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Abstract 3lP NMR spectroscopy has been used to quantitate 
phospholipids in tissue extracts without requiring their physi- 
cal separation. Concentrated lipids were dissolved in chloro- 
form-methanol-water 100:36:9 (v/v/v) containing a cesium 
salt of (ethylenedinitri1o)tetraacetic acid. Tri-n-butyl phos- 
phate was added at the beginning of lipid extraction as an 
NMR internal standard, permitting the absolute quantitation 
of phospholipids in pmoles per gram of tissue. For efficient 
data collection, 10 mM chromium(II1) acetylacetonate was 
included to  promote relaxation. It was found that spectral 
peak separations could be optimized by manipulating the 
sample temperature. Phospholipid levels determined by 
NMR agreed with colorimetric measurements and literature 
values for rat liver and brain. Using a 0.5-1 g tissue sample 
and 800 averages (2 h acquisition), the coefficient of variation 
for total phospholipids was 2-3%.-Metz, K. R, and L. K. 
Dunphy. Absolute quantitation of tissue phospholipids using 

NMR spectroscopy.J. Lipid Res. 1996.37: 2251-2265. 
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Tissue phospholipid extracts traditionally have been 
analyzed by chromatography, and conditions for the 
separation of phospholipids by head group have be- 
come highly refined. Unfortunately, the usual chroma- 
tographic detection methods do not provide direct 
quantitation of the separated molecular classes. Instead, 
phospholipids are often measured by fraction collec- 
tion, followed by digestion and phosphorus analysis 
using the phosphomolybdate blue colorimetric method 
(1). This approach is accurate and sensitive, but it is also 
slow and labor-intensive. 

31P NMR spectroscopy has emerged as an attractive 
alternative to chromatography for the determination of 
phospholipids in extracts. The principal advantages of 
NMR are that physical separation of the molecular 
classes is unnecessary and that, under proper condi- 
tions, the area of each NMR peak is directly proportional 
to the amount of phosphorus in the corresponding lipid. 

Narrow spectral lines have been obtained by incorporat- 
ing the phospholipids into mixtures containing EDTA 
and either aqueous detergents (2-10) or organic sol- 
vents (7,8,11-35). The hydrated chloroform/methanol 
solvent system introduced by Meneses and Glonek (13) 
has proven particularly expeditious. We now report 
several improved techniques for the 31P NMR analysis 
of phospholipids in this solvent. First, it is shown that 
tri-n-butyl phosphate (BusPO4) added at the beginning 
of the lipid extraction process may subsequently be used 
as an NMR internal standard, permitting the absolute 
quantitation of individual phospholipid classes in pmo- 
les per gram of tissue. The spin-lattice relaxation time 
T1 of BusPo4 is much longer than those of the phos- 
pholipids. Addition of the paramagnetic complex chro- 
mium(II1) acetylacetonate efficiently reduces all the 31P 
T1 values and avoids the need to use long data collection 
times or saturation factors. Finally, the effect of sample 
temperature has been investigated and shown to be an 

Abbreviations: AAPC, &acyl-yO-alkylphosphatidylcholine; BUSPOI, 
tri-n-butyl phosphate; CL, cardiolipin; Cr(acac)s. chromium(II1) 
acetylacetonate; EDTA, (ethylenedinitri1o)tetraacetate; EtsP04, 
triethyl phosphate; FWHM, full line width at half-maximum intensity; 
LPC, lysophosphatidylcholine; MesP04, trimethyl phosphate; NA, 
number of averages; NMR, nuclear magnetic resonance; PA, 
phosphatidic acid; PC, phosphatidylcholine; PC plas, phosphatidylcholine 
plasmalogen; PE, phosphatidylethanolamine; PE plas, phospha- 
tidylethanolamine plasmalogen; PG, phosphatidylglycerol; PhsP04, 
triphenyl phosphate; PI, phosphatidylinositol; PIP, phosphatidyl- 
inositol4phosphate; PIP2, phosphatidylinositol-4.5bisphosphate; 
ppm. parts per million; PS, phosphatidylserine; ?, square of the 
correlation coefficient; s.e.m., standard error of the mean; s.d., 
standard deviation; SD, Sprague-Dawley; S/N, ratio of signal to 
root-mean-square noise; SPH, sphingomyelin; I, NMR interpulse cycle 
time; TI, NMR spin-lattice relaxation time; T2. NMR spinspin 
relaxation time; TLC, thin-layer chromatography; TMS, tetra- 
methylsilane; U, unidentified phospholipid. 

'To whom correspondence should be addressed. 
2Present address: Tufts University School of Medicine, 145 Harrison 

Avenue, Boston, MA 021 11.  

Journal of Lipid Research Volume 37,1996 2451 

 by guest, on June 17, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


effective means to optimize the separation between 
NMR peaks. 

EXPERIMENTAL METHODS 

Animals 
Male laboratory rats of the Wistar Furth (WF/NHsd), 

Lewis (LEW/SsNHsd), ACI (ACI/SegHsd), and LBNFl 
(LBNFl/Hsd) strains were obtained from Harlan Spra- 
gue-Dawley, Inc. (Indianapolis, IN). Animals were 
housed 2-4 to a cage at 23 k 1"C, 50% humidity, and 
with a 12 h light/dark cycle. Rat chow (Prolab R-M-H 
3000, Agway Inc., Syracuse, NY) and water were avail- 
able ad libitum. Chow was specified by the manufacturer 
to contain, typically, 22.5% protein, 5.5% fat, and 4.5% 
fiber with gross, digestible, and metabolizable energies 
of 4.4, 3.7, and 3.5 kcal/g, respectively. Animals were 
allowed to stabilize on this diet for at least 4 days and 
were not fasted before use. Each rat was anesthetized 
with diethyl ether and the liver was removed, resulting 
in death by exsanguination. In some cases, the whole 
brain was also removed. Fast freezing to prevent the loss 
of polyphosphoinositides was not performed. Excised 
tissues were blotted and cut into -4 mm pieces. Samples 
were prepared by weighing 0.5-1 g of randomized 
pieces into polyethylene tubes which were then flushed 
with nitrogen, sealed, and placed in a freezer at -70°C. 

Materials 
All commercial chemicals were used as received with- 

out additional purification. Methanol, chloroform, 85% 
HsP04, NazS305, and KzHP04 were A.C.S. Analytical 
Reagent grade obtained from Fisher Scientific, Pitts- 
burgh, PA. BusPo4 (99+%), MesP04 (99+%), PhsP04 
(99+%), Cr(acac)s (97%), (NH&M07024 a4Hz0 (A.C.S. 
Analytical Reagent grade), and 2,4diaminophenol dihy- 
drochloride (98%) were purchased from Aldrich Chemi- 
cal Go., Milwaukee, WI. TMS (99.9+%), EDTA (acid 
form, A.C.S. Analytical Reagent grade), CsOH . H20, 
and pure phospholipids were supplied by Sigma Chemi- 
cal Co., St. Louis, MO. Dry nitrogen gas (99.998+%) was 
obtained from Air Products Co., Allentown, PA, and 
deuterochloroform (99.8%) was supplied by Cambridge 
Isotopes, Inc., Andover, MA. NMR tubes and spherical 
sample cells were manufactured by the Wilmad Glass 
Co., Buena, NJ. 

A cesium-EDTA solution (13) was prepared by titrat- 
ing an aqueous slurry of EDTA (acid form) with CsOH 
(aq) to pH 6.00 k 0.04, followed by dilution to yield a 
final EDTA concentration of 0.2 M. The dissolved salt, 
containing approximately 2.3 moles of cesium per mole 
of EDTA, is designated as Cs-EDTA in discussions be- 
low. 

