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ABSTRACT 

Fecal bile acid and neutral sterol patterns were studied in eight healthy adult volunteers who were 
challenged with Vibrio cholerae classical Ogawa 395 strain in the course of vaccine development studies. 
Bacterial 7a-dehydroxylation of cholic and chenodeoxycholic acids was not altered during experimen- 
tally induced cholera diarrhea, despite the fact that fecal weight in g/day (wet wt) was increased greatly 
during diarrhea (1913 • 390 vs 161 • 11 in controls, p < 0.005). Consistent with the findings on bile 
acids, no significant changes in the production of coprostanol, epicoprostanol, or coprostanone were 
observed although the percentage of unmodified cholesterol was increased during the diarrheal episode 
(20.7 _+ 3.3% vs 11.9 _+ 2.3, p < 0.02). Total concentrations of both bile acids and cholesterol in mg/g 
of feces (wet wt) were decreased considerably as a result of diarrhea). However, total bile acid and 
neutral steroid excretions in mg/kg/day in subjects with and without diarrhea do not appear to be dif- 
ferent. Intestinal transit times, measured in eight subjects by the use of carmine red dye, were found 
to be shortened in diarrhea (5.8 _+ 1.1 hr vs 23.4 _+ 4.1 hr in controls, p < 0.001). The results from this 
study are similar to those observed in experimentally induced travellers' diarrhea associated with toxi- 
genic Escherichia cell, but they are in striking contrast to the changes in gastrointestinal steroid metab- 
olism observed in acute shigellosis, an invasive intestinal infection. 
Lipids 17:612-616, 1982. 

Extensive  changes  in fecal bile acid (BA) and 
neutral  s teroid  (NS) pa t t e rns  were  observed in a 
previous invest igat ion c o n d u c t e d  in normal  vol- 
un teers  who  were in fec ted  wi th  Shigellaflexneri 
(1). Bacterial degradat ion  o f  fecal s te ro ids  was 
found  to be r educed  despi te  the  fact  tha t  total  
bile acid and neut ra l  s terol  concen t r a t i ons  were 
di luted.  In a similar invest igat ion (2), volunteers  
w h o  had received a challenge of  en te ro tox igen ic  
Escherichia coli did n o t  have changes in the  gas- 
t ro in tes t ina l  me tabo l i sm o f  bile acids or neut ra l  
steroids.  This cont ras t ing  pa t t e rn  of  response  to  
diarrheal et iologic agents suggested specific al- 
te ra t ions  in bile acid me tabo l i sm associated 
wi th  the  e t io logy of  diarrhea.  To tes t  this con- 
clusion, the  observat ions  were  e x t e n d e d  to a 
s tudy  of  vo lun teers  chal lenged wi th  Vibrio cho- 
lerae. The mechan i sm of  diarrhea p roduced  by 
b o t h  E. coli and V. cholerae is media ted  th rough  
en t e ro tox in - induced  s t imula t ion  o f  adenyla te  
cyclase wi th in  mucosa l  en t e rocy t e s  o f  the  small 
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Abbreviations in Fig. 1: C = cholic, CDC = cheno- 
deoxycholic, D e c  = deoxyeholic, LC = lithocholic, 
Keto A = ketohydroxy bile acids including 7-keto- 
deoxycholic, 12-ketolithocholic, 7-ketolithocholic, 
and 3, 12-diketocholanic acids, UNIDENT = unidenti- 
fied bile acids, ISODOC = isodeoxycholic, URSODOC 
= ursodeoxycholic. Abbreviations in Fig. 2 : CH = cho- 
lesterol, CO = coprostanol, EPICO = epicoprostanol, 
COO = coprostanone, and UNIDENT = unidentified 
endogenous neutral steroids. 

bowel.  The resu l tan t  intracel lular  accumula t ion  
of  cyclic AMP results  in net  in tes t inal  secre t ion  
in the  absence o f  bacterial  invasion. This s tands  
in cont ras t  to diarrhea med i a t ed  by  S. flexneri 
which requires  overt  mucosa l  invasion, usually 
of  the  large bowel  mucosa.  The  purpose  o f  this  
invest igat ion was to  de t e rmine  w h e t h e r  V. cho- 
lerae, the  p r o t o t y p e  of  small bowel  secre tory  
diarrhea,  would  p roduce  the  same pa t t e rn  of  
bile acid secre t ion  as tha t  p r o d u c e d  in the  mi lder  
d isorder  associated wi th  E. coli (3), conf i rming  
the  conclus ion  made  in the  previous publ ica t ion  
tha t  the mechan i sm of  diarrhea is re f lec ted  by 
fecal s terol  pa t te rn .  

