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Urinary Excretion of Trace Metals in the
Streptozotocin-diabetic Rat
by
Alice Laichee Lau
(ABSTRACT)

The bioessential trace metals (e.g. zinc, copper and irom) are
primarily excreted Vié the gastrointestinal trace in normal man and
animals. Alfhough urinary losses of these trace metals are usually
minimal, they have been reported to be markedly elevated during
periods of physiological and pathological stress. The possibility
that the decreased plasma insulin to glucagon ratio during episodes
of stress is responsible for increased urinary trace metal excretion
was examined in normal and streptozotociﬁ-diabetic rats. Induction
of the diabetic condition resulted in a rapid and persistant increase
in the quantities of zinc, copper and iron lost in the urine daily.
Diabetic rats excreted 3.4, 5.0, and 4.9-fold more zinc, copper and
iron, respectively, at 14 days after injection with the diabetogenic
drug than the controls. Insulin treatment of diabetic rats signifi-
cantly reduced the daily urinary losses of these micronutrients,
indicating that altered hormonal balance was the primary cause for
elevated urinary excretion. Enhanced urinary losses of these metals
were not associated with decreased concentrations of zinc, copper
and iron in plasma, liver and kidney.

Various processes, including the filterability of the metal,
glomerular filtration rate, renal tubular reabsorption and trans-

tubular secretion have been reported to influence urinary excretion



of trace metals. Initial studies have been conducted to assess the
influence of altered endocrine status on the characteristics of zinc
binding and transport by renal brush border membrane vesicles (BBMV)
in vitro. The accumulation of zinc by BBMV was found to be tempera-
ture dependent. No apparent differences in the binding and intra-
vesicular accumulation of zinc by brush border membrane vesicles
prepared from normal and STZ-diabetic rats were observed. Likewise,
the efflux of zinc from BBMV prepared from control and diabetic

renal cortex was similar. These results indicated that the potential

for zinc reabsorption is not altered in the diabetic rats. In vivo

studies are required to further assess the characteristics of zinc

reabsorption in the native milieu.
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Chapter I

LITERATURE REVIEW

Bioessential trace metals are primarily excreted through the
gastrointestinal tract in normal man and animals. For example, zinc
is largely excreted from the body in the feces (39), with approxi-
mately 5 percent of the daily intake lost in urine of healthy adult
men (42). Absorbed and endogenous copper are mainly excreted through
the hepatobiliary system (5). Similarly, normal adult humans lose
6-16 mg iron/day. while the mean quantity of iron lost per day in
urine is only 0.2 to 0.3 mg (14). It is generally accepted that the
low levels of these trace metals lost in urine are due to the fact
that at least 95% of the plasma trace metals is associated with
proteins that are not filtered by the renal glomerular network
(15,23,35,41).

Although urinary losses of zinc, copper and iron are usually
small, increased levels of these elements are lost by this excretory
pathway during periods of physiological and pathological stress.
Hyperzincuria has been reportéd in patients with acute tissue injury,
such as post-surgery (28), burns (11), multiple injuries (9), and
acute myocardial infarction (28,51). Fell et al (17) suggested that
much of this increased complement of zinc excreted originates from
the degradation of skeletal muscle. Elevated urinary zinc excretion
was also observed in patients with hepatic cirrhosis (14), alcoholic
liver disease (46), sickle-cell anemia (38), renal disease with or
without proteinuria (6), and during total starvation (43). Patients

treated with therapeutic agents, e.g., high doses of corticosteroids



(19), penicillamine in patients with Wilson's disease (25) and
diuretics (54,55), exhibit hyperzincuria. Zincuria is also observed
in some patients receiving parenteral hyperalimentation (20) and
amino acid infusions (40,49). It has been suggested that chelating
agents and amino acids form stable complexes with zinc, thereby
facilitating the glomerular filtration of the metal in the kidney
with subsequent loss in the urine (55,37). Increased urinary zinc
excretion during episodes of infection has also been demonstrated
(26,27).

Increased copper excretion has been seen in patients with
nephrotic syndrome (4,30), trauma (2), during water diuresis (10),
and with elevated endogenous levels of adrenal corticosteriods (22),
growth hormone (21) and parathyroid hormone (29). Hypercupriuria
was also reported in patiénts with Wilson's disease (30) before and
during penicillamine treatment to reduce copper content in the
kidney (45,53). Chronic losses of copper in urine of infants receiv-
ing free amino acid solutions was reported (48). The disruption of
the normal equilibrium between the albumin-bound and amino acid-bound
fractions of copper in plasma in the presence of excessive amino
acids might have facilitated increased copper losses in urine (34).

Factors influencing urinary iron excretion have received less
attention than for zinc and copper. Increased iron loss through
urine has been reported during periods of infection (26,27), in
patients with nephrotic syndrome (4), and following the injection of

various chelating agents (18).



While the physiological basis of increased urinary excretion of
trace metals during various stress conditions is not known, several
processes have been suggested to be important in mediating the
observed changes. First, the increased urinary losses of trace
metals may be due to tissue destruction and release of these micro-
nutrients into the circulating system in trauma. Second, the filter-
ability of the trace elements can be affected by the presence and
the quantities of chelating agents, such as free amino acids, diure-
tics and other antimetabolites. Third, structural and/or functional
changes in the kidney may lead to increased urinary loss of these
trace metals.