Lipid extraction and colorimetric phosphorus assay 

Phospholipids were extracted from rat brain and liver 
samples by the method of Folch, Lees, and Sloane 
Stanley (36). A mortar and pestle were used to grind 0.5 
to 1 g of fresh or freshly thawed tissue. 5.0 f 0.1 ml of 
methanol and 10.00 f 0.03 ml of chloroform were then 
added. For samples used in NMR analysis, the chloro- 
form contained an accurately known quantity of BusPO4 
in the range of 320 f 40 mdliter. If necessary, addi- 
tional methanol-chloroform 2:l (v/v) was added to 
bring the total volume to 20 ml/gram of tissue. After 
homogenization (Brinkmann PT3000 mechanical ho- 
mogenizer, 25000 rpm, 3 min) and centrifugation (Du- 
Pont Sorvall RC-5C with HS4 bucket rotor, 1800 rpm, 
- 6506 6 min), the liquid was filtered through glass wool 
and collected. Residual tissue solids were then extracted 
twice more in the same manner with pure chloro- 
form-methanol 2: 1. The combined organic extracts 
were shaken vigorously with 0.2 volume of 0.1 M aque- 
ous KC1 for 30 s, and the liquid layers were separated by 
centrifugation at 1800 rpm for 30 min. The bottom layer 
was used for further analysis by NMR or colorimetry. 

For total lipid phosphorus determination, the bottom 
layer was transferred quantitatively to a volumetric flask 
and diluted to 50 ml with chloroform-methanol 2:l; 
0.25 ml of this solution was transferred to each of four 
test tubes and dried with nitrogen. Sample digestions 
and colorimetric phosphorus assays were performed 
according to Bartlett (l), as modified by Kates (37). 
Sample absorbance was determined against digested 
K2HP04 standards using a Hewlett-Packard 8452A di- 
ode array spectrophotometer at 820 nm, the upper 
wavelength limit of the instrument. 

NMR analysis 
Samples for NMR analysis were formulated approxi- 

mately as described by Meneses and Glonek (13). The 
total lipid extract from above was first reduced to dry- 
ness using a gentle stream of nitrogen gas. The lipids 
were redissolved in chloroform and 2.0 ml was placed 
in a 10-mm (0.d.) NMR tube; 1.08 ml of a mixture of 
methanol-0.2 M Cs-EDTA (aq) 4:l (v/v) was added to 
the tube. This was followed by the addition of 0.40 ml 
of 87 mM Cr(acac)s in deuterochloroform optionally 
containing 4% (v/v) TMS. After capping the tube, the 
solution was mixed by inverting several times and vent- 
ing. A colorless, aqueous layer formed rapidly above the 
clear, violet, organic layer. The tube contained chloro- 
form-methanol-water in the ratio 10036:9 (v/v/v), as 
well as 10 mM Cr(acac)s. As the latter was insoluble in 
the aqueous layer (typically comprising -5% of the total 
volume), its concentration in the organic layer was 
approximately 10.5 mM. In average lipid extract sam- 
ples, the mole ratios of chloroform-methanol-water in 
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the bottom layer were 5 1. I :34.5: 14.4, as measured from 
fully relaxed 300.5 MHz lH NMR spectra. This is near 
the composition recently found to yield optimum phos- 
pholipid peak separations in a single-phase ternary sol- 
vent system (35). 

High-resolution 31P NMR measurements were per- 
formed at 121.6 MHz using a 7.06 Tesla General Electric 
GNSOOWB spectrometer equipped with a Cryomagnet 
Systems (Indianapolis, IN) 10 mm reverse probe. The 
use of a reverse probe (with the proton rf coil wound 
nearest the sample tube) resulted in a few percent 31P 
sensitivity loss compared to standard probe configura- 
tions. Samples spinning at 14 Hz were positioned with 
the organic layer centered in the 31P rf coil. Sample 
temperatures were controlled, usually at 34' or 38"C, 
and a deuterium field-frequency lock was used. The 
magnetic field homogeneity was optimized using the 'H 
free induction decay, yielding Lorentzian line shapes 
and widths of approximately 1.5,3.5, and 7 Hz for TMS, 
methanol methyl, and chloroform, respectively. Typical 
31P spectral acquisition parameters included a 16 ps 
(90") rf pulse, 5215 Hz spectral width, 2K total data 
points, quadrature detection, 2.38 s acquisition time, 
6.62 s relaxation delay, 9.00 s cycle time, 600-1000 
averages, and total data collection time of 1.5-2.5 h. 
WALTZ-16 broadband 'H decoupling (38) at 2.4 W was 
applied during acquisition but was turned off during the 
relaxation delay to avoid sample heating and nuclear 
Overhauser effects (39). The time-domain data set was 
subjected to exponential multiplication, yielding 0.5 Hz 
of additional Lorentzian line broadening in the fre- 
quency domain, and was zero filled to 16K points to aid 
accurate integration (40). The software provided with 
the spectrometer was used to integrate the total phos- 
pholipid versus BusP04 peak areas. Each spectrum was 
processed and integrated at least four times to deter- 
mine mean values. Relative areas of individual phos- 
pholipid peaks were calculated by least-squares 
Lorentzian line fitting using MacFID software (Tecmag, 
Inc., Houston, TX) running on a Power Macintosh 
6100/60. 

31P spin-lattice relaxation times were measured by the 
inversion-recovery technique (41) with gated 'H decou- 
pling except where noted. The intensities of overlapping 
peaks were determined by Lorentzian line fitting. Sam- 
ples were not degassed. One TI measurement was per- 
formed at 4.7 Tesla using a Bruker Biospec imag- 
ing/spectroscopy system. 

High-frequency ("downfield") chemical shifts have 
been designated as positive. The 31P shift scale was 
established by inserting a microsphere containing 85% 
H3P04 into the NMR sample. Signals from HsP04 (at 0 
ppm), BusP04, and PC could be observed simultane- 
ously, and shifts for all other phospholipid peaks were 

obtained relative to BusP04 or PC after the microsphere 
was removed. The 31P shift scale obtained in this manner 
agreed with that calculated by the method of Edzes (42) 
from the measured 'H resonance frequency of internal 
TMS. As the shift of BusPo4 was relatively insensitive to 
temperature variations, it w a s  used as a secondary refer- 
ence in some cases. Most individual phospholipid peaks 
were easily assigned by using published chemical shifts 
(13,19,22,30) adjusted to our measured reference shift 
for 85% HsP04. All uncertain assignments were verified 
by adding pure phospholipids directly to the test mix- 
ture. 

The NMR signal-to-noise ratio (S/N) was calculated 
using the formula 

where A is the maximum amplitude of the frequency- 
domain signal, B is the mean amplitude of the baseline, 
n is the number of points in the noise window, and Ni 
is the amplitude of each noise point. Statistical analyses 
were performed using the Macintosh software package 
SuperANOVA (Abacus Concepts, Inc., Berkeley, CA). 

Step-by-step procedures for tissue extraction and 
analysis are available from the authors upon request. 

RESULTS AND DISCUSSION 

Phospholipid 31P NMR chemical shifts and 
detection limits 

Typical 31P NMR spectra of tissue phospholipids are 
shown in Fig. 1. Few peaks can be resolved without 'H 
decoupling, although resolution is adequate to produce 
reasonably accurate integrals for total phospholipids, 
PC, and BusP04. With decoupling, the lines are clearly 
resolved and amenable to integration. Each of the de- 
coupled peaks in Fig. l represents a unique phos- 
pholipid class with the assignment shown. Small side 
bands are visible near f3.2 Hz from the center band of 
BusPO4 and are due to 2- and 3-bond 31P-13C spin-spin 
coupling (43). For quantitation purposes, the areas of 
these peaks are included in the total Bu3P04 integral. 

