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SUMMARY 

To faclbtate the determmatlon of the fatty acid composltxon of tissues and the mvestlga- 
tlon of fatty acid metabolism, we developed a method for the rapid separation by hlgh- 
performance hquld chromatography and quantltatlon (by ultraviolet light absorption) of p- 
bromophenyl esters of fatty acids which vary 111 cham length from 10 to 22 carbon atoms. 
The utllty of the method was demonstrated by evaluating the fatty acid composltlon of 
human uterine decldua Vera tissue and human endometrlal stromal cells that are mamtamed 
in monolayer culture 

INTRODUCTION 

Prostaglandms (PGs), prostacyclm, thromboxane, and leukotnenes are 
synthesized from essential fatty acids [l-3] , lmolelc acid (18 2), lmolemc acid 
(18-3) and arachldomc acid (20 4) Importantly, these fatty acids are present 
m cells prmclpally m estenfled form with glycerophosphohplds and tnacyl- 
glycerols A major regulatory mechanism m the rate of PG synthesis 1s believed 
to be the rate of release of arachldomc acid from these lipid storage forms 
Thus, the amount and dlstnbutlon of these fatty acids among tissues and lipid 
species 1s of central importance m the evaluation of the capacity for and the 
regulation of prostaglandm synthesis m various tissues 

To facilitate the evaluation of the fatty acid composltlon of tissues as well as 
the metabolism of fatty acids, a method for the rapid separation and quantlta- 
tion of these compounds 1s desirable Heretofore, gas chromatography was the 
method of choice for separation and quantltatlon of nanogram quantities of 
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these compounds. Recently, methods for rapid separation, by hlgh-perfor- 
mance liquid chromatography (HPLC), of denvatlves of fatty acids that absorb 
ultravrolet light [4-6 3 or that are fluorescent [ 7-101 have been developed. 

Herem, we descrrbe a method for the rapid separation and quantltatlon by 
UV absorptron of p-bromophenacyl esters of fatty acrds which vary m cham 
length from 10 to 22 carbon atoms, and one that can be used wrth extracts of 
tissues or cells mamtamed m monolayer culture. These derrvatlves are formed 
m a reactron of the carboxylate anion of the fatty acid with cu-p-dlbromo- 
acetophenone m which dlcyclohexyl-l&crown-6 ether serves as a catalyst. 

EXPERIMENTAL 

Ma terlals 
The authentic fatty acids used as standards were obtarned from Serdary 

Research Labs (London, Canada). Potassium hydroxrde was purchased from 
Fisher Screntlfrc (Pittsburgh, PA, U.S.A ) The p-bromophenacyl ester derrvatl- 
zatlon krt was obtamed from Applied Sciences Labs (State College, PA, 
U.S.A ). Methanol (HPLC grade) was obtamed from J.T Baker (Phrlhpsburg, 
NJ, U.S A.). Lrght petroleum (borlmg point 38-56°C) and acetomtrlle were 
obtamed from Malhnckrodt (Pans, KY, U S A.). 

Tmsue preparatzon 
Human endometrral tissue was obtamed on day 23 of the ovarian cycle from 

the uterus unmedrately after hysterectomy that was performed for reasons 
other than endometrral disease. Endometrral stromal cells were obtamed after 
enzymatrc dlgestron of the tissue as described prevrously [ll] , the cells were 
placed m lOO-mm culture dishes Confluent endometnal stromal cells m 
monolayer culture were scraped from the culture dashes mto a solutron of 0.15 
M sodium chlonde and were centrifuged at 1000 g for 15 mm. The pellet of 
cells was suspended m 2 ml of water and was somcated m a W-375 somcator 
(Heat Systems-Ultrasomcs, Plamvrew, NY, U.S.A ) at a settmg of 4 with a 30% 
duty cycle and a continuous pulsar cycle for 10 s. 

Human decrdua vera tissue was obtamed at the time of elective cesarean 
sectron, conducted at term, but before the onset of labor. The decrdua vera 
tissue was separated from the chorron laeve as described previously [ 121. 
Decrdua vera tissue (approx. 0.5 g) was homogenized m a solutron of 0.15 M 
sodium chlorrde (5 vols ) u-r a Potter-ElvehJem homogemzer and a 2-ml ahquot 
was somcated as described above. The protem content of ahquots of somcates 
was determmed by the method of Lowry et al. [13] with bovme serum 
albumin as the standard. 

