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Summary: The biotransformation of Acarbose (Bay g 5421) by an artificial in vitro 
system with viable intestinal microorganisms was investigated. The bacteria were 
obtained from the colon of man or from the caecum and colon of  rats and were 
incubated anaerobically with ~4C-Acarbose in a nutrient  solution. The metabolites 
were separated and purified by chromatographic methods and identified by nuclear 
magnetic resonance ('H; '3C) spectrometry and by mass spectrometry. 

Metabolites in man and rat are component  2 (minus the terminal glucose of 
Acarbose), a basic disaccharide consisting of rings B and C, and component  1. This 
latter substance is formed, after hydrolytic cleavage of the internal glucose of  
Acarbose, by spontaneous rearrangement of rings A and B (Acarviosine) into a 
tricyclic oxazolidine. 

The metaboli te  pattern of Acarbose is changed profoundly after several weeks of 
pretreatment  of man or rat with this compound.  The microflora adapted in such a 
manner  yields in addition methylated, hexosylated, and n-butyroylated derivatives 
of Acarbose and/or component  2. 

Zusammenfassung: Acarbose wurde mit einem k~instlichen In-vitro-System auf 
Biotransformation durch lebensf~hige intestinale Mikroflora geprfift, die aus den 
unteren Darmabschni t ten  yon Probanden und Ratten stammte. Dazu wurde '4C- 
Acarbose mit  Darmkeimen,  N~hrstoffen und Spurenelementen inkubiert. 

Das Metaboli tmuster  yon Acarbose setzt sich sowohl bei Menschen als auch bei 
der Ratte im wesentl ichen aus Komponente  2, einem um Ring D ~irmeren Homolo- 
gen aus der Acarbose-Reihe, aus einem basischen Disaccharid, das aus den Ringen 
B und C des Ausgangsmolek~iles besteht, und Komponente  1 zusammen. Letztere 
Verbindung entsteht durch spontane Umlagerung des nicht faBbaren Acarviosins 
(Ring A und B) in die trizyklische Verbindung mit Oxazolidin-Struktur. Acarviosin 
wird bei der Abspaltung yon Ring C aus Komponente  2 gebildet. 

Das Metaboli tmuster yon Acarbose ver~indert sich durch eine mehrw6chige 
Einnahme dieser Substanz im Vergleich zum nicht adaptierten Menschen oder zur 
nicht adaptierten Ratte gravierend. Adaptierte intestinale Mikroflora liefert sowohl 
aus Acarbose als auch aus der trizyklischen Komponente  1 reichhaltigere Metabo- 
litmuster. Neben den oben beschriebenen Produkten konnten methylierte,  hexosy- 
lierte und n-butyrylierte Derivate von Acarbose und/oder Komponente  2 nachge- 
wiesen werden. 
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Introduct ion  

S o m e  s u b s t a n c e s  r e m a i n  u n a b s o r b e d  a f t e r  o ra l  i n t a k e ,  e.g. t h e  i n t e n s e  
s w e e t e n e r  c y c l a m a t e  (1), or  s u g a r s  in  [3-glucosidic  l i n k a g e  l i ke  in  c e l l o b i o s e  
(2). O t h e r  s u b s t a n c e s  m a y  b e  d e s i g n e d  for  t h e  g a s t r o i n t e s t i n a l  t r a c t  as  t h e i r  
s i t e  o f  a c t i o n ,  e.g.  A c a r b o s e  (3, 4), a n  i n h i b i t o r  o f  s o m e  c a r b o h y d r a s e s ,  a n d  
a r e  t h e r e f o r e  e s s e n t i a l l y  u n a b s o r b e d  in  t h e  s m a l l  i n t e s t i n e ,  

W h a t e v e r  t h e i r  s o u r c e ,  b e  i t  t h e  t u r n o v e r  o f  b o d y  c o n s t i t u e n t s  l i k e  
i n t e s t i n a l  m u c o s a l  ce l l s  (t/2 < 1.5 d a y s )  or  f o o d  c o n s t i t u e n t s  l i k e  d i e t a r y  
f i b r e  a n d  p o l y o l s  o r  d r u g s  l i ke  t h e  a b o v e - m e n t i o n e d  A c a r b o s e ,  t h e  h i g h l y  
v e r s a t i l e ,  e s s e n t i a l l y  a n a e r o b i c  m i c r o f l o r a  o f  t h e  l a r g e  i n t e s t i n e  (5) 
d e g r a d e s  t h e s e  m a t e r i a l s ,  e s s e n t i a l l y  in  i ts  s t r i v e  fo r  e n e r g y  - a l b e i t  
a n a e r o b i c  c o n d i t i o n s  p r e v a i l .  F o r  r e v i e w  on  m e c h a n i s m s  o f  s u c h  b i o t r a n s -  
f o r m a t i o n s  s e e  (5), a n d  e s p e c i a l l y  o n  c a r b o h y d r a t e  d e g r a d a t i o n  see  (6). 

