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SUMMARY 

A highly sensrtlve and raprd high-performance liqurd chromatographlc method for the 
determmatlon of free fatty acids m human serum IS described The fatty acrds are converted 
mto the correspondmg fluorescent derivatives by the reactlon with 3-bromomethyl-6,7- 
dunethoxy-1-methyl-2(lH)-qumoxahnone m the presence of potassmm carbonate and 18- 
crown-6 m acetomtnle The denvatlves are separated smultaneously within 44 mm on a 
reversed-phase column (YMC-Pack C,) with a gradient elutron of aqueous methanol and 
detected fluorlmetrlcally The detectron hmrts are 0 5-2 fmol m a lo-/11 mJectlon volume 
This sensltlvlty permits precise determmatlon of free fatty acrds mcludmg launc, mynstoleic 
and hnolemc acids, whmh occur m serum at very low concentrations, m 5 ~1 of sera from 
healthy sublects and patients with drabetes 

INTRODUCTION 

Free fatty acids arose mamly from the hydrolysis of tnacylglycerol m adipose 
tissues or from the a&on of hpoprotem hpase, and are released mto the blood 
stream The amounts of the acids m human serum or plasma mcrease or 
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decrease with the extent of diabetes [l] , thyremphraxis and hepatic dysfunc- 
tion [2] _ Therefore, the determmatlon of the acids is very useful for the 
diagnosis and treatment of these diseases 

High-performance hquld chromatographlc (HPLC) methods with UV detec- 
tion [3-61 have been used for the simultaneous determmatlon of free fatty 
acids m serum or plasma The methods have a limited sensitivity and thus 
require a large amount of serum or plasma (0.5-l 0 ml) Accordmgly, 
fluorescence derlvatlzatlon reagents for fatty acids, 9-anthryldiazomethane 
(ADAM) [7] and 9ammophenanthrene (9-AP) [ 81 have been applied success- 
fully to the determmatlon of free fatty acids in serum or plasma. The 
fluornnetrlc HPLC methods are sensitive, and require 20-50 ~1 of serum or 
plasma. However, the methods do not permit the determmatlon of launc 
(Cl2 0), myrlstoleic (Cl4 1) and lmolemc (C 18 3) acids, which occur m serum or 
plasma at very low concentrations Recently, a fluornnetnc HPLC method 
using 4-bromomethyl-7-acetoxycoumarm (Br-MAC) has been developed for the 
determination of free fatty acids m plasma [9, lo] The method is based on the 
reaction of Br-MAC with free fatty acids to give esters, which are separated by 
HPLC The esters m the eluates are hydrolysed by mixmg with an alkaline 
solution using a post-column system and the resultmg fluorescence is detected 
The method is sensitive enough to determine free fatty acids mcludmg Cl2 0, 
Cl4 1 and Cl8 3 acids m 10 ~1 of plasma However, the method requires both 
pre- and post-column techniques and thus is rather tedious 

We have developed 3-bromomethyl-6,‘7-dlmethoxy-1-methyl-2(lH)- 
qumoxalmone (Br-DMEQ) as a highly sensitive fluorescence denvatizatlon 
reagent for carboxyhc acids [ll, 121 The purpose of the present research is to 
establish a sensitive, simple and rapid HPLC method utlhzmg Br-DMEQ for the 
microanalysis of free fatty acids m a mmute amount of serum. Margarlc (C, 7 o) 
acid, which is not present m human physiological fluids, is used as an mternal 
standard 

EXPERIMENTAL 

Reagents and ma terlals 
All chemicals and solvents were of analytical-reagent grade, unless otherwise 

noted. Deionized and distilled water was used Acetomtrlle used for the derma- 
tlzatlon reaction was purified as described previously [ 111 CIZ 0, Cl4 1, 
myristic (Cl4 ,,), Cls 3, palmltolelc (Cl6 1), arachldonlc (CZO 4), lmolelc (C,, *), 
palmltlc (Cl6 0), oleic (Cls 1), Cl7 0 and stearic (Cl8 0) acids were purchased 
from Sigma (St Louis, MO, U S A ) Br-DMEQ was prepared as described 
previously 111, 121 Br-DMEQ (1 3 mM), 18-crown-6 (5 7 mM) and C1, 0 
acid (10.0 PM, internal standard) solutions were prepared m acetomtrile 
The Br-DMEQ solution could be used for more than a week when stored m a 
refrigerator at 4” C 

Serum specimens were obtained from fasting healthy volunteers in our 
laboratories and from patients with diabetes an hospital (Kyushu Cancer Centre 
Hospital, Fukuoka, Japan). 