When I initiated my thesis research, it became apparent that a
unifying hypothesis for the diverse observations regarding trace
metal excretion in the urine would be beneficial. One common feature
for many of the conditions associated with increased loss of urinary
trace metals was "stress". Acute and chronic stress are usually
correlated with altered endocrine status. Consequently, my first
working hypothesis was that trace metal excretion through urine is
regulated by hormones. The literature on this matter was limited.
Increased urinary zinc excretion and decreased serum zinc levels
were found in untreated acromegalic patients and these changes were
suggested to be related to the effect of growth hormone on the
binding of the metal to its macro- and micromolecular ligands in
plasma (21). In patients with Cushing's syndrome or with adrenal
cortical carcinoma, increased urinary zinc excretion was found to be

related to a direct effect of adrenal steroids on the relative



percentage of filterable metal (22). 1In éddition, adrenal steroids
increase the glomerular filtration rate which may contribute to the
increased excretion of this metal.

While these observations indicated a potential role of glucocor-
ticoid hormones in the regulation of renal trace metal transport
processes, this class of steroids is generally considered to be
"permissive" in regards to the actions of polypeptide hormones, such
as insulin and glucagon. My attention was next drawn to a series of
papers concerning hyperzincuria in humans and experimental animals
with diabetes mellitus. Meltzer et al. (33) were the first to
report elevated urinary zinc excretion in diabetic patients. Hyper-
zincuria was also reported by Tauri (47) in depancreatized dogs and
alloxan-diabetic rabbits. Since these early studies, others have
confirmed their results in the human diabetics (8,32,36). Levels of
copper and iron in urine were also observed to be elevated in diabetic
patients by Culebras et al. (8). These observations suggest that
pancreatic polypeptide hormones serve an important role in regulating
the excretion of trace metals in urine.

Although the direct effects of insulin and giucagon on trace
metal metabolism remain unclear, much evidence has been accumulated
to demonstrate that changes in plasma insulin concentration affect
electrolyte transport by the kidney, as well as by a variety of
other tissues. DeFronzo et al. (12,13) reported that insulin
increases the reabsorption of sodium and potassium, but not calcium,
by the kidney. Bailly and Amiel (3) found that the magnesium and

calcium reabsorption were increased by renal infusion of glucagon in



anesthesized rats. In contrast, glucagon treatment increased sodium
excretion.

Although correlation between sodium, potassium, calcium and
magnesium excretion in a variety of situations were observed (1,31),
possible relationships between the excretion of these macrominerals
and the renal handling of trace elements was not investigated until
later. Steele (44) compared renal zinc excretion with that of other
cations in man. He showed that manipulations designed to increase
urinary sodium, potassium, calcium and magnesium excretions, éuch as
volume expansion by the administration of saline and other diuretics,
had little effect on urinary zinc excretions. He suggested that
renal handling of zinc differs markedly from that of other metals,
such as sodium, calcium and magnesium. Therefore, it is believed
that the effect of insulin regulation on renal excretion of trace
metals differs from that of other divalent cationms.

Recently, Victery et al. (50) investigated the influence of
glucagon infusion on urinary zinc excretion in anesthetized dogs.
Elevation of plasma glucagon within the physiological range signifi-
cantiy increased zinc excretion. Although the mechanism of this
increased excretion of zinc in urine is not clear, it is likely that
alterations of the normal glucagon to insulin ratio in plasma can
affect the urinary excretion of zinc.

Ongoing studies in our laboratory concerning the regulatory
effects of pancreatic polypeptide hormones on the metabolism of
trace metals have been primarily conducted with chemically induced,

insulin-deficient diabetic rats. Streptozotocin (STZ), a N-nitroso



derivative of glucosamine, selectively destroys B-pancreatic cells
in the islets of Langerhans (24). Animals treated with STZ rapidly
develop diabetic characteristics, such as hyperglycemia, hypo-
insulinemia, diuresis, glycosuria and hyperphagia. Initial studies
showed that the levels of zinc and copper, but not iron, were elevated
significantly in the liver and kidney of STZ-diabetic rats (16).

The concentrations of these metals in other tissues were not altered
by the diabetic condition. In vivo absorption of dietary trace
metals has also been investigated in the STZ-diabetic rats (7). The
results demonstrated that increased daily absorption of dietary zinc
and copper is partly responsible for the accumulation of these trace
elements in the kidney and liver of STZ-diabetic rats.

The above, as well as other studies, have lead to a proposal
that insulin and glucagon have a central role in the regulation of
trace metal metabolism in higher animals. The primary objective of
my research was to characterize urinary excretion of zinc, copper
and iron in control and diabetic rats. Since the STZ-diabetic rat
is known to be hypoinsulinemic and hyperglucagonemic, altered ufinary
excretion of trace metals would be expected. Moreover, once such
observations were made, the STZ-diabetic rat would serve as a useful
model for dissecting the influence of altered endocrine status on
various renal transport processes, including glomerular filtratioam,
tubular reabsorption and transtubular secretion. To begin to
elucidate the mechanisms responsible for the process of trace metal
reabsorption, some characteristics of zinc transport by renal brush
border membrane vesicles isolated from control and diabetic rats

were also investigated.
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ABSTRACT

The influence of the chemically-diabetic condition on urinary
excretion of zinc, copper and iron was investigated. Male Sprague-
Dawley rats were injected with streptozotocin to induce insulin-
dependent diabetes (day 0) and 24 h urinary collections taken 1, 4,
7, 10 and 14 days later. Onset on the diabetic condition was corre-
lated with a rapid and persistent increase in the amounts of the
three trace metals excreted daily in the urine. Diabetic rats
excreted 3.4, 5.0 and 4.9-fold more zinc, copper and iron, respec-
tively, than controls in the urine on day 14. Insulin treatment of
diabetic rats significantly reduced the quantities of the micro-
nutrients excreted in urine, suggesting that altered hormonal status
was the primary cause of increased urinary losses. Enhanced urinary
output of the metals was not associated with reduction in the plasma,
iiver and kidney contents of zinc, copper and iron. Urinary trace
metal excretion was correlated with food ingestion and urinary
volume with greater amounts lost during the dark period for control
and diabetic animals. The influence of endocrine status on urimnary

excretion of trace metals is discussed.

