC spectrum. Likewise, a double
bond signal observed in the IH spectrum at 5.32 ppm was
related to the 13C resonance at 129.72 and 130.04 ppm in
the HMQC spectrum. From the above NMR analyses, it
was inferred that the extract isolated from bovine udder
was a mixture of MADGs. However, the 1H, 13C, DEPT
135, IH-1H COSY, and HMQC NMR spectroscopic analy-
ses for the extracts isolated from bovine udder did not
serve to decipher the chemical shifts of the mostly over-

lapped methylene protons linked to long-chain fatty acids.
Using these spectroscopic techniques, it proved very diffi-
cult to identify the composition of acyl groups linked to
the glycerol backbone as well as the double bond position
in the fatty acyl chains. Although the 13C-NMR and DEPT
135 NMR peaks were very informative, except for the over-
lapped methylene carbons, the intensity of double bond
peaks at 5.32 ppm in the TH-NMR spectrum could not be
explained. To obtain more detailed information on the
composition of the MADGs, the isolated fraction of bo-
vine udder was investigated using FAB-MS and MS/MS.
The positive-ion FAB mass spectra of isolated MADGs
from bovine udder, shown in Fig. 4, displayed very com-
plex spectral patterns due to the presence of numerous
molecular species and a variety of fragment ions. FAB of
MADGs in a matrix of 3-NBA saturated with Nal produced
prominent sodium-adducted molecular ions ([M+Na]*)
in a high-mass region. These ions differed in chain length
and the degree of unsaturation of two long-chain acyl
groups. Abundant diglyceride ions ([M+H-R,COOH]")
were also observed and were believed caused by the loss of
one fatty acyl group as free fatty acid among the two long-
chain acyl groups of each molecular species. Hence these
ions provided information on the composition of the
other long-chain fatty acyl group. The ions of m/z 299,
327, 355, and 381 were found to correspond to diglycer-
ide ions containing lauroyl (C12:0), myristoyl (C14:0),
palmitoyl (C16:0), and oleoyl (C18:1) groups, respec-
tively. In addition, other ion species corresponding to
acylium ions ([R,CO]*) containing myristoyl, palmitoyl,
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Fig. 2. 2-D 'H-'H COSY spectrum of monoacetyldiglycerides isolated from bovine udder (250 MHz). The resonances labeled 1-10 repre-

sent the ten kinds of proton atoms of the monoacetyldiglycerides.

and oleoyl groups were observed at m/z 211, 239, and 265,
respectively. These fragment ions only provided informa-
tion on the presence of the fatty acyl groups in the mix-
ture of the molecular species. To acquire more detailed
structural information on the sodium-adducted molecular
ions observed in the FAB-MS spectrum, we then pro-
ceeded to MS/MS. In our previous work, we reported that
CID of [M+Na]* of synthetic MADGs produced ions
yielding significant information on the complete structure
of the precursor ions (22). From these product ions, the
regiospecificity of two long-chain acyl groups at the sn-1
and sn-2 positions of the glycerol backbone as well as the
fatty acid composition and the double bond position in
the fatty acyl chains were determined. Thus, this same
method was also applicable to the structural identification
of each molecular species in a mixture of MADGs isolated
from bovine udder. Figure 5 shows the CID spectrum of the
major precursor ion at m/z 659. The peak pattern of this
spectrum is very similar to that of the CID spectrum of
[M+Na]* of synthetic 1-oleoyl-2-palmitoyl-3-acetyl-rac-glyc-
erol (C18:1/C16:0-MADG) reported previously (22). From
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two pairs of G and 3l ions, this species was found to contain
C18:1 (oleoyl) and C16:0 (palmitoyl) groups as two long-
chain acyl groups. Charge-remote fragmentation (CRF)
along the C18:1 acyl chain yielded a homologous series of
ions observed at m/z 643, 629, 615, 601, 587, 573, 559, 545,
533, 519, 505, 491, 477, 463, and 449 (3l,) in a high-mass re-
gion. This series begins with the product ion of m/z 643 cor-
responding to the loss of CH, from the alkyl-terminus side
and ends with an abundant 3I; ion corresponding to the
stable, «, B-unsaturated ester. The mass difference between
adjacent peaks is 14 u due to a series of C,H,,.» or CyH,,
fragment losses via 1,4-elimination of charge-remote frag-
mentation (CRF) (28). The presence of a double bond in
the acyl chain reduces the mass difference to 12 u. Thus, the
species of m/z 659 contains the oleoyl group. The fragmen-
tation pathways are illustrated in Fig. 5 and results obtained
for other species are summarized in Table 2. Each molecu-
lar species observed at m/z 577, 631, and 657 was a mixture
of two components having different fatty acid compositions.