M e t a b o l i c  p r o d u c t s  o f  t h e  c a e c a l  a n d  c o l o n i c  m i c r o f l o r a  m a y  e a s i l y  
u n d e r g o  a b s o r p t i o n ,  e.g. as  v o l a t i l e  f a t t y  a c i d s  f r o m  c a r b o h y d r a t e s  (6) o r  as  
c y c l o h e x y l a m i n e  f r o m  c y c l a m a t e  (1). D r u g  m e t a b o l i t e s ,  i f  a b s o r b e d ,  m a y  
b e  m e t a b o l i z e d  f u r t h e r  b y  t i s s u e s  l i ke  l i v e r  o r  k i d n e y  b e f o r e  t h e i r  e x c r e -  
t i o n  in  t h e  u r ine .  T h e  p r e s e n t  r e p o r t  d e s c r i b e s  a n  e x p e r i m e n t a l  s y s t e m  
w h i c h  p e r m i t s  t h e  a n a e r o b i c  in  v i t r o  p r o d u c t i o n  o f  m e t a b o l i t e s  b y  t h e  
i n t e s t i n a l  m i c r o f l o r a  w i t h o u t  i n t e r f e r e n c e  b y  h o s t  t i s s u e s .  T h e  m a i n  
m e t a b o l i t e s  o f  A c a r b o s e  1) a r e  p r e s e n t e d .  

Materia ls  and Methods  

Substances 

~4C-Aearbose, ~4C-component 2 and 14C-component 1 were obtained from Dr. 
Maul, Wuppertal ,  with a specific activity of 117 GBq/mol. The radioact ivi ty was 
localized exclusively to the Acarviosine core (rings A and B) of  Acarbose.  In  thin 
layer chromatography (see below), the puri ty  of these substances was > 92 %. All 
other  chemicals  were of analytical  grade or better.  

Animals 

Male Cara rats from the depar tmenta l  colony were randomly assigned to control  
and  preadapta t ion  groups. Weaned animals of 70-90 g were kept  in Makrolon | 
(Bayer AG) cages at 22 ~ _+ 2 ~ 38-54 % relative humidity,  and a 6 p.m./6 a.m. dark/  
l ight cycle. They were fed a modif ied basal  diet (ssniff, Soest) (7) containing 11% 
sucrose for a couple of month.  The preadapta t ion group received in addi t ion 400 mg 
Acarbose/kg diet. 

Collection o f  the caecal microflora 

The rats were kil led in CO2 a tmosphere  and immedia te ly  t ransferred to an 
anaerobic  chamber  (Forma Scientific, Marietta, Ohio) in which all subsequent  s teps 
were carried out. The gas phase in the  anaerobic chamber  was 85 % N2, 10 % H2 and 
5 % CO2. After caecectomy 2 g of eaeeal contents were mixed with 0.5 ml ~4C- 
Acarbose,  a mixture  of sugars z) and "medium 10" (8) to an end volume of 2.5 ml and 
incubated  anaerobical ly  under  stirring at 37 ~ Aliquots of the incubat ion mixture  

1) Ph. D. Thesis, M. Pfeffer, W~irzburg 1986 

2) Joan Macy, Davis, CA; personal  communicat ion.  



P f e f f e r  and  S ieber t ,  Me t abo l i z a t i on  o f  A c a r b o s e  191 

were withdrawn aseptically in intervals with 72 h as the longest incubation time, 
and kept  at -30  ~ until processed further. 

Colon ic  f lora f r o m  m a n  

Two male healthy volunteers drank 2-8 1 of an isotonic salt solution (9) until a 
spontaneous defecation set in whose middle portion was collected in a sterile 
plastic beaker and gassed with N2/H2/CO2 immediately. After "anaerobic" centrifu- 
gation at 5000 rpm for 5 min a fluffy layer was collected. 3 g of  this mainly bacterial 
material were incubated with 0.6 ml ~4C-Acarbose, a mixture  of sugars, and 1.1 ml 
"med ium 10" as described above. For adaptation to Acarbose up to 600 mg/day were 
taken orally for 4 weeks. For the isolation of mg quantities of metabolites, incuba- 
tion conditions were scaled up 10-50 times. 