Index Terms: trace metals; chemical diabetes
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INTRODUCTION

Victery et al. (34) have recently found that the infusion of
physiological amounts of glucagon into normal, anesthetized dogs
markedly increased urinary zinc output without altering plasma
levels of this metal. Their results suggest that the absolute
concentration of glucagon or its level relative to that of insulin
is an important factor in regulating the renal handling of zinc and,
possibly, other trace metals. We have previouély reported altera-
tions in the absorption (6), tissue distribution and metabolism
(9,10) of zinc, copper and manganese in the chemically (insulin-
dependent) diabetic rat and proposed that the pancreatic polypeptide
hormones have a central role in the regulation of trace metal metabol-
ism in higher animals. In this report we show that induction of the
diabetic condition (increased glucagon to insulin ratio) in male
Sprague-Dawley rats results in a rapid, but insulin reversible,

increase in the urinary excretion of zinc, copper and iron.
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METHODS

Animals. Male Sprague-Dawley rats weighing from 170-260 g were
fed chow (Ralston Purina 5012) until 4 days before induction of
insulin-deficient diabetes. Animals were then given purified diet
and deionized water ad libitum for the remainder of the study.
Purified diet was formulated as follows: spray dried egg albumin,
20%; cornstarch, 32.8%; dextrose, 32.8%; corn oil, 5%; non-nutritive
fiber (alphacel), 3%; choline chloride, 0.3%; AIN vitamin mix, 1%;

and, minerals, 5%. The following g amounts of salts were used to

prepare a 500 g mixture of minerals: KHZPOA’ 171.6, CaCO3, 146.5;
NaCl, 124.3; MgSO4 7H20, 49.9; FeSOA 7H20, 2.5; CalO(OHZ)(P04)6’
1.26; MnSO4 HZO’ 1.51; ZnSO4 7H20, 0.88; CuSOA, 0.50; (NH4)6M07024,

0.013; KI, 0.0025; dextrose, 1.04. The final levels of zinc, copper
and iron in the diet were 30.2, 17.3 and 68.4 lg per g, respectively,
as determined by atomic absorption spectrophotometry.

To minimize spilling of diet and contamination of urine the
purified diet was provided as a paste in cups. The paste was pre-
pared by adding one part deionized water to three parts purified
diet and the mixture dried at 45 C for 48 h. Feeding of this diet
coincided with transfer of rats to hanging, stainless steel metabolic
cages with urine collecting funnels and stainless steel screens to
withhold feces. The cages, funnels and screens were carefully
washed prior to éach urine collection period to minimize the possi-
bility of trace metal contamination of urine.

Rats were randomly divided into two groups, i.e., control (n=8)

and diabetic (n=12), on day 0. Animals of the diabetic group were
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injected intraperitoneally with streptozotocin (STZ) at a dose of 75
mg/kg body weight at 1200 h. Day 0 refers to the 28 h period follow-
ing injection with STZ. Six rats were selected randomly from the
STZ-diabetic group on day 6 and administered 4-8 units of insulin
(ILETIN NPH 40, Eli Lilly Co.)/day subcutaneously at 1330-1400 h
through day 14. The daily dose of insulin was determined by the
urinary volume during the previous 24 h period. Higher doses were
given when urine output was greater than 40 ml. Control animals
were not treated in any manner. Body weight and food consumption of
all rats were recorded on each collection day. Food consumption
during each of the three separate urine collecting periods on days
10 and 14 was also measured. Animals were sacrificed on day 15.

Urine collection and analysis. Urine samples from control

rats, STZ-diabetic rats and insulin-treated diabetic rats were
collected during three consecutive 8 h periods, viz., 1600-2400,
0000-0800 and 0800-1600 h, on days -1, 1, 4, 7, 10 and 14 of the
study. Urine was collected in metal-free beakers sitting in ice. At
the end of each 8 h collection period, the urine volumes were mea-
sured and samples were centrifuged at 200 x g for 5 minutes and at
3000 x g for 10 minutes at 5 C to remove bacteria, cells, casts and
other particulate materials. Urine samples were stored at -20 C.
Procedures to ensure the minimum contamination of the urine
from cages, feces, spilt food and hair were performed before initia-
tion of the experiment. This information was especially important
with diabetic rats since their daily urinary volume was frequently

greater than 200 ml. First, diabetic urine (200-250 ml) was allowed
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to sit in clean collecting funnels (n=13) with parafilm-sealed
bottoms for 30-45 minutes. Metal analyses showed that the concen-
trations of urinary zinc, copper and ircn increased by 20.8 * 4.5%,
21.6 £ 6.6% and 43.6 * 13.4%, respectively. Second, rats were
placed in metabolic cages with food for 24 h. The screens and
funnels (n=12) containing feces and debris were removed and diabetic
urine (200-250 ml) was slowly poured over all areas of each apparatus
5 times to evaluate potential contamination from these sources.
Urinary levels of zinc, copper and iron increased by 23.8 % 5.4%,
21.7 £ 6.8% and 8.3 * 5.4%, respectively, as a result of this treat-
ment. Third, shedded hair was collected from cages and approximately
10 strands were incubated for 15'minutes in tubes containing 10 ml
diabetic urine (n=8). There was an increase in Zn, Cu and Fe by 5.2
* .9%, 3.0 £ .02% and 4.5 % 1.1%, respectively. Summation of the
results of these procedures indicated the maximal contamination of
the urine was approximately 50% for all three metals of interest.
Urine was also collected from bladder of diabetic rats (n=6) after
sacrifice. The metal concentrations of this "sterile" urine was not
significantly differeht from that collected on day 14 of the study
(see RESULTS). Together these preliminary analyses indicate that
the fold changes iﬁ the daily losses of trace metals in urine of
diabetic rats (see RESULTS) represent physiological phenomena rather
than artefact due to the method of collection.