Apparatus and HPLC condo tzons 
Infrared (IR) spectra were recorded with a Shlmadzu 430 spectrophotometer 
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In potassium bromide pellets ‘H and 13C nuclear magnetic resonance (NMR) 
spectra were obtamed with a JEOL FX-100 spectrometer at 99 5 and 25 1 MHz, 
respectively, using ca. 5% (w/v) solution m chloroform-d contammg tetra- 
methyl&me as an internal standard Splitting patterns were designated as 
follows s, smglet, d, doublet, t, triplet, q, quartet, m, multlplet. In 13C NMR 
spectra, signals were asslgned by both the complete decouplmg and off- 
resonance decouplmg techmques. Electron-unpact mass spectra were taken 
with a JEOL DX-300 spectrometer. 

A Hitachi 655A high-performance hquld chromatograph equipped with a 
high-pressure sample mJector (20+1 loop) and a Hltachl FlOOO fluorescence 
spectromomtor equipped urlth a 12-~1 flow-cell operated at an excltatlon 
wavelength of 370 nm and an emlsslon wavelength of 455 nm were used The 
column was a YMC-Pack C, (150 X 6 mm I D , particle size, 10 pm, Yamamura 
Chemical Labs, Kyoto, Japan) This column can be used for more than 1000 
inJections with only a small decrease m the theoretical plate number. The 
column temperature was amblent (20-27°C) For the separation of the DMEQ 
derlvatlves of the fatty acids on the column, a gradlent elutlon with aqueous 
80-100% (v/v) methanol (Fig 1) was carried out by usmg a Hltachl 833A 
solvent gradient device The flow-rate was 2.0 ml/mm Uncorrected 
fluorescence excltatlon and emlsslon spectra of the eluate were measured with 
a Hitachi 650-60 fluorescence spectrophotometer fitted with a 20-~1 flow-cell, 
the spectral bandwldths were 5 nm m both the excltatlon and emlsslon mono- 
chromators. _ 

.2 
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Fig 1 Chromatogram of the DMEQ derlvatlves of fatty acids A portion (5 ~1) of a standard 
mixture of fatty acids (2 0 nmol each/ml) was treated according to the procedure Peaks 
1 = C,, ,,>2 = C,, ,>3 = C1, 0,4 = C,, 3,5 = C,, l,6=C,, ,,7=C,, 2,8=C,, o,9=C,, 1, 
10 = c,, o, 11 = c,, @ acids, 12 = Br-DMEQ 
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Procedure 
A 5-pl allquot of serum was mlxed unth 200 ~1 of 0 5 M phosphate buffer 

(pH 6.5), 50 ~1 of the C ]. 7 o acid solution and 2.0 ml of a mixture of 
chloroform-n-heptane (1 1, v/v) The mixture was vortexed for ca 2 mm and 
centrifuged at 1000 g for 5 mm The orgamc layer was evaporated to dryness 
m vacua and the residue was dissolved m 200 ~1 of acetomtrlle A 100~~1 
portion of the resultmg solution was placed m a screw-capped 1.5-ml vial, 
to which were added ca 20 mg of a mixture of finely powdered potassium 
carbonate and anhydrous so&urn sulphate (1 1, w/w) and 50 gl each of the 
Br-DMEQ and 18-crown-6 solutions The v1a.l was tightly closed and heated at 
50°C for 20 mm m the dark After coolmg, 10 ~1 of the resultmg mixture were 
mjected mto the chromatograph. 

The cahbratlon graph was prepared as m the procedure except that the 
C 17 ,, acid solution was replaced w&h the solution contammg 0.25 pmol to 5 0 
nmol each of the fatty acids. The net peak-height ratios of the mdlvldual 
fatty acids and C,, 0 acid were plotted agamst the concentration of the fatty 
acids spiked 

Preparation of the fluorescent compound from palmrtlc acid 
Br-DMEQ (50 mg, 0 16 mmol), Cl6 0 acid (40 mg, 0 16 mmol) and 

