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Summary 

In vivo jejunal transport of amino acids, monosaccharides, so- 
dium, and electrolytes were studied in rats made nephrotic with 
puromycin Pmioonucleoside (PAN) and in pair-fed controls. Stud- 
ies were performed 14 days after a single intravenous dose of PAN 
when rats were no longer edematous, but were stlll hypoprotei- 
nemic. There was decreased absorption of glucose, 31)-methyl 
glucose, glycine, phenylalanine, histidine, water, and sodium in the 
nephrotic animals but transport of fructose, lysine and potassium 
was similar in the nephrotic and control animals. Enzyme kinetic 
studies for glucose transport showed a mixed type of inhibition 
affecting both Vm and Km. The jejunal mucosa of nephrotic and 
control rats had similar ATP content and enzyme activity for 
Iactase, sucrase, maltase and (Na-K)-ATPase and the ratios of 
RNA to DNA were similar in the nephrotic and control rats. No 
abnormality of the jejunum was detected by tight or electron 
microscopy. The data suggest that the impairment of absorption 
is a result of decreased activity of jejunal membrane carrier 
mechanisms. The altered transport may be secondary to effects 
related to the metabolic consequences of nephrotic syndrome and 
does not appear to be related to acute purine aminonucleoside 
toxicity, edema or malnutrition. 

Abbreviations 

BUN, blood urea nitrogen 
PAN, puromycin aminonucleoside 
PEG, polyethylene glycol 

The nephrotic syndrome, characterized by proteinuria, hypo- 
proteinemia, and edema is essentially a protein depletion state (4). 
An experimental nephrotic model has been available since 1955 
when Frenk et al. (9) reported that an aminonucleoside of puro- 
mycin, a derivative of the antibiotic puromycin, was capable of 
regularly producing nephrotic syndrome in rats; nevertheless, few 
investigations have been carried out on intestinal absorption of 
nutrients in the nephrotic syndrome. In order to help clarify what 
effect the ne~hrotic state and its associated metabolic changes 
might have o i  intestinal absorption, we evaluated jejunal transport 
of nutrients in nephrotic rats 14 days after intravenous treatment 
with purine aminonucleoside. The results were compared to those 
of pair-fed controls and indicated a generalized decrease in jejunal 
absorption in the nephrotic rats. 

MATERIALS AND METHODS 

Seventy-four adult male Wistar rats (37), weighing 180-200 g, 
were randomized into experimental and control groups. The ne- 
phrotic syndrome was induced in each animal in the experimental 
group by intravenous injection of 7.5 mg/100 g body weight of 

PAN as a 15 mg/ml solution. The controls were given an equal 
volume of saline. Control rats were pair-fed by being given the 
same amount of Purina Lab Chow (38) as their nephrotic wun- 
terparts had taken the preceding day. Water intake was allowed 
ad libitum. Baseline studies were conducted, measuring the daily 
urine output and the amount of qualitative proteinuria. Intake 
and weight gain were recorded. Thirteen days after the adminis- 
tration of PAN, 24-h urine protein excretion was quantitated and 
blood was drawn for serum albumin, BUN, and creatinine. 

Fourteen days postinjection, in vivo jejunal transport studies 
were performed. Groups of four to six experimental and the same 
number of control animals were studied each time. The rats were 
anesthetized with urethane (39) administered intraperitoneally at 
a dose of 1.2 g/kg. The abdominal cavity was opened by a midline 
incision and the small intestine was camulated below the ligament 
of Trietz. A 20-cm long jejunal segment was utilized and the 
intestinal contents washed with two 10-ml portions of 0.9%0 NaCl 
warmed to 37°C. The proximal junction was attached to a peri- 
staltic pump (40) and the jejunal segment was perfused at a rate 
of 0.20-0.24 ml/min. The solutions used for perfusion were Krebs- 
Hensleit bicarbonate buffers with 1 mM of either histidine, lysine, 
phenylalanine or glycine and 4-40 mM of gluwse. In other 
experiments, fructose and 3-0 methyl gluwse were also perfused. 
These amounts of nonradioactive substrate, plus three uniformly 
labeled [Hlamino acids and [14C]-labeled carbohydrates (41) with 
spedic activities above 500 pCi/mM were added to a level of 
about 20,000 dpm/ml. In all instances, a nonabsorbable marker, 
polyethylene glycol (PEG, molecular weight 3000-3700) (42), was 
added to the buffers in a concentration of 6 g/liter as an indicator 
of intestinal water transport. All solutions were made isotonic by 
adjustment with sodium chloride. The perfusing liquids were 
bubbled with 02: C02 (955) and maintained at 37°C during the 
experiments. The abdominal cavity was kept moist and warm by 
warmed saline soaks and polyurethane wrapping of the abdominal 
cavity. 

