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Sulfate Metabolism in the Intestinal Mucosa of Weanling and Adult Rats* 
(32825) 
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(Introduced by N. Back) 

Department of Pediatrics, School of Medin’ne, and Department of Biochemical Pharmacdogy, 
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The sulfate radical is physiologically and 
pharmacologically important to a variety of 
biological processes since it participates in 
the metabolism af many endogenous and ex* 
genous substrates ( 1-3). Primarily, hydro- 
lyzing (sulfatase) and transferring (sulfo- 
kinase) enzymes are involved. Studies which 
characterize these enzyme systems have been 
pursued principally in mammalian liver. How- 
ever, sulfate metabolism also has been demon- 
strated in several ather tissues, including the 
mucosa of the intestine of adult rats (43) .  
This would permit. orally administered com- 
pounds to undergo biotransfmmations in- 
volving sulfation or desulfation in the gastro- 
intestind traat. Such metabolic activity con- 
ceivably may play a very important role in 
detoxication and/or absorption processes in- 
volving facilitated or active transport. 

The activities of several enzymes present 
~~ 
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in the mucosa of the intestine, their activity 
patterns during development, and their re- 
lationship to physiological events have been 
reported (6-8). Preliminary investigations in 
our laboratories demonstrated a difference in 
sulfate metahlislm of immature vs adult rats. 
Peak activity in the intestine appeared to oc- 
cur a t  13 days df age with a. progressive de- 
cline to adult values. The present study 
represents a further investigation a4 this 
phenomenon and an attempt to delineate the 
respective roles of sulfokinase and sulfatase 
enzymes in jejunal and ileal portions of the 
small intestine at two stages of developmnrt. 
Direct comparisons have been drawn bekween 
intestinal enzymic activity in suckling (13- 
day-old) and adult (43day-old) rats. 

Materials and Methods. Thirteen- and 43- 
day-old male and fenale dbino Wistar rats 
were employed as experimental animals. 
Thinteen-day-old rats were suckled by their 
mothers and adults were maintained on regular 
Purina Lab Chow and water ad libitum. The 
animals were sacrificed by decapitation, the 
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abdomen was opened, and polyethylene tubing 
was inserted into the duodenum. The in- 
testine was flushed with 5 ml of ice-cdd 
isotonic KCl and the duodenum was discarded. 
The remaining small intestine was divided 
into three sections of approximately equal 
length. Only the proximal (jejunal) and distal 
(ileal) segments were used experimentally. 
These intestinal segments were cut open and 
the mucosa was scraped off with a spatula. 
Tissues were kept at 4°C throughout these 
procedures. These tissue scrapings were im- 
mediately homogenized with a Potter homo- 
genizer (plastic pestle) in one volume of ice- 
cold 0.15 M KCl solution. The homogenate 
was diluted with additional KCI solution such 
that 0.25 gm of tissue (wet wt.) were present 
in 1 . 0  ml of homogenate. With this concen- 
tration, measured enzymic activities were 
found to be directly proportional to the 
amount of homogenate added to incubation 
flasks. 

Sulfokinase activity was measured according 
to a modification of the method of Percy and 
Yaffe (9).  The method is based on the libera- 
tion of free p-nitrophenol (p-NP) after the 
transfer of sulfate to m-aminophenol (m-AP) 
which serves as the sulfate acceptor. In- 
cubation flasks contained 2.67 X M 
In-AP, 0.15 M Tris-HC1 buffer (pH 6.&9.0), 
1 .1  X lo-? M ethylenediamino-tetraacetic 
acid, disodium salt, 1 . 8  X M sodium 
adenosine diphosphate (crude preparation 
which contains 3’-phosphoadenosine-5’-phos- 
phate (PAP), and 0 . 1  ml of 25% homo- 
genate in a final volume of 3.0 ml. Flasks were 
preincubated for 5 min at  37°C. The substrate 
(f-nitrophenyl sulfate as the potassium salt 
in 2.67 X M final concentration) was 
then added. Mixtures were incubated at  37°C 
for 1 5  min. Control incubation flasks contained 
all reagents except the sulfate acceptor (m- 
AP) and were handled in an identical fashion. 
After incubation, 2.0 ml of 9570 ethanol was 
added to the flasks. The mixture was cen- 
trifuged and 2.0 ml of the clear supernatant 
were diluted with an equal volume of 1 N 
NaOH. The optical density (OD) of the 
alkaline solutions was read at  400 mp on a 
Gilford 300 spectrophotometer. The difference 
between the OD’s of the test solutions and the 
OD’s of the corresponding controls was taken 

as a measure of the sulfokinase activity of 
these homogenates. The OD’s of control d u -  
tions could also be utilized as one measure of 
the sulfatase activity of such homogenates. 
Transfer of the sulfate radical to m-AP was 
verified using labelled PAP?% and paper 
chromatography procedures. 

