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Identification and quantitation of 1,4-butanediol in mammalian tissues: an alternative 
biosynthetic pathway for gamma-hydroxybutyric acid 

(Received 2 May 1984; accepted 25 September 1984) 

Gamma-hydroxybutyric acid (GHB) occurs naturally in 
mammalian brain [1] and has been shown to produce 
marked central nervous system depression [2, 3] and a 
trance-like behavioral state, associated with paroxysmal 
electrical activity, quite similar to that observed in petit 
real epilepsy [4-7]. 

The parent compound for GHB in brain is considered to 
be gamma-aminobutyric acid (GABA)  [8-13]. However,  
several lines of evidence have been developed that suggest 
the presence of precursors for GHB other than GABA:  (1) 
GHB in extraneural sites (liver, heart, kidney, muscle) 
notable for their absence or small concentrations of G A B A  
[14-17], (2) liver and kidney concentrations of NADP- -  
dependent  oxidoreductase (D-glucuronate reductase; 
EC 1.1.1.10), the primary catabolic enzyme for GHB, ten 
to twenty times that in brain [15] and (3) the GHB ontogeny 
significantly different from that of G A B A  and the enzymes 
involved in its conversion to GHB [18]. These data suggest 
that in the periphery, and perhaps in the brain, there is an 
alternative source for GHB. 

In this regard, it has been shown that the compound 
1,4-butanediol (BD), administered either i.v. or i.p,, is 
metabolized to GHB,  producing increases in both the blood 
and brain levels of this compound [19, 20]. Thus, BD would 
appear on the surface to be a likely candidate for an 
alternative source of GHB in brain and liver. 

A method for the extraction, derivatization and gas 
chromatographic/mass spectrometric (GC/MS) identifi- 
cation and quantification of BD by selected ion monitoring/  
isotope dilution techniques is presented. The presence of 
BD as an in vivo component  of human and rat brain and 
of rat liver is demonstrated and the level of BD in these 
tissues is reported. 

Deuterated 1,4-butanediol (DBD: 1,1,2,2,3,3,4,4-2H8 - 
BD, 99.99 atoms% with respect to BD by GC/MS)  was 
obtained from Merck Isotopes,  Montreal,  Canada. The 
BD, heptafluorobutyric anhydride (HFBA) organic sol- 
vents and other materials were obtained from commercial 
sources and were of the highest available purity. 

Rat brains and livers were obtained from adult male 
Sprague-Dawley rats (CrL: CS(SD)BR, Charles River; 
200-350 g, fed and watered ad lib. and maintained on a 
12 hr light-dark cycle) that were killed by decapitation; 
the brain and liver were rapidly removed, dissected, and 
subjected to the assay procedure outlined below. 

Post mortem human brain tissue (frontal cortex and 
cerebellum) was obtained from patients, ranging in age 
from 32 to 68 years (mean = 43.7), dying of non-neurologic 
disease who were autopsied within 12 hr of death (mean = 
4.23 hr). The brain tissue samples were then frozen at - 7 6  ° 
until the assay procedure was conducted. 

The extraction of BD from liver and brain aqueous and 
lipid fractions was accomplished via modification of the 
method reported by Bergelson et al. [21], who reported the 
presence of trace amounts of BD in rat liver lipid fractions 
in 1966 using thin-layer chromatography. 

Lipid fraction. To a 15.0-ml conical glass tube in an ice- 
water bath were added 2.0ml of water, 0.5 ml of 70% 
perchloric acid and 0.5/~g of DBD. Tissue was weighed 
(0.2 to 0.5 g of liver or brain), added to the tube, and 
thoroughly homogenized. The sample was centrifuged and 
the supernatant fraction was transferred to a clean 15-ml 
conical glass-stoppered tube. The supernatant fraction was 
extracted with 2 x 1.0ml of isooctane:hexane (15:85, 
v/v) by shaking for 15 rain. The combined organic phases, 
containing lipids and other neutral compounds, were evap- 
orated to dryness under nitrogen in a 50-ml RB flask: 
0.5/~g of DBD and 20.0 ml of 0.4 M methanolic potassium 
hydroxide were added and the mixture was refluxed for 
2 hr. On cooling, the pH was adjusted to 7.0 with 0.25 M 
sulfuric acid and lyophilized to dryness. The residue was 
extracted with 6 x 5.0 ml of chloroform:methanol  (95:5, 
v/v), and the combined extracts were evaporated to dryness 
under nitrogen in 5.0-ml portions in a 15-ml conical glass- 
stoppered tube. HFBA (250 ktl) was added, vortexed, and 
heated at 50 ° for 30 min. On cooling, 1.0 ml of methylene 
chloride was added and then extracted with 3 x 1.0 ml of 
deionized water. The methylene chloride was transferred 
to an ampoule, 0.25 g anhydrous sodium sulfate was added 
and the ampoule was sealed. 

