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One of the more important  aspects of intest inal  ac t iv i ty  is the enzymic  breakdown of the food substances. The 

intest ine contains many enzymes,  some of which manifest their ac t iv i ty  almost ent i re ly  ext race l lu lar ly ,  in the cav i ty  
of the intest ine (enterokinase,  for example) ,  while others do so mainly  inside the cells of the intest inal  ep i the l ium 

(for example ,  some types of dipeptidases with narrow specifici ty);  there is also an in te rmedia te  group of enzymes,  
exhibi t ing great  ac t iv i ty  both inside and outside the cells (for example ,  a lkal ine  phosphatase, saccharase,  and so 

on) [14]. 

Because of this great  var ie ty  of enzyme processes taking p lace  in the intestine,  i t  is difficult  to study them 

simultaneously and to compare  their  impor tance  in the organism. 

In their investigations of the secret ion of the intest inal  enzymes and of its regulat ion,  !. P. Pavlov, B. P. Bah- 
kin, Nasset, and other authors [1,2,4,24] paid considerable at tent ion to processes taking p lace  within the lumen of 
the intestine. Dahlqvist and co-workers [15,17], who used a technique of intest inal  incubation,  studied digestion 
and absorption of a spec ia l  food mixture and the content of enzymes in human chyme. They found that the diges- 

t ion of starch is comple ted  very quickly in the intest inal  lumen, whereas disaccharides are broken down partly in 
the lumen of the intest ine and part ly in t racel lu lar ly .  In their study of the loca l i za t ion  of enzymes in cells of the 

intest inal  ep i the l ium,  Mil ler  and co-workers [20-22] and some ear l ier  investigators [16,19,27] classified the whole 
ac t ion  of the intest inal  enzymes as int racel lular .  These workers did not take  into account  the specia l  features of the 
secretory process in the intest ine where, in contrast to the other digestive glands, individual  granules are not secreted 

but whole cells of the  intest inal  ep i the l ium are detached. The enzymes contained in them, act ing in t race l lu lar ly ,  
enter the lumen of the intest ine,  where they also take part in the breakdown of food substances [8,8,12,26]. 

Some investigations have shown that  not only the intest inal ,  but also the pancreat ic  enzymes produce break-  
down of food substances mainly  after their  adsorption on the surface of the intest inal  mucous membrane.  This mech-  
anism assumes part icular  impor tance  in the ear ly postnatal  period of development  [8,6]. 

Several  of the investigations c i ted  above were carried out on isolated organs and tissues or in experiments  on 
animals ,  but in conditions se lec ted  for the study of special  and often very l imi ted  problems in digestion. These 
methods cannot be used to judge the course of the enzyme processes in the intest ine as a whole. 

It appeared interest ing to study the intensity of the enzymic  breakdown of the food in the lumen of the intes-  

t ine  and ac tua l ly  in the structural e lements  of the intest inal  wall  of man and certain animals  in conditions as close 
to natural  as possible. For this purpose, investigations were conducted on mate r ia l  obtained from human cadavers 
and experiments  were carried out on dogs and rats. 

E X P E R I M E N T A L  M E T H O D  A N D  R E S U L T S  

Investisat ions of cadaver  m a t e r i a l  The cadavers of seven adults dying from acc iden ta l  causes were autopsied 
3-6 h after death,  and the cadavers of four normal ly  developed newborn fu l l - t e rm infants, dying from birth injury 
ei ther  at birth or during the first 24 h after birth, the cadaver  of one premature infant (30 weeks) and one fetus aged 

23-24 weeks were autopsied during the first 24 h after death. Taking  into account  the fact  that  at  the height of the 
digest ive process, the smal l  intest ine is f i l led  compara t ive ly  uniformly with food chyme,  and the areas not f i l led 
with chyme at  this t ime  play no direct part in the processing of the food masses, i t  Was concluded that  i t  was not 
necessary to invest igate  a l l  the intestine,  but only individual  segments at  3 or 4 different levels.  In the a r e a s o f  the 
intest ine excised between two ligatures,  the volume of the contents and the weight of the epi the l ium scraped from 
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TABLE 1. Quantity of Enzymes in the Adult Human Intestine* 