Sulfatase activity was measured according 
to a modification of the method of Roy ( 1 0 ) .  
The incubation mixtures consisted of 0.1 M 
sodium ac&ate buffer (pH 3.5-6.0) or Tris- 
HCI buffer (pH 6.0-8.0), 2.5 )( M p- 
nitrocatechol sulfate, potassium salt, (p-NCS) 
and 0 . 1  ml of 25% tissue homogenate in a 
total volume of 1.0 ml. Incubation proceeded 
for 60 min at  37°C. Reactions were stopped 
by the addition of 5.0 ml of 1 N NaOH. The 
mixture was centrifuged and the OD’s of the 
alkaline supernatants (containing the colored 
p-n i trocatechol ) were determined spec tro- 
photometrically a t  515 mp. For the reagent 
blank, the NaOH was added immediately 
prior to the addition of the substrate. 

Concentrations of protein in the homo- 
genates were determined according to the 
method of Lowry, et QZ. ( 1 1 ) .  

Results. The pH optimum for rat intestinal 
sulfatase activity is depicted in Fig. 1. Homo- 
genates from the intestines of adult rats were 
used for (these determinations and P-NCS was 
employed as substrate. For ileal and jejunal 
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FIG. 1. The pH dependence of intestinal sul- 

fatase activity. #-Nitrocatecho1 sulfate was em- 
ployed as substrate. 
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FIG. 2 .  Sulfatase activity of rat intestinal homo- 
genates using p-nitrocatechol sulfate (p-NCS) and 
p-nitrophenyl sulfate (p-NPS) as substrates. Brackets 
represent standard errors. Numbers in parentheses 
represent the animals used in each experimen,t. 

segments pH were essentially identical and 
maximal activity was observed with a pH 
range of 5.0-5.5. 

The relative activities in vitro of ileal vs 
jejunal sulfatase activities in 13- and 43-day- 
old rats are shown in Fig. 2 .  I t  should be 
noted that sulfatase activity of the ileal seg- 
ment is much higher than jejunal activity in 
suckling animals. No significant difference 
was observed between the segments in prepa- 
rations from adult animals. This was noted 
when employing either P-NCS substrate a t  
pH 5.0 or p-NPS as substrate at  pH 7.8. 

Figure 3 illustrates the determination of the 
pH optimum of intestinal sulfokinase activity 
for adult rats. As was the case with sulfatase, 
pH curves for ileal and jejunal segments were 
very similar. Using m-AP as the sulfake ac- 
ceptor, the pH optimum appeared to be 
approximately 7.8 for both segments. The en- 
zyme of the distal segment appeared to be 
somewhat more sensitive to pH changes, e.g., 
a t  pH 6.0 the activity of the distal se,ment 
was only 26% of that of pH 7.8. The ac- 
tivity of the proximal segment, however, was 

approximately 50% of maximal activity at 
pH 7.8. 

Sulfokinase activity in the jejunum was 
significantly (p<0.05) higher than t k t  ob- 
served in the ileum in both adults and 
suckling (Fig. 4) .  Ileal sulfokinase activity in 
13-day-old rats was not detectable, owing 
perhaps to the very high sulfatase activity of 
this segment. However, jejunal sulfokinase 
activity was 3-4 times as high in the suckling 
as in the adult. Sulfatase activity was always 
much higher (3-5 X) in the intestine of 
suckling rats when compared It0 adult rats. 
No sex differences could be observed in these 
experiments. 

Discussion. These explariments illustrate 
marked differences in intestinal sulfate me- 
tabolism in suckling vs adult rats. The results 
also demonstrate large differences between 
jejunal and ileal segments with regard to their 
capacity to sulfate or desulfate the substrates 
employed. Such differences could be postulated 
to reflect variations in the physiologic role of 
the segments of the intestine during positnatal 
development. Teleologically, it is difficult to 
assign definitive reasons for such variations in 
enzymic activity, panticularly when it  is 
realized that the functional significance of this 
enzymic activity in the gastrointestinal tract 
is poorly understood. Sulfate metabolism could 
play an important role in transport processes, 
since sulfated compounds are more polar and 
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FIG. 3. The pH dependence of intestinal sulfokinase 

activity. m-Aminolphend was employed as su l fde  
acceptor and p-nitrophenyl sulfate as sulfate donor. 



878 SULFATE METABOLISM IN RAT GUT 

13 Days Adults 

jejunum ileum jejunum ileum 
(11.24) ( n  = 15) 

FIG. 4. Sulfokinase activity of rat intestinal homo- 
genates. Brackets represent standard errors. Numbers 
in parentheses represent the animals used in each 
experiment. Sulfokinase activity (measured by m,u- 
moles of P-nitrophenol (P-NP) liberated) is cor- 
rected for p-NP liberated as a result of sulfatase 
activity. 

and sulfokinase enzymes. The significance of 
these apparently marked differences to the 
metabolism and transpont of both xenobiotic 
and endogenous materials remains obscure 
and should be further investigated. 