Tissues. All rats were sacrificed by decapitation at 1000-1100
h on day 15. Blood was collected in heparinized tubes and kidneys

and livers were perfused with ice-cold saline to remove residual
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blood. Plasma was separated from blood cells within one hour and
stored at -20 C. Tissues were weighed and also stored at -20 C.

Trace Metal Analysis. The levels of zinc, copper and iron in

urine, plasma, tissues and diets were measured by atomic absorption
spectrophotometry (Perkin-Elmer Model 560) with an air:acetylene
flame. Urinary contents of the metals were determined after apropri-
ate dilution (1:1 to 1:6) with 0.2 N ultrapure HC1 (J. T. Baker
Chemicals) containing 0.20 pg/ml each of zinc, copper and iron
standards (Fisher Scientific Company). Interference due to components
of the urine was negligible as determined by this method of standard
additions. Plasma samples were deproteinized by treating with three
volumes of 0.77 N trichloroacetic acid and the concentrations of the
metals were measured in the soluble fraction (2).

Liver and kidney samples were dried at 110C for 20 h and er
weights recorded. Dried tissues were ashed at 500C for 24 h and
residues was dissolved and appropriately diluted in 0.24 N ultrapure
HCl for metal analyses. The recoveries of zinc and copper exceeded
95%, but the recovery of iron was only 62%. These values were
6btained by preparing bovine liver 1577 from National Bureau of
Standards in the same manner as rat liver and kidney. Measured
levels of iron for these tissues was multiplied by 1.6 to correct
for the amount lost during sample preparation. Zinc and copper
concentrations were calculated directly from spectrophotometrically
determined levels.

Diets were wet ashed with HNO3/HC104 prior to measuring the

levels of zinc, copper and iron.
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Miscellaneous. Plasma glucose levels were determined by glucose

oxidase/ peroxidase coupled enzyme assay (Diagnostic kit 510, Sigma
Chemical Co.).

Data are presented as mean * S.E. An analysis of variance

(ANOVA) and Duncan's multiple range test were used to identify

differences among the means of the three groups at o < 0.05 level

(28).
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RESULTS

Animals lost 2.2% of their initial body weight and reduced food
consumption by 15% of the control level during the initial 28 h
period after STZ administration (Figure 1A and 1B). The mean weight
gain of control rats was 5.2 g/day; STZ-diabetic rats lost 0.3
g/day. STZ-diabetic rats exhibited hyperphagia within 4 days and
consumed 2-3 times as much diet/day as compared to control animals
for the remainder of the experiment. The mean daily volume of urine
excreted by control rats was 17 ml/day, while urinary output of the
STZ-diabetic group was significantly higher at all times, reaching
levels 22-fold greater than the controls by 10 days (Figure 1C).
Plasma glucose levels in fed control and STZ-diabetic rats at the
time of sacrifice were 151 * 5.4 and 930 * 44.6 mg/100 ml, respec-
tively.

One-half of the STZ-diabetic rats received daily injections of
insulin on days 6-14. Insulin treatment was used to determine
whether the increased urinary excretion of trace metals (see below)
in the STZ-diabetic animals was due to hormonal imbalance and/or the
renal toxicity of the diabetogenic drug. The amount of insulin
administered was selected to decrease the severity of the diabetic
condition, rather than attempting to reduce daily urinary output to
control levels. This decision was the result of concern that some
animals might experience insulin shock at higher doses. Data in
Figure 1 show that the amounts of food consumed and urine excreted
by the insulin-treated STZ-group were significantly less than that

for the untreated group. However, both parameters were still approx-
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FIGURE 1. Changes in (A) body weight, (B) food consumption and (C)
urine volume in control (®), STZ-diabetic (&) and insulin-treated
STZ-diabetic (®) rats. The arrow on the abscissa indicates the time
of STZ injection (%), while the initiation of insulin treatment
(1400 h, day 6) is shown with an inverted arrow (4). The number of
animals in each group as follows: day -1, N=20, all control; days
0-6, N=8 for control, N=12 for STZ-diabetic; days 7-14, N=8 for
control, N=6 for STZ-diabetic, N=6 for insulin-treated STZ-diabetic.
Data range test at 0=.05 for each day of measurement. Means with

the same letter are not significantly different.
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imately 2-fold higher than control levels on day 14 with the doses
of insulin administered. Insulin-treated STZ-diabetic rats gained
weight rapidly (6.8 g/day, mean) following initiation of hormone
administration. The plasma glucose level (203 * 43.9 mg/100 ml) of
the insulin-treated group at the time of sacrifice was not signifi-
cantly different from the control group, although there was marked
variation among the former (range = 63-329 mg/100 ml).

Data presented in Figure 2 show the daily urinary losses of
zinc, copper and iron from control, STZ-diabetic and insulin-treated
STZ-diabetic groups. While the amounts of the trace metals excreted
in urine per day by control animals remained relatively constant for
each metal there were differences in the actual levels of zinc
(20-30 pg/day), copper (6-8 pg/day) and iron (3-5 pg/day) lost.
Urinary zinc excretion by STZfdiabetic rats was 2-fold greater on
day 1 and attainéd_levels 3-3.5 times higher than controls by the
end of the study. Copper excretion in the urine of diabetie rats
was similar to controls 1 day after injection of STZ, but was
elevated 4.1-fold by day 4. The amount of copper lost in the urine
by STZ-diabetic rats was 5-fold greater than control animals on day
14. There was a 2.9-fold increase in urinary iron excretion by
STZ-diabetic rats compared to the control level on day 1 and approx-
imately 5-fold increases at all later times.