The lipids from an ahquot (1 6 ml) of each tissue somcate were extracted by 
the method of Bhgh and Dyer [ 141. The lipid extracts were reduced to dryness 
at 25°C under a stream of nitrogen. The residue was dissolved m a solution of 
1.3 M potassnun hydroxrde m methanol (95%) and refluxed at 95°C for 45 
mm. Thereafter, water (2 ml) was added and the non-sapomhable lipid material 
was extracted wrth light petroleum (5 ml) The samples were acidified (pH < 4) 
with 2 M hydrochlonc acrd, and the free fatty acids were extracted twice with 
light petroleum (5 ml) The light petroleum fractions were combmed and 
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reduced to dryness under a stream of nitrogen at 25”C, the residue was 
dissolved m acetomtrlle (4 ml) 

The p-bromophenacyl esters were prepared by alkylatlon by the method of 
Durst et al [4] as modified by Pel et al [6] 

Derwatwe forma tzon 
Fatty acid extracts of tissues or authentic fatty acids m acetomtrlle (4 ml) 

were rmxed with potassmm carbonate (15 mg), 0 2 M a-p-dlbromoaceto- 
phenone (0.1 ml) and 0.02 M dlcyclohexyl-l&crown-6 ether (0.1 ml). The 
mixture was boiled under reflux, with vigorous stzrmg, for 45 mm, and the 
yellowish solution was filtered through a 0 5-pm filter (Mllhpore, Bedford, MA, 
U S A ) to remove potassmm bromide and unreacted potassium carbonate 
After evaporation of the solvent at 25°C under a stream of nitrogen, the 
residue was reconstituted m 1 ml acetonltrlle 

HPLC 
Fatty acid analyses were conducted with a DuPont Model 850 liquid 

chromatograph (DuPont, Wllmmgton, DE, U S A ) that was equipped with a 
Cl8 PBondapak column 30 cm X 3 9 mm, 10 pm particle size, Waters Assoc 
(Mllford, MA, U.S.A.) and UV (254 nm) detector The retention times, peak 
areas and percentage dlstrlbutlon of the compounds were computed by use of 
an HP 3380A integrator (Hewlett-Packard, Avondale, PA, U S A ) An ahquot 
(0 05 ml) of the sample was InJected and chromatographed at ambient 
temperature m methanol-water (23 2) The flow-rate was 1 3 ml/mm at a 
pressure of 103 bar. The attenuation for the detector and recorder were set at 
0 01 and 32 a u f s , respectively. The recorder sensltlvlty was 3 mV/mm. 

RESULTS 

A chromatogram that 1s lllustratlve of the separation of the p-bromo- 
phenacyl esters of a variety of authentic fatty acid standards 1s presented m 
Fig 1 In the reversed-phase HPLC procedure, the fatty acid denvatlves were 
eluted m an order of decreasing polarity and increasing chain length The lower 
hmlt of detection for short-cham fatty acids (Cl0 to Ctz) was 25 ng and that for 
long-cham fatty acids (Czo to C&) on average, was 90 ng. The most commonly 
occurring compounds with an intermediate chain length (Cl4 to C18) could be 
detected at concentrations as low as 60 ng, on average The average upper limits 
of detectlon were 550, 2800 and 2100 ng, respectively Although the sensltlvl- 
ty could be increased five- to fifteen-fold by settmg the detector attenuation to 
0 002 au f s or by expandmg the recorder range to 1 mV/mm, this was not 
useful for the quantltatlon of fatty acids m tissues since the evaluation of the 
compounds m smaller quantities was complicated by the fact that the detector 
background was considerably greater 