The chemical shift scale in Fig. 1 was referenced to 
the signal of 85% H3P04 at 0 ppm. As the usual standard 
for high-resolution 31P NMR, 85% H3P04 has been 
adopted as the ultimate reference in virtually all publish- 
ed NMR studies of phospholipid composition. Despite 
this, however, three rather different scales have been 
reported. Some investigators (13, 21, 25) referenced 
shifts to the signal of glycerol 3-phosphorylcholine 
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Fig. 1. S I P  NMR spectra (121.6 MHz) of phospholipids extracted 
from rat liver and brain. Spectra were acquired at 34"C, and samples 
contained 12.6 pmol BusP01. Other sample preparation and data 
acquisition techniques are described in the Experimental Methods 
section. a. 0.84 g liver without proton decoupling; b. 0.84 g liver with 
proton decoupling; c. 0.70 g brain with proton decoupling. 

added to the sample, assigning to it a chemical shift of 
-0.13 ppm which produced a PC shift of -0.84 ppm in 
chloroform-methanol-water 100:40: 10. Other workers 
based the scale on the signal from a cell of 85% HsP04 
inserted into the sample. This approach yielded PC 
shifts of -0.51 ppm and -0.07 ppm in chloroform-metha- 
nol-water 100:22.2:6.35 and 100:37.5:12.5, respectively 
(19,28). Careful measurements of the slP/lH resonance 
frequency ratio for HsP04 and TMS have been publish- 
ed, allowing the measured frequency of internal TMS to 
be used to establish the slP shift scale provided the value 
of the solvent-induced 'H shift of TMS is known (22,42). 
Many TMS solvent shifts have been reported, including 
values of +0.12 ppm (42) and +0.14 ppm (44) in chloro- 
form. We measured solvent-induced TMS shifts by in- 
serting a spherical cell of pure TMS into an NMR tube 
containing 5% (v/v) TMS dissolved in the appropriate 
solvent. Studies revealed little effect of temperature on 
the shifts between 5'C and 20°C. At 20"C, values ( f O . O 1  
ppm) of +0.14, -0.17, and -0.01 ppm were found in 
chloroform, methanol, and chloroform-methanol-water 
100:369, respectively. Thus, the ternary solvent mixture 
induces only a very slight TMS shift to low frequency 

which differs from the weighted average of the shifts in 
chloroform and methanol. This is presumably due to the 
additional effect of water and, possibly, to selective 
solvation phenomena. By using the measured internal 
TMS resonance frequency in conjunction with the data 
of Edzes (42) and a solvent shift of -0.01 ppm, the 
chemical shift of PC at 34'C in the 100:36:9 ternary 
solvent was calculated to be -0.57 ppm. Inserting an 85% 
HsP04 microsphere directly into our samples also gave 
a PC shift of -0.57 ppm, confirming the accuracy of the 
shift scale by two quite independent methods. Our value 
for the PC shift is in reasonable agreement with that of 
-0.51 ppm obtained in a similar solvent at room tempera- 
ture by Pearce et al. (19). 

The NMR detection limit (S/N = 2) for most individ- 
ual phospholipids was found to be about 100 nmol (- 75 
pg) at 7.06 Tesla when 800 scans were averaged during 
a 2-h period. This value would improve slightly if a 
standard, instead of a reverse, probe configuration were 
used. The detection limit found here is similar to the 
value of 200 nmol reported at 1.9 Tesla using samples 
prepared with detergents (2). It also corresponds to the 
value of 25-50 pg reported with the chloroform-metha- 
nol-water system at 9.4 Tesla (27). The amount needed 
for quantitation obviously is greater than the detection 
limit, and Rana, Sultany, and Blazyk (20) have suggested 
a minimum of 0.5-1 mg. For the accurate determination 
of total phospholipids, samples containing 225 pmol 
(220 mg) of combined phospholipids have been found 
to be optimum. This quantity is contained in 0.5-1.5 g 
of most mammalian tissues (45). Less tissue would be 
needed if a higher magnetic field strength or more 
averages were used. 

Selection of an internal standard 
For practical use, an ideal internal standard would 

possess several properties. It should be in a convenient 
form, chemically inert, nonvolatile, available in high 
purity and at a reasonable cost. It should also produce 
a resonance line well resolved from the other NMR 
peaks but not so far removed that large spectral widths 
and data sets would be required. The standard should 
be very soluble in the chloroform-methanol 2: 1 extrac- 
tion solvent and should not be lost during the aqueous 
KCl washing step. Provided these criteria are satisfied, 
it should be possible to add the standard early in the 
extraction process so that any material losses occurring 
during manipulations would tend to affect both the 
phospholipids and the standard equally. 

Several compounds have been used by other investi- 
gators as standards for absolute phospholipid quantita- 
tion, including MesP04 (7, 8, 14, 26, 34), EtsP04 (46), 
methylenediphosphonic acid (4,6, lo), and hexachlorc- 
cyclo-triphosphazene (9). These substances either were 
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TABLE 1. SIP NMR spin-lattice relawtion times and line widths for rat brain and liver phospholipids at various Cr(acac)s concentrations 

"P Spin-Lattice Relaxation Time TI ( s ) ~  Typical "P Line Width ( H b  

[C~(acac)s] CL PEplas PE PS SPH PI PC BusPo4 CL PEplas PE PS SPH PI PC BuSPO, 
mu 
0 1.47 2.56 2.45 1.88 1.94 1.51 2.67 10.3 1.1 2.3 2.1 1.9 1.6 1.7 1.0 0.3 
5 1.16 1.34 1.49 1.34 1.23 1.12 1.65 2.97 1.3 2.5 2.5 2.1 2.0 2.2 1.3 0.5 
10 0.91 1.12 1.17 1.03 1.16 0.92 1.36 1.83 1.7 2.6 3.0 3.5 2.0 2.4 1.4 0.6 
20 0.60 0.65 0.68 0.69 0.73 0.61 0.83 0.98 1.9 3.1 4.0 3.7 2.6 2.6 2.0 1.0 
30 0.48 0.59 0.56 0.58 0.60 0.53 0.65 0.65 2.2 3.5 4.2 4.2 2.9 2.9 2.2 1.3 
~~ 

Measurements were performed at 7.06 Tesla and 34°C using the chloroform-methanol-water 100:36:9 (v/v/v) solvent system containing 

"TI values for the overlapping peaks of CL, PE plas, PE, PS, and SPH were calculated from intensities determined by Lorentzian line fitting. 
Intensities for the well-resolved PI, PC, and Bu3P04 lines were measured directly. Estimated TI uncertainties are *lo% for PE, PI, PC, and BusPo,, 
and f20% for all others. 

bFull width at half-maximum intensity, using typical shim quality. The artificial line broadening of 0.5 Hz was subtracted from all measured 
widths to obtain the values shown. 

&-EDTA. 

used as external standards or were added directly to the 
final sample immediately before acquiring NMR data. 
Instead, we sought a compound that could be incorpo- 
rated into the sample at the beginning of the extraction 
procedure. The organophosphates MesP04, BusP04, 
and PhsP04 were evaluated as potential standards. In 
chloroform-methanol-water 100:36:9 at 24'C, the slP 
chemical shifts were found to be +2.2, -0.9, and -17.7 
ppm for MesPO4, BusP04, and PhsPO4, respectively. 
The large difference between the PhsPO4 shiftand the 
phospholipid resonance region is a serious disadvan- 
tage, so this compound was not considered further. 
MesPO4 has been especially useful as an internal stand- 
ard for analyses of aqueous lipid/detergent suspensions 
in which it is quite soluble (7,8, 14). Unfortunately, this 
high water solubility precludes its addition early in the 
Folch extraction process as much of the standard is lost 
during the aqueous washing step. BusP04 is very soluble 
in chloroform but not in water, and it has a convenient 
chemical shift, so this compound was chosen for further 
testing. 

