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ABSTRACT 

A method for the direct gas chromatographic analysis without prior hydrolysis has been developed 
for a series of glycine-conjugated bile acids having oxo or multiple functional groups, including oxo and 
hydroxyl groups and double bonds. The glycine conjugates without and with the hydroxyl groups were 
derivatized to their ethyl or methyl esters and ethyl ester-trimethylsilyl or methyl ester-dimethylethylsilyl 
ethers, respectively, and chromatographed on an aluminum-clad, flexible, fused-silica capillary column 
coated with a thin film (0.1/~m) of chemically bonded and cross-linked methyl polysiloxane. The change of 
methylene unit value exerted by derivatization and glycination for each compound is discussed. 

INTRODUCTION 

In previous papers [1,2], we have reported a s imul taneous gas chromatographic  
(GC) analysis of the unconjugates  and glycine conjugates of a series of hydroxylated 
bile acid stereoisomers as their ethyl ester-trimethylsilyl (Et-TMS) and methyl ester- 
dimethylethylsilyl  (Me-DMES)  ether derivatives on an a luminum-clad ,  flexible, 
fused-silica capillary co lumn coated with a thin film (0.1 #m) of chemically bonded  
with non-selective methyl polysiloxane. A simple method for the micro-scale ( <  1 
mg) prepara t ion  of  glycine-conjugated bile acid esters as authent ic  specimens from 
the corresponding unconjugates  was also developed. 

Since glycine-conjugated bile acids conta in ing  oxo or multiple funct ional  
groups, including oxo and hydroxyl groups and double  bonds,  are also potential  
metaboli tes  [3], we are extending our GC approach to include these compounds .  Thus  
the availabil i ty of a variety of oxo, oxo-hydroxy and unsatura ted bile acids having 
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one t o  Wur substituents at positions ( '-3, (:-4, C-6. C-7 and o r  (--12 has prompted m, 
to compare  the (3(:7 behavior  of  the glycinc conjugates and the c~,"responding tin- 
conjugates reported prcx iously [41, 

I x  P E R I M K N - I M  

.S'd~W)/e,v a~l~[ ruaqdtll.s 
/ \hnost  all o f  the oxo. oxo-hydroxy and unsaturated bile acids related to 5>  

and 5fi-cholanoic acids, ~q-fich differ l'rom one another  in the number, position and 
coniigural ion ofsubstitucnl.s in the molcculcs, were taken from ,.mr [abor4tor\. collec- 
tions. 

lt~e sii31ating reagents, l~examclhvldisilazanc ',lnd trmlcth\  lctqorosihlnc iu an  
hydrous pyridinc ( T M S . d I I ' ) a n d  dimethylethylsilylimidazolc (I)MF.SI). x\crc oh- 
tamed ['i-.o111 Tokyo  Kasci Kogyo (Tokyo,  Japan). l-l;thox\,:~.ubon,,l-2-ctho\)-l.2. 
dihydroquinol ine (EEDQ),  glycine methyl ester hvdrochh~ridc ',rod giycine cth31 cslc! 
hydrochlor idc were obnm-lcd from Wako  Pure Chcnfiual Indu,,tdc,, (()sak:L ,Iap,u~}. 
AI! solvents used wcrc o[" u, mdbtical-rc4gcnt ~radc. 

( i (  /tl~'[t'IlItlCII[~IIiOI1 (ltl(/ (CJ/iIHUI 
A Shimadzu G ( - 1 4 A  gas chromatograph  equipped ~ith ~l flame ionization 

detector and data-proccssi~;g ~,yslcm (Shhnadzu ( 'hromalop~lc ('.-I.).6:\) was used. l~ 
was fitted wi~.ll an a lumimun dad .  llexibic, fuscdI>ilica capiiJaO column (25 m :: tk25 
mm I . D )  wilh a tllil~ I][m (0. I pro) of  bonded and cross-lildacd !~:cthxl polvsHoxanc 
(cqui\ 'alcnI to OV- [0 [ )  and operated m3dcr the i'olhr~ing ctm,.litic, ns: umric~ ga-, 
(helium) flo\~-ralc, 1.5 mt  miP,: uuxiliar} gas ltox~-ratc, dr)ml m[iL >pJilling ratio. !:5(): 
ngccfion temperature, 3 3 0 ' ( :  and COILHllll [Clllpcratt|rc. 30(1 ( {isoihcrttla]) [hc co! 
umn. t i i ( 'up C B P M I .  ,a~ts ptHchased From Shina;.b:Jzn {K\'~1.c, J;u~!n). 