Aqueous fraction. The pH of the aqueous phase was 
adjusted to 12.0 with 45% potassium hydroxide, the mix- 
ture was centrifuged, and the supernatant fraction was 
transferred to a 15-ml conical glass-stoppered tube. The 
supernatant fraction was extracted with 2 x 1.0ml of 
chloroform, and the aqueous phase was adjusted to a pH 
of 7.0 with perchloric acid. The sample was centrifuged and 
the supernatant fraction was lyophilized to dryness. The 
remainder of the procedure was conducted as described 
above for extraction and derivatization. 

GC/MS analyses were conducted using a Hewlett  Pack- 
ard 5985A GC/MS equipped with a RTE-6-VM data 
system. Gas chromatography was conducted in the splitless 
mode on a 25m x 0.25 mm i.d., 0.12 mm coating of BP5 
(J & W Scientific Inc., Rancho Cardova, CA) fused silica 
glass capillary column using helium as the carrier gas. A 
temperature program was used to effect separation of DBD 
and BD: 50 ° for 1.0 rain, increasing 10°/min to 300 °. The 
purge function was activated at 0.5 min into the run. The 
injection port and source temperatures were maintained at 
200 ° while the transfer zone temperature was held at 300 ° . 
Analyses were conducted in the positive ion/electron 
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impact mode ,  collecting either total ion or selected ion 
data, at an ionizing voltage of 70 eV. 

Pure s tandards  of BD and D B D  were derivatized as 
described above and analyzed in the total ion/electron 
impact mode  to determine fragmentat ion patterns.  Charac- 
teristic ions f rom these data were used to monitor  samples 
in the selected ion moni tor ing mode.  Spiked (0.0 to 0.5 #g 
BD,  0.5 #g DBD)  water  and homogenized liver and brain 
samples (0.5 g tissue) were treated as described above and 

used to determine percent  recover}', to determine [incaritv 
of recovery to response,  and to provide standard curves for 
quanti tat ion.  

GC characteristics, mass  spectra and proposed frag- 
mentat ion pat terns for the diheptafluorobutyrl  (di-HFB) 
derivatives of BD and D B D  are shown in Fig. 1A, B and 
C respectively. The recovery of BD from spiked brain and 
liver aqueous  and lipid fractions was 74 _+ 10~ (N = 5) 
and 88 ± 9% (N = 5) respectively. A linear recovery and 
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Fig. 1. GC characteristics (A) and mass spectra and proposed fragmentat ion patterns for the dihcp- 
tafluorobutyrl derivatives of 1,4-butanediol (B) and 2H~-l,4-butanediol (C). Figure 1D is the total ion 

mass  spect rum of 1.4-butanediol obtained from a rat liver lipid fraction. 
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Table 1. Concentration (rig/g) and/or presence (+) of BD in the various 
tissue lipid and aqueous fractions examined* 

BD (ng/g wet weight of original tissue) 
Tissue N Lipid fraction Aqueous fraction 

Rat brain 
(whole) 7 + 65 -+ 29 
Cortex 2 + 17 
Sub-cortex 2 32 21 
Cerebellum 2 + 36 

Liver 7 167 - 62 29 -+ 8 
Human brain 

Cortex 2 15 + 
Cerebellum 2 26 + 

* For N = 7, values are expressed as mean -+ S.D. For N = 2, values are 
expressed as the average of the two samples. 

response for BD were observed in all cases (0.0 to 
1.01lgBD/g wet weight of tissue, r=0 .99 ,  N = 5 )  
examined. The limit of detection for BD was 0.01 #g/g wet 
weight of tissue. 