To evaluate possible losses of BusP04 during washing, 
0.74 g of fresh rat liver was extracted as described in 
Experimental Methods using chloroform-methanol2: 1 
containing 17.4 pmol of BusPO4. The decanted aqueous 
KCl layer was washed with 1.6 ml of pure chloroform to 
concentrate any BusP04 present. The chloroform layer 
was isolated, and 0.6 pmol of MesP04 was added. An 
NMR sample containing 20 mM Cr(acac)s was then 
prepared from this solution using the chloroform-metha- 
nol-water 100:36:9 solvent system. A fully relaxed, 'H- 
decoupled slP NMR spectrum using 6744 averages re- 
vealed only a MesP04 peak at +2.27 ppm with S/N = 56. 
Assuming the MesP04 and BusP04 line widths were 
equal and that S/N = 2 represents the detection limit, 
the sample must have contained (0.021 pmol of BusP04. 
Therefore, quantitation errors due to losses of BusP04 
to the wash layer should not exceed about 0.12%. 

Quantitation errors would also occur if removal of 
solvent from the extract were accompanied by vaporiza- 
tion of the internal standard. Fortunately, the volatilities 
of organophosphate compounds are low. The manufac- 
turer specifies the boiling point of BusPO4 as 180'C at 
22 mm Hg and that of the even less volatile PhsPO4 as 
244°C at 10 mm Hg. To evaluate potential errors, 
BusP04 losses due to evaporation were measured di- 
rectly and were also compared to those of PhsPO4. First, 
20 ml of a chloroform solution containing 0.5 M BusPo4 
and 0.5 M PhsPO4 were subjected to a stream of nitrogen 
gas for 2.5 h, and the residue was redissolved in chloro- 
form. slP NMR integral ratios for the two organophos- 
phates before and after this treatment were the same 
within experimental uncertainty (*2%). In addition, 680 
liters of nitrogen gas were blown directly onto the 8.0 
cm2 surface of 2.2 g of pure BusPO4 during a 3.0-h 
period. A weight loss of 0.4% occurred, yielding an 
upper limit for the quantitation error due to volatility 
of the standard. As the amount of nitrogen used was 
5-10 times greater than normal, BusP04 volatility errors 
for typical lipid samples are probably less than 0.1%. 

Effects of NMR parameters on quantitation 

The choice of NMR data acquisition parameters can 
profoundly affect the accuracy, precision, and efficiency 
with which quantitative results are obtained. To avoid 
using saturation factors, the phospholipid spins must be 
allowed to relax fully between rf pulses. Ninetydegree 
pulses separated by long delays are often used, but 
smaller nutation angles and shorter delays can also be 
used. Published slP NMR measurements of phos- 
pholipid composition have used nutation angles ranging 
from 30" to 90". Strategies for obtaining fully relaxed, 
quantitative data have been investigated in considerable 
detail, and the use of large, instead of small, nutation 
angles was shown to be the most efficient method 
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(47-49). Consequently, 90" pulses were used through- 
out this work. 

The time efficiency of data acquisition is controlled 
mainly by the relaxation properties of the sample. At 
24"C, spin-lattice relaxation times for PhsP04, Bu3P04, 
and MesP04 (100 mM each) in chloroform were found 
to be 8.1,8.5, and 14 s, respectively. Thus, using BusPOs 
instead of MesPO4 as a standard would allow the total 
analysis time to be decreased by a factor of about 1.6. 
Sample Ti values can be reduced further by adding a 
paramagnetic relaxation agent such as Cr(acac)s. This 
compound can often promote relaxation in organic 
solutions without seriously degrading the spectral reso- 
lution or changing the chemical shifts (50, 51). 31P 
nuclear spin relaxation usually occurs through the 
chemical shift anisotropy (CSA) and intramolecular 
1H-31P dipolar (D) mechanisms (52). In the presence of 
a paramagnetic agent, intermolecular e l e ~ t r o n - ~ ~ p  
dipolar interactions (E) provide an additional mecha- 
nism: 

1 1 1 
TFSA + - + E  -- -- 

Eq. 2 )  
1 

T:OLa' T1 
IH-3lP dipolar interactions can produce nuclear Over- 
hauser effects (NOE) that interfere with quantitation by 
increasing peak intensities under the influence of IH 
decoupling. Phospholipid signal enhancements from 
this source have been reported to be 10-15% in organic 
solutions (12, 22, 30). As the Cr(acac)s concentration is 
increased, the total relaxation time may come to be 
dominated by T I E ,  and signal distortions due to NOE 
are reduced as the relative contribution of TiD dimin- 
ishes (51, 53). Thus, adding Cr(acac)s not only speeds 
data acquisition but also improves the accuracy of quan- 
titation by minimizing the NOE. 

31P spin-lattice relaxation times and typical line widths 
in phospholipid solutions are listed in Table 1. Cr(acac)s 
reduced the relaxation times, especially for BusP04, 
while increasing the line widths somewhat. All lines 
shifted to high frequency by (0.02 ppm in the presence 
of 10 mM Cr(acac)s. At higher concentrations, the Ti 
values were even shorter but the resolution deteriorated 
noticeably and induced shifts were larger (e.& +O. 16 
ppm at 30 mM). Therefore, samples routinely were 
formulated to contain 10 mM Cr(acac)s. Adding 
Cr(acac)s in the absence of BusP04 would offer little 
advantage as S/N gains from higher potential pulse 
rates would be canceled by losses due to phospholipid 
line broadening. 

In samples containing no Cr(acac)s, the Ti values at 
34 "C shown in Table 1 were somewhat longer than those 
reported near room temperature for similar solvents 
and field strengths (19, 20, 22, 27). Glonek (30) has 
recently studied the relaxation properties of PC, finding 

a linear increase in Ti with increasing temperature. 
Table 2 lists Ti values between 4" and 34°C for several 
prominent spectral lines in rat liver extract containing 
10 mM Cr(acac)s. A reduction in sample temperature 
increased the relaxation efficiency, potentially allowing 
a shorter interpulse cycle time to be used during data 
acquisition. The PC TI at 4.7 Tesla has been reported to 
be about %fold longer than at 11.75 Tesla (30), which 
suggests that the chemical shift anisotropy mechanism 
dominates PC relaxation in organic solutions free of 
paramagnetic materials. To test the effect of field 
strength on 31P relaxation in BusPO4, the TI was meas- 
ured at 4.7 and 7 Tesla in chloroform-methanol-water 
100:36:9 (v/v/v) containing Cs-EDTA and 10 mM 
Cr(acac)s. At 24'C and without proton decoupling, the 
TI values at these two field strengths were indistinguish- 
able. This field independence in a Cr( acac)s-containing 
sample probably results from nearly complete domi- 
nance of the ele~tron-~lP dipolar relaxation mechanism 
operating in the extreme narrowing limit with little 
contribution from the CSA mechanism. Although addi- 
tional measurements in stronger fields would be desir- 
able, the preliminary data suggest this internal standard 
should be suitable for use with spectrometers operating 
at field strengths greater than 7 Tesla. 

In the absence of Cr( acac)s, the phospholipid line 
widths shown in Table 1 are in general agreement with 
published values (13, 19, 20, 22, 26, 27). For example, 
the width of 1.0 Hz for PC compares with reported 
values of 0.8 to 1.6 Hz (13, 19). Using 10 mM Cr(acac)s, 
31P line widths for samples prepared from liver were 
slightly greater than those for brain samples. Widths for 
the anionic phospholipids PS, CL, and PI differed the 
most, while the electrically neutral species PE, PE plas- 
malogen, SPH, PC, and BusP04 were less affected. Mean 
differences for liver versus brain were 1.0 Hz (PS), 0.9 
Hz (CL), 0.5 Hz (PI and PE), 0.3 Hz (SPH and PC), and 
0 Hz (PE plasmalogen and BusP04). This trend closely 
resembles those reported for phospholipid binding to 
Ca2', Mg2', and A13+ in similar solvents (18, 24). Param- 
agnetic cations such as Fe3+, which is abundant in liver, 
would be especially efficient line broadening agents. 