By decreasing the polanty of the solvent, the separation of arachldomc acid 
(20 4) and lmolelc acid (18-2) was facilitated. The retention times of other 
fatty acids, however, were reduced considerably even at a flow-rate of 0 5 
ml/mm because of underutlllzatlon of the stationary phase such that some 
fatty acids (10 0, 11 0, 12 0, 14 1) could not be separated On the other 
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Fig 1 HPLC profile of fatty acids A 50-~1 ahquot of the fatty acid standard mixture was 
injected Peaks InJ = mjectlon, SF = solvent front, 1 = cu-p-dlbromoacetophenone, 2 = 10 0 
(n-decanolc acid, 117 ng), 3 = 11 0 (undecanolc acid, 200 ng), 4 = 12 0 (a-dodecanolc acid, 
200 ng), 5 = 14 1 (cls-9-tetradecenolc acid, 250 ng), 6 = 18 3 (all-cfs-9,12,15-octadecatrl- 
enolc acid, 450 ng), 7 = 16 1 (trans-9-bexadecenolc acid, 450 ng), 8 = 20 4 (all-c~5,8,11,14- 
elcosatetraenolc acid, 666 ng), 9 = 18 2 (all-trans-9,12-octadecadlenolc acid, 666 ng), 10 = 
20 3 (all-cls-8,11,14-elcosatrlenolc acid, 750 ng), 11 = 16 0 (n-hexadecanolc acid, 616 ng), 
12 = 18 1 (cls-9-octadecenolc acid, 666 ng), 13 = 17 0 (heptadecanolc acid, 616 ng), 14 = 
22 3 (all-cls-7,10,13-docosatnenolc acid, 1117 ng), 15 = 18 0 (n-octadecanolc acid, 1167 
ng), 16 = 22 2 (all-cls-10,13-docosadlenolc acid, 1283 ng), 17 = 20 0 (n-elcosanolc acid, 
1366 ng) 

Fig 2 HPLC profile of fatty acids Fresh decldua vera tissue was extracted and sapondled, 
and derlvatlzatlon was accomplished as described m the text Peaks 1 = or-p-dlbromoaceto- 
phenone,2=100,3=110,4=120,5=141,6=unknown,7=183,8=161,9=204, 
10 = 18 2, 11 = 20 3,12 = 16 0,13 = 18 1,14 = unknown, 15 = 17 0,16 = 22 3,1’7 = 
18 0 For abbrevlatlons, see legend to Fig 1 

hand, by mcreasmg the polarity of the solvent and by adJustmg the flow-rate 
to 2 ml/mln, the resolution of palmltlc acid (16 0) and olelc acid (18 1) was 
improved at the expense of separation of arachldomc acid and hnolelc acids, 
longer retention times and higher back-pressure The sapomflcatlon of fatty 
acid standards, either separately or as the mixture, did not @ve rise to other 
peaks on the chromatogram, this fmdmg 1s mdlcatlve that the formatlon of 
isomers was not a problem. 

An example of the apphcatlon of the method described 1s illustrated m Fig. 
2 There was no detectable fatty acid denvatlve compound with a longer reten- 
tion time than that of 18 0. It should be noted that the separation and quanti- 
tatlon of 16.1, 20 4 and 18 2, and of 16 0 and 18 1 fatty acids, may be 
dlfflcult due to tdmg when the differences m the amounts of these fatty acids 
are great This can be resolved, however, by collectmg and recyclmg these 
compounds with appropriate adlustment of the eluent composltlon or the flow- 
rate as described,, or by a combmatlon of both procedures 
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TABLE I 

FATTY ACID COMPOSITION OF DECIDUA VERA TISSUE AND ENDOMETRIAL 

STROMAL CELLS IN MONOLAYER CULTURE 

Fatty acid* Concentration (j.hg/mg of protein) 

Decldua vera tissue Endometrlal stromal cells 

10 0 0 78 * 0 07 0 76 f 0 06 
11 0 0 85 * 0 06 0 83 + 0 07 
12 0 071* 005 051? 004 
14 1 0 95 f 0 07 0 61 + 0 05 
18 3 19 45 f 1 5 672? 042 
16 1 5 76 ? 0 42 19 +Oll 
20 4 1422+081 12 08 2 0 95 
18 2 7 66 +_ 0 61 5 76 f 0 62 
20 3 404rO22 0 73 f 0 04 
16 0 1672k 121 6 76 f 031 
18 1 15 7 * 102 8 11 k 0 49 
22 3 168 f 0 11 0 14 + 0 01 
18 0 15 30 f 0 98 7 21 k 0 41 
22 2 ND** ND 
20 0 ND ND 

‘In order of mcreasmg retention time 
**N D = Not detectable 

The fatty acid concentrations of fresh decldua vera tissue and endometrlal 
stromal cells m monolayer culture are presented m Table I. Standard curves 
were prepared for each fatty acid and lmeanty was established within the lower 
and upper lnmts of detection The amount of fatty acid standard was plotted 
against the area under the peak and the concentration of fatty acid was cal- 
culated by use of lmear regression analyns. The results represent mean values 
+ standard error of the mean (S.E M.) of five different expernnents conducted 
m tnphcate The overall Inter- and mtra-assay varlablhtles were 6 and 4%, 
respectively Thus, quantltatlon of fatty acids could be achieved with as little 
as 0 1 g wet weight of uterine decldua vera tissue Smce the retention times m 
HPLC for fatty acids m tissue homogenates are altered somewhat when com- 
pared with those of a mixture of authentic fatty acids, the ldentlty of the fatty 
acids was deternuned by the addition of authentic fatty acids to tissue 
homogenate 