Ddt'/vdlJErltioll 1)l'ocddZllk%' 
The E t -TMS and M o - I ) M  ES ether dcriv~Itivc~, o!" glycmc-con.iugatcd bile acid> 

as authcmic  specimens ~erc prepared in two steps f rom H~cir corrcspondina tm.- 
con jugaic':, b N a conlbhlal, cm of giycinat ion l 'ollowcd b> s i l } l~ io !x  2 t. Ini{hdt~. o x <  
tIXO-h),dli)X}' illld tlnS{lll.ll-Hicd (24 bi]C ilcid ";kil'D. pJCS ~r ~.: ~" c t T~ ~ i] ~ C ~" ~ :~ ]  ~ ~1 i ~ ~ tllcir glycinc 
COlljLIKellC ethyl (lit) or n~clh\J i Me)esters b) [lO/liiIlCli[ \~iih ~ E[)Q), ~]>'ciIlc clh\] joy 
mcdavt) ester h3drochlor idc ;rod I r i c lh ) laminc  in ac~l imi i r i ic .  [:ach o! hc giycin:  
conjugate osiers containing h)droxyt  groups was then con\m-!o.t t,., ihc [ t / l \ . lS  4nd 
Mc--DMES ether dcri \al i ' ,cs  usin B "1 MS-HT and DM I{S! :~4 di)!at ing rcagcn[s, ic- 
spccii\cl3'. An aliquot of  {hu derivatizcd sample solution> u!~{ mfcclcd into !he (;(  
s\,>;{Clll tOgCinCr \vith ali i~ b:rl ial Mall,.lald. 

I<EM;f I S  A N D I ) I S ( 1  S>,ltF'. 

Table I shows the retomion data of  65 gl),dnc-conju~,ltcd bile acids observed 
for tllc h~o classes of  derivatizalion products  on a f t iCap (~BPM ! column. Rc~cm.ioH 
data were expressed as tt~c rch4i~c retention time (RRT} ~md m0ih~lcnc uni{ t M l : i  
\ alucs: R RT values were expressed relative [o ;m appropr ia lc doris uli,,c o fg l  3 codeox- 
vchoJic acid ( G D ( ' A :  E t - I ' v IS .  7.12 rain: Me-I)MIES, S,95 imlsta!~d X,l l l  s:~!uct~ x~erc 
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TABLE I 

RRT AND MU VALUES OF THE Et-TMS AND Me-DMES ETHER DERIVATIVES OF OXO, 
OXO-HYDROXY AN D  U N S A T U R A T E D  BILE ACID GLYCINE CONJUGATES a 

Position and 
configuration 
of substituents 

Et-TMS Me-DMES A[Um] M 

RRT MU RRT MU 

M o n o o x o  b 

3-Oxo 1.05 39.12 0.69 38.50 - 0.62 
3-Oxo (57.) 1.14 39.56 0.76 39.00 - 0.56 
6-Oxo 0.94 38.62 0.63 38.02 - 0.60 
6-Oxo (5~) 1.06 39.17 0.71 38.60 - 0.57 
7-Oxo 0.89 38.33 0.59 37.73 - 0.60 
7-Oxo (5~) 1.01 38.99 0.68 38.41 - (I.58 

12-Oxo 0.84 38.09 0.56 37.49 - 0.60 
12-Oxo (5~) 0.93 38.58 0.62 37.98 0.60 

Dioxo b 
3,6-Dioxo 1.76 41.68 1.17 41.15 0.53 
3,6-Dioxo (5a) 1.76 41.68 1.17 41.15 - 0.53 
3,7-Dioxo 1.44 40.73 0.96 40.14 - (I.59 
3,7-Dioxo (5c0 1.66 41.42 1.10 40.86 - (I.56 
3,12-Dioxo 1.44 40.73 0.96 40.14 - 0.59 
3,12-Dioxo (5~) 1.62 41.29 1.07 40.72 -(I .57 
7,12-Dioxo 1.16 39.68 0.78 39.15 0.53 
7,12-Dioxo (57.) 1.37 40.47 0.91 39.90 - (I.57 