The criteria for identification of BD in the tissue fractions 
examined were: (1) correct retention time, as determined 
from standards, and (2) presence of, and correct ratio for, 
diagnostic ions (m/z 55/240) as determined from standards. 
Sufficient quantities of endogenous BD were obtained from 
rat liver lipid fraction to obtain a total ion mass spectrum 
(Fig. 1D). 

Quantitation of BD in the various tissues was 
accomplished using the criteria above for identification and 
the ratio of the ions (m/z) 55/62 fm BD/DBD. The ratio 
obtained was compared to those from the standard curves 
to give total ng of BD/g wet weight of tissue (Table 1). 

The results of the present study indicate that BD is a 
naturally occurring endogenous compound, existing in both 
the free (aqueous phase) and combined (lipid phase) forms, 
in rodent brain and liver and in human cortex and cerebel- 
lum. The presence of BD in vivo, coupled with the data 
regarding the conversion of BD to GHB following its i.p. 
or i.v. administration [19, 20], provides support for the 
hypothesis that BD could serve as an alternative source for 
GHB in peripheral and neural tissues. This is particularly 
true in liver where GABA concentrations are significantly 
lower than in brain [14-17] yet the activity of GHB dehy- 
drogenase is high [15]. The metabolic source of BD is not 
known at this time. Conceivably this compound could be 
formed from dietary precursors or be synthesized in liver 
and brain. 

The demonstration of the presence of BD as a naturally 
occurring compound in brain and liver and the knowledge 
that this substance is converted to GHB by a pathway 
utilizing alcohol dehydrogenase [22-25] add another com- 
plex dimension to thinking about GHB metabolism in 
neural and extraneural tissues. This is especially true in view 
of the protean neuropharmacologic and neurophysiologic 
properties of GHB [26] and a proposed role for this com- 
pound as a neurotransmitter or neuromodulator in its own 
right [27]. 

Acknowledgements--This work was supported in part by 
NINCDS Grants K0700484-05 and NS17117-03. 

§ Address reprint requests and correspondence to: O. 
Carter Snead, Ill, M.D., 1600 7th Avenue South, Bir- 
mingham, AL 35233. 

*UAB GC/MS Center 
t UAB Neuroscience Program 
~Department of Pediatrics 
][Department of Pharmacology 
University of Alabama in 

Birmingham 
Birmingham, A L  35294, 

U.S.A. 

STEVEN A. BARKER*]" 
O. CARTER SNEADt:~§ 

FLAVIO POLDRUGotll 
CHUN-CHE tlU+$ 

FREDERICK P. FISH* 
ROBERT L. SETTINE* 

REFERENCES 

1. R. H. Roth and N. J. Giarman, Biochem. Pharmac. 
19, 1087 (1970). 

2. B. A. Rubin and N. H. Giarman, Yale J. Biol. Med. 
19, 1017 (1947). 

3. J. M. Jouany, J. Gerard, B. Broussoule, M. Reynier, 
A. Orsetti, C. Nermuth, C. Bara and M. Corvel, Agres- 
sologie 1,417 (1960). 

4. O. C. Snead, Neurology 28, 636 (1978). 
5. O. C. Snead, Neurology 28, 643 (1978). 
6. M. Godschalk, M. R. Dzoljic and I. L. Bonta, Neuro- 

sci. Lett. 3, 143 (1976). 
7. O. C. Snead, Neuropharmacology 21,539 (1982). 
8. R. H. Roth and N. J. Giarman, Biochem. Pharmac. 

18, 247 (1969). 
9. J. D. Doherty, R. W. Stout and R. H. Roth, Biochem. 

Pharmac. 24, 469 (1975). 
10. R. A. Anderson, R. F. Ritzmann and B. Tabakoff, J. 

Neurochem. 28, 633 (1977). 
11. J. F. Rumigny, M. Maitre, C. Cash and P. Mandel, J. 

Neurochem. 36, 1433 (1981). 
12. J. F. Rumigny, M. Maitre, C. Cash and P. Mandel, 

Fedn Eur. Biochem. Soc. Lett, 117, 111 (1980), 
13. C. D. Cash, M. Maitre and P. Mandel, J. Neurochem. 

