
003 1-3998185119 12-1 333$02.00/0 
PEDIATRIC RESEARCH 
Copyright O 1985 International Pediatric Research Foundation, Inc. 

Vol. 19, No. 12, 1985 
Prrnted in U.S.A.  

Effects of Short-Term Isolated Zinc Deficiency on 
Intestinal Growth and Activities of Several Brush 

Border Enzymes in Weanling Rats 

JUNG H. Y. PARK, CARTER J. GRANDJEAN, DEAN L. ANTONSON, AND 
JON A. VANDERHOOF 

University ofNebraska Medical Center and the Swanson Center for Nutrition, Inc., Omaha, Nebraska 68105 

ABSTRACT. To determine whether zinc has a specific 
role on intestinal growth and function, three groups of male 
weanling Sprague-Dawley rats were fed a semipurified 
zinc-deficient diet: ad libitum fed group received powdered 
diet and water containing 25 ppm of zinc; force fed (ZN, 
ZD) groups were fed identical amounts of diet to the ad 
libitum fed group by intragastric infusion three times per 
day. The diets were aqueous suspensions made with either 
deionized water (ZD) or water containing 25 ppm of zinc 
(ZN), and additional drinking water with (ZN) or without 
zinc (ZD) was offered ad libitum. Rats were sacrificed 
after 8 days of feeding. The ZD group showed growth 
arrest, perioral and periorbital dermal lesions, and abdom- 
inal distention within 8 days of feeding. Mucosal DNA, 
protein, sucrase, maltase, lactase, leucine aminopeptidase, 
and alkaline phosphatase were significantly decreased in 
the ZD group, whereas intestinal length, weight, and mu- 
cosal weight were unaltered. These results suggest that 
short-term isolated zinc deficiency impairs growth, diges- 
tion, and absorption in the rat small intestine, even in the 
absence of associated protein calorie malnutrition. (Pediatr 
Res 19: 1333-1336,1985) 

Abbreviations 

those found in the small intestinal mucosa. For example, the 
activities of jejunal disaccharidases decrease during a short period 
of starvation (7, 8) and increase when animals are fed high 
carbohydrate diets (9-1 1). 

Because the effect of zinc deficiency on cell division has been 
reported to be most obvious in rapidly proliferating tissues, the 
relationship of zinc deprivation on intestinal growth and certain 
biochemical parameters in the intestinal mucosa, which has a 
rapid turnover rate, might be very important. In 1983 Gebhard 
et al. (12) reported that activities of disaccharidases and alkaline 
phosphatase in the intestinal mucosa of zinc-deficient rats were 
significantly decreased compared to weight-restricted and pair- 
fed control animals. However, pair feeding by itself, alters various 
growth and functional parameters in the small intestine. There- 
fore, the present study was performed to investigate the effect of 
short-term isolated zinc deficiency on the intestine of growing 
rats using force feeding via an orogastric tube. This technique 
allows control of levels and frequencies of food intake in both 
control and zinc-deficient animals. The results from the present 
study indicate that a short-term isolated zinc deficiency without 
a decrease in food intake can result in a significant decrease in 
intestinal growth and in the activities of several intestinal en- 
zymes. 

METHODS 
AL, ad libitum control 
ZD, zinc deficient force-fed Weanling male Sprague-Dawley rats (Sasco, Omaha, NE) were 

ZN, zinc replete force-fed housed individually in hanging stainless cages under a fixed light- 
dark cycle. They were given Rodent Laboratory Chow (Ralston 
Purina, Co., St. Louis, MO) and tap water ad libitum for 2 days 
to allow acclimation to our laboratory conditions. All animals 
were first trained for tube-feeding by giving increasing amounts 

Information available on the effects of isolated zinc deficiency of food three times a day for 3 days. The diet was a semipurified 
without superimposed protein-calorie malnutrition on intestinal zinc deficient diet (Teklad, Harlan Sprague-Dawley Inc., Madi- 
growth and function is rather scant. Zinc deprivation in the rat son WI) blended with water containing 25 ppm of zinc as zinc 
initiates a prompt and dramatic depression of food intake (1, 2). sulfate. Water containing 25 ppm of zinc was given ad libitum. 
In such studies attempts are frequently made to eliminate the The basal zinc deficient diet contained less than 0.5 pg zinc/g as 
metabolic consequences of low food intake by paired feeding of determined by atomic absorption spectrophotometry and con- 
control and experimental animals. However, pair-fed control sisted of the following ingredients in grams/kilogram: spray dried 
animals not only receive restricted quantities of food but also egg white solids, 200; dextrose, 634; corn oil, 100; cellulose, 30; 
consume it within a short period and starve the remainder of the vitamin mix (with addition of biotin, 4 mg/kg of diet), 10; all 
day. The frequency of food intake in addition to dietary com- required minerals except zinc. After 3 days of training, rats were 
position and its caloric value plays an important part in the randomly divided into three groups. Group 1 (AL) was fed ad 
regulation of metabolic processes in the intestine. It has been libitum the basal zinc deficient powdered diet and the zinc 
frequently observed that meal-feeding in animals results ih en- supplemented water, and daily food intakes were monitored. 
larged small intestine (3,4), increased activity of certain enzymes Group 2 (ZN) was force-fed the blended diet three times per day 
in the intestinal mucosa (5), and enhanced absorption of glucose in identical amounts to the AL group. The diet was prepared 
and fat (6). with zinc containing water and zinc supplemented water was 