18-crown-6 (21 mg, 0 08 mmol) were dissolved m 5 ml of acetonltrlle To the 
solution placed m a screw-capped lo-ml test tube was added ca 500 mg of 
anhydrous potassmm carbonate. The tube was tightly closed and heated at 
8O“C for ca 20 mm and cooled. Potassium carbonate was removed by filtration 
and washed two to three times with small portlons of acetone. The combmed 
filtrates and washings were evaporated to dryness m vacua. The residue 
dissolved m 5 ml of a mixture of n-hexane-ethyl acetate (3 2, v/v) was chro- 
matographed on a silica gel 60 (ca. 75 g, 70-230 mesh, Japan Merck, Tokyo, 
Japan) column (25 X 2 cm I.D.) with the same solvent The main fraction was 
concentrated to dryness and the residue was recrystallized from n-hexane as 
pale yellow needles (m p. 84.5-86 5”C, 60 mg) Analytlcal data were as 
follows. IR v:% (cm-’ ) 1745 [O(C=O)], 1645 (C=O), 1635 (aromatlc C-N); 
‘HNMR(CHCl,-d)6 0.88-l 71[29H,m,(CH,),,CH,];2 48[2H, t,(C=O)CH,]; 
3 71 (3H, s, N-CH,), 3.95 and 4 02 (3H each, s each, 0--CH3), 7 28 and 
6.69 (1H each, s each, aromatic H); 13C NMR (CHCl,-d) 6 14 3 (q), 22.8-32 0 
(m), 34.4 (t), 56.4 (q), 56.5 (q), 63.1 (t), 95.8 (d), 111.3 (q), 127 7 (s), 128.6 
(s), 146.4 (s), 150 6 (s), 152 1 (s), 178.5 (s), analysis calculated for 
C28H44N205 C, 68.82, H, 9.08; N, 5.73; found: C, 69.00; H, 9 25; N, 5 99. 
Mass spectra m/z 488 (M’); 250 [M’ - CH,(CH,),,CO + H, base peak]. 

RESULTS AND DISCUSSION 

HPLC condltaons 
The simultaneous separation of the DMEQ denvatlves of the eleven fatty 

acids was studied on reversed-phase columns, YMC-Pack Cs, LlChrosorb RP-8 
and Radial-Pak cartndges Cla, Cs, phenyl and CN Isocratic elutlon was fast 
exanuned using methanol, acetomtrtie, water, 30 mM phosphate buffer (pH 
4-8) and then- murtures as moblle phases The best separation of the derlva- 
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tives was achieved on YMC-Pack CB usmg aqueous 80% (v/v) methanol. How- 
ever, the derlvatlves were eluted late (retention trme for Cl8 0 acid was ca 72 
mm) with broadenmg of the peaks, especially those for C16 @I Cl8 1, C1, 0 and 
Cl8 0 acids. Gradrent elutlon wrth aqueous methanol served to mnnmrze the 
elutlon times and also to sharpen the peaks Fig 1 shows a chromatogram 
obtamed by a gradlent elutlon wrth a methanol concentration between 80 and 
100% (v/v) m the mobile phase The DMEQ derlvatwes of all the fatty acrds 
tested were completely separated wlthm 44 mm The mdlvldual fatty acids 
gave single peaks m the chromatogram The change m methanol concentration 
actually had no effect on the fluorescence excltatlon (maximum, 370 nm) and 
emission (maxlmum, 455 nm) spectra and mtensltles of the DMEQ derlvatlves 
of all the fatty acids 

Derwatzzat~on reactlon condrtmns 
The condltlons for linear saturated fatty acids were described prevrously 

111, 121 In thus paper, the condltlons for unsaturated fatty acids were 
examined using a mixture of C14 1, Cl8 j, Cl6 I, CZO 4, Cl8 2 and Cl8 1 acids 
(20 nmol/ml each) 

Br-DMEQ gave the most intense peaks at a concentration greater than ca. 
0.9 m.iV m the solution for the fatty acids, 1 3 mA4 was used as a suffrcrent 
concentration Maxlmum and constant peak heights could be attamed at 
N-crown-6 concentratrons m the solutron m a range 3 O-12.0 mA4; 5,7 n&I 
was selected m the procedure. The peak heights reached maximum and 
constant values when the potassium carbonate content was higher than 2 mg, 
10 mg was employed in the recommended procedure The peak heights of the 
DMEQ derivatives of the fatty acids were decreased slightly with mcreasmg 
water concentration in the reaction mrxture The addition of anhydrous 
sodium sulphate (50 mg) resulted m ca. 1 2 times the fluorescence mtensrty 
of that m Its absence. 