Trioxo b 
3,7,12-Trioxo 1.84 41.91 1.22 41.34 - (I.57 
3,7,12-Trioxo (57.) 2.17 42.73 1.45 42.18 (1.55 

Monooxo-monohydro ,x  T 
3-Oxo-67.-OH [ .39 40.57 1.17 41.15 0.58 
3-Oxo-6fl-OH 1.28 4(1.17 1.06 40.66 0.49 
3-Oxo-77.-OH 1.28 4(1.17 1.04 40.56 0.39 
3-Oxo-7~-OH (57.) 1.17 39.72 0.97 40.22 0.50 
3-Oxo-7/t-OH 1.75 41.70 [ .43 42.09 I).39 
3-Oxo-7fl-OH (5~) 1.53 41.03 1.28 41.61 0.58 
3-Oxo- 12~-OH l. 16 39.68 0.92 39.97 0.29 
3-Oxo-i 27.-OH (5~) 1.25 4/1.04 1.00 40.41 I).37 
3-Oxo- 12/~-OH (57.) 1.25 4(I.04 1.00 40.41 0.37 
6-Oxo-3fl-OH (5:0 1.85 41.95 1.61 42.69 0.74 
7-Oxo-37-OH 1.38 40.53 1.15 41.08 0.55 

12-Oxo-3ct-OH 1.34 40.37 l. I 1 40.91 0.54 
12-Oxo-3fl-OH 1.34 40.37 1.15 41.08 0.71 
t2-Oxo-7~-OH (5~) 1.00 38.96 0.82 39.40 0.44 
12-Oxo-7fl-OH 1.15 39.62 0.96 40.14 0.52 
12-Oxo-7/~-OH (5,:0 1.28 40.17 1.06 40.66 0.49 

M o n o o x o  -d ihydroxy  
3-Oxo-77., 12c~-(OH) 2 1.34 40.37 1.37 41.90 1.53 
3-Oxo-77,12e-(OH)2(57.) 1.22 3!).89 1.25 41.47 i .58 
6-Oxo-37.,7/:L(OH)2 (57.) 1.46 40.80 1.48 42.30 1.50 
7-Oxo-37.,6e-(OH)2 1.38 40.53 1.43 42.09 1.56 
7-Oxo-3:~, 127.-(OH)2 1.49 40.89 1.47 42.27 1.38 

12-Oxo-3~,7:t-(OH)2 1.57 41.15 1.59 42.61 1.46 

(Cont inued on p. 454) 
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IABI [i 1 (<'<,/~:ima,U) 

Pos i ( i o l~  a n d  F I - ' I  M S  

colliigtlralJoil 
<~i subs lJ t  UCl31>> R [<i1 M I 

t 7 - ( ) x o - 3 x .  7x-I O[ l ) :  ( 52/} i. 5 4  4 i . 0 5  
t2-(Jxo-3x.7t;-(OH):: { 57 41 15 
(2-Oxo-~x.Tfi-(Oll):~ |5:,) i : , l  4i.2S 
12-Oxo-31L7>(Oft): 3 9  4055 
12 Oxl>3fi.7~:-(()l 1):: ( 5 x )  ",4 4105 

2 - ( ) x < > 3 f i , 7 / ; - ( O [ | )  ~ 5 7 4 l  i 5  
i 2  ( ) x , , - 3 i £ v ! : - ( O |  1)~ (5::~ 2 , i~ 4 2  32 

~l [OIlOfJ f O - : r i lL l  d ro  ~.l 
60x<~-Xx .7 f i ,  12::-l()H)~ (5:,'! ! 3*) 4f).56 