I so la t ion  and  i den t i f i ca t i on  o f  m e t a b o l i t e s  

Aliquots of the incubations were lyophilized and then extracted with 60 % aque- 
ous acetone (v/v) for rat material and with water for human material, giving yields of 
radioactivity from the incubate between 96 % and 99 %. 

Separation of metabolites was done for small aliquots by thin-layer chromatogra- 
phy (TLC) on Kieselgel 100 (Merck, Darmstadt,  F.R.G.) with the solvent mixtures  A 
(acetic acid ethylester/methanol/I-I20/pyridine = 40/40/20/1 [v/v]) or B (chloroform/ 
methanol/25 % N H  3 = 40/40/20 [v/v]). The hRt values were 54, 65 and 87 in A and 13, 
21 and 60 in B for Acarbose, compound 2, and compound 1, respectively. Autoradio- 
graphy was performed with Cronex | 2fNIF 100 safety films (DuPont de Nemours) 
as contact autoradiography (exposition time: 1-100 days). Radioactive spots were 
scraped off, kept in H20 at 45-50 ~ for no less than 5 h, mixed with Ready Solv MP 
(Beckman Instruments,  Frankfurt,  F.R.G.) and counted in the liquid scintillation 
counter LS 7500 (Beckman Instruments,  Frankfurt, F.R.G.). 

Larger volumes of incubation mixtures were extracted as described above and 
chromatographed on CM-Sephadex | C-25 (Dt. Pharmacia) which was equilibrated 
with 0.2 M sodium acetate pH 5 and washed free of ions with degassed distilled 
water. Eluates with water and with 0.5 M NH3 were collected in 10 ml fractions 
(Multirac 2111, LKB, Bromma) and the radioactive peaks were pooled and 
lyophilized. For a second chromatography on phosphocellulose (Serva, Heidelberg, 
F.R.G.), the adsorbent  was kept for 4-5 h at pH 11 (25 % (v/v) aqueous NH3) and then 
brought  to pH 4.0 with formic acid. Eluates were obtained with 5 mM ammonium 
formate (pH 4) and radioactive peaks were lyophilized. TLC served as cross-check 
between column fractions and metabolite positions on Kieselgel 100. 

For  the identification of  the metabolites, ~H and ~3C NMR spectrometry was 
performed with a Bruker  | AM 300 (Bruker Medizintechnik) instrument.  Mass 
spectrometry was used with a Kratos | MS 80 RF instrument (Kratos Inc., U.S.A.) 
with DS-55 data system, with ionization either by fast atom bombardment  with 
xenon, or by desorption chemical ionization by ammonia,  or by a 70 eV electron 
impact. Controls consisted of sham eluates of the ion exchangers used, solvents, 
etc. 

R e s u l t s  

T h e  n u m b e r  o f  m e t a b o l i t e s  f o r m e d  f r o m  A e a r b o s e  a n d  c o m p o n e n t  1 
i n c r e a s e d  w i t h  b a c t e r i a l  s a m p l e s  f r o m  a d a p t e d  v o l u n t e e r s  a n d  ra ts  (Tab le  
1), w h e n  c o m p a r e d  w i t h  p a t t e r n s  w i t h o u t  p r e a d a p t a t i o n .  H o w e v e r ,  
p r e a d a p t a t i o n  d id  n o t  i n f l u e n c e  t h e  n u m b e r  o f  m e t a b o l i t e s  f o r m e d  w i t h  
c o m p o n e n t  2 as t h e  subs t r a t e .  
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Table 1. Metabolites formed from 14C-Acarbose and its deglueosylated components 
2 and 1 under different conditions. 

Condition Substrate Number of metabolites 
formed 

Rat, not adapted Acarbose 5 
component 2 5 
component 1 0 
Acarbose 7 
component 2 5 
component 1 13 
Acarbose 5 
Acarbose 8 

Rat, adapted 

Man, not adapted 
Man, adapted 

I f  however ,  the  caecal  and  colonic microf lora  of  rats  was  increased  b y  
adap t a t i on  to the  D-glucosyl-a ldi tol  m i x t u r e  Pala t in i t  | (10) (Sf iddeutsche  
Z u c k e r  AG), the  me tabo l i t e  pa t t e rn  of  14C-Acarbose never the less  
r e m a i n e d  the  s a m e  as in n o n - a d a p t e d  rats. 