MATERIALS A N D  METHODS 

Bacteriology 

V. cholerae classical Ogawa 395 strain pro-  
duces  an e n t e r o t o x i n  and causes a profuse  
wate ry  diarrheal  s y n d r o m e  in volunteers  tha t  is 
typica l  o f  cholera.  This strain was fed to volun-  
teers  as part  o f  a long- term program to develop 
vaccines against cholera  (4,5). 

Volunteer Studies 

Volun tee r s  were hea l thy  adults  (5 males,  3 
females),  ranging in age f rom 19 to 32 yr. Studies  
were carried out  u n d e r  quaran t ine  in the  Isola- 
t ion Ward of  the  Cente r  for  Vaccine Develop- 
m e n t  loca ted  wi th in  the  Univers i ty  of  Maryland 
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Hospital. The methods of medical screening, 
clinical surveillance and care of the volunteers, 
informed consent, preparation of the V. cholerae 
inoculum and bacteriologic culture techniques 
have been previously described (4,5). Control 
stool specimens were collected either prior to 
challenge or four weeks after recovery from 
diarrhea. Each subject was fasted 1-% hr before 
and after oral inoculation with vibrios. In order 
to neutralize gastric acid, thereby ensuring occur- 
rence of diarrhea with a smaller inoculum, 2 g 
NaHCO3 was added to 150 ml distilled water 
and the volunteers drank 120 ml. The inoculum 
(106 live organisms of V. cholerae classical 
Ogawa 395 strain) was added to the remaining 
30 ml and was ingested 1 min later. All subjects 
developed cholera diarrhea within two days 
postinoculation (4,5). Duplicate fecal samples 
collected during diarrhea, but  prior to medical 
treatment, were studied to determine the effect 
of diarrhea on steroid metabolism. Methods for 
collection of specimens have been described 
previously (1). Intestinal transit times (ITT) 
were measured for all of the subjects prior to 
challenge and during diarrhea; each subject in- 
gested 500 mg of carmine red dye, a nonabsorb- 
able marker, that was monitored as described 
by Higgs et al. (6) and Dimson (7). 

Steroid Analysis 

Duplicate aliquots of the homogenized stools 
were analyzed for BA and NS. Detailed proce- 
dures of thin layer chromatography (TLC) for 
the separation of BA have been described else- 
where (8,9). BA were analyzed by gas liquid 
chromatography (GLC) according to methods 
described by Kuksis (10) and Yousef et al. (11). 
Neutral steroids were analyzed by the combined 
TLC and GLC method described by Miettinen 
et al. (12). GLC analyses were performed with a 
Packard Becker gas chromatograph Model 420 
with dual flame ionization detectors. Chromato- 
graphic conditions and procedures have been 
described previously ( 1 ). 5ot-Cholestane was used 
as an internal standard for quanti tat ion of both 
BA and NS. Cholic-24J4C and cholesterol-7ct-3 H 
of high specific activity were added as internal 
recovery standards to correct for incomplete re- 
coveries during extraction and TLC. 

R ESU LTS 

Effects of Cholera on Fecal BA 

The BA profile of fecal samples collected 
from eight volunteers before and during infec- 
tion with V. cholerae (but before antibiotic ther- 
apy) is shown in Figure 1. Statistical evaluation 
was done by Student 's t-test for the paired sam- 
pies. All values were expressed as (mean -+ SEM) 
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FIG. 1. Fecal bile acid profiles for eight adult vol- 
unteers challenged with V. cholerae classical Ogawa 
395 strain. All values (mean +- SEM) are expressed as 
percentage of total bile acids. Total bile acid excretion 
is expressed as mg/kg body wt/day. 

percentage of total BA in the feces so that the 
effect of dilution could be avoided. Fecal weights 
in g/day (wet wt) were increased greatly during 
diarrhea (1,913 + 390vs 161 +- 11 in controls, p 
< 0.005). Total BA concentrations, in mg/g 
feces (wet wt), were lower during the diarrheal 
episode (0.34 + 0.15) than those in nondiarrheal 
controls of the same subjects (1.87 + 0.52, p < 
0.02). However, it can be seen from Figure 1 
that there were no significant changes (p > 0.05) 
in the composition of BA for the eight V. cho- 
lerae challenged subjects, except that ketohy- 
droxy BA was increased in diarrheal samples 
(11.9 + 3.3% vs 3.5 + 0.6%, p < 0.05). Total ex- 
cretion of BA, expressed as mg/kg body wt/day, 
was not  significantly different. 

Effect of Cholera on Fecal NS 

The NS profile of feces from the same eight 
subjects before and during cholera diarrhea, but 
before antibiotic treatment, is shown in Figure 
2. As seen in the case of BA, total NS concen- 
trations in mg/g feces (wet wt) were reduced 
greatly in diarrheal samples (0.57 + 0.15 vs 3.97 
+ 0.43, p < 0.001). In addition, the percentages 
of unmodified cholesterol (CH) were increased 
during the diarrheal episode (Fig. 2). However, 
no significant changes in NS metabolites, e.g., 
coprostanol (CO), epicoprostanol (EPICO), and 
coprostanone (CO0), were observed. Total ex- 
cretion of NS expressed as mg/kg body wt/day 
was not  significantly different. 