33, 1169 (1979). 
14. R. H. Rotb, Biochem. Pharmac. 19, 3013 (1970). 
15. T. Nelson, E. Kaufman, F. Kline and L. Sokoloff, J. 

Neurochem. 37, 1345 (1981). 
16. M. Zachmann, P. Tocci and W. C. Nyhan, J. biol. 

Chem. 241, 1355 (1966). 
17. R. J. Drummond and A. T. Phillips, J. Neurochem. 23, 

1207 (1974). 
18. O. C. Snead and B. J. Morley, Devl Brain Res. 1,579 

(1981). 
19. R. H. Roth and N. J. Giarman, Biochem. Pharmac. 

17, 735 (1968). 
20. R. Maxwell and R. H. Roth, Biochem. Pharmac. 21, 

1521 (1972). 



1852 Short communicat ions  

21. L. D. Bergelson,  V. A. Vaver,  N. V. Prokazova,  A, 
N. Ushakov  and G. A. Popkova,  Biochim. biophys. 
Acta 116, 511 (1966). 

22. P. V. Taberner ,  J. T. Rick and G. A. Kerkut ,  Life Sci. 
11, 335 (1972). 

23. S. P. Bessman and E. R. B. McCabe,  Biochem. Phar- 
mac 21, 1135 (1972). 

24. R. Pietruszko, K. Voightlander and D. Lcster, 
Biochern. Pharmac. 27, 1296 (1978), 

25, F. Poldrugo and O. C. Snead, Neuropharmacology 23. 
109 (1984). 

26. O. C. Snead, Lift" Sci. 20, 1935 ~ 1977). 
27. R. H. Roth,  ,I. D, Dohertv  and .I. R, Waiters,  Brain 

Res. 189, 556 (1980). 

Biochemical Pharmacology, Vol. 34, No 10, pp. 1852-1854, 1985. (1006 2L!52 ~,3 $3 {Ill - ql ~1(I 
Printed in Great Britain. ~) lus~ Peream~,n ['lc~s [ td 

Anti-inflammatory drug inhibition of transport of cystine and glutamate in cultured 
human fibroblasts 

(Received 22 March 1984; accepted 15 October 1984) 

In mammal ian  cells, several t ransport  systems for amino 
acids with different specificity have been characterized [1]. 
Recent  studies have shown that nonsteroidal  anti-inflam- 
matory drugs (NSAID)  inhibit the t ransport  of amino acids 
through system A in a variety of cell lines [2, 3]. System A 
is a Na ' - dependen t ,  neutral  amino acid transport  system 
characterized by the t ransport  of methylaminoisobutyric  
acid. Transpor t  of  amino acids through system N or system 
L is unaffected or slightly s t imulated by NSAID [2, 3]. 
Inhibition by NSAID of system A amino acid transport  
develops slowly and probably is not  the initial action of 
NSAID [2], Max imum inhibition by indomethaein was 
observed after a 2-hr incubation with the drug. In previous 
papers we have shown that there exists an anionic amino 
acid transport  system responsible for the uptake of cystine 
and glutamate in cultured h u m a n  diploid fibroblasts [4, 5]. 
Similar t ransport  systems have been found in rat hepa toma 
cells [6] and in isolated rat hepatocytes [71. This com- 
municat ion describes our  observat ions on the immediate  
and potent  inhibition by NSAID of cystine and glutamate 
transport  in human  fibroblasts. 

Materials and methods" 

Chemicals. L-[3,3'-3H]Cystine was obtained from Amer-  
sham. Indomethacin  and phenylbutazone were purchased 
from Sigma. 5-Methoxy-2-methylindole-3-acetic acid was 
from Aldrich. Mefenamic  acid and piroxicam were gifts 
from the Sankyo Pharmaceut ical  Co. and the Pfizer Taito 
Co. respectively. 

Cells. Exper iments  were performed with a strain of 
human  diploid fibroblasts derived from fetal lung (IMR- 
90). The  cells were cultured in Eagle 's  basal medium sup- 
p lemented  with 10% fetal calf serum. 