Material 

Duodenum: 
Contents 
Scraping of epi- 

thelium 
Middle of small 

intestine: 
Contents 
Scraping of epi- 

thelium 

Weight 
(in g) 

0.92 

1.54 

Entero- Phospha-Saccha-  
kinase tase rase 

Conventional unim/g 

1.65 

0.80 

10,000 

610 

1,000 

Less 
than 60 

2000 615 

150 114 

900 550 

300 210 

Entero- Phospha J Saccha- 
I 

kinase tase ] rase 

Conventional units in the 
whole segment of intestine 

I 

920O ] 84O 565 

I 
940 ] 232 176 

I 
1650 / 480 905 

I 
Less ] 240 168 

I than 48 

*The investigation was conducted on the cadaver of a woman aged 35 years dying 
suddenly from acute cardiac failure. 
ach contained no food masses. 

Autopsy was performed 3 h after death. Thes tom-  

TABLE 2. Quantity of Enz 

Material 

Duodenum 
Contents 
S crapings of epithelium 

Middle of small intestine: 
Contents 
Scrapings of epithelium 

Distal part of ileum: 
Contents 
Scrapings of epithelium 

rmes in the Intestine of the Newborn Infant* 

o 

kl 

170 
3O 

9O 

2OO 

Conventional units/g 

r 

2,250 220 -- 

90 58 

8,500 960 770 
225 103 334 

20,100 460 800 
337 140 334 

-4 

5 
T] ace~ 

Conventional units per whole segment 

136 

26 

123 

3O0 

1,800 

76 

1,170 

207 

30,200 

303 

of intestine 

176 -- 

49 

1330 1060 
95 3O8 

690 1200 
126 300 

360 12 

170 -- 

710 

390 

810 

330 

*The investigation was carried out on the cadaver of a newborn girl (weight 3000 g, length 50 em), living 14 h; the 
child had received 5 ml of breast milk twice. Autopsy 18 h after death. A small quantity of acid contents was 
present in the stomach. 

the resected portion of intestine were determined. In the material thus obtained, estimations were made of the con- 
tent of the enzymes enterokinase, alkaline phosphatase, and lipase by methods developed in the author's laboratory 
[9,11,13]. Lipase was also determined by a titration method based on the hydrolysis of tributyrin, saccharase by the 
hydrolysis of sucrose by a polarimetric method, peptidase by the hydrolysis of peptone and subsequent titration with 
potassium hydroxide solution [8], and amylase by the micromethod of Smith and Roe [25] and of Wohlgemuth. 

In every case the pattern of distribution of enzyme activi ty between the contents and the intestinal mucous 
membrane was of the same type. In adults (Table 1) and in children (Table 2), the activity of the intestinal and 
pancreatic enzymes investigated per unit weight of intestinal contents was much higher than in the scrapings of epi- 
thelium from the corresponding part of the intestine. The same ratio was observed when the activity of the enzyme 
was calculated for the whole segment of intestine. This distribution of the enzymes shows that the quantity of food 
substances which can be broken down in the intestinal lumen is much greater than the quantity broken down by the 
intestinal epithelium. 
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TABLE 3. Quantity 

Material IWeigl 

Duodenum (dog 3): 

Contents 
Scrapings of epi- 

thelium 
Intestinal wall 
Per g of wall 
Per g of epithelium 

Ileum (dog No. 4): 
Contents 
Scrapings of epi- 

thelium 
Intestinal wall 
Per g of wall 

Per g of epithelium 

of Enzyme in the Intestine of Dogs in the Period of Digestion 

' [Entero- I Phospha-lSaccha- Entero- I Phospha- Saccha- . - 
Weigl Ikinase I tase t rase Lipase Amylase (in g)lt kinase tase ] r a s e  JhpaselAmylase 

Conventional units/g Conventional units in whole segments of 
intestine 

8.80 2000 6,700 240 400 480 17,000 57,000 2040 00 3800 

i8 .22  337 6,700 510 22 34 1760 35,000 2600 17 177 
21.1 

18 500 130 -- 2 384 10,600 2700 35 

74 2,020 250 -- 7 

6.98 3370 22,500 490 60 -- 23,500 157,000 3410 18 -- 

Less Less 
4.88 than 15 18,000 480 22 2 than 70 88,000 2350 98 - 

14.67 ! 