TABLE 2. Temperature dependence of 3lP spin-lattice 
relaxation times 

Spin-Lattice Relaxation Time TI (s; Itlo%) 
Temperature ('C) PE PI PC BusPo4 

4 0.81 0.54 0.87 1.18 
14 0.88 0.69 1.02 1.40 
24 1.05 0.74 1.19 1.62 
34 1.17 0.92 1.36 1.83 

Measurements were performed at 7.06 Tesla for rat liver phos- 
pholipids in chloroform-methanol-water 100:36:9 (v/v/v) containing 
Cs-EDTA and 10 mM Cr(acac)s. 
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Replacing the aqueous KC1 wash during Folch extrac- 
tion with an aqueous EDTA wash might scavenge traces 
of these cations and reduce the line widths in liver 
samples (1 1, 26). 

When the relaxation times are known, they can be 
used to predict the optimum pulse sequence cycle time 
for accurate quantitation. The application of a series of 
90" rf pulses separated by time intervals z produces 
steady-state magnetization Ml given by (54) 

Ml E M ,  [ 1 - exp(-Z / T I ) ]  Eq. 3) 

where M ,  is the fully relaxed magnetization. Equation 3 
assumes that all transverse magnetization disappears 
prior to each rf pulse and that nuclear Overhauser 
effects are absent. The amount of a phospholipid is 
calculated from the ratio of its peak area to that of the 
internal standard, leading to 

I - exp(-t / T1 ) 
E!$ 4 )  

where superscripts P and S refer to the phospholipid 
and internal standard, respectively. The ratio of hlly 
relaxed magnetizations MmP/Mmp represents the true 
relative molar quantities of phosphorus in the lipid and 
the standard. Equation 4 shows that the measured 

0.95 , I , 
1 ' 1 ' 1  

2 4 6 8 10 12 

Cycle Time T (s) 

Fig. 2. Dependence of relative phospholipid integral on interpulse 
cycle time 7 at 34°C for a mixture of rat liver and brain lipids in 
chloroform-methanol-water 1003369 (v/v/v) with Cs-EDTA and 10 
mM Cr(acac)s. Phospholipid integral ratios have been normalized to 
the value measured at z = 12 s. Thus, the ordinate represents 
(MTp/Mrs)/(M,p/M_s). The solid line is a fit using Equation 4 and TIP 
= 1.83 s (Table 1). The best-fit value of TlP is 1.1 1 s (9 = 0.93). 

"1 7 \ tmo 

t loo 0 

0' , I I I , ' 0  
10 20 30 40 

.INA 

Fig. 3. Dependence of NMR signal-to-noise ratio (S/N) and 
phospholipid coeficient of variation on the number of averages NA 
for a 0.74 g rat liver sample. The sample contained 14.6 pmol of 
BusPo4 and 37.1 total pmol of phospholipid phos horus, including 
19.5 pmol of PC. Filled circles: S/N versus& Open circles: 
coefficient of variation versus & S/N was measured using the PC 
resonance line. Error bars represent average deviations. A tit to S/N 
= a . &+ 6 gav = 17.75, b = -24.99, and +' = 0.99. Fitting to the 
equation c = (a/&) + b, where c = coefficient of variation, gave a = 
47.1, b = 0.697, and +' = 0.94. 

steady-state magnetization ratio MTp/Mls approaches 
the true ratio only when the exponential ratio term 
approaches 1. If TIP = TIS, then the correct ratio is 
obtained for any t value, although using short values 
may reduce the S/N to unacceptable levels (Equation 
3). For the more usual case where TlPZ.TlS, the true 
ratio is obtained only if z is large compared to both TlP 
and TIS. It is reasonable to use a long z value to provide 
a substantial period of relaxation without proton decou- 
pling, thus avoiding sample heating and nuclear Over- 
hauser distortion of the peak areas. As each phos- 
pholipid has a unique TI, Equation 4 also shows that any 
arbitrary choice of t will yield a different error for each. 
To ensure accurate absolute quantitation for all the 
phospholipids, t must be long enough to produce neg- 
ligible error for the phospholipid having a T1 that differs 
the most from that of the standard. 

Measured values of the total phospholipid inte- 
gral/BusP04 integral are plotted against cycle time z in 
Fig. 2. All ratios were divided by the value obtained at z 
= 12 s, which was assumed to represent the fully relaxed 
ratio MPm/@w. The figure also contains a least-squares 
fit to Equation 4 obtained by setting TlS to the measured 
value (Table 1) of 1.83 s and optimizing TIP. Agreement 
between theory and experiment is reasonably good (? 
= 0.93), and the best-fit value of TIP = 1.11 s falls within 
the phospholipid TI range for 10 mM Cr(acac)s in Table 
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TABLE 3. Total phospholipids in male rat tissues measured using NMR and colorimetry 

Total Phospholipids 
Tissue Strain Animal Wt by NMR by Colorimetry 

Liver 
Liver 
Liver 

Liver 

g pmol lipid P/g tissue f s.d. 
Lewis 226 47.2 f 1.3 (4) 44.8 f 1.2 (4) 

LBNFl 454 49.9 f 1.2 (5) 48.4 f 1.3 (4) 
ACI 253 48.7 (1) 

WF 417 
45.7 f 1.8 (4)b 

44.9 f 0.6 (3)‘ 
46.2 f 1.0 (4) 

Brain ACI 203 68.02 ( 1 )  66.07 ( 1 )  
67.43 ( 1 )  Brain ACI 206 67.72 (1) 

Brain ACI 210 66.45 (1)  64.39 (1) 
Brain ACI 217 71.14 (1)  69.15 (1) 
Brain ACI 218 65.37 (1) 63.40 (1)  
Brain ACI 232 62.84 ( 1 )  60.44 ( 1 )  

Mean f s.d. 214.3 f 10.5 66.9 f 2.8 (6) 65.1 f 3.1 (6) 

Brain 
Brain 
Brain 

ACI 223 67.78 ( 1 )  
ACI 226 70.43 (1) 
ACI 332 72.16 ( 1 )  69.87 ( 1 )  

~ ~~ ~ ~ ~ ~ ~ 

=Each row represents a single animal. Some tissues were divided to provide replicate samples, the number 

*Using single extraction. 
‘Using double extraction. 

of which is shown in parentheses. Triple Folch extraction was used except where noted. 

1. The absence of large differences between the data and 
the fit, especially for short T values, suggests that nuclear 
Overhauser effects do not interfere with quantitation. 
Integral ratios for T 2 8 s were statistically equivalent, so 
T = 9 s was chosen for subsequent work. Under these 
conditions, Equation 4 shows that individual sample 
phospholipids will be overestimated by 0.60-0.73%. Er- 
rors of this type should not exceed 1% at any tempera- 
ture below about 40°C and will be even smaller at lower 
temperatures where TI values are shorter (Table 2). 
Although it would be possible to correct the measured 
peak areas for these differential saturation effects, this 
has not been done because the errors are well within the 
uncertainty of the NMR measurement (vide infra). 

In addition to relaxation times, other experimental 
parameters affect quantitation accuracy and precision. 
The final integrals contain errors due to finite S/N, 
imperfect phasing, miscompensation for baseline drift, 
small variations in the amount of internal standard 
added, and errors in the frequency range chosen for 
integration. Lorentzian NMR lines contain broad wings 
of low intensity that must be included if accurate inte- 
grals are to be obtained (40). The PC and BusPO4 signals 
overlapped very slightly, and the dividing frequency for 
integration was defined as the local minimum between 
the peaks. Any reasonable choice of frequency in this 
region produced a variation of less than *0.2% in the 
total phospholipid/BusP04 integral ratio. 

The effects of finite S/N would be expected to domi- 
nate the precision in cases where the S/N was poor. 