Each rat was perfused with buffers containing a single amino 
acid with [3H]-labeled tracer and one carbohydrate with [I4C]- 
labeled tracer. After a 45 min equilibration period, emuent frac- 
tions were wllected every 15 min for 1 h. Immediately afterwards, 
a second solution with another amino acid and a different concen- 
tration of gluwse or another carbohydrate was allowed to equili- 
brate for 30 min, followed by perfusion for a second hour with 
fractions wllected every 15 min. The sequence of the perfusion 
buffers was randomized. It took 9-10 min for the solutions to 
travel the 20-cm segment of the jejunum as measured with phenol 
red as an indicator. 
All fractions wllected were cleared of intestinal debris by 

centrifugation at 600 X g for 15 min. Each sample was counted 
for [3H] and [14C] and the wncentrations of electrolytes and PEG 
determined as indicated below. Transport rates were calculated by 
comparing the concentrations of the infused buffers and the 
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emuents at the end of the 20-cm jejunal segment and correcting 
for water exchange. The rate of transport of amino acids and 
carbohydrates was expressed as nmoles absorbed per min per cm 
of intestine. The rate of electrolyte transport was expressed as 
microequivalents absorbed per min per cm of intestine. The 
transport of water was calculated by the difference of the volume 
of the solution infused and recovered from the intestinal segment 
and their respective concentrations of PEG. The amount of PEG 
was determined by the method of Malawar and Powell (21). 

The concentrations of the amino acids and monosaccharides in 
the perfusate were determined by isotope dilution (2), counting 
0.5-ml aliquots of the emuent in 10 ml of scintillation fluid (ACS- 
Amersham Searle Inc.). Tritium was counted with an efficien of 
at least 10% and ["C] with an eficiency better than 55% as 
determined by quenching of an external standard against a cali- 
bration curve. All samples were estimated with a statistical error 
lower than 1% and a probability better than 99% in a room 
temperature operated scintillation counter (Beckman LS-203). At 
the conclusion of the study the animals were exsanguinated from 
the abdominal aorta. Sodium and potassium concentrations were 
determined using a flame photometer Model 143 (43). In addition, 
protein fractions separated by gel electrophoresis, BUN (44), and 
creatinine (1) were measured. 

The enzymatic activity of the intestinal mucosa was studied at 
the end of the perfusion period. While the animal was still 
anesthetized, the entire small intestine was excised and washed 
with three 10-ml aliquots of 0.99% ice cold NaCl solution. A 20- 
cm long segment of the intestine adjacent to the perfused portion 
was cut, slit open longitudinally and the mucosa was removed by 
scraping with a glass slide. The mucosa was weighed and homog- 
enized with nine volumes of ice cold 0.99% NaCl for the assay of 
disaccharidases, or with a buffer containing 250 mM EDTA, 2.4 
mM Na deoxycholate and 39 mM tris adjusted to pH 6.8. Lactase, 
sucrase, maltase, ATPase, ATP content, RNA, DNA, RNA/DNA 
ratio as well as protein content were determined in those speci- 
mens. The results are expressed as nmoles of substrate utilized per 
min per g of protein or tissue. The activity of intestinal disacchar- 
idases was determined according to Dahlquist (3). ATPase was 
assayed by the method of Kramer et al. (16). The protein content 
of the intestinal mucosal homogenates was determined according 
to Lowry et al. (19) and RNA and DNA estimation according to 
Schneider (27). 