Daily injections of insulin to STZ-diabetic rats reduced the
urinary losses of zinc, copper and iron to approximately 50% that of
untreated diabetic animals on days 10 and 14. Significant reductions

in urinary excretion of copper and iron occurred in response to the



FIGURE 2. Daily urinary excretion of (A) zinc, (B) copper and (C)
iron by control (®), STZ-diabetic (4) and insulin-treated STZ-

diabetic (®) rats. See legend of Figure 1 for additional details.
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initial injection of thq hormone (day 7). In contrast, the amounts
of zinc lost in the urine by insulin-treated and untreated STZ-
diabetic rats were similar on day 7. Thus, insulin treatment reduced
the quantities of zinc, copper and iron excreted in the urine of
diabetic rats, although the levels of all three micronutrients lost
remained significantly higher than for controls at the dose of
hormone used.

Food consumption during each period (I-III) of urine collection
was measured for all three groups of animals on days 10 and 14 to
determine possible relationships among patterns of food intake,
urine volume and urinary trace metal levels. Results are shown in
Figure 3. All groups of animals consumed significantly more food in
collection periods I (dark) and II (dark/light) than III (light).
STZ-diabetic rats excreted greater volumes of urine than control and
insulin-treated animals in all three periods; urine volumes were
lowest for all groups in period III. Similarly, STZ-diabetic rats
excreted greater amounts of zinc, copper and iron in urine than
control and insulin-treated diabetic rats in each period. All
groups excreted significantly lower quantities of each metal in
period III than in periods I and II. These data indicate that
urinary excretion of the trace metals is correlated with urinary
volume and food consumption during the 24 h period.

The concentrations of zinc, copper and iron in plasma, liver
and kidney from control, STZ-diabetic and insulin treated STZ-
diabetic rats are presented in Table I. Plasma levels of zinc and

copper, but not iron, were elevated slightly in the STZ-diabetic
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FIGURE 3. The patterns of (A) food consumption, (B) urine volume,
(C) urinary zinc contents, (D) urinary copper contents and (E)
urinary iren contents in control (C), STZ-diabetic (STZ) and insulin-
treated STZ-diabetic (STZ+I) rats during three consecutive 8-hour
collection periods (I, II & III) on days 10 and 14. Data are pre-
sented as mean * S.E. and were evaluated.by ANOVA and Duncan's
multiple range test at o=.05 during three periods in each group.
N=16, 12 and 12 for control, STZ-diabetic and insulin-treated STZ-
diabetic groups, respectively, where N= the numbers of samples for
each period of urine collection on days 10 plus 14. Means with the

same letter are not significantly different.
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Table I. Concentrations of zinc, copper and iron in plasma liver and kidney from
age-matched control, STZ-diabetic and insulin-treated STZ~diabetic rats at 15
days. Data represent mean * S.E. and were evaluated by ANOVA and Duncan's
multiple range test at @ = .05. Means with the same letter are not significantly

different.

Insulin-treated

Tissue Metal Control STZ-diabetic STZ-diabetic
(n=8) (n=6) (n=6)
Plasma Zn 1.72£0.06 2.0710.113 1.63%0.092
(pg/ml) Cu 1.12£0.057 1.30%0.04 1.32£0.06
Fe 1.70%0.07 1.68+0.10 1.65%0.12
Liver Zn 84.6 i1.5: 125.8 iS.lE 71.213.12
(Pg/g dry wt) Cu - 12.3 10.3 a 32.4 %21 a 10.7%0.5 a
Fe 295.8 +10.8 311.0 +12.8 281.8+10.6
Kidney Zn 118.0 tz.zz 153.1 i1.6bb 141.2t1.9cC
(Mg/g dry wt) Cu 36.4 1.6 264.1 £15.0 141.1%10.8
Fe 235.1 8.1 268.8 +11.9 269.1%9.2

6C
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animals. Insulin treatment restored the plasma concentration of
zinc to control levels, but did not affect plasma copper and iron
content. The increased level of copper in plasma from diabetic rats
was not observed in our previous studies (9, 11). The basis of the
discrepancy is unknown. The zinc and copper concentrations were
significantly increased in the liver and kidney of diabetic rats in
agreement with earlier studies (9, 10). Insulin-treatment reduced
hepatic zinc and copper concentrations to levels slightly below the
control tissue. The livers of the insulin treated rats appeared
slightly fatty and the presence of increased stores of neutral
lipids probably accounted for the lower than normal concentrations
of the two metals. While renal levels of zinc and copper were also
significantly reduced by the administration of insulin to diabetic
rats, the concentrations of these metals on day 15 wére significantly
higher than for controls. Hepatic and renal concentrations of iron
were similar for all groups of animals.

The total amounts of the three trace metals in perfused liver
and kidney from the groups were also calculated, since the diabetic
condition affects the relative size of these organs. Kidneys from
untreated.STZ-diabetic rats were hypertrophied with a mean wet
weight 46% greater than those from age-matched control animals; the
kidneys from insulin-treated diabetic rats were similar in size to
control tissues. The total quantities of zinc, copper and iron in
kidneys from control rats were 60, 19, and 129 pg, respectively;
STZ-diabetic kidneys contained 113, 196, and 198 pg, respectively.