Those  me tabo l i t e s  wh ich  c o m p r i s e d  less t han  1% of  the  Aca rbose  
incuba ted ,  are l is ted in Table  1 bu t  no t  isolated for  s t ruc tura l  identif ica- 
tion. Thin- layer  c h r o m a t o g r a p h i c  t echn iques  also served  (detai led da ta  no t  
shown)  for  a s t udy  on h o w  metabo l i t e s  a p p e a r e d  or d i s a p p e a r e d  dur ing  
the  incuba t ion  per iod.  F r o m  these  data,  and  f rom the final ident i f ica t ion of  
the  m a j o r  me tabo l i t e s  fo rmed ,  a reac t ion  s c h e m e  could  be  wr i t t en  wh ich  is 
g iven  in F igure  1. 

Aca rbose  (1) was  hydro lyzed  such  tha t  c o m p o n e n t  2 (4) was  f o r m e d  af ter  
r e m o v a l  o f  the  t e rmina l  g lucose  (ring D); fu r the r  c leavage  of  the  in ternal  
g lucose  (ring C) resu l ted  in the  format ion ,  af ter  r ea r r angemen t ,  of  compo-  
nen t  1 (8). These  hydro ly t i c  s teps  had  been  k n o w n  before  (11) bu t  the  final 
ident i f ica t ion  of  c o m p o n e n t s  2 and  1 as me tabo l i t e s  of  Aca rbose  was m a d e  
on s a m p l e s  pur i f ied  in the  e x p e r i m e n t s  of  this paper .  Ano the r  hydro lys i s  
occu r r ed  on  c o m p o n e n t  2 (4) b y  r em ova l  of  r ing A, a m o n o u n s a t u r a t e d  
cyc lohexi to l  wh ich  could  not  be  r ecove red  and  could have  been  f e r m e n t e d  
totally.  The  resu l t ing  basic  d i sacchar ide  (7) was  u n k n o w n  before  f rom 
chemica l  e x p e r i m e n t s  and  does  not  car ry  a tr ivial  name.  This  basic  disac- 
char ide  is me tabo l i zed  fu r the r  in m a n  only  af ter  p r eadap ta t i on  and  dis- 
appea r s  s lowly in rat  expe r imen t s .  

C o m p o n e n t  1 (8) was  f o r m e d  s p o n t a n e o u s l y  f rom Acarv ios ine  (12) and  
r ep re sen t s  an oxazol id ine  der iva t ive  which  af ter  p r eadap ta t i on  a p p a r e n t l y  
gave  rise to qui te  s o m e  addi t ional  m i n o r  metabol i tes .  Wi thout  adap ta t ion  
in rats,  and  in m a n  wi th  or  w i thou t  p readap ta t ion ,  c o m p o n e n t  1 (8) was  not  
me tabo l i zed  further .  With p r eadap t a t i on  in the  rat, only  2 % of  the  total  
me tabo l i t e s  f o r m e d  f rom Aca rbose  (1) were  found  to be  c o m p o n e n t  1 (8) 
f rom wh ich  13 m i n o r  me tabo l i t e s  were  then  obse rved  (Table 1) w h o s e  
biological  r e l evance  is m o s t  p r o b a b l y  nil. 

The  m a j o r  me tabo l i t e  was  c o m p o n e n t  2 (4) wh ich  was  hydro lyzed  
fu r the r  into c o m p o n e n t  1 (8) or the  basic  d i sacchar ide  (7) bu t  also gave  rise 
to con juga t ion  reac t ions  wi th  n -bu tyr ic  acid (6) onto  r ing A and wi th  a 
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Fig. 1. Anaerobic biotransformation of Acarbose by intestinal bacteria. 
In  Acarbose (1), the monounsatura ted cyclohexitol forms ring A, the dideoxy- 
aminosugar  ring B, the internal  glucose ring C and the terminal glucose ring D, e.g. 
as mentioned in the Summary  and below. 
Origin of metabolites: A = rats without preadaptation, B = rats after preadaptation, 
C = volunteer without preadaptation, D = volunteer after preadaptation. 

Name and formation of metabolites: (1) Acarbose, (2) hexosylated Acarbose (hexo- 
syl- on C-4 of ring A or on C-1 of ring D), (3) methylated Acarbose (on an oxygen of 
rings C or D; an artifactual methylat ion during the isolation is held to be highly 
improbable  but  could not  be excluded with absolute certainty), (4) component  2 (by 
hydrolytic cleavage between rings C and D in Acarbose), (5) hexosylated compo- 
nent  2 (hexosyl on C-4 of ring A or on C-1 of ring C), (6) n-butyroylated component  2 
(in ring A; n-butyrate), (7) basic disaccharide (by hydrolysis or hydrogenolysis of the 
N-glycosidic linkage between rings A and B of component  2), (8) component  1 
(hydrolysis of the glycoside bond between rings B and C of component  2 and 
rearrangement  of the Acarviosine formed). 
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hexosy l  res idue  (molecu la r  m a s s  plus  162) on r ings  A or C. Hexosy l a t i on  
was  also obse rved  on Aca rbos e  (1), leading to metabo l i t e  (2), however ,  
ne i the r  the  na tu re  nor  the  pos i t ion  of the  new hexosy l  mo ie ty  are known.  