Other portions of the nonperfused jejunum were used for as- 
sessment of wet and dry weights as an assay for edema and for 
histologic and electron microscopic assessment. The wet weight 
was obtained immediately after sectioning of a 10-cm segment of 
clean jejunum. It was then compared to the dry weight obtained 
after dehydration to a constant weight in an oven at 40°C for 5 
days. For histologic evaluation, the tissue was fued by immersion 
in cold 2% glutaraldehyde and prepared according to standard 
techniques. For electron microscopy, tissue was fued by immer- 
sion in cold 2% glutaraldehyde in 0.1 M cacodylate buffer (pH 
7.3) for 1 h, rinsed overnight in cold 0.1 M cacodylate with 7% 
sucrose, post-fued in cold 1% osmium tetroxide in 0.1 M caco- 
dylate for 1 h, rinsed in cold 7.5% sucrose, soaked en bloc with 
uranyl acetate (20), rinsed in cold 7.5% sucrose, dehydrated in a 
graded series of ethanols and embedded in Epon (24). Thick 
sections (1 pm) were stained with toluidine blue and examined by 
light microscopy. Silver-grey thin sections were cut on a Porter- 
Blum MT2-B ultramicrotome and examined on a JEOL-JEM 100 
electron microscope. 

The differences between the means of the experimental and 
control groups were compared using the Student's t test (7) and 
are expressed as means f S.E.M. 

RESULTS 

The nephrotic model. The nephrotic syndrome was induced in 
all the experimental animals by an intravenous injection of PAN. 
The treated animals had anorexia during the fmt 3-5 days and 
their food intake was slightly decreased. After the appearance of 

proteinuria on the 5th day, the experimental rats started gaining 
weight more than the controls, in spite of equal amounts of food 
ingested, suggesting the early presence of edema. The peak weight 
for the nephrotic rats was achieved by the 8th and 9th day, 217 
f 5.5 g (mean f S.E.M.) for the nephrotic versus 208 f 4.5 g for 
the control rats (differences were not significant). From the 9th 
day, rats given PAN developed diuresis with urinary output rising 
to a mean of 15.7 ml/day compared to 7.5 ml/day for the controls. 
By the 14th day postinjection, nephrotic rats weighed less than 
the controls: 200 f 6.0 g compared to 228 f 5.8 g for the controls 
(P  < 0.01). The PAN-injected rats continued to be hypoprotei- 
nemic at the time of intestinal perfusion. They had a serum 
albumin of 1.46 f 0.13 g/dl versus 2.63 f 0.06 g/dl (P < 0.00 1) in 
the controls, and had proteinuria of 0.60 f 0.03 g/24 h compared 
to 0.05 f 0.01 g/24 h in the control rats. Comparison of the 
differences between wet and dry weights of jejunal segments of 
the nephrotic and control rats demonstrated that they were similar 
in the two groups (7.86 g f 0.95 for nephrotic rats and 8.01 f 0.50 
for control rats). The BUN and serum creatinine were in the 
normal range (BUN, 14-29 mg/dl and creatinine, 0.50-0.60 mg/ 
dl) and similar in both groups 14 days after induction of nephrotic 
syndrome. 

Structure and ultrastructure of intestine. Histologic evaluation 
and electron microscopic assessment of the jejunum of nephrotic 
and control rats at the time of perfusion did not show any 
abnormalities. Jejunal villi from PAN-injected rats were indistin- 
guishable in height from that in controls and there was no evidence 
of any expansion of the intracellular spaces. Similarly, under the 
electron microscope, jejunal epithelial cells of PAN-treated rats 
appeared unremarkable; microvilli were normal in height and 
contour and all other organelles appeared normal and were indis- 
tinguishable from controls. 