The denvatrzatlon reaction of C 18 3 acid with Br-DMEQ apparently occurred 

0 20 40 60 
Time mm) 

l?lg 2 Effect of reactlon time on the fluorescence development from C,, 3 acid Portlons 

(5 crl) of CU. J acid (2 0 nmol/ml) were treated as m the procedure at various temperatures 
Temperatures a, 2O”C, b, 37”C,c, 5O”C, d, 8O”C, e, 100°C 
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even at moderately low temperatures; higher temperature allowed the 
fluorescence to develop more rapldly (Fig 2). However, at 80--lOO”C, peak 
he1ght.s were decreased for a prolonged heating tune (10-60 mm) In addltlon, 
at these high temperatures, several unknown peaks, which may be due to 
decomposltlon products of the acids [l, 81, tended to appear At 5O”C, the 
peak heights for all the fatty acids reached almost a maximum after heatmg 
for 15 mm Thus, 20-mm heatmg at 50°C was recommended m the procedure. 
The derlvatlzakon reactlon proceeded m acetonltrile or acetone, acetomtrile 
was utlhzed tentatively because of easy purlflcatlon. All the fatty acids gave 
sunllar peak heights. The DMEQ denvatlves m the final mixture were stable 
for at least 72 h m dayhght at room temperature 

The detection limits were 0.5-2 fmol for the eleven fatty acids m 10 ~1 of 
mJectlon volume at a signal-to-noise ratlo of 2 The sensltlvlty 1s at least 100 
times higher than that of the method ~th ADAM and 9-AP and ca 10 tunes 
higher than that with Br-MAC 

Fluorescent products m the determznation of fatty acids 
In order to investigate the fluorescent product, Cl6 ,-, acid was employed as 

a model compound The reaction product from the acid was confirmed as 
3-hexadecanoyloxymethyl-6,7-d~methoxy-l-methyl-2(lH)-qu~nox~~none by 
the analytical data described under Experunental The fluorescence excitation 
(maxunum, 370 nm) and enusslon (maxlmum, 455 nm) spectra of the product 
m aqueous 80-100% (v/v) methanol, which were independent of the concen- 
tration of water, were almost identical with those of the eluates for the other 
ten acids, respectively. These results indicate that the fluorescent products 
from the fatty acids should be the correspondmg esters, 3-acyloyloxymethyl- 
6,7-dlmethoxy-1-methyl-2( lH)-qumoxahnones 

Determznatzon of free fatty acrds m serum 
Free fatty acids m serum were extracted mth a murture of chloroform and 

n-heptane m the usual manner [lo]. Typical chromatograms obtamed with 
sera from a normal SubJect and from a patient urlth &abetes are shown in Figs 
3 and 4, respectively. There were no mterfenng peaks m the chromatograms. 
All the peaks produced by the derlvatlzatlon with Br-DMEQ were ldentlfled 
on the basis of their retention tunes and fluorescence excltatlon and emlsslon 
spectra of the eluates in comparison with the standard compounds, and also 
by co-chromatography of the standards and the sera v&h aqueous 50-100% 
(v/v) methanol as the mobile phase 

Free cholesterol and cephalm (as a representative phosphohpld) @ve no 
fluorescent products under the demvatlzatlon condltlons On the other hand, 
Br-DMEQ reacts with oxalic, malomc, succmic, adlplc, lactic and mahc acids, 
and acidic nucleosldes to form the corresponding fluorescent derlvatlves [12] . 
However, these compounds &d not interfere with both the detectlon and 
separation of the peak for all the fatty acids even when they were present at 
unusually high concentrations m serum (2 0 pmol/ml of serum), because 
DMEQ denvatlves of the compounds were eluted at retention tmes between 
1 and 8 mm under the recommended HPLC conditions 

Linear relatlonshlps were observed between the ratios of the peak heights of 
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FIN 3 Chromatogram of the DMEQ denvatlves of free fatty acids m serum from a normal 
subject A port1011 (5 ~1) of normal serum was treated accordmg to the procedure For peak 
ldentlflcatlon, see Fxg 1 

W 4 Chromatogram of the DMEQ denvatwes m serum from a patlent with diabetes For 
peak ldentlficatlon, see Fig 1 

the fatty acids to that of C ll.O acid and the amounts of the fatty acids added 
m the range 0 25 pmol-5 0 nmol each to 5 ,uI of serum, no change of the 
slopes m the graphs of the relatlonshlps was observed, depending on the serum 
used. These facts mdlcate that the present internal standard method permits 
the determmatlon of the fatty acids in serum over wide ranges of their con- 
centratlons 

The recoveries (%, mean + S.D., n = 8 each) of the fatty acids (0 2 nmol 
per 5 ~.il each? the compound m parentheses) added to a pooled normal serum 
were 98.3 f 2.3 (Cl2 0), 98.2 + 2 8 (Cl4 1), 100 0 -+ 3.2 (Cl4 a), 98.8 + 1.8 
(CM 01, 96.2 * 2 1 ((A, ,), 98.2 * 2.8 (C,s o), 103 1 rt 1 9 (cIB 1), 97 2 + 2 4 
(Cl8 2), 95.4 + 2 1 (Cl8 J and 98 4 r 3.5 (CzO 4). 