Summary. Sulfate metabolism in homo- 
genates of rat intestinal mucosa was in- 
vestigated in the jejunal and ileal segments. 
Direct comparisons were made between ac- 
tivities of homogenates of adult (43day-old) 
and suckling (13-day-old) rats. The hydroly- 
sis of 9-nitrocatechol sulfate or p-nitrophenyl 
sulfate proceeded most rapidly in incubation 
mixtures which contained homogenates of ileal 
mucosa from 13day-old rats. Sulfokinase ac- 
tivity was observed to be highest in homo- 
genates of jejunal segments from suckling 
animals. In bath cases the differences were 
marked, and may suggest important devel- 
opmental changes in physiological function of 
these two segments of the gastrointestinal 
tract. 

would be transported across biological mem- 
branes with greater difficulty than nonsulfated 
compounds. According to this concept, in- 
creased sulfatase activity should facilitate 
transport, and increased sulfokinase activity 
should diminish transport of the endogenous 
or exogenous substances involved. The balance 
between sulfokinase and sulfatase activities 
then, would to some degree, determine the 
ease of 'transport of such compounds. 

In mouse liver homogenates, autivities of 
enzymes participating in sulfate metabolism 
were found to be highest during the suckling 
period (9) .  If the small intestine is considered 
as a unit (jejunum and ileum combined), a 
similar conclusion is obtained. The reason for 
such developmental changes is probably 
complex, and may include such factors as 
induction or stabilization by substrate, devel- 
opmental changes in tissue function and cell 
type, altered sources of nutrients, the in- 
fluences of hormones, and other environmental 
factors (12-14). 

Studies of intestinal p-galactosidase ( 1 S) ,  
p-glucuronidase ( 7), peptidase ( 16), and 
alkaline phosphatase (17) have shown that 
ileal and jejunal segments display different 
activities with respect to these enzymes. This 
also appears to be true for intestinal sulfatase 
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The efficacy of a live oral adenovirus type 4 
vaccine in controlling acute respiratory disease 
due to this agent in military rmruits is well 
established (1,2). Since ademvirus infections 
occur early in training and cause a costly in- 
terruption of the training cycle, this vaccine 
should be administered shortly afiter arrival 
at a recruit camp ( 3 ) .  Marine recruits at 
Parris Island, South Carolina currently receive 
seven separate immunizations, during their 
first training week, including oral trivalent 
poliovirus, and smallpox vaccines. 

The question of diminished immune re- 
sponse following simultaneous administration 
of live virus vaccines has not been completely 
resolved. The Public Health Service Advisory 
Committee on Immunizations suggests that 
whenever feasible attenuated poliovirus and 
measles virus vaccines should be administered 
separately with at least 1 month between im- 
munimtions (4 ) .  Other reports, however, in- 
dicate that attenuated measles vaccine and 
smallpox vaccine may be simultaneously ad- 
ministered ( 5 ) .  Serologic and epidemiologic 
evidence of interference by enteric viruses 
with atkenuated poliovirus vaccination is well 
documented (6-10). Attenuated adenovirus 
type 4 immunizes by establishing a silent in- 
fection in the lower gastrointestinal tract but 
interference of this infeation by enteric viruses 
t : ~  not been reported. In 1966 successful 
simultaneous immunization with monovalent 
type 1 attenuated poliovirus and the oral live 
adenovirus type 4 vaccine was achieved ( 11). 
This paper describes the results of simultane- 

* The o~pinions or assertions contained herein are 
the private ones of the writers and are nut to be 
construed as official or reflecthg the views of the 
Navy Department or the naval service at large. 

ous administration of live attenuated polio- 
virus and adlenovirus vaccines; no serologic 
evidence of interference was noted. 

Methods. Three platoons of recruit volun- 
teers a t  Marine Corps Recruit Training 
Depot, Parris Island, South Carolina were 
vaccinated simultaneously according to the 
following schedule: (a) Platoon 240 received 
live attenuated adenovirus type 4 as a tablet 
containing TCIDso.l (b) Platoon 246 
received a single dose of the attenuated tri- 
valent poliovirus vaccine.2 (c) Platoon 247 
was vaccinated simultaneously with both the 
attenuated poliovirus and adenovirus vaccines. 

All recruits were bled irnmecliately prior to 
vaccination and 21 days later. Sera were 
stored act -20°C before use. Serum neutral- 
izing antibody titers to adeniwirus type 4 
were determined in human embryonic kidney 
tissue culture employing 10-32 TCID50 adeno- 
virus type 4. Prevaccination sera from pla- 
toons 240 and 247 were screened at a 1:4 
dilution far adenovirus type 4 neutralizing 
antibody. Quantitative antibody response to 
the attenuated adenovirus vaccine was deter- 
mined on sera from 25 recruits lacking initial 
neutralizing antibody at  the 1:4 dilution. 

Poliovirus neutralizing antibody titers were 
determined on pre- and postvaccination sera 
~ 

1The experimenhl vaccine (.Lot No. 16CI-00101) 
was prepared by Wyeth Laboratories. This was 
supported by Pwblic Health Service Csonltsmts 43- 
62-842 and 43-62-40 froan the Vaccine Development 
Branch, Nationad Institute of Allergy 'and Infmtious 
Disease, National Instiitutes of Health, Bethesda, 
Maryland. 

2 Orimune (Lederle) containing lo'.", Id.', and 
lo".' TCIDw Types I, 11, and I11 poliovirus, re- 
spectively. 