Transport of carbohydrates. The intestinal absorption of glucose 
in the nephrotic rats was decreased (Fig. 1). The apparent inhibi- 
tion of transport was not overcome by increasing the concentration 
of carbohydrate in the perfusate from 4-40 mM. Both the maxi- 
mum transport capacity and the affinity for the substrate were 
affected. The kinetic constants ( f  S.E.) obtained according to 
Wilkinson (33) resulted in a Vm of 81.0 f 0.9 nmole/min x cm 
for the ne~hrotic rats and 203.2 f 7.5 nmole/min x cm for 
controls, inhicating that the decreased rate of glucose transport in 
the nephrotic animals was not the result of a competitive inhibition 
phenomenon. 

In order to assess whether differences between nephrotic and 
control glucose utilization at the intestinal mucosa level was a 
contributing factor in the rate of glucose disappearance from the 
lumen, the transport of a non-metabolizable analog, 3-0-methyl 
glucose was studied (Fig. 2). The transport rate of this substance, 
perfused at 4 mM concentration was also significantly lower in 
the PAN rats than in controls (P  < 0.001). But, alterations in 

T Means 2S.E.M. xrr* p<0.001 

Experimental *H p<0.005 

- Control a* p<O.Ol 

n Number of observations * ~ ~ 0 . 0 5  

- (n) Number of animals 

4 mM lOmM 20mM 40mM 
Fig. 1. J qunal absorption of glucose. 
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transport were selective because the absorption of fructose was the 
same in the experimental animals as in the controls (Fig. 2) 
contrasting with the findings described above. 

Transport of amino acids. In general, there was decreased jejunal 
transport of the amino acids tested in the experimental groups of 
animals (Fig. 3). The absorption of histidine had the greatest 
reduction and was 72% of the control level. The absorption of 
phenylalanine and glycine was also decreased. The differences 
between control and nephrotic rats in absorption rates for lysine 
did not attain sipticant differences. 

Tramport of sodium, potassium, and water. The absorption of 
sodium across the jejunal mucosa of the proteinuric animals was 
reduced by almost 40% with a mean f S.E.M. of 136.2 f 25.1 
pEq/min x cm in the nephrotic rats, compared to 225.6 f 17.9 
pEq/min x cm in the controls (P < 0.001). The number of animals 
used was the same as those used in the absorption of glucose, 4 

3 -0 -Me thy l  glucose Fructose 

Experimental Control 

T Means 2 S.E.M 

mM. Water movement from lumen to cells paralleled the sodium 
transport and its absorption was reduced in the experimental 
animals (1.50 f 0.23 pl/min x cm in the nephrotics versus 1.71 f 
0.01 pl/min x cm in the controls, P < 0.05). No differences were 
observed in the transport of potassium between control and ne- 
phrotic animals. 

Enzymes and protein synthesis of the intestinal mucosa. The 
specific activity of the brush border enzymes sucrase, lactase, and 
maltase was not altered during the experimental nephrotic syn- 
drome. Similarly, there were no changes in the (Na-K)-ATPase 
activity, total ATP content or in the RNA/DNA ratio of the 
jejunal mucosal cells (Table 1). 

DISCUSSION 

The jejunal transport of carbohydrates, amino acids, sodium, 
and water were decreased in the nephrotic rats, but no alterations 

Table 1. Jejunal enzyme activity and content' 

Enzyme Nephrotic Control 

Lactasc 0.603 * 0.099 0.606 * 0.13 
(nrnole/min/g protein) (1712 (17) 
Sucrasc 6.835 * 0.98 5.916 * 0.88 
(nmole/min/g protein) (17) (17) 
Maltasc 7.07 * 2.29 4.75 f 1.27 
(nmole/min/g protein) (17) (17) 
(Na - K)-ATPasc 36.98 * 7.23 26.94 * 4.26 
(nmole/min/g protein) (16) (12) 
ATP content 0.552 * 0.041 0.471 * 0.058 
(nmole/min/g protein) (24) (16) 
RNA/DNA 2.95 * 0.36 3.67 * 0.49 

(19) (15) 
n Number of observations ' Results are expressed as mean * S.E.M. There are no statistically 

(n) Number of animals simcant differences between nephrotic and control animals. 
Fig. 2. Jejunal absorption of 3-0-methylglucose and fructose. (n ) ,  number of animals. 