Some of the enzymes that adapt rapidly to dietary changes are given ad libitum. Group 3 (ZD)  was force-fed similarly to the 
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The animals were sacrificed after 8 days of feeding, at which 
time the ZD animals were seriously ill and one rat in the ZD 
group had died. Blood samples for serum were withdrawn from 
the inferior vena cava and zinc was analyzed by atomic absorp- 
tion spectrophotometry (Instrumentation Laboratory Inc., Wil- 
mington, MA). Jejunoileum from the ligament of the Treitz to 
the ileocecal junction was dissected and the proximal one-half 
was saved, rinsed with ice cold 0.9% NaCl, and weighed. The 
mucosa was subsequently scraped using a glass slide, weighed, 
and the following procedures were camed out. Mucosal protein 
was determined according to Lowry et al. (13) using bovine 
serum albumin as a standard. The activity of maltase (a-D- 
glucoside glucohydrolase, EC 3.2.1.20), sucrase (@-D-fructofu- 
ranoside fructohydrolase, EC 3.2.1.26), and lactase (a-D-galac- 
toside galactohydrolase, EC 3.2.1.23) was determined by the 
method of Dahlqvist (14). Enzyme activity was expressed as 
micromoles of glucose produced per minute either per gram of 
mucosal protein (specific activity) or per centimeter of intestine. 
Mucosal DNA was extracted by the method of Schmidt and 
Thannhauser (15) as modified by Munro and Fleck (16). The 
resulting DNA fraction was assayed according to Burton (17) as 
modified by Giles and Myers (18). The activity of leucine ami- 
nopeptidase (a-aminoacyl peptide hydrolase, EC 3.4.1 1.1) was 
measured by the method of Goldbarg and Rutenburg (19) using 
L-leucyl-@-naphthylamide as a substrate. Alkaline phosphatase 
(orthophosphoric monoester phosphohydrolase, EC 3.1.3.1) ac- 
tivity was determined by the method of Sommer (20) using p- 
nitrophenyl phosphate as a substrate. 

The data were analyzed by analysis of variance using com- 
pletely randomized design. Statistically significant differences 
among group means were determined by Duncan's New Multiple 
Range Test (2 1). 

RESULTS 

As reported by Flanagan (22), force-feeding rats a zinc-defi- 
cient diet made them ill within 8 days; perioral and periorbital 
dermal lesions and accumulation of saliva around the mouth 
were seen (Fig. 1). Prominent abdominal distention was also 
noted in most of zinc-deficient animals, even though they had 
been fasted 12 h prior to sacrifice. These phenomena were not 
observed in the AL and ZN groups. Serum zinc concentration 
was markedly decreased in the ZD group (23 k 1.0 pg/dl), 
compared to the ZN group (1 55 + 3.6 pg/dl) and AL group (166 
k 11.6 pg/dl). 

Both force-fed groups grew at similar rates until the 6th day at 
which time the ZD group stopped gaining weight. The mean 
body weight at the time of sacrifice was higher in the AL group 
compared to the ZN group. However, there was no significant 
difference in the length and weight ofjejunum and in the mucosal 
weight among the three groups (Table 1). Even though the weight 
of mucosa was not affected by zinc deficiency, DNA content of 
jejunal mucosa, expressed as micrograms per centimeter of in- 
testine was decreased significantly in rats fed the zinc-deficient 
diet. There was no difference in DNA content between the ZN 
and AL groups (Fig. 2). In a similar manner, the protein content 
of jejunal mucosa was reduced in ZD rats compared to ZN and 

Table 1. Bodv wt. ieiunal lenath and wt. and mucosal wt 

Dietary treatments 

Z D ( n = 1 3 )  Z N ( n = 9 )  A L ( n = 8 )  

Initial body wt (g) 62 + I*" 61 + la  62 + l a  
Final body wt (g) 108 + 3" 116+2b 130+ 1' 
Jejunal length (cm) 36.7 k 0.5" 36.2 + 0.7" 38.0 + 0.9" 
Jejunal wt (g) 2.09 + 0.1 la  2.16 + 0.06" 2.36 + 0.07" 
Mucosal wt (mg/cm) 36.9 + 2.59" 36.8 + 1.54" 42.7 + 2.78" 

* Mean -t SEM. Means with different letters are significantly different 
( p  < 0.05). 