Sequence of Bile Acid Alteration 

Figure 3 shows the sequence of BA altera- 
tions in the stool samples of one subject (J.P.) 
during cholera infection. The diarrhea started 
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FIG. 2. Fecal neutral steroid profiles for eight 
adult volunteers challenged with 1I. cho(erae classical 
Ogawa 395 strain. All values (mean _+ SEM) are ex- 
pressed as percentage of total cholesterol metabolites. 
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FIG. 3. Sequence of bile acid alteration in the 
stool samples of a subject (J.P.) with cholera. All values 
are expressed as percentage of total bile acid in the 
feces except that total bile acid concentrations are 
shown as mg/g fecal wet wt. 

27 hr postinoculation. Four serial stools were 
collected within 6 hr following the initial diar- 
rheal sample. We observed that a secondary BA, 
such as deoxycholic acid (DOC), remained rela- 
tively constant in all samples despite the fact 
that total BA concentration in mg/g feces (wet 
wt) decreased progressively with time elapsed 
after the initial episode of diarrhea. Other BA 
such as lithocholic (LC), cholic (C) and cheno- 
deoxycholic (CDC) showed greater variations 
than DOC, but the overall pattern also appeared 
to be unaltered with the serial collections. This 
is in striking contrast with the pattern observed 

in acute shigellosis where a two- to five-fold re- 
duction in DOC and LC and a concomitant in- 
crease in C and CDC were observed within 4 hr 
following the initial diarrheal sample (1). 

Intestinal Transit Time ( ITT)  

ITT (or strictly speaking, the mouth-to-anus 
transit time) of eight subjects in this study, as 
measured by the use of a carmine red marker, 
were found to be 5.8 -+ 1.1 hr during the diar- 
rhea associated with V. cholerae. The corres- 
ponding values before challenge were 23.4 -+ 4.1 
hr for the same subjects (p < 0.001). No clear 
relationship was noted among ITT, percentage 
of  each BA or NS, and fecal mass (wet wt) (data 
not  shown). 

Comparison of Cholera with Other Bacterial Diarrheas 

Table 1 gives the mean change in fecal ster- 
oids between the paired nondiarrheal and diar- 
rheal samples for adult volunteer subjects chal- 
lenged with V. cholerae. For the purpose of 
comparison, the corresponding values from 
other adult subjects with travellers' diarrhea 
(TD) associated with toxigenic E. coli (2) and 
those with acute shigellosis (1) from previous 
studies are also listed. An analysis of variance 
comparison of these means indicates a signifi- 
cant difference between V. cholerae and shigella 
for both percentage C and CH. V. cholerae and 
E. coli are different significantly from shigella 
for 7a-dehydroxylase activity, defined as the ra- 
tio (x 100) of percentage DOC/(%DOC + % C), 
and percentage CO. There is no statistically sig- 
nificant difference between the three types of 
diarrhea for percentages of  DOC, LC, CDC, or 
LC/(% LC + % CDC). There is no statistically 
significant difference between V. cholerae and 
E. coli for all fecal steroids listed. 

DISCUSSION 

We reported previously the results of  a study 
on fecal steroid profiles of six adult volunteers 
who developed TD following challenge with 
toxigenic E. coli B7A and observed that bacterial 
7ct-dehydroxylation of cholic and chenodeoxy- 
cholic acids was not altered (2). This is consis- 
tent with the observation that the production 
of coprostanol from cholesterol was not changed 
in the same diarrheal subjects (2). These data 
confirm results from our earlier report (3) that 
bacterial modification of BA and NS was not al- 
tered in patients experiencing TD due to E.coli 
elaborating heat-stable enterotoxin. These re- 
sults in E. coli diarrhea, however, differ markedly 
from the changes in gastrointestinal steroid me- 
tabolism previously observed in acute shigellosis 
(1). Bacterial degradation of fecal steroids was 
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TABLE 1 

Mean (+- SEM) Change in Fecal Steroid Patterns between the Paired Diarrhea 
and Nondiarrheal Control Samples for Adult Volunteer Subjects 

615 

Small bowel diarrhea Large bowel diarrhea 
% V. cholerae E. coli a Shigella b pValue c 

Bile acid (n = 8) (n = 6) 
DOC -1.7 +- 2.6 -1.4 + 8.9 
LC -3.1 +- 3.3 -12.1 +- 3.4 
C -1.1 +- 1.5 +6.2 -+ 4.1 
CDC -1.2 +- 0.9 +2.3 _+ 2.4 
DOC 
_ _  X 1 0 0  + 1 . 7 + - 4 . 1  - 1 1 . 8 -  + 8.7 
DOC + C 