/)fd).Vg*-#?lOll(h{t l'd#¢l gl 

Cl2Dioxo-3~. OIl i ;S2 41.S~ 
v.12-Dioxo-3/;-(~|t i 77 41.72 

'H',( I[ It#'([[£':/  
~,-Oxo- I * :' l. 3,", 40.5', 
} ()xo-"75:-()I t -. J'~ 1.4 { 40.64 
3--Oxo- i 27.Ot l-14 1.45 4077 
~-()xo-Tx. ] 27-(Of [),-A a ',5 ~ 4~.03 

Mc-DMES lit.,,,; 

R RT X 1 { 

i 6 1  42./, ') i 4>.I 
I 5e : l i ' ( , !  i l ( ,  
l .O{, :12 4't { 4 -  

1-12 12 tu 5 i  

( .¢ ,~  72 'c~ { : , j  
} I S  i~ J('. ! e,:l 

.¢:-* . 1 , 2o  } 2.  ;,O 

I 53 42 45 ~ 73 

i) 0:: .40 t i5  ( ~ 4 X  
i [ 5  4i  ~)g 1 ~ 4 4  

1 2 - 1 ) x o  ~ x - ( ) }  t l'" ~ ~ ' ? ~" 4 ). 4 ~, I i 2: 41) . , :  ! {~ 5> 

7;i;-1- ) H - 1 "  l(: xsJ.6s ~ 9,~ 4~ ",4 {) o<, 
" , ~ - ( ) f t - I  ~' ~i :-,:' 3 &  72~ 0 .74  t:, >,:; (i ~ ;  
~5,'-()1 [ - 1  i l  , i t  l'~ (~] 0 7 9  t~l ( t i 4  

]~7-()J[- J i {}11 "iX {)0 { £ :; !,i 4(, li.>(! 
x--( "l| t l <'' ~ +' ~ ~ ~ ~>.', 1 c ! i ' i ?  ~ 7 ; '  * q:5 

:;x-()lT..t ~ 1~gt 37~.4~ f i 7 "  t , ) ( t~  i ) f l )  

7x. t 2 . 7 + ( 0 1 | } , - i ~  t) SO 3 7 S ~  O.S2 >J 4 i 1 7  
t x. 1 ~-7 -(( )[ [ j - t:' Otl,-J '@;.~<x i ) ' )  c) 4! I t?: i ~ : 

t x . l  _~7-(Oll l_-  f ~ ) <  3 , , 7  I iti.7 1(I I [ ,i! 
~; ,  ! ? : ~ - f ( ) | l ) , .  1 '~a~ 0 9 i  i~ ¢ S  i >i :;,)c;,~ { , !?  

" R R I  \alucs v, cre exprc,;sed lektliv,: to the Et-]'MS or Me-l)M~S ethc! dcl ~:~ii\cs; oi (;11( \ lhc 
d~.:sign:.llion 5x in p;tFOl/[heses !c:lcls [o '~l / lo" (lldSl~ 5X-I tj CoIIipoiilld!~. 

* RRT a~ld MI. ~Mucs ol !hes~'<:ol~q~otmc]s c~llc,~p~md ~,> lhc VI r X.lc c .{e  dc~i~:lli'<cs ofii~c glycinc 
C{q~i i}XltCe~ 

d e t c N n i n c d  r e l a t i v e  to  : > a l k a n e .  T h e  ,"l[U,,,]~l t ; a l u c s  [5]. M i l c h  a r c  d e f i n e d  a,, t he  

d i f f e r e n c e s  in (he  M l.J xaluc,~ b e l w c e n  a n a l o g o u s  M e - [ ) M t ! S  m d  [:~{-'I'MS e ther ' ; ,  a r c  

a l s o  l i s ted  in t he  t ab l e .  

1 . r i de r  t h e  dcr ix  a t i za~ iou  c o n d i t i o n s ,  t he  C i (  p e a k s  ~Hismg f r o m  bilc acid,~ con -  

t a m i n g  h y d r o x 3 1  g r o u p s  ~rc a s s i g n e d  to  t he  c o r r e s p o n d i n g  g l $ c i n c - c o l ; j u g a t c ' d  t~.. 