,LeSSthan 2 100 115 Trlcesl] Traces 

Less 300 345 " Less 1467 1690 5 -- 
than 6 ' than 30 

Since the cadavers were autopsied several hours after death (8-20 h), the possibility was not ruled out that 
during this period postmortem changes could have taken place in the intestine, reflected in the distribution of en- 
zyme between the mucous membrane and the intestinal contents. In addition, it was not always possible to answer 
one question which is very important for this particular investigation: in what stage was the person's digestion at 
the moment of death. As an additional control, it was decided to carry out experiments on animals in order to ob- 
tain material for investigation in stricter and more nearly physiological conditions. 

Experiments on dogs. Healthy adult dogs were given an ordinary mixed diet or bread with lard. The animals 
were sacrificed 3 h after eating, and parts of the intestine 12-15 cm long were immediate ly  removed for investiga- 
tion between two ligatures from the region of the duodenum, the distal portion of the ileum, and sometimes from 
the middle of the small intestine. The weight of the contents and of the whole wall of the resected portion of in- 
testine was determined. The intestine was then divided longitudinally into two approximately equal parts. From 
one part scrapings were made from the epithelium, while the second was used for investigating the enzymic activity 
of the whole intestinal wall. The content of several intestinal and pancreatic enzymes was determined in the intes- 
tinal contents, the intestinal wall, and the scrapings of epithelium. The enzymic activity was calculated per gram 
of tested material and per weight of segment of intestine. 

Investigation of all parts of the dogs' intestine revealed consistent results, generally speaking similar to those 
obtained in the cadavers, although differing in details from them. In the adult human intestine, the content of en- 
zymes (especially phosphatase) as a rule was lower than in the corresponding segment of the dog's intestine. But the 
main difference was evidently associated mainly with the stage of digestion. At the height of digestion, correspond- 
ing to the period when the dogs were sacrificed, a considerable accumulat ion of enzyme takes place in the mucous 
membrane by comparison with the amount of enzyme in the mucous membrane of the fasting animal, and conversely 
the concentration of phosphatase and saccharase in the chyme falls slightly [10]. It is clear from Table 3 that the 
concentration of enterokinase and of pancreatic enzymes in the intestinal contents of the dogs in the stage of diges- 
tion of the food was many times (frequently several tens of times) greater than in the scrapings of the mucous mem-  
brane from the same parts of the intestine. Equally marked differences were observed in the total content of these 
enzymes in the whole segment of the intestine. The concentration of phosphatase and saccharase in the intestinal 
contents differed to a lesser degree from the concentration of these enzymes in the serapings of the mucous mem-  
brane. Sometimes these concentrations were equal but sometimes, in animals in the stage of digestion, the amount 
of saccharase per gram of epithelium was actually rather less than the quantity per gram of contents of the same 
segment of the intestine. It is interesting that the concentration of the enzyme in the chyme of the distal portion of 
the small intestine was appreciably higher on account of the absorption of water and of a number of other compon- 
ents of the chyme. The enzymes, however, were not absorbed, so that their content in the distal portion was often 
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Section of intest ine of a rat  after 30 ml of starch solution had 

passed through i t  for 10 rain. Bands of mucous, intes t inal  epi-  
the l i a l  cells,  and residues of food masses (the b lack  structures) 
may be seen in its lumen. Magnif icat ion 100x. 

much higher than in the proximal  (Tables 2 and 3). This is seen par t icular ly  c lear ly  in the case of enterokinase,  

which is secreted only in the most proximal  portion of the intest ine and which reaches the i leum only in the compo-  
sit ion of the ehyme. 