To monitor losses durmg the extraction and sapomficatlon procedure, 
heptadecanolc acid (17 0) was used as the internal standard since this fatty acid 
occurs naturally only m trace amounts, the recovery of this standard was 85 rt 
5% (mean k S.E M , n = 12) 

Derlvatlves of the followmg fatty acids could not be resolved by the method 
described (a) cu-9,12,15-octadecatrlenolc acid or lmolelc acid (18 3), all-cu- 
6,9,12_octadecatnenolc acid (18 3) and n-tetradecanolc acid (14 0), (b) cu-9- 
octadecenolc acid or oleic acid (18 l), trans-9-octadecenolc acid (18 1) and czs- 
6-octadecenolc acid (18-l), (c) n-octadecanolc acid or stearlc acid (18 0) and 
cu-11-elcosenolc acid (20 l), (d) truns-9-hexadecenolc acid (16 1) and all- 
czs-4,7,10,13,16,19-docosahexenolc acid (22 6) 
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DISCUSSION 

For the mvestlgatlon of fatty acid metabohsm, a means of separation and 
quantltatlon of a number of saturated and unsaturated fatty a&s 1s reared 
The analysis of fatty acids as dlbromophenyl esters by HPLC 1s a rapid method 
of high resolution and sensltlvlty We find that this method 1s appropriate for 
analysis of fatty acids m very small amounts of &sue although the analysis of 
fluorescent denvatlves [7--101 may be necessary for detection of minute 
quantities of fatty acids One major advantage of HPLC 1s that the separated 
compounds are detected by use of optical instruments m a manner that does 
not necessitate destruction of the compound, thus, further analyses may be 
conducted [ 151 

In their ongmal studies, Durst et aI [4] separated a number of fatty acids by 
use of a C9 reversed-phase column packmg Then- condltlons were not 
optnmzed, however, and this resulted m relatively long retention times and the 
requn-ement of different eluents or a gradlent elutlon technique. Pel et al [61 
were able to separate the geometrical Isomers of palmltolelc, olelc and hnoleic 
acids as the p-bromophenacyl esters thereof by use of a 5-pm particle size 
Cl8 reversed-phase bonded support, but they did not include other compounds 
Borch [16], who used a Cl8 column packmg and a gradient elutlon technique 
with acetonltnle-water, effected the separation of 24 fatty acids as phenacyl 
esters with excellent resolution The analysis time for all compounds, however, 
was 4 h and for the most commonly occurrmg fatty acids 70 mm. 

We found that Cl8 reversed-phase bonded support with methanol-water 
(23 2) as the eluent gives excellent separation of a variety of saturated and 
unsaturated fatty acids as the p-bromophenacyl esters These include members 
of the lmoleic acid (18 2, IE - 6) and lmolemc acid (18 3, n - 3) fan-&es, 
which are precursors of all PGs and thromboxanes The separation of the 
compounds can be accomplished by elutlon m the lsocratlc mode, which 1s a 
Qstmct advantage over gradient elutlon techniques The analysis time for 
eighteen fatty acids (25 mm) was relatively short 

Importantly, this method is apphcable to extracts of tissues and cells m 
monolayer culture (Fig 2). The dlstnbutlon of fatty acids m fresh decldua 
Vera tissue and m endometrlal stromal cells m monolayer culture was similar 
(Table I) In women, the decldua vera of pregnancy develops from the 
endometrlal stromal tissue m response to the actlon of estrogen and 
progesterone Moreover, the dlstrlbutlon of the commonly occurrmg fatty 
acids, V~Z the 14 1, 16 0, 16 1, 18 0,18 1,18 2,18 3 and 20 4 acids, 1s com- 
parable to that found m other mammalian tissues [17] The separation and 
quantltation of a number of fatty acids, together with the achievement of high 
sensitivity and resolution, short analysis time and convemence of preparation, 
are such that this method 1s well suited for mvestlgatlons of fatty acid metab- 
olism 
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