Kidneys from insulin treated diabetic rats had mean zinc, copper and
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iron levels of 74, 75, and 141 pg, respectively. The livers from
diabetic rats weighed approximately 15% less than those from controls.
In contrast, insulin-treated diabetic rats had livers that were
"fatty" and weighed 159% more than controls. Hepatic levels of zinc,
copper and iron averaged 326, 48, and 1142 pg, respectively, in
control animals; diabetic rat livers cont;ined 403, 104, and 1004
pHg, respectively. Mean levels of 332, 50, and 1285 pg of zinc,
copper and iron, respectively, were present in livers from insulin-
treated diabetic rats. The total amounts of these metals in livers
and kidneys of control and untreated diabetic animals fed purified
diet are higher than in the tissues from chow fed rats (10).

Together, the above results indicate that enhanced urinary
losses of zinc, copper and iron by diabetic rats are not associated
with reductions in either the concentrations or the total amounts of
these micronutrients in three tissues (viz., plasma, liver and

kidney) with important roles in short-term trace metal homeostasis.



DISCUSSION

The above results demonstrate that onset of the STZ-diabetic
condition in rats is associated with a rapid and persistent increase
in daily urinary excretion of the micronutrients zinc, copper and
iron. Hyperzincuria has previously been reported in diabetic humans
(5,7,20,22,23,25,32), alloxan-diabetic rabbits (31) and depancrea-
tized dogs (31). Culebras et al. (7) have also observed that insulin-
dependent diabetic humans excreted significantly more copper and
iron in urine than normal individuals. Excessive urinary losses of
trace metals are not limited to the diabetic state, but are also
associated with various physiological and pathophysiological stresses,
including surgery (12,17,21), infection (19), and hepatic and renal
diseases (13,27,29).

The untreated, chemically-diabetic rat represents a grossly
stressed animal. STZ administration decreases the ability of rodents
to synthesize and secrete insulin by selectively destroying B-pan-
creatic cells in a dose dependent manner {18). Plasma levels of
glucagon (33) and adrenal hormones (16) are elevated in response to
STZ-induced insulin deficiency and the animals are in a catabolic
state. Insulin treatment markedly reduced the amounts of zinc,
copper and iron excreted in the urine towards control levels, suggest-
ing that the increased urinary losses of these trace metals was
primarily due to altered endocrine status and not the renal toxicity
of the diabetogenic drug. This conclusion is supported by the
observations that spontaneous remission of diabetes in alloxan

treated-rabbits (31) and improved metabolic control by insulin-
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dependent humans (32) resulted in the restoration of normo-zincuria.
The recent studies of Victery et al (34) provide direct evidence for
hormonal regulation of renal zinc excretion. Infusion of physio-
logical levels of glucagon to anaesthesized dogs rapidly and revers-
ibly increased tﬁe quantity of zinc excreted by the kidney. From
the limited data available, we suggest that alterations in the
insulin to glucagon ratio affect the renal excretion of the trace
metals. Henkin (15) also reported that there was a direct rela-
tionship between plasma cortisol and urinary excretion of zinc and
copper in humans and cats. Whether this influence of glucocorticoids
on trace metal fluxes in the kidney represents a 'permissive" effect
on the action of insulin and/or glucagon or is independent of these
polypeptide hormones needs to be investigated.

While the amouﬁts of zinc, copper and iron lost in the urine of
diabetic rats were all significantly higher than for control animals,
quantitative differences in the total amounts of the specific elements
excreted by control and STZ-diabetic animals were observed. These
differential responses are interesting since plasma contents of all
three metals were similar in piasma of control and diabetic rats.
Higher levels of zinc than copper and iron in urine of the rat may
be related to the greater percentage of '"filterable" zinc in plasma.
While the majority of all three metals in plasma is bound to protein,
2-5% of zinc (14,26) and 1% of the copper (24) in plasma is associated
with low molecular weight species, e.g., amino acids, that readily
pass through the glomerular barrier. Histidine and cysteine infusion

have been shown to facilitate filtration of these metals (1,38).



The levels of histidine in blood (4) and plasma from fasted (3) and
fed (this study, data not shown) STZ-diabetic rats were similar to
control samples. These data provide indirect evidence that increased
urinary excretion of the trace metals by diabetic animals is probably
not due to altered filterability. Hyperzincuria in dogs infused
with glucagon was found to be well correlated with changes in glo-
merular filtration rate (34). Chemical induction of diabetes in
rats also results in a rapid and sustained increase in glomerular
filtration rate (37), suggesting that such an alteration in renal
function may contribute to the increased urinary losses of the trace
metals.

We recently observed that dietary zinc and copper absorption by
STZ-diabetic rats was 2-3 times greater in control animals (6). The
‘increased absorption of these metals was correlated with the onset
and degree of hyperphagia. The quantity of dietary iron absorbed
was similar for control and diabetic rats. Since daily urinary
losses of all three trace metals were significantly elevated prior
to the development of hyperphagia, we believe that the additional
complement of these metals in the urine at early times is primarily
of endogenous origin, e.g., muscle breakdown (12). Indeed, the
steady-state rate of urinary excretion of subcutaneously adminis-
tered 652n by STZ-diabetic rats was significantly greater than by
control rats (6). Once hyperphagia begins, additional amounts of
absorbed dietary zinc and copper may contribute to the increased
levels of these metals lgét in the urine each day. Finally, the

accumulation of greater levels of copper than zinc in the kidneys of
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the diabetic rats may also account for the differences in the amount
of these metals excreted in urine. Much of the copper accumulated
in the kidney is bound to metallothionein (9,10) a protein with a
greater affinity for copper than zinc (8).