Uptake method. L-Cystine uptake was measured  as 
described previously [4]. Cells grown in a 35-mm diameter  
dish were rinsed three t imes in warmed phosphate-buffered 
saline, pH 7.4, and then were incubated in 0.5 ml of the 
uptake medium at 37 ° . The  uptake medium consisted of 
the same buffer used to rinse the cells plus labeled amino 
acid (l uCi/0.5 ml), NS AID were dissolved in dimethyl 
sulfoxide and added to the uptake medium (less than 0.2% 
dimethyl sulfoxide at final concentrat ion),  pH was adjusted 
when necessary. The incubation was terminated by rinsing 
the cells three t imes in ice-cold phosphate-buffered saline, 
and the radioactivity taken up by the cells was determined 
as described before. 

Results and discussion 

Indomethacin  inhibited the uptake of cystine in human  
diploid fibroblasts (Fig. 1). Inhibition was immediate  and 
reversible: uptake was inhibited within 10 sec and upon 
removal of the drug the rate of uptake was restored without 
a detectable delay (Fig. IA).  Since cystine is rapidly metab-  
olized (i.e. reduced to cysteine) in the cells, it is possible 

that an inhibition of the metabol ism was responsible for 
the decreased net rate of the cystine uptake. It has been 
shown that N-ethylmaleimide almost completely inhibits 
the intracellular metabol ism of cystine with only a slight 
effect on uptake of cystinc [4]. Therefore,  uptake of pHl- 
cystine was measured  in the presence of 0.1 mM N-ethyl- 
maleimide,  where about 95% of 3H-labeled compounds  
recovered from the cells was identified as cvstine. Figure 
1B demonst ra tes  apparent  uphill transport  of cystine and 
the direct inhibition of transport  by indomethacin.  Indo- 
methacin decreased the influx Vm~,~ with little change in the 
influx Km for cystine (Fig. 2). In the presence of (/.5 mM 
indomethaein ,  the influx Vm~,~ decreased to about one-fifth 
that of the control cells. The effects of indomethacin on 
the uptake of other  amino acids were examined.  The uptake 
of alanine, cysteine and leucine was inhibited only weak b 
by indomethacin  at 1).5 raM, whereas the uptake of glu- 
tamate ,  which is largely mediated by the same transport 
system as cystine, was inhibited to the same extent as that 
of eystine (data not shown). 

Figure 3 shows the effects of various NSAID on cystine 
uptake. All of these agents inhibited the uptake in a con- 
centra t ion-dependent  manner .  Mefenamic acid appears to 
be the most  potent  inhibitor. Several compounds ,  which 
are structurally related to indomethacin [l-(p-chloro- 
benzoyl)-S-methoxy-2-methylindole-3-acetic acid] but do 
not possess anti- inflammatory activity, were also tested. 
Indole-3-acetic acid and 5-methoxy-2-methylindole-3- 
acetic acid at 1 mM were ineffective, and p-chlorobenzoic 
acid was weakly inhibitory at 1 mM (about 30c/c inhibition), 
Correlation between the inhibition of cystine uptake and 
the anti- inflammatory action is not clear. However.  the 
order of potency in the inhibition of c3stine uptake was 
roughly similar to that reported for their anti-inflammatory 
activity. 

The amino acid transport  system for c,~stine and g~u- 
tamate  in human  diploid fibroblasts is N a - i n d c p e n d e n t  
and shared by anionic amino acids such as homocvsteatc 
and 0l-aminoadipate [4, 5]. Indomethacin  has been shown 
to affect Na- influx in human  fibroblasts [91. It is possible 
that the inhibition of A svstem amino acid transport  may 
be linked with the inhibition of Na" influx, because the 
inhibition of Na '  influx by indomethacin occurs more rap- 
idly than the inhibition of A system amino acid transport 
[9] which is Na*-dependent .  However.  it is unlikely that 
the inhibition of cystine transport b~ NSAID is related to 
the inhibition of Na '  influx. Cvstine transport is N a ' -  
independent  and the inhibition of cvstine uptake occurs 
more rapidly than the inhibition of Na- influx. In fact. 
indomethacin inhibited cystine uptake m Na ' - f rce  medium 
to the same extent as that in the normal,  Na "-containing 
medium (data not shown). Correlates with other bio- 
chemical variables, e.g. cellular ATP levels, might be con- 
sidered. However.  it has been shm~n that ATP level~ do 