The preclslon was established by repeated determmatlon (n = 20) using a 
nomd serum The coefficients of vanatlon were 4 5, 3.8 and 4 3% for Cl2 *, 
CM I and CM 3 axis, respectwely, and did not exceed 3% for the other fatty 
acids 

The concentrations of free fatty acids m sera from healthy volunteers and 
from patients mth diabetes were determined by 011s method (Tables 1 and 11). 
The concentrations of all the free fatty acids were significantly increased in 
serum from patients urlth diabetes, as has also been demonstrated in mother 
report [lo) Comparison of the present method with the fluorunetrlc HPLC 
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TABLE I 

CONCENTRATIONS OF FREE FATTY ACIDS IN SERA FROM HEALTHY 

VOLUNTEERS 

Age Sex Concentration (nmol/ml) 

21 M 
22 M 
22 M 
23 M 
27 M 
35 M 
37 M 
21 F 
22 F 
22 F 
24 F 
25 F 

Mean 

SD 

03 08 12 30 26 
03 08 39 11 2 37 
01 04 41 35 66 
09 17 43 63 32 
07 19 85 115 36 
0.7 0 3 26 37 56 
07 10 25 33 78 
44 37 4.3 13 4 55 
21 13 6.4 51 47 
07 10 50 49 58 
12 08 10 91 31 
64 37 85 19 4 44 

36 

58 
32 
30 
23 
4.5 
36 
40 
58 
44 

4: 

15 15 44 79 47 43 
18 11 24 49 15 14 

19 8 25 1 331 62 

614 90 7 78 9 17 9 
29 3 60 0 57 5 15 1 
67 1 78 1 131 1 22 8 
98 3 125 8 1658 459 
45 1 73 2 825 186 
30 7 62 1 40 1 13 8 
75 0 125 1 150 8 218 
70 4 115 6 115 7 22 6 
58 1 62 8 74 7 19 1 
92 1 1314 108 1 27 0 
65 5 152 6 45 6 22 8 

594 919 90 3 212 
23 4 36 3 421 91 

TABLE II 

CONCENTRATIONS OF FREE FATTY ACIDS IN SERA FROM PATIENTS WITH 
DIABETES 

Age Sex Concentration (nmol/ml) 

32 M 75 48 251 361 300 87 4 216 1 387 1 876 0 85 8 
40 M 54 59 365 25 8 25 5 90 5 386 0 487 5 502 9 65 0 

45 M 91 49 176 22 7 16 4 64 7 225 6 298 5 886 6 63 1 

55 M 48 116 33 7 429 662 44 3 350 1 505 1 420 6 75 9 
57 M 83 78 271 218 178 53 7 355 5 255 8 388 9 90 4 
43 F 47 57 328 354 761 119 8 4018 3659 5543 52 8 

47 F 59 86 258 375 178 1548 286 4 387 2 563 9 68.0 

55 F 66 39 304 371 564 42 6 300 5 2348 3363 45 9 

Mean 65 67 286 324 383 822 3153 365 2 566 3 68 9 

SD 15 24 56 73 226 36 9 65 4 92 9 1963 14 3 

method using ADAM [‘7] was made for the normal and pathological sera 
The correlation coefficients were satisfactory (0 98-O 99, II = 10 m each case) 
for the fatty acids, except for Cl2 *, Cl4 1 and Cl8 3 acids which could not be 
measured by the ADAM method. The mean values for the mdlvldual free fatty 
acids m normal serum (Table I) were m good agreement with the published 
data [lo] . 

The present fluonmetnc HPLC method using Br-DMEQ gave a satisfactory 
sensltlvlty m the quantitative analysis of free fatty acids mcludmg Cl2 0, Cl4 1 
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and C,* 3 acids, the sensltlvlty permits the use of only 5 ~1 of serum from 
a normal SubJect or a dlabetlc patient This method 1s also rapld and simple 
to perform and can therefore be applied for routme use 
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