A number of processes, including the degree (1,35,38) and the
rate (34) of glomerular filtration, tubular reabsorption, (1,30,35,38)
transtubular secretion (1,30,35,36,38), and urine flow (30,35) have
all been shown to influence urinary excretion of trace metals,
Elucidation of which of these processes respond to altered endocrine

status will necessitate additional studies.
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CHAPTER III
Development of isolated renal brush border membrane system

for the study of trace metal reabsorption

by the kidney

40



INTRODUCTION

In the previous section, I found that induction of the insulin-
deficient diabetic condition was correlated with a rapid, insulin-
reversible increase in the quantities of trace metals excreted in
urine. To elucidate the specific mechanism(s) responsible for
increased renal excretion of trace metals during periods of decreased
insulin to glucagon status, it was first necessary to identify the
various processes concerned with the transport of these elements in
the kidney. A schematic summarizing potential sites of alteration
is provided in Figure 1.

Trace metals in plasma are normally bound to specific proteins.
For example, approximately 30-40% of plasma zinc is firmly bound to
an a2-macroglobulin (33) and 60-70% loosely associated with albumin
(14). About 95% of copper, tightly associated with ceruloplasmin in
plasma (22), while transferrin accounts for all the plasma iron pool
(35). Metals bound to such proteins would not be expected to directly
pass through the glomerulus, since the glomerular membrane efficiently
blocks the transit of species larger than 50,000 daltons molecular
weight. Less than 5% of the total plasma trace metals are present
as complexes with lower molecular weight species, such as amino
acids, and other natural chelators. A fraction of the trace metals
in the low molecular weight pool may exist as free metals. Such
free metal ions and low molecular weight complexes are readily
transferred across the glomerular membrane into the filtrate.
Therefore, changes in the proportion of the different forms of these

trace metals in plasma, i.e., the filterability of these metals,
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FIGURE 1. Proposed processes influencing the urinary excretion of
trace metals: (I) filterability of metals; (II) glomerular filtra-
tion of the metals; (III) tubular reabsorption of the metals; and
(IV) transtubular secretion of metals. M'™ = trace metal ions with
oxidation states of n equal to 1, 2 or 3. LMW = low molecular

weight organic species.
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affects their excretion in the urine. Indeed, the infusion of zinc
chelating agents, such as histidine (50,42,44), cysteine (1,42,44)
and citrate (42), all increase the filterability and subsequent
urinary loss of zinc. Plasma concentrations of zinc and copper, but
not iron, were slightly increased in the STZ-diabetic rats when
compared to the control levels (Chapter II). Whether the percentage
of filterable metals were elevated in the plasma compartment of
diabetic rats was not directly assessed, but seems unlikely. Several
investigations (4,7) have reported that there were no increases in
the plasma concentrations of histidine or cysteine in STZ-diabetic
rats. Similar results were obtained when amino acid levels in
plasma from the animals of this study were analyzed (see APPENDIX
1).

The second mechanism controlling the amount of trace metals in
urine concerns the glomerular filtration rate. Victery et al. (41)
reported that renal arterial infusion of glucagon caused an increase
in both glomerular filtration rate and zinc excretion. Since the
increased ratio of glucagon to insulin in plasma of STZ-diabetic
rats is known to enhance the glomerular filtration rate (43), this
factor probably contributes to the observed increase in urinary
excretion of trace metals.

It has been reported that urinary excretion of zinc is regulated
by a combination of filtration, reabsorption and secretory processes,
and that net reabsorption (approximately 95%) seemed to have a
predominant influence (42). The reabsorption of trace metals by the
tubular epithelial cells has not been directly studied, but it is

likely to be affected by the forms of the metals, i.e. free or
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bound, the concentrations of chelators and other factors present in
the glomeiular filtrate. Whether the tubular reabsorption of trace
metals is altered during periods of insulin deficiency is unknown.

The final process that can influence the renal excretion of
trace metals is transtubular secretion. This process is normally
insignificant in the renal handling of most metabolites. However,
in a study with some antidiuretic drugs, e.g. chlorothiazide, zinc
secretion by the distal tubules increased significantly (42). Zinc
and copper concentrations in the kidneys of STZ-diabetic rats were
1.9 and 10.3-fold higher respectively, than control levels (Chapter
II). The elevated level of trace metals in the tissue increases the
possibility that transtubular secretion contributes some portion of
the additional complement of metals excreted in urine.

Any one or various combinations of the above processes may be
altered by changes in endocrine status, such as-that in the STZ-
diabetic rats. Elucidation of the specific biochemical and physio-
logical mechanisms respomnsible for the observed differences in
urinary trace metal excretion in STZ-diabetic rats represents a
formidable task. Therefore, in the second part of this study, I
initiated studies aimed at defining some of the characteristics of
renal reabsorption. In vitro measurement of zinc uptake into and
binding to isclated renal brush border membrane vesicles from control
and STZ-diabetic rats was investigated. The technique for isolation
of highly purified renal brush border membrane vesicles has been
improved considerably during the recent past and vesicles have been

used to study epithelial transport of various nutrients (31).
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METHODS
Animals - Male Sprague-Dawley rats (200-~350 gm body weight)

were fed commercial chow (Ralston Purina 5012). Chemical diabetes
was induced in animals by intraperitoneal injection with streptozo-
tocin (STZ) at a dose of 75 mg/kg body weight. Diabetic rats were
sacrificed at 10 to 14 days after administration of STZ. Age-
matched control and diabetic rats were used for characterizing the
enzymatic activities of and nutrient transport by brush border
membrane vesicles.

Preparation of Renal Brush Border Membrane Vesicles - Brush

border membrane vesicles (BBMV) were prepared from rat renal cortex
by the procedure of Malathi et al. (27) with minor modificationms.
Rats were sacrificed by decapitation and residual blood was removed
from the kidneys by‘perfusion with ice-cold isotonic saline via the
renal veins. All subsequent steps were performed at 0-5 C.