In our previous work, it was observed that the relative in-
tensity ratio (G,/G,) of the two G ions in the CID spectra of
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Fig. 3. 2-D !H-13C COSY HMQC spectrum of monoacetyldiglycerides isolated from bovine udder (500 MHz).
The resonances labeled 1-10 represent the ten kinds of proton and carbon atoms of the monoacetyldiglycerides.
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Fig. 4. Positive-ion FAB mass spectrum of MADG:s isolated from bovine udder. A matrix of 3-nitrobenzyl al-
cohol saturated with Nal was used.
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Fig. 5. FAB tandem mass spectrum of [M+Na]* observed at m/z 659. The fragmentation pathways are

shown above the spectrum. The nomenclatures used are taken from refs. 22 and 25. The subscript in the
symbol represents the relative position (sn-1, sn-2 or sn-3) of the cleavage in the fatty acyl chain and the su-
perscript shows the cleaved bond position relative to the carbonyl carbon of the fatty acyl group.

[M+Na]* of standard MADGs was always larger than two
(22). However, in the case of the species at m/z 659, the
ratio was 1.07. The small difference in the relative abun-

TABLE 2. Structural identification of
monoacetyldiglycerides isolated from bovine udder

Structure of Two

MW [M+Na]* Fatty Acyl Groups?
554.4 577.4 C16:0/C12:0 + C14:0/C14.0
582.4 605.4 C16:0/C14:0

608.4 631.4 C18:1/C14:0 + C16:0/C16:1
610.4 633.4 C16:0/C16:0

634.5 657.5 C18:2/C16:0 + C18:1/C16:1
636.5 659.5 C18:1/C16:0

638.5 661.5 C18:0/C16:0

660.5 683.5 C18:1/C18:2

662.5 685.5 C18:1/C18:1

664.5 687.5 C18:0/C18:1

a Individual molecular species of MADG are designated with the
acyl groups at sn-1 and sn-2 positions listed in order, respectively (i.e.,
C16:0/C14:0 = sn-1/sn-2). The fatty acyl groups are symbolized by the
convention, carbon number:double bond number (i.e., C12:0 (lau-
royl), C14:0 (myristoyl), C16:0 (palmitoyl), C18:1 (oleoyl), C18:2 (lino-
leoyl)). The regiospecificity of fatty acyl linkages is determined from
the intensity ratio of G; and G, ions observed in the CID spectrum of
[M+Na]* of each molecular species.
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dance of the two G ions is due to the fact that the species is
a mixture of two regioisomers which may exchange their
fatty acyl groups at the sn-1 and sn-2 positions. This result
was confirmed by the presence of two pairs of E,3; and J
ions corresponding to the sodiated propenyl ester with a sn-
1 acyl group and vinyl ester ions with a sn-2 acyl group, re-
spectively. The E; ;3 and J ions produced from the regioiso-
mer of C18:1/C16:0-MADG were observed at m/z 345 and
305, respectively, while the same ions from the regioisomer
of C16:0/C18:1-MADG appeared at m/z 319 and 331, re-
spectively. Similarly, it was proved that other species with
different fatty acyl groups in Table 2 were a mixture of two
regioisomers. On the other hand, based on the G,/G;
ratios of synthetic standard C18:1/C16:0-, C16:0/C18:1-
MADGs, and the molecular species observed at m/z 659,
each regioisomer in the mixture of the species could be rel-
atively quantified. From three replicate experiments per-
formed under the same measurement conditions, the G,/G;
ratio of the standard C18:1/C16:0-MADG was measured as
2.11 *+ 0.08, while that of C16:0/C18:1-MADG was 2.48 +
0.05. As a result, the relative quantity of regioisomer
C18:1/C16:0-MADG in the mixture was 61 * 3%. As shown
in Table 2, complete interpretations of the MS/MS spectra
led us to conclude that the MADGs extracted from bovine
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udder were 1-palmitoyl-2-lauroyl-3-acetyl-rac-glycerol, 1,2-
dimyristoyl-3-acetyl-rac-glycerol, 1-palmitoyl-2-myristoyl-3-
acetyl-rac-glycerol, 1-oleoyl-2-myristoyl-3-acetyl-rac-glycerol, 1-
palmitoyl-2-palmitoleoyl-3-acetyl-rac-glycerol, 1,2-dipalmitoyl-
3-acetyl-rac-glycerol, 1-linoleoyl-2-palmitoyl-3-acetyl-rac-
glycerol, 1-oleoyl-2-palmitoleoyl-3-acetyl-rac-glycerol, 1-oleoyl-
2-palmitoyl-3-acetyl-rac-glycerol, 1-stearoyl-2-palmitoyl-3-acetyl-
rac-glycerol, 1-oleoyl-2-linoleoyl-3-acetyl-rac-glycerol, 1,2
dioleoyl-3-acetyl-rac-glycerol, and 1-stearoyl-2-oleoyl-3-acetyl-
rac-glycerol.