Using larger tissue samples or averaging more scans 
should improve the S/N, eventually to the point that 
other effects would begin to control the uncertainty of 
the measurement. To test this, the precision of total 
phospholipid quantitation was measured versus the 
number of averages (NA) using a sample prepared from 
0.74 g of rat liver. Two independent NMR spectra 
were acquired for each of 7 NA values ranging from 36 
to 1500. Total phospholipid and BusP04 peaks in each 
spectrum were then integrated 7 times, yielding 14 
integral ratio values per NA value. The S/N was also 
measured for PC in each spectrum. As demonstrated by 
Fig. 3, the experimental S/N showed the expected linear 
dependence on ,ki (9 = 0.99). The coefficient of 
variation (i.e., 100 x s.d./mean) for total phospholipid 
phosphorus decreased with .increasing NA. The data 
were fit using the equation c = (a/&) + 6, where c is 
the coefficient of variation, the ratio term represents 
contributions that depend inversely on S/N, and b 
includes random errors that are independent of S/N. 
The quality of the fit was reasonably good (9 = 0.94), 
suggesting a limiting precision of about It2% for practi- 
cal NA values. Improving the precision substantially 
would exact a high cost in data collection time or the 
amount of tissue needed. Using best-fit parameters, the 
model predicts that NA = 24,000 (or PC S/N = 2700) 
would be necessary to reduce the uncertainty to *l% for 
this sample size, requiring 60 h of data collection. Alter- 
natively, a 4 g  sample could be used with NA = 800. 
Overall, for samples containing 35-40 pmol of total 
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Tissue 

Liver 
Liver 
Liver 
Liver 
Liver 
Liver 
Liver 
Liver 
Liver 
Liver 
Liver 
Liver 
Liver 
Liver 
Liver 
Liver 
Liver 

Liver 

Brain 
Brain 
Brain 

Brain 
Brain 
Brain 
Brain 
Brain 
Brain 
Brain 

TABLE 4. Comparison of rat phospholipids measured in this work with literature values 

Strain Age Wt. Total PL" Method Ref. 

wk g 
SD 8 276 f 31 55.4 f 1.0 colorimetry 71 

Donryu 8.3 315 38.2 f 4.4 colorimetry 72 

SD 10-11 374 f 12 53.4 f 4.1 colorimetry 71 

Lewis 12 226 44.8 f 1.2 colorimetry this work 

Lewis 12 226 47.2 f 1.3 NMR this work 

ACI 13 253 48.7 NMR this work 

Wistar -250 34.7 colorimetry 73 

Wistar 275 f 5 38.8 f 1.9 colorimetry 74 

SD 17.3 395 35.1 f 5.4 colorimetry 75 

Wistar 17-23 423 f 40 56.1 f 3.3 colorimetry 71 

Wistar 24 - 500 36.0 f 3.4 colorimetry 65 

WF 36 417 45.6 f 1.3 3lP NMR this work 
SD 39 490 31.4 f 3.1 colorimetry 75 

SD 63-69 751 f 102 54.7 f 5.1 colorimetry 71 

LBNFl 74 454 48.4 f 1.3 colorimetry this work 
LBNFl 74 454 49.9 f 1.2 SIP NMR this work 

SD 78 28.0 f 4.5 colorimetry 75 

Wistar 100-102 545 f 63 49.2 f 3.3 colorimetry 71 

SD 8.6 222 67.6 colorimetry 67 

Wistar 10 67.0 colorimetry 68 

ACI 10-12 214 f 10 65.1 f 3.1 colorimetry this work 
ACI 10-12 217 f 10 67.4 f 2.7 sip NMR this work 

WF 13 332 69.9 colorimetry this work 
WF 13 332 72.2 NMR this work 
SD 300-350 73.6 colorimetry 76 

SD 20.6 385 67.0 colorimetry 67 

SD 25.7 69.0 colorimetry 66 

Wistar - 22 72.2 colorimetry 77 

~ ~ 

Total phospholipids expressed as mean pmoles lipid phosphorus/g fresh tissue f s.d. (when known). Some values were calculated from 
data reported in other units by sing a mean of 775 g phospholipid/mole. Uncertainties reported as f s.e.m. were converted to standard 
deviations using s.d. = s.e.m. x 2 where n is the number of animals used. 

phospholipids, little is gained by averaging more than 
about 800 scans under these conditions. 

A final requirement for a suitable internal standard is 
inertness. To confirm the absence of slow BusPo4 hy- 
drolysis or other deleterious reactions, total phos- 
pholipid/BusP04 integrals were measured for two sam- 
ples at a total of 19 time points from 0.5 to 89 h after 
preparation. Samples were stored between measure- 
ments in capped NMR tubes at room temperature and 
in ambient fluorescent light. The mean integral ratio 
decreased by about 3% near the end of the study but 
remained within about one standard deviation of the 
mean of the early measurements. Samples were clearly 
stable for at least 12 h and probably were unchanged for 
several days. 

Table 3 lists total phospholipid values determined by 
31P NMR and colorimetry for rat liver and brain. NMR 
values for four different livers were in good agreement, 
and the NMR results agreed with the corresponding 
colorimetric data. Livers were large enough to provide 
replicate samples of essentially identical composition, 
which allowed the inherent precision of the techniques 
to be assessed. Coefficients of variation for colorimetry 
and NMR were equivalent, with typical values near 2.5% 
in agreement with Fig. 3. Individual brains were smaller 
than livers but were still adequate for one NMR and 
colorimetric assay on each organ. As a result of differ- 
ences between individual animals, the brain coefficients 
of variation were larger than those found with single 
livers. For both liver and brain, the NMR values were 
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would often justify the small additional effort required 
to perform a second extraction cycle. 

Table 4 compares the total phospholipid levels found 
here with those reported by other investigators for 

a AA 39°C animals with similar ages and weights. Literature values 
for adult rat brain are fairly consistent and are in excel- 
lent agreement with our results. Reported phospholipid 
levels for liver are less reproducible, probably because 
variations in diet alone can produce differences exceed- 

b A* 34°C ing a factor of two (56). Our findings are in general 
agreement with the published data for liver, although 
most literature values are about 20% lower. This is 
presumably a dietary effect as values for four animals 
fed the same diet were quite similar, NMR and col- 7 18°C orimetry gave equivalent results for the livers in this 
work, and the results for brain agreed with the literature, 
demonstrating the absence of systematic flaws in our 

PA 

SPH 

C 

-I I I I I I 0.6 0.4 0.2 0.0 -0.2 ppm analytical methods. 

Fig. 4. Proton-decoupled NMR spectra of a rat brain lipid extract 
at three temperatures. The sample contained chloroform-metha- 
nol-water 100369 (v/v/v), Cs-EDTA, and 10 mM Cr(acac)s. Only the 
crowded spectral region near +0.3 ppm is shown; a. 39°C; b. 34°C; c. 
18°C. 

about 3% greater than those found by colorimetry. Up 
to one third of this difference can be attributed to 
saturation effects and preferential BusP04 losses during 
solvent removal, as discussed above. Values measured 
by NMR are expected to be slightly higher that those 
from colorimetry. Incomplete release of inorganic phos- 
phate during perchloric acid digestion (55) would cause 
the colorimetric values to be low. Imperfect extraction 
efficiency and mechanical losses would also decrease the 
colorimetric results. The NMR data would be less af- 
fected by mechanical losses, which would leave the 
lipid/internal standard ratio relatively unchanged. De- 
spite the small difference, the agreement found for the 
two analytical methods is very satisfactory, and the NMR 
values are arguably more accurate. 