D i s c u s s i o n  

The  quan t i ty  of  me tabo l i t e s  tha t  can  be  p r o d u c e d  and  isola ted by  the  
p r o c e d u r e s  desc r ibed  in this p a p e r  by  far exceeds  the  a m o u n t  wh ich  could  
be  r ecove red  f rom feces and  ur ine  of  e x p e r i m e n t a l  animals .  A l though  our  
s y s t e m  migh t  be  called an artificial colon it lacks  an essent ia l  fea ture  of  in 
v ivo  sys tems ,  the  d y n a m i c  s ta te  of  a p p a r e n t  d isequi l ibr ium.  Yet, w h e n  
me tabo l i t e s  of  14C-Acarbose conta in ing  ex t rac t s  of  ra t  ur ine  and  feces,  
k ind ly  p rov ided  by  Dr. Maul, Wupper ta l ,  were  c o m p a r e d  wi th  the  m e t a b o -  
lite pa t t e rn  ob ta ined  in vi tro wi thou t  p readap ta t ion ,  essent ia l  co inc idence  
b e t w e e n  in vivo and  in v i t ro  pa t t e rns  could  be  noted.  Thus ,  a wide  
appl icabi l i ty  of  the  m e t h o d s  used  in this s tudy  can be  foreseen,  inc luding  
the  var iab i l i ty  of  p r e t r e a t m e n t s  of  the  an imals  and  the  possibi l i ty  to 
p e r f o r m  microb io log ica l  s tudies  in con junc t ion  wi th  the  b iochemica l  
w o r k  as desc r ibed  above.  

S o m e  basic  ques t ions  r em a i n  unanswered ,  e.g. w h e t h e r  me tabo l i za t ion  
of A c a r b o s e  requ i res  in t racel lu lar  events  or not. Ca rbohydrases ,  ca ta lyzing 
hydrolys is ,  m i g h t  be  e x p e c t e d  as bacter ia l  secre t ion  p roduc t s  in the  
m e d i u m  (13), and  e n z y m e s  wh ich  cata lyze hex osy l  t r ans fe r  reac t ions  are 
also k n o w n  to occur  ex t race l lu lar ly  wi th  s o m e  species  (14). 

However ,  the  idea  of an  n -bu ty roy la t ion  reac t ion  occurr ing  in the  incu- 
ba t ion  m e d i u m  is not  so easi ly  acceptable .  Bu t  s u p p o s e  tha t  all metabol i -  
zat ion of  A c a r b o s e  did ac tua l ly  h a p p e n  wi thou t  par t ic ipa t ion  of intracel lu-  
lar bacter ia l  e n z y m e s  and  i n t e rmed ia ry  metabol i tes :  could  this then  ex- 
pla in  the  re la t ive  pauc i ty  of  reac t ions  wh ich  were  ac tual ly  observed ,  
inc lud ing  the  a b s e n c e  of  r e d o x  react ions?  Specia l  efforts  to check  for 14C- 
CO2 and  14C-carboxylic acids gave  negl igible  a m o u n t s  in the  Aca rbose  
s tud ies  desc r ibed  above.  

The  adap ta t ion  effect  exe r t ed  b y  feeding  Aca rbose  on the  microf lora  of  
the  lower  gu t  has  a ra ther  specif ic  nature ,  as is bes t  seen  f rom the  
inc reased  n u m b e r  of  me tabo l i t e s  f o r m e d  of  c o m p o n e n t  i in the  rat  s y s t e m  
(see Tab le  1). A l though  not  inves t iga ted  in man ,  it looks  as if  adap ta t ion  
espec ia l ly  conce rns  c o m p o n e n t  1 and  m u c h  less c o m p o n e n t  2 or Aca rbose  
(see Fig. 1 and  Tab le  1). In  addit ion,  a genera l  increase  of  bacter ia l  mass  
(and caecal  weight)  in the  rat  b y  feeding Pala t in i t  | (S t iddeutsche  Z u c k e r  
AG) did no t  affect  the  me tabo l i za t ion  of Acarbose .  A specif ic  na tu re  of  the  
adap t a t i on  p h e n o m e n a  shou ld  be  der ived  f rom these  observa t ions .  
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