Fig. 2. DNA content in jejunal mucosa from young rats fed different 
amounts of zinc. Values are mean + SEM. Means with different letters 
are significantly different ( p  < 0.05). 

Fig. 1. Five-week-old rat force-fed a zinc-deficient diet blended with deionized water ( A  and C) or force-fed the zinc-deficient diet blended with 
water containing 25 ppm of zinc (B and D) for 8 days. 
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Fig. 3. Protein content in jejunal mucosa from young rats fed differ- 
ent amounts of zinc. Values are mean + SEM. Means with different 
letters are significantly different ( p < 0.05). 

AL controls. The protein content in the ZN group was not 
different from that of the AL group (Fig. 3). 

The effect of zinc deficiency on disaccharidase activity was 
varied (Table 2). Sucrase activity was lower in zinc-deficient rats 
expressed as either per gram of protein or per centimeter of 
intestine compared to the ZN and AL groups. There was no 
difference in activities of sucrase between the ZN and AL groups 
no matter how the data were expressed. The specific activity of 
maltase was not affected by zinc deficiency. The activity was 
increased in animals force-fed by intragastric tube compared to 
animals fed ad libitum. When the data were expressed as mi- 
cromoles glucose produced per centimeter of intestine, there was 
a decrease in maltase activity in the ZD group, but there was no 
difference between the ZN and AL groups. Lactase activity was 
significantly higher in the ZN group compared to the ZD and 
AL groups. Compared to the AL group, lactase activity, as 
expressed as nmoles per centimeter of intestine, was significantly 
lower in the ZD group, but there was no difference in the specific 
activity of lactase between the ZD and AL group. 

The specific activity as well as the total activity of leucine 
aminopeptidase was significantly lower in the ZD group than 
that in the ZN group (Fig. 4). Tube feeding (ZN) appeared to 
increase the enzyme activity compared to the AL group, but the 
difference was statistically significant only when the activity was 
expressed per gram of protein. A substantial reduction in alkaline 
phosphatase activity was observed in the ZD group compared to 
the zinc-supplemented groups (Fig. 5). This enzyme activity 
increased in the tube-fed animals (ZN) compared to AL animals 
when the data were expressed per gram of protein. In summary, 
short-term isolated zinc deficiency without any decrease in food 
intake and changes in eating patterns resulted in a decrease in 
mucosal DNA and protein content, the activity of disacchari- 
dases, and the activity of leucine aminopeptidase and alkaline 
phosphatase. 

DISCUSSION 

The decrease in DNA and protein content of jejunum from 
ZD rats (Fig. 2 and 3) confirms findings of other investigators 
that zinc is necessary for the synthesis of DNA, RNA, and protein 
and, therefore, zinc deficiency impairs cellular division and 
growth (23-25). However, there have been very few studies which 
have examined the effects of dietary zinc on cellularity of intes- 
tinal mucosa. It is especially interesting that the reduction in 
DNA and protein content in the zinc deficient group was 28 and 
18%, respectively, compared to the force-fed control (ZN), while 
reduction in body weight was only 7%. This finding emphasizes 
that tissues with a rapid turnover rate, like intestinal mucosa, are 
most susceptible to dietary zinc deficiency. 

Table 2. The activities of mucosal disaccharidases 
Dietary treatments? 

- 

Sucrase (pmol/min/g protein) 74 + 5.7*" 93 + 4.2b 93 + 4.0b 
Sucrase (nmol/min/cm bowel) 278 + 30" 442 f 20b 495 + 3 lb  
Maltase (pmol/min/g protein) 670 + 18" 637 + 13" 593 + 1 3b 
Maltase (pmol/min/cm bowel) 2.49 + 0.19" 3.02 + 0.09b 3.1 1 + 0.1 8b 
Lactase (pmol/min/g protein) 2 1 + 1.4" 28 & 1.5b 20 + 1.2" 
Lactase (nmol/min/cm bowel) 80 + 8.1" 138 + 6.7b 108 + 7.4' 

* Mean + SEM. Means with different letters are significantly different 
( p  < 0.05). 

Fig. 4. The activity of leucine aminopeptidase in jejunal mucosa from 
young rats fed different amounts of zinc. Values are mean + SEM. Means 
with different letters are significantly different ( p  < 0.05). 

Fig. 5. The activity of alkaline phosphatase in jejunal mucosa from 
young rats fed different amounts of zinc. Values are mean + SEM. Means 
with different letters are significantly different ( p < 0.05). 