The fact  was noted that  the enzyme ac t iv i ty  of the intest inal  ep i the l ium when forming part of the whole struc- 
ture of the intest inal  wall,  per unit weight and in re la t ion to the weight of the whole invest igated segment  of the in-  
test ine was much lower for nearly a l l  the enzymes than in the scrapings of epi the l ium,  i .e . ,  after disturbance of the 

structure of the mucous membrane  and of the integr i ty  of the ep i the l ia l  cells the digestive power of the enzymes in 

the intest inal  wall  increased. Only the saccharase ac t iv i ty  in some cases remained the same in serapings of the epi-  
the l ium as in the whole intest inal  wall ,  but in other cases it also showed a slight increase. Evidently, distribution of 
the structure of the mucous membrane and of the integri ty of the ep i the l ia l  ce l l  did not prevent, but on the contrary, 
f ac i l i t a t ed  interact ion between the enzyme and the substrate. The same pattern was observed when the ac t iv i ty  of 
the peptidases in the intest ine of rats was invest igated by other authors [23]. 

The  facts described above agree wel l  with published data [7] showing that  when the solid part of the intest inal  
ju ice  is t reated with solutions of proteinases and the structure of the ceils of the intest inal  epi the l ium is disturbed, 
the ac t iv i ty  of the intest inal  enzymes (a lka l ine  phosphatase, saccharase,  and par t icular ly  strongly, enterokinase) is 

apprec iab ly  increased. 

The  results described above disagree with those reported by A. M. Ugolev [6] regarding the special  s ignif icance 
of structural integr i ty  of the cells of the intest inal  ep i the l ium for the ac t ion of the enzymes. Ugolev broke up the  
intest inal  ep i the l ia l  ceils  by producing lysis by heat ing the intest inal  secretion for 2 h at  38 ~ In the present investi-  
gation,  the a lkal ine  phosphatase ac t iv i ty  in the liquid part of a dog's intest inal  juice,  comple te ly  free from ceils,  

was studied before and after  heat ing for 2 h at  38 ~ In these conditions, a decrease in ac t iv i ty  of the enzyme was 
found. In one case, for example ,  the phosphatase content fel l  from 380 to 250 uni ts /ml ,  and in the other case from 
840 to 670 uni ts /ml .  This decrease can be expla ined  only by inact ivat ion of the enzyme as a result of the act ion 
of the proteinases of the intest inal  juice.  In Ugolev's experiments,  evident ly  i t  was not the destruction of the ceils 
of the intest inal  ep i the l ium which was important ,  but inact iva t ion  of the phosphatase for some other reason. 

Next an a t t empt  was made to discover the cause of the differences in the principle between the results ob- 
ta ined in this series of investigations on dogs and those obtained by Other authors working with rats which were anes- 
the t ized  while solutions of dipeptides and starch were passed through their intestine.  The results of these exper i ,  
ments, according to their  authors, show that  a high rate of hydrolysis of the substrate is dependent  on the act ion of 
enzymes adsorbed on the outer surface of the intest inal  ep i the l ium [6], or on in t race l lu lar  breakdown of the substrate 
[23]. The  experiments on digestion of starch solution were repeated,  using the method described above. Some of 
the rats were fasted for 24 and 48 h before the  exper iment .  A high degree of hydrolysis.of starch was found, espec ia l -  
ly in the first minutes of the experiment .  However, throughout the period of passage of the starch (10-15 min), traces 
of intes t inal  contents were found macroscopical ly  in the solution flowing from the intestine,  and in the lumen of the 
segment  of intest ine used for the exper iment ,  not only bands of mucous and f ree- ly ing  intest inal  ep i the l ia l  cel ls  
were found on morphological  invest igat ion,  but also part icles  of food substances (see figure). 
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The difficulty of washing out the intestinal chyme is described by Dahlqvist and Thomson f18]. By carefully 
washing the tissues of the gastrointestinal tract of rats, they were able to wash out only 80% of the polyethylenegly- 
cine (a substance which is not adsorbed and which is indifferent to the digestive secretion), administered to the ani-  
mals with their food. These findings show that the breakdown of food substances during their passage through an in- 
testinal loop takes place not only as a result of the enzyme of the intestinal wall, but also on account of the thyme 
which remains behind for a long t ime in the lumen of the intestine which contains intestinal and pancreatic enzymes. 

In a series of experiments, the author attempted to discover the effect of pieces of surviving intestine, treated 
with trichloroacetic acid (by A. M. Ugolev's method [6]) on the breakdown of sucrose and starch by the corresponding 
enzyme. In no case could an activating action of the structural elements of the intestinal wall on these enzymes be 
observed. 