Replicate samples were used to determine the effect 
of single, double, or triple Folch extraction on quantita- 
tion in a WF rat liver. The mean phospholipid levels 
found were very similar (Table 3). Multiple extraction 
cycles produced smaller standard deviations as these 
masked inconsistencies in extraction efficiency that oc- 
curred during the first cycle. Using one-factor analysis 
of variance followed by a post hoc Scheffe's S test, no 
significant differences in the means were found for 
different numbers of extraction cycles (smallest P = 

0.46). Overall, by adding the internal standard early in 
the lipid extraction process, accurate phospholipid 
means probably can be obtained by extracting only 
once. However, the potential improvement in precision 

Optimization of peak separation 
As shown in Fig. 1, most phospholipid NMR peaks are 

not completely resolved in a 121.6 MHz spectrum. 
Quantitative analysis of individual phospholipids re- 
quires that accurate areas be obtained €or each of these 
peaks. Consequently, it is important to optimize the 
peak separation, particularly in the relatively congested 
spectral region near +0.3 ppm. One way to achieve this 
is by manipulating the sample composition (19, 22, 33, 
35). For example, the solvent polarity can be changed 
by varying the amounts of water or methanol relative to 
chloroform in the total mixture. Such changes alter the 
phospholipid chemical shifts, especially for PS (12, 22, 
35). Unfortunately, once an NMR measurement has 
shown that resolution is inadequate, reformulating the 
sample can be inconvenient. 

Several investigators (19, 21, 23, 25) have noted the 
importance of regulating the sample temperature to 
avoid broadening the phospholipid peaks, implying the 
chemical shifts may vary with temperature. A tempera- 
ture dependence has been demonstrated for the relative 
shifts of egg and liver phospholipids in chloroform- 
methanol 2:l (12). It therefore appeared that tempera- 
ture control might provide a simple means to optimize 
peak separations. This is indeed the case, as shown in 
Fig. 4. All the chemical shifts varied with temperature, 
but that of PS was especially sensitive while the CL and 
SPH shifts were less affected. Through temperature 
control it was even possible to reverse the relative posi- 
tions of the PS and SPH peaks. A change of only a few 
degrees can substantially improve the separation of 
overlapping peaks, simplifymg measurements of their 
areas. Qualitatively, the 31P shift changes that occur with 
increasing temperature resemble those obtained by in- 
creasing the proportions of methanol and water in the 

2260 Journal of Lipid Research Volume 37, 1996 

 by guest, on June 17, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Fig. 5. 31P NMR chemical shifts (6) at various temperatures (T) for phospholipids and BusPOs in a mixture of 
rat liver and brain extracts. Lipids were dissolved in chloroform-methanol-water 100:36:9 (v/v/v) with Cs-EDTA 
and 10 mM Cr(acac)s. A microsphere of 85% Hsp0.1 inserted into the sample was used as the zero shift reference. 
Fitting the data to 6 = a T + b gave the following best-fit values for a and b (in ppm/'C and ppm, respectively): 
+0.00107 and -0.961 for BusPO4; +0.00394 and -0.698 for PC; +0.00380 and -0.680 for PC plasmalogen; +0.00412 
and -0.639 for AAF'C; +0.00688 and -0.296 for PI; +0.00588 and -0.194 for LPC; +0.0110 and -0.138 for PS; 
+0.00392 and +0.0518 for SPH; +0.00852 and +0.0323 for PE +0.00869 and +0.0694 for PE plasmalogen: 
+0.00851 and +0.119 for U; +0.00470 and +0.298 for CL; -0.000986 and +0.651 for PA +0.00387 and +0.618 for 

sample, although there are also important differences 
(12, 22, 35). Many of the improvements in peak separa- 
tion that result from changing the solvent can also be 
achieved by means of temperature adjustments. This 
can be done without altering the composition of the 
sample or even removing it from the magnet. 

The chemical shift temperature dependence was 
measured for a mixture of liver and brain extracts (Fig. 
5). All the shifts varied linearly over the temperature 
range studied. BusP04 showed a relatively small depend- 
ence (+0.00107 ppm/"C), making its peak at -0.94 & 0.02 
ppm useful as an internal chemical shift reference from 
0°C to 40°C. Most of the phospholipid shifts were more 
sensitive, ranging up to +0.0110 ppm/"C for PS. The 
possibility that the temperature dependence resulted 
from thermally induced changes in solvent composition 
was investigated by measuring the mole percentages of 
chloroform, methanol, and water. As shown in Table 5, 
variations in the composition of the solvent due to 
temperature were insignificant and far too small to 
explain the effects observed here (22, 35). Hence, the 
phospholipid shifts reflect inherent temperature sensi- 
tivities. 31P shifts to high frequency with increasing 
temperature have also been reported for phospholipids 
in micelles (3), as well as for simple phosphate esters 
(57), and have been attributed to small changes in the 
average molecular conformation about the phosphorus 

atom (57). The temperature dependencies of the phos- 
pholipid shifts should be useful in assigning their peaks, 
particularly for PS and PA. 

Figure 5 shows that "windows" of optimum peak 
separation exist, principally near 15°C and 35°C. The 
temperature producing the best separation differed by 
a few degrees for liver and brain, probably the result of 
differences in bulk solvent composition due to the lipids 
themselves. Table 5 shows that the addition of phos- 
pholipids to the pure solvent mixture reduces the equi- 
librium chloroform level while increasing the propor- 
tion of water. The measured average solvent 
compositions of liver and brain samples differed signifi- 
cantly (P < 0.02 by Scheffe's S test), corresponding to a 
greater lipid concentration in the latter. Thus, a slightly 
different temperature was required to optimize the 
separation of NMR peaks for the two types of samples. 
This mechanism may also account for tissue and concen- 
tration dependencies in phospholipid chemical shifts 
reported previously (12, 13, 22). Variations in peak 
separation among different samples of the same type 
(35) were negligible, and it was not necessary to optimize 
the temperature for each. Despite favorable relaxation 
properties (Table 2), the "window" of optimum separa- 
tion at 15°C was not normally used because the lines 
were somewhat broader, especially for PA, and the 
overall resolution was slightly inferior. Instead, higher 

Metz and Dunphy Absolute quantitation of phospholipids using 31P NMR 2261 

 by guest, on June 17, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


TABLE 5. Effects of temperature and lipid concentration on solvent composition for the 
chloroform-methanol-water 100:369 Iv/v/v) svstem with Cs-EDTA and 10 mM Cr(acach' 

Mole % Mole % Mole % 
Water Methanol Solute Temperature ('C) Chloroform 

None 10 53.3 f 0.2 35.1 f 0.2 11.6 f 0.3 
11.8 f 0.2 None 20 53.3 f 0.1 34.9 f 0.1 

None 30 53.0 f 0.1 35.2 It 0.1 11.8 f 0.1 
None 40 53.0 f 0.2 35.8 f 0.3 11.2 It 0.3 

12.7 f 0.2 
58 mg PLb 30 51.5 f 0.3 35.4 f 0.2 13.1 f 0.3 
84 mg PLb 30 51.4f  0.1 35.5 f 0.2 13.1 f 0.1 

14.1 f 0.2 
Liver extractc 34 51.5 f 0.8 34.3 f 0.6 14.2 f 0.6 
Brain extract? 38 49.3 f 1.5 35.7 f 1.1 15.0 f 0.7 

30 mg PLb 30 52.0 f 0.2 35.3 f 0.1 

127 mg PLb 30 50.6 f 0.2 35.3 f 0.1 

OActual composition of the lower layer calculated using chloroform, hydroxyl, and methyl peak integrals 
measured from fully relaxed 'H NMR spectra using 5 mm tubes. 

samples prepared by dissolving the indicated amount of a commercial phospholipid mixture (PL, Sigma 
#P-8640) in 3.48 ml of solvent. The solute contained 65% PC, 25% PE, 9% other phospholipids, 1% cholesterol, 
and no TLGdetectable triglycerides or free fatty acids. 

"Mean values for 20 rat liver extract samples containing, on average, 4 mg BusP04,29 mg total phospholipids, 
and other lipids. A mean of 0.807 g of tissue was used for each sample. 