Zinc deficiency resulted in an 18% reduction in mucosal 
protein content without any change in mucosal weight (Table 1 
and Fig. 3). Thus, the 18% loss of protein in the enterocytes of 
zinc-deficient rats was replaced by fat and/or water. Koo and 
Turk (26) have reported that fatty acid uptake and triglyceride 
synthesis by mucosal cells occurred normally, but triglyceride 
transport out of enterocytes was defective in rats fed a zinc- 
deficient diet ad libitum for 9 wk. Because we did not determine 
the lipid content of intestinal mucosa and experimental condi- 
tions between these two studies were substantially different, we 
cannot conclude the same phenomenon observed by Koo and 
Turk (26) occurred in our zinc-deficient animals. 

There was a 20% reduction in sucrase and a 25% reduction in 
lactase activity in zinc deficient rats compared to the force-fed 
control (ZN), but there was no decrease in maltase activity when 
enzyme activities were expressed per unit weight of protein. 
Using pair-fed and weight-restricted controls, Gebhard et al. (12) 
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showed that the specific activities of sucrase and lactase decreased 
in rats fed a zinc-deficient diet ad libitum for 5 wk. It is difficult 
to explain why there is a decrease in the specific activities of 
sucrase and lactase without similar changes in those of maltase 
in the present study. Information is not available on whether 
these disaccharidases are zinc metalloenzymes or zinc-dependent 
enzymes. They are membrane bound enzymes, and activities of 
the enzymes can be altered by changes in membrane structure 
or function. Since zinc is required for the metabolism of essential 
fatty acids and the synthesis of prostaglandins (27), both of which 
are important in maintaining membrane structure and function, 
alterations in membrane characteristics may alter specific disac- 
charidase activity. Also zinc may have a direct role in the 
maintenance of membrane structure and function by stabilizing 
and/or protecting membranes (28). 

Since zinc deficiency was shown to decrease mucosal protein 
content (Fig. 3), reporting enzyme activity per unit weight of 
protein as a parameter to estimate intestinal function resulted in 
an overestimation of total activity in the animal. For example, 
when the data were expressed per centimeter of intestine, there 
were 37, 25, and 42% reduction in sucrase, maltase, and lactase 
activities, respectively, in the intestine of zinc-deficient rats com- 
pared to the force-fed control (Table 2). 

Intestinal brush border membrane aminopeptidase is impor- 
tant in the hydrolysis and subsequent absorption of oligopeptides 
in the small intestine (29). This enzyme is a zinc metalloenzyme 
(30); therefore the decreased activity of this enzyme by dietary 
zinc deficiency was anticipated. However, the magnitude of the 
decrease (Fig. 4) was not as striking as that of alkaline phospha- 
tase (Fig. 5), another zinc metalloenzyme (30), which was re- 
duced by 65% in zinc deficiency. The relevance of changes in 
the activity of alkaline phosphatase to the function of the gas- 
trointestinal tract of zinc-deficient rats is uncertain. 

Using conventional pair-fed animals as a control, e.g. in zinc- 
deficient studies, to further investigate intestinal metabolism may 
be misleading. The reason for this is as follows: it has been shown 
that meal feeding increases many metabolic parameters, such as 
intestinal length and weight (3), secretion of pancreatic enzymes 
(4), and absorption of glucose and fat (6, 31). In addition, this 
study has shown similar increases in enzyme activities of lactase, 
maltase, alkaline phosphatase, and leucine aminopeptidase (Ta- 
ble 2, Fig. 4 and 5). When animals are pair-fed restricted amounts 
of food containing zinc, they usually develop a meal eating 
pattern, whereas zinc-deficient animals consume food by nib- 
bling throughout the day. Previous studies utilizing pair feeding 
may have, therefore, underestimated some metabolic conse- 
quences of this condition, and perhaps overestimated others. 

One of the pronounced characteristics of zinc-deficient rats in 
the present study was that a large amount of food remained in 
the stomach even after 12 h of fasting. It appeared that the 
motility of the gastrointestinal tract decreased substantially in 
the zinc-deficient animals. Diarrhea was not noted and the stools 
of the zinc-deficient animals were harder than those of zinc- 
replete animals. It has been suggested that zinc plays a role in 
prostaglandin synthesis in animal tissues (27, 32), and since such 
chemicals have powerful stimulatory effects on intestinal motil- 
ity, they may play a role in the modulation of normal peristalsis 
(33). It is possible that under the conditions of the present 
experiment zinc deficiency caused a decrease in prostaglandin 
concentration in the intestinal mucosa, which, in turn, caused a 
decrease in motility. 

This study indicates that a short-term, isolated zinc deficiency, 
without complicating protein-calorie malnutrition, can impair 
intestinal growth, digestion, and absorption. While these changes 
are metabolically abnormal, they are not likely to be of major 
clinical significance. 
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