The facts described above show that the enzymic activity of the chyme of both the proximal and the distal 
portion of the small intestine is several tens of times more act ive in pancreatic and certain intestinal enzymes (en- 
terokinase) and several times more act ive in other intestinal enzymes (alkaline phosphatase, saccharase) than the 
same portion of the intestinal wall. Consequently, the hydrolytic action of the enzyme on the food substances is ex- 
erted mainly in the lumen of the intestine. Some intestinal enzymes, components of the cell bodies, also take part 
in the breakdown of food products and the products of their hydrolysis taking place in the cells of the intestinal epi- 
thelium, and thus performing a barrier function. When the cells of the intestinal epithelium are detached and de- 
stroyed, the enzymes which they contain pass into the chyme where they also take part in digesting the food masses. 
In this way, the fullest use is made of the enzyme capaci ty of the alimentary tract. 

L I T E R A T U R E  C I T E D  

1. B.P. Babkin, The External Secretion of the Digestive Glands [in Russian], Moscow-Leningrad (1927). 
2. B.P. Babkin, The Secretory Mechanism of the Digestive Glands fin Russian], Leningrad (1960). 
3. N.N.  Iezuitova, N. M. Timofeeva,  O. K. Koldovskii, et al., DAN SSSR, 154, 4, 990 (1964). 
4. I .P .  Pavlov, Lectures on the Work of the Chief Digestive Glands [in-Russian], Leningrad (1892)o 
5. B.K. Skirko, Vopr. Pitaniya, No. 6, 38 (1958). 

6. A .M.  Ugolev, Intramural (Contact) Digestion [in Russian], Moscow-Leningrad (1963). 
7. L.S. Fomina, Transactions of the Academy of Medical Sciences of the USSR, Vol. 13, No. 1, Moscow (1951), 

p. 153. 

8. L.S. Fomina, Transactions of the Academy of Medical Sciences of the USSR, Vol. 13, No. 1, Moscow (1951), 
p. 130. 

9. L.S. Fomina, S. Ya. Mikhlin, and G. K. Shlygin, Biokhimya, No. 2, 134 (1952). 
10. L.S. Fomina, Fiziol. Zh. SSSR, No. 9, 879 (1957). 
11. G.K.  Shlygin, Biokhimiya, No. 6, 509 (1950). 
12. G.K.  Shlygin, Uspekhi Sovr. Biol., 32, No. 1, 14 (1952). 
13. G.K.  Shlygin, L S. Fomina, and Z. M. Pavlova, Vopr. Med. Khimii, No. 2, 197 (1963). 
14. G.K.  Shlygin, Vestn. Akad. Med. Nauk SSSR, No. 5, 21 (1964). 
15. B. Borgstr6m, A. Dahlqvist, G. Jundh, et al., J. Clin. Invest., 36, 1521 (1957). 
16. F .A .  Cajori, Am. J. Physiol., 104, 659 (1933). 
17. A. Dahlqvist and B. Borgstr6m, Biochem. $., 81, 411 (1961). 
18. A. Dahlqvist and D. L. Thomson, I. Physiol. (Lond.), 167, 193 (1963). 
19. H.W. Florey, R. D. Wright, and M. A. lennings, Physioi. Rev., 21, 36 (1941). 
20. ]. H. Holt and D. Miller, J. Lab. Clin. Med., 58, 827 (1961). 
21. D. Miller and R. K. Crane, Biochim. Biophys. Acta, 52, 281 (1961). 
22. D. Miller and iLK. Crane, Bioehim. Biophys. Acta, 52, 293 (1961). 
23. H. Newey and D. H. Smyth, 1. Physiol. (Lond.), t52, 3--67 (1960). 
24. H.B. Piersa, E. S. Nasset, and J. R. Murlin, J. Biol. Chem., 108, 239 (1935). 
25. B.W. Smith and J. H. Roe, J. Biol. Chem., 227, 357 (1957). 
26. C.B. Weld, Canad. J. Biochem., 39, 18 (1961). 
27. P~ D. Wright, M. A. Jennings, H. W. Florey, et al.,  Quart. J. Exp. Physiol., 30_, 73 (1940). 

993 