In the molecular ion region shown in Fig. 4, minor
peaks that cannot be assigned to MADG species were ob-
served at m/z 619 and 645. To determine structural differ-

ences between these species and MADGs, these ions were
investigated by FAB-CID-MS/MS. Fig. 6(a) shows the CID
spectrum of [M+Na]* observed at m/z 619. For compari-
son with this spectrum, the CID spectrum of [M+Na]*
(m/z 633) of MADG with two palmitoyl groups is pre-
sented in Fig. 6(b). Differences between the two spectra
appear in the high-mass region where the product ions
generated by fragmentation along the long hydrocarbon
chains are observed. The peaks of m/z 377, 393, 407, and
421 observed in Fig. 6(a) are believed due to the CRFs
along the hexadecyl-chain ether linked to the glycerol
backbone. Hence, this species was identified as 1-hexadecyl-
2-palmitoyl-3-acetyl-rac-glycerol. Similarly, the species of

6 °D1,2
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G | =2 H S T s
CH 0 P | ! E { i :
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Fig. 6. FAB tandem mass spectra of [M+Na]* observed at m/z (a) 619 and (b) 633. The fragmentation

pathways for the product ions observed in Fig. 6(a) are also shown.
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m/z 645 was identified as a mixture of 1-hexadecyl-2-
oleoyl-3-acetyl-rac-glycerol and 1-octadecenyl-2-palmitoyl-
3-acetyl-rac-glycerol.

Conclusions

To the best of our knowledge, our isolation of MADGs
from bovine udder is the first study showing that acetic
acid can be a natural triglyceride component of animal tis-
sue. Previous studies (11-15) identified neither the fatty
acid position at the glycerol backbone nor the double
bond position of the fatty acid chain attached to the glyc-
erol backbone of MADGs. Using 'H-NMR, 13C-NMR,
DEPT 135 NMR, 'H-1H COSY NMR, 1H-13C COSY NMR,
FAB-MS, and MS/MS, we were able to determine com-
plete information on the position of acyl groups, double
bond position in the fatty acyl groups as well as fatty acid
compositions of MADGs. From our NMR experiments,
the major compounds of the isolated natural products
were found to be MADGs, where the presence of sn-3-
acetyl was clearly confirmed. The relative intensity of sp2
C-Hs at 5.32 ppm in the *H-NMR spectra showed that the
MADG acyl groups were composed of both saturated and
unsaturated fatty acids. Further, FAB-MS and MS-MS anal-
yses provided complete structural determination of the
MADG species. The FAB-MS and MS/MS experiments
also showed that trace amounts of compounds (m/z 619,
645) had sn-1-ether linkages in their glycerol skeleton. The
search for a new lipase of sn-3-MADGs which may exist in
bovine udder is currently underway. B
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