" [ M S  o r  M e - D M E S  ethers.,. ~ h c r e a s  li , .osc f r o m  o x o  bi ic  a c i d , .  ,a b<ich a r c  m~t ~ u , c c p -  

t ib lc  lo  s i l y l a t i o n ,  c o r r c s l x m d  to  tllc g l > c i n c - c o n j u g a i c d  Et , :r  M c  c s t e l s ,  i I o \~e , , c r .  

b o t h  t h e  e s t e r  a n d  e t h e l  d c l i \ a l i \ c s  a f f o r d e d  s l m r p  a n d  >,}l~me~rica.ti p e a k s  <m thi-, 

c~I tm-m.  ~\ith b r i c f a m t I 3 > d s  {ime>a {wi th in  13 inin i\~, t h e  Et cs!c~,~ ~mi  f ! t - I M S  ci!tvr>. 

a i m  x~,ichin 17 ra in  i7~i the. M c  osier.,, a n d  M c - I ) M I  S c t h c r ,  i It~z. i iliu<qtrab.:> ihc  

d i s t i n¢ l  , 4cpa ra t ion  o l a  m l , , l > r c  o . ! ' ox~ ;a r ;d  ~~x~*-{l\<.i~~,',,, b]10 ;!ci<f g l X c i n c c m { t , < g a l c  

i s o m e r , ,  
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Fig. l. Capillary GC of a mixture of (a) oxo and (b) oxo-hydroxy 5fi-bile acid glycine conjugate isomers as 
their Et ester and Me-DMES ether derivatives. Peak identification and position ofsubstituents: ! - 3-oxo; 
2 -  6-oxo; 3 = 7-oxo; 4 = 12-oxo; 5 -  Et-TMS ether of GDCA; 6 -  3-oxo-6:t-hydroxy; 7 = 3-oxo-6fl- 
hydroxy; 8 = 3-oxo-7a-hydroxy; 9 - 3-oxo-7fl-hydroxy; 10 -  3-oxo-12:~-hydroxy; and 11 = Me-DMES 
ether of GDCA. 

As shown in Fig. 2, plots of the M U  values of glycine conjugate E t -TMS ethers 
(or Et estes) versus those of the corresponding M e - D M E S  ethers (or Me esters) af- 
forded three regression lines, a, b and c, with a similar slope of 1 and  good linearity 
depending upon the n u m b e r  of hydroxyl groups in the molecules. Line a (Fig. 2), 
expressed as y = 1.03x + 0.38 (r = 0.998, n = 17), consists of all of  the mono- ,  di- 
and trioxo compounds  wi thout  a hydroxyl group. The straight line reflects the fact 
that  these compounds  show nearly consistent  negative A [Um]~-~ values (ca. - 0 . 5 7 ) .  
On the other hand,  regression line b, expressed as y = 1.03x - 0.67 (r = 0.994, n = 
28), was obta ined from the data  for compounds  with a hydroxyl group (e.g. mono-  
oxo-monohydroxy  and d ioxo-monohydroxy) ,  indicat ing that these compounds  have 
consistent  postive A[Um]M-E values of ca. 0.50. Further ,  compounds  possessing two 
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Fig. 2. Rclat icm~,hip bctx~cct~ lh< M I  \ a ]ucs  ol M c l ) M E S  and l i - I M S  clhc~ {or  M c  al~d t1 c:,tc~) 

d..tJ'~ctlJto!; o f  gl)cin<.?-con.ic~g ~!od I , i c  cb.?hls k\ i i [ ] t ) t l {  (;!) l',! \ <11~ i~<" ' h  q !>, ~> {<I i \,hc~x~1 ,.!I,~lil> 

hydroxy l  g r o u p s  (e,~. m o n o o x o - d i h y d r o \ y )  be long  Io the rcmainil~g rcg)cs:-,ion hnc c. 

dc l incd  a~ ~' ~- 1.01.\ i.()9 (~ .... 0.999..,'~ 19). impl:.JlL~ Iimt the rc lcn t ion  thvcs  t,i' 

the M c - D M  ES e thers  arc  m u c h  h m g c r  (¢'<z. t.53 in the 11 ( , , i ' 4 )  \ iluc~.) i tmn tli{>sc <~i' 
the corresponding I { t -TMS ethers. These significa)u corre[at{~ m>, ;.i~ :. ihcrclorc, LiSCt'U', 
f\>~ ch0.rclctcrizing oath of  ibm throe tbpc~; of  t_'OIYlpOtilht~ 