LC X 100 +2.5 + 3.1 -9.9 +- 8.2 
LC+C 
Neutral sterol 
CO -5.6 +- 8.1 -2.2 +- 9.2 
CH +8.6 +- 2.8 +25.1 +- 12.5 

(n= 5) 
-13.9 -+ 2.5 NS 
-15.7 + 4.3 NS 

+12.6 +- 2.0< <0.01 
+5.5 +- 3.5 NS 

-46.0 +- 7.1< <0.001 

-16.7 +- 6.2 NS 

-51.7 -+ 7.0< <0.005 
+59.6 +- 8.0"( <0.005 

aTaken from t e l  2. The abbreviations used are the same as those in Figs. 1 and 2. 
bTaken from ref. 1. 
CDifferences between small bowel diarrheas (cholera and]or TD) and large bowel diarrhea 

(shigella) with regard to the mean changes in fecal steroids during the diarrheal episodes 
before the antibiotic treatment. 

NS = not significant (p > 0.05). 

found  to be reduced  during diarrhea associated 
wi th  acute shigeUosis in five vo lun tee r  subjects  
chal lenged wi th  S. f l e x n e r i  2a (strain M42-43),  
despi te  the  fact  t ha t  to ta l  s teroid (BA and NS) 
concen t r a t ions  in mg/g feces (wet  wt)  were de- 
creased in shigellosis to  a magni tude  comparab le  
to tha t  observed in TD associated wi th  toxigen-  
ic E. coli (2). Specifically,  the  percentages  o f  
DOC and LC acids of  the  to ta l  BA in the  f e c e s  
were decreased significantly in diarrheal sam- 
ples wi th  a c o n c o m i t a n t  increase in the  percen-  
tages of  C and CDC acids. In addi t ion ,  there  
was a significant r educ t ion  in copros tano l  con-  
t en t  in the feces wi th  a c o n c o m i t a n t  increase in 
choles terol  in the  shigella diarrhea.  

In this s tudy,  we have invest igated the  ef fec ts  
o f  exper imenta l ly  induced  cholera  on fecal ster- 
oid profi les of  eight hea l thy  adult  volunteers .  
The results were found  to  be similar to those  
observed in E. coli  diarrhea b u t  n o t  to  those  in 
acute shigeUosis (see Table 1). Bacterial 7a- 
d e h y d r o x y l a t i o n  of  cholic and c h e n o d e o x y c h o -  
lic acids was unchanged  despi te  the fact  ITT 
was shor t ened  significantly during the  d i a r r h e a  
episode  (Fig. 1). In addi t ion ,  the  percentage  of  
choles tero l  metabol i t es ,  such as copros tano l ,  
ep icopros tano l  and cop ros t anone ,  was un- 
changed a l though  the  percentage  of  unmod i f i ed  
choles tero l  was increased during the  cholera in- 
f ec t ion  (Fig. 2). Thus,  there  is a ref lec t ion  of  at 
least two  dis t inc t  mechan i sms  of  diarrhea pro- 
duc t ion .  One,  typ i f ied  by  en t e ro tox in -p roduc -  
ing E. coli  and V. cholerae,  is media ted  th rough  

a s t imula t ion  of  secre t ion  in the  small bowel  in 
the  absence of  mucosal  invasion. The o ther ,  
e x e m p h f i e d  in shigellosis, requires invas ion  o f  
intest inal  mucosa ,  par t icular ly o f  the  large 
bowel.  In  shigellosis, the  increase in fecal pri- 
mary  BA and u n m o d i f i e d  choles terol ,  wi th  con- 
co mi t an t  decrease in secondary  BA and copros-  
tanol ,  speaks for  a reduced  in te rac t ion  b e t w een  
luminal  s terols  and colonic  bacter ial  flora. The  
absence  of  changes in 7 a - d e h y d r o x y l a t i o n  of  
BA and the  b i o h y d r o g e n a t i o n  of  choles terol  in 
TD associated wi th  toxigenic  E. coli  and cholera 
indicate  no  appreciable  a l tera t ion in in te rac t ion  
b e t w e e n  intest inal  s terols  and bacter ial  flora 
(Table 1). This appears  to  be the  case, even in 
the  presence  of  large fecal losses and sho r t ened  
ITT in cholera.  Thus,  it seems evident  tha t  the  
cont ras t ing  profi les of  fecal s teroids may  pro-  
vide a basis for  b iochemica l  d i f fe ren t ia t ion  be- 
tween  two d i f fe ren t  mechan i sms  o f  diarrhea 
p roduc t i on ,  i.e., s t imula t ion  of  fluid secre t ion  
vs mucosa l  invasion. Fu r the r  s tudies in this area 
are in progress.  
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