- 
Phenyl- Histidine Glycine Lysine 
alanine 

Experimental a Control + p < O . O I  

T Meons i S.E.M *+ p <0.001 
n Number of observotlons 

(nl Number of onimols 
Fig. 3. Jejunal absorption of amino acids. 
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of brush border enzymes or (Na-K)-ATPase was found. Similarly, 
intestinal mucosal protein synthesis as reflected by the ratio of 
RNA to DNA was not altered. The decreased transport of glucose 
could be ascribed to effects that altered both the maximum rate of 
absorption, as well as the affinity of the camer mechanisms. The 
overall decreased affinity of the substrate for absorption could 
occur as a result of a quantitative or qualitative defect in transport 
sites in the experimental nephrotic syndrome. Decreased absorp- 
tion rate was also obtained for 3-0-methyl glucose, which is 
actively transported by the same carrier as glucose (12) but is not 
metabolized, confirming the carrier as the site of the defect. In 
contrast, the uptake of fructose, which is transported by a different 
protein (12), was not altered in the nephrotic animals. Amino acid 
transport studies also showed a selective inhibition, similar to that 
observed in carbohydrate transport. At least two of the several 
active transport systems for amino acids (26,30,34) were impaired 
in the PAN-treated rats. Glycine, which shares a transport system 
with iminoacids, and the neutral amino acids, phenylalanine and 
histidine, showed impaired absorption across the jejunal mucosa. 
The absorption of the dibasic amino acid lysine, was not statisti- 
cally different in nephrotic animals. 

Movement of water in the intestine generally follows that of 
sodium. A diminished plasma oncotic pressure secondary to pro- 
tein depletion might be responsible for the reduced absorption of 
sodium and water found in the nephrotic rats (29). It is unlikely, 
however, that decreased plasma oncotic pressure was responsible 
for the decreased absorption of carbohydrates and amino acids 
because active transport mechanisms are involved and because 
other studies in hypoproteinemic malnourished rats have shown 
increased rather than decreased jejunal absorption (17, 32). On 
the other hand, sodium and water transport are closely linked to 
that of sugars and amino acids (8, 13). It & not surprising therefore, 
that sodium and water absomtion were decreased in the ne~hrotic 
rats because absorption of ~ ; ~ a r s  and amino acids was d&eased. 
This was not, however, a generalized disorder of electrolyte trans- 
port because the transport of potassium in the nephrotic rats was 
similar to that in the control rats. 

The mechanism for the inhibition of amino acid and carbohy- 
drate transport appears to be unrelated to the acute toxic effects 
of PAN. Puromycin, the parent compound, and PAN are struc- 
turally similar to adenosine, suggesting that they may function as 
competitive analogs of the latter (6). In vitro studies have shown 
that PAN causes a decrease in RNA content of cells (3 I), an effect 
which was not present in our nephrotic rats at the time of 
perfusion. Strong inhibition of protein synthesis by puromycin 
has also been demonstrated in vitro (35) in association with a 
decrease in active aminoacid transport in a variety of animal cells 
(23). This occurs within hours after administration of the toxin 
and is associated with necrotic histologic changes (5,22). Necrotic 
changes were not found in our experimental rats which were 
evaluated by light and electron microscopy at the time of perfu- 
sion. It has been established that protein synthesis in vivo is 
inhibited for only a brief period after a single injection of PAN 
(18), as was given in our study, because the drug is rapidly 
metabolized by the liver and excreted by the kidneys. In addition, 
normal values were demonstrated in the jejunal mucosa of the 
nephrotic rats for diaccharidases, (Na-K)-ATPase activity, ATP 
content, and ratio of RNA/DNA. The latter reflects the capacity 
for protein synthesis. These findings argue strongly against a 
significant toxic effect on protein synthesis to account for the 
selective inhibition of jejunal absorption that we observed. 

It has been speculated that edema of the small intestine and 

intestine played a role in the impaired transport which we ob- 
served. 