\ ~  cx ~,cctcd gl)ci,ac-co)qug'<~tcd bite clcicl, c~rc clt~tcd n~tlch lno!c qc.x~lx dm~t 
Lhc corrcst~,oiMing 'dl]COl\itlg;.itc>. tttld [he ~'| [: valuc~, ob:<r~c;d io< ti-ic gl)ci~;c col].iti- 
gate Me esters  and  M o - D M t t S  c ihcrs  are  h~ ihc r:;ingc t7 %4 (~i. 30 )~ l\',r the tm- 

ccmjuga[c,-; [,4]): 3• 4 :~ l\',r ihc |'.{ estcl"s :.ira! I:TbPMN ctho~s. ! ,,~ the PurlT~.t)sc o (  colil-  
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parison, the differences in the MU values between the Me-DMES ethers (or Me 
esters) of  analogous glycine-conjugated and unconjugated bile acids (determined on a 
HiCap CBPM1 column) [4], which are defined as A[Um]~-v values, were calculated. 
The result is expressed graphically in Fig. 3. In analogy with hydroxylated bile acid 
glycine conjugates reported previously [2], the A [ Um]C- U values were found to depend 
on the number  of  hydroxyl substituents on the steroid nucleus, and the average values 
obtained were as follows: 7.3 for nineteen oxo (S.D. = 0.201), 6.9 for nineteen mono- 
oxo-monohydroxy and dioxo-monohydroxy (S.D. = 0.142) and 6.5 for fourteen 
monooxo°dihydroxy (S.D. = 0.128) compounds,  as well as their unsaturated ana- 
logues. 

The above generalization suggests that the elution order of  each group of oxo 
and oxo-hydroxy bile acid glycine conjugate isomers is essentially identical and corre- 
sponds well with the order observed for the corresponding unconjugates [4] on this 
column. In fact, the positional isomers of the oxo bile acid glycine conjugates in both 
the 5~ and 5fi series are well separated as their Et and Me esters, emerging from the 
column in the order 12- < 7- < 6- < 3-ketones, 7,12- < 3,12- < 3,7- < 3,6- 
diketones, and then 3,7,12-triketones, precisely corresponding to the order found for 
their unconjugate esters [4]. In addition, the mono-, di- and triketones in the 5//series 
move faster than the corresponding ketones in the 5:~ series with the exception of the 
C-5 epimeric 3,6-diketones. Similar behavior was also observed for each of the two 
series of  the monooxo-monohydroxy  and monooxo-dihydroxy isomers. 

The relative mobilities of individual analogues of the two derivatives were also 
in a similar order. However, some of recalcitrant pairs could be separated successfully 
by changing the derivatization from Et to Me esters or Et-TMS to Me-DMES ethers 
(or vice  versa) .  For  example, while epimerie pairs in the 5 / / s e r i e s ,  12-oxo-3//-hydroxy 
v e r s u s  7-oxo-3~-hydroxy and 7,12-dioxo-3c~-hydroxy ver sus  7,12-dioxo-3//-hydroxy, 
completely overlap as the Me-DMES ethers, the two pairs are well resolved as the 
Et-TMS ethers. The reverse was true for the pairs 3-oxo-6//-hydroxy ver sus  3-oxo-7~- 
hydroxy and 12-oxo-3~-hydroxy ver sus  12-oxo-3//-hydroxy. 

For the positional isomers of unsaturated 3c~-hydroxy bile acid glycine conju- 
gates, the following order of  increasing retention was observed: A 9(~1) < A 6 < A ~ < 
A v < A s~4). Interestingly, this elation order differs from that found for the analogous 
unsaturated 3c<12c~-dihydroxy compounds: A 8~t4) < A 7 < z] 6. 

The retention data reported here provide an insight into structural elucidation 
of these biologically important  glycine-conjugated bile acids, and the method depends 
on the ability to measure simultaneously unconjugated and glycine-conjugated keton- 
ic bile acids in biological fluids in a single profile without prior separation and hydro- 
lysis. 
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