%can values for 6 rat brain extract samples containing, on average, 4 mg BusPO4,49 mg total phospholipids, 
and other lipids. A mean of 0.948 g of tissue was used for each sample. 

temperatures were used (typically, 34°C for liver and 
38°C for brain). The recent finding that spin-spin 
relaxation in PC becomes more efficient with increasing 
temperature (30) suggests the potential for line broad- 
ening when high temperatures are used. Line widths at 
34-40°C in our samples were not noticeably greater 
than those at lower temperatures. This may be due to 
the opposing temperature effect of intermolecular 31P- 
electron dipolar relaxation (58) in the presence of 
Cr(acac)s. Small line width changes could also have been 
masked by field inhomogeneities or temperature insta- 
bilities. In any case, line broadening did not present a 
practical impediment to the use of temperatures up to 
40°C with the samples in this study. 

Relative phospholipid profiles for rat tissues deter- 
mined by Lorentzian line fitting are given in Table 6 
along with literature values for animals of similar ages 
and weights. Mean chemical shifts are also listed, using 
Bu3P04 as a secondary reference with 6 = -0.92 ppm. 
Shift values for different samples and tissues agreed 
within N.02 ppm. Temperature optimization contrib- 
uted to the accuracy of the line fitting process, yielding 
composition values and uncertainty limits in good agree- 
ment with published data for liver (59-65) and brain (5, 
22, 64, 66-69). Coefficients of variation for brain were 
slightly greater than those for liver, a reflection of 
animal-to-animal variations in the former. The mole 
percentages found here can easily be converted to abso- 
lute quantities by multiplying by the total phospholipid 
values listed in Table 4. Hence, use of the internal 

standard allows absolute quantitation of individual, as 
well as total, tissue phospholipids. 

Although most of the phospholipids in Table 6 can be 
assigned unambiguously, several are uncertain. The ori- 
gins of the sharp line at -0.48 ppm and the -0.53 ppm 
shoulder on the PC peak are controversial. Edzes et al. 
(22) attributed these peaks to AAPC and PC plasmalo- 
gen, respectively, but Rana et al. (27) offered evidence 
that the peak at -0.48 ppm results from PC plasmalogen. 
The assignment shown in the table was chosen because 
it produced the best agreement with previous findings. 
Both peaks were present in spectra of brain extracts, 
which are known to contain AAPC and plasmalogens 
(64,69). Only the -0.53 ppm peak was present in spectra 
of liver extracts, which contain plasmalogens (60-62) 
but not AAPC to our knowledge. 

Two small peaks, designated as "other" in Table 6, 
were quantitated but not assigned. The peak labeled "U" 
in Figs. 4 and 5 appeared in brain samples and ac- 
counted for about 1% of the total.phospholipid area. A 
signal in this position has been reported for several 
different tissues (15-17, 19, 21, 29-33) and may arise 
from &acyl-y-0-alkyl PE (22). A peak in this region has 
also been attributed to a derivative of SPH, possibly 
dihydrosphingomyelin (15,16,29,30). The temperature 
dependence of the chemical shift for peak "Ut' is nearly 
identical to that of PE and PE plasmalogen but is quite 
different from that of SPH (Fig. 5), suggesting the source 
of this signal is bacyl-TO-alkyl PE. By reducing the brain 
extract sample temperature to 18°C (Fig. 4c), the major 
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TABLE 6. Comparison of rat phospholipid distributions measured by slP NMR and chromatography 

Liver Liver Liver Liver Liver Liver Blain Brain Brain 

Reference thiswork thiswork thiswork 64 65 59 thiswork 67 66 
Strain Lewis WF LBNFl Wistar Wistar Wistar ACI SD SD 
Age (wk) 12 36 74 24 10-12 8.6 25.7 

Phospholipid 6 (PPmY Mole % of Lipid Phosphorus 
217f10  222 226 417 454 250-300 -500 Wt (g) 

PC -0.57 55.8f0.7 52.9f 1.0 52.2f0.8 61.5 51.9 48.5 35.8f 1.0 37.5 35.7 
PE +0.37 22.2f0.5 23.7f0.6 24.2f0.8 23.5 24.9 23.7 16.6f 1.3 13.9 15.5 
PI -0.04 7.5f0.2 8.7f0.4 8.4f0.5 4.9 7.1 8.3 3.0f0.2 3.9 3.2 
PS a . 2 8  4.4f0.6 3.7f0.5 4 .6f  1.4 1.7 3.4 3.4 14.3f0.6 10.7 12.3 
CL +0.47 4.1f0.5 4 .7f0 .3  4.4f0.8 3.6 5.6 4.5 1.4f0.2 1.7 
SPH N.20 3 .0f0 .1  3.3f0.2 3 .5f0 .4  4.7 4.9 4.2 4.7f0.3 6.7 5.4 
PG +0.77 O . l f O . l  0 .4f0.3 0.2f0.2 0.2 0.2f0.1 0.4 
PA +0.63 O . l f O . l  O.lf0.1 O . l f O . l  0.0 0.3 1.0 f 0.5 1.9 
LPC +0.03 0.8f0.2 0.7f0.2 0 .5f0 .1  0.0 1.1 0.8 0 .2f0.1 
AAPC' -0.48 0.0 0.0 0.0 0.8 f 0.2 
PC PlasC -0.53 0.3f0.2 0.6f0.3 0.4f0.2 0.0 0.9 f 0.8 0.5 
PE plas +0.41 0.5f0.4 0.6f0.3 0.5fO.3 0.0 20.0f 1.1 18.8 
Total plas 20.0 
OtheId 1.0 f 0.2 0.6 f 0.4 1.2 f 0.6 1 .o 6.5 1.0fO.3 7.1 4.5 

*Uncertainties are standard deviations. In this work, brain values are means of single measurements on 8 animals. Liver values are from 4 
(Lewis), 11 (WF), and 5 (LBNFl) replicate measurements on single animals. Values in this work are from NMR, and literamre results are from 
chromatography. Additional chromatographic values are in references 60-64,68, and 69. Other NMR values are in references 5 and 22. 

Chemical shifts obtained by assigning BusPO~ 6 = -0.92 ppm for all samples. 
'Assignments of these phospholipids are uncertain (see text). 
"'Other" phospholipids in this work yield peaks at -0.09 ppm (liver at 34°C) and +0.45 ppm (brain at 38'C). 

lines shifted to reveal a trace amount of another unas- 
signed peak at +0.34 ppm which might arise from the 
SPH derivative mentioned above. This suspicion is rein- 
forced by the finding that the 31P NMR spectrum of a 
commercial sample of bovine brain SPH, approximately 
99% pure by TLC, exhibited a peak at this chemical shift 
accounting for about 5% of the total signal area. An 
additional weak unassigned line was observed in liver 
samples at -0.09 ppm as a low-frequency shoulder on the 
PI peak. A signal in this region has been attributed to 
sphingosylphosphorylcholine (26, 32, 33). Also, one of 
the two 31P resonance lines of PIP apparently overlaps 
the PI peak (30). However, the observed peak probably 
does not result from PIP as rat brain contains less of this 
lipid than of PIP2 (66, 70) and no measurable PIP2 
signals were found. Both PIP and PIP2 degrade rapidly 
after death and neither is extracted efficiently by the 
Folch method (22, 70). 

Summary and conclusions 

Several independent techniques have been presented 
that enhance the ability of 31P NMR spectroscopy to 
quantitate phospholipids in tissue extracts. Inclusion of 
BusPOs as an internal standard at the beginning of the 
extraction process is a simple and inexpensive method 
for absolute quantitation. When BusP04 is used, a re- 
laxation agent such as Cr(acac)s should also be added to 
reduce the TI value. The accuracy and precision of 
quantitation can be improved by optimizing peak sepa- 

Metz and Dunphy 

rations through simple temperature adjustments. This 
renders unnecessary many of the solvent composition 
changes that were required previously. The temperature 
dependence of the chemical shift may also prove useful 
for assigning peaks. Using the methods described here, 
3lP NMR spectroscopy has been found to be accurate, 
versatile, and convenient for the absolute quantitation 
of tissue phospho1ipids.M 
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