It is not possible from the results of our study to clearly define 
the mechanism of the decreased jejunal absorption that was 
observed. The impaired intestinal absorption in our nephrotic 
animals could be related to catabolic effects of hormones associ- 
ated with nephrotic syndrome. Recent studies on the metabolic 
effects of the nephrotic syndrome have shown increased levels of 
parathyroid hormone secondary to urinary losses of 25-hydroxy- 
vitamin D (1 1). Parathyroid hormone has been shown to have 
catabolic effects. King and Stanbury (15) noted that nitrogen 
balance was frequently negative in patients with primary hyper- 
parathyroidism and other authors have published similar findings 
(14). In addition, the renal tubular reabsorption of amino acids is 
known to be decreased by the action of parathyroid hormone (28). 
Although we did not measure PTH levels in our study, the levels 
would be expected to be increased in the nephrotic animals. It can 
be speculated that the catabolic effects of increased PTH combined 
with the hypoproteinemia of the nephrotic syndrome resulted in 
depletion of proteins necessary for regeneration of intestinal trans- 
port enzymes. Although alterations of transport enzymes second- 
ary to protein depletion would not be expected to be selective, 
other studies have shown selective alterations of intestinal trans- 
wrt with protein depletion states (32). 

The finding of significantly decreased weight in the nephrotic 
rats at the time of ~erfusion is of interest. The control animals 
were pair-fed the same amount of food as was taken spontaneously 
by the nephrotic rats. Nevertheless, the control rats weighed more 
than the nephrotics at the time of perfusion. This finding indicates 
a decreased food efficiency in the nephrotic rats which could be 
explained, at least in part, by their decreased jejunal absorption. 
The possibility that malnutrition could be an actual cause for the 
differences which we found in transport, however, cannot be 
substantiated. It has been well established that the malnourished 
rat has increased rather than decreased jejunal absorption of 
amino acids and carbohydrates (17,32). The same has been shown 
in man, where it has been demonstrated that malnutrition in the 
absence of diarrhea is not associated with decreased intestinal 
absorption (10). 

The essential findings in our study of jejunal transport in 
nephrotic rats are a selective decrease in absorption of carbohy- 
drates and amino acids. These effects are not attributable to the 
toxic action of PAN nor to edema or malnutrition. They may be 
the result of a combination of factors that include hormonal 
alterations and deficiencies of proteins involved in active transport 
carrier mechanisms. 
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Summary 
Saline loading in puppies results in an attenuated natriuresis 

when compared to the normal response by adult animals to the 
same degree of volume expansion. To characterize an eventual 
role for kinins in the diuretic response by puppies to saline loading, 
two experimental protocols were constructed to evaluate the effect 
of substance P infusion during baseline hydration and acute saline 
loading. Low dose (10 ngokg-'emin-') infusion of substance P 
during basal conditions did not affect urine flow, sodium excretion 
or glomerular ffltration rate (GFR). The addition of saline loading 
to the ongoing low dose infusion of substance P produced an 
increase in urine flow from 3.73 to 12 @omin-'*g-' kidney weight 
and resulted in a marked increase in urinary sodium excretion 
from 110 to 851 CrEq-min-log-' kidney weight. These increases 
in urine flow and urinary sodium excretion during low dose sub- 

stance P infusion were significantly greater than those observed 
during saline loading alone. No significant effect on GFR was 
observed during either saline loading alone or low dose substance 
P during saline loading. In Protocol 11, the infusion of low dose 
substance P during an ongoing saline load enhanced diuresis and 
natriuresis to a greater extent than those receiving only a h e  
load without affecting GFR. The high dose infusion of substance 
P (100 ng*kg-'-mio-') during baseline hydration resulted in a 
natriuresis and diuresis that persisted during the addition of saline 
despite a sigaiflcnat fall in GFR. Saline loading alone resulted in 
increased urinary kallikreio activity and the idusion of substance 
P (10 ng*kg-'omin-') increased urinary kallikrein activity even 
further. A significant positive correlation between urinary sodium 
excretion and urine kallikrein activity was found (r = 0.91, P < 
0.01). 
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