Kidneys were excised and cortices separated from medulla.
Renal cortices were homogenized in 30 volumes of buffer (50 mM
mannitol, 2 mM Tris-HCl, pH 7.0) by 10 up-down strokes with a motor-
driven Potter-Elvehjem apparatﬁs with teflon pestle. An aliquot of
homogenate was frozen at =70 C overnight for enzyme assays. One (1)
M CaCl2 was added to the homogenate to a final concentration of 10
mM and the mixture stirred for 10 min. The homogenate was then
centrifuged at 3000 x g for 15 min. Supernatant was carefully
decanted and centrifuged in a Beckman preparative ultracentrifuge
(50.2 Ti rotor) at 43,000 x g for 20 min to isolate BBMV. The BBMV

pellet was resuspended in approximately 3 ml of the homogenizing
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buffer using a 1 ml syringe fitted with a 25 gauge needle and centri-
fuged once again for 20 min at 43,000 x g. BBMV thus obtained were
resuspended in an appropriate buffer, depending upon the specific
experiment. An aliquot of the resuspended membranes was stored at
-70 C overnight for enzyme assays.

Marker Enzyme Assays - Purity of BBMV preparations were esti-

mated by the activities of the following enzyme markers: 1leucyl
aminopeptidase, y-glutamyltranspeptidase and alkaline phosphatase
(brush border membrane); (Na+ + K+)-ATPase (basolateral membrane);
succinate-cytochrome ¢ reductase (mitochondria); acid phosphatase
(lysosomes); lactate dehydrogenase (cytosol); and NADPH-cytochrome c
reductase (microsomes). DNA served as the nuclear marker.

Brush border membrane markers were assayed fluorometrically.
The incubation mixture (2 ml) for leucyl aminopeptidase (LAP) con-
tained 0.2 mM L-leucine-f-naphthylamide as substrate in 50 mM
mannitol, 2 mM Tris-HC1l, pH 7.5 (17). Gamma-glutamyltranspeptidase
(y-GTP) was assayed with L-y-glutamic acid B-naphthylamide (0.2 mM)
serving as substrate and glycylglycine (1 mM) as acceptor in 100 mM
Tris-HC1l, pH 8;6 (17). An excitation wavelength of 335 nm and an
emission wavelength of 415 nm were used for both assays. Beta-
naphthylamine (1 mg/ml 95% ethanol) was used to establish the stan-
dard curves for product. Non-specific alkaline phosphatase was
determined with 1 mM umbelliferone phosphate as substrate in 500 mi
Tris-HC1l, pH 8.6 (15). The assay was performed with excitaticn and
emission at 350 and 450 nm, respectively. Hydroxycoumarin (1 mg/ml

1 N NaOH) was used to establish the standard curve for product
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concentration. All fluorometric assays were performed with an
Aminco-Bowman Spectrofluorometer. Experimentally determined changes
in relative fluorometric units (RFU) per min were converted to
pmoles of product from standard curves. Specific activity for each
enzyme is expressed as nmoles of product formed x mg protein—lmin-l.

(Na+ + K+)-ATPase was assayed in two steps, i.e., hydrolysis of
ATP (12) and subsequent measurement of released phosphate by the
method of Chen et al. (9). Total ATPase (Na+ + X plus Mg++ depen-
dent) activity was assayed in the presence of 100 mM NaCl, 10 mM KC1
and 3 ?M MgClz. Mg++-ATPase activity was determined in 3 mM MgCl2
only. Both reaction mixtures contained 1 mM Tris-ATP as substrate
in 10 mM imidazole, pH 7.0. All blank and sample tubes contained
500 pl of reaction mixture and were pre-incubated at 37 C for 10
min. Fifteen (15) pl of either homogenate (17-23 pg protein) or
BBMV (10-12 pg protein) were added to sample tubes. Homogenizing
buffer was added to blank tubes. Enzyme activities were stopped by
adding 1.5 ml of ice-cold 10% (w/v) trichloroacetic acid (TCA) to
each tube after 10 min incubation at 37 C. The amount of inorganic
phosphate in the TCA soluble fraction (approximately 2 ml) was then
measured by adding 2 ml of molybdate reagent and incubating at 45 C
for 20 min. This reagent contained 1.2 N sulfuric acid, 4.05 mM
ammonium molybdate and 113.6 mM ascorbic acid. The quantity of the
phosphomolybdate complex reduced was determined by change in absorb-
ance at 820 nm compared to the corresponding blank. The concentra-
tion of phosphate released by ATPase in the homogenate and BBMV

fractions were calculated by using the molar extinction coefficient



(E}Em) of 25,000 (9). (Na+ + K+)-ATPase activity (pmoles of phos-
phafe X mg protein-lmin-l) is given as the difference of total
ATPase activity and Mg++-ATPase activity.

Succinate-cytochrome c reductase was determined by the method
of Trisdale (39) with 1 mM cytochrome ¢ (Fe+++) and 1.0 M succinic
acid as substrates in buffer containing 50 mM potassium phosphate, 1
mM ethylenediamine tetraacetic acid (EDTA) and 100 mM KCN, pH 7.4.
The concentration of cytochrome c (Fe++) reduced was followed at 550
nm. -Acid phosphatase was determined according to the method of
Hofstee (21) with 3.65 mM o-carboxyphenyl phosphate as substrate in
150 mM sodium acetate buffer, pH 5.0. Phosphate release was moni-
tored by the increase in absorbance at 300 nm. Lactate dehydrpgenase
was assayed by the method of Morgenstern et al. (30), in which 10 mM

sodium pyruvate and 2 mM NADH, were used as substrates in 30 mM

2
sodium phosphate buffer, pH 7.4. The decrease in absorbance at 340
nm indicated the oxidation of NADH2 to NAD+. NADPH-cytochrome c
reductase was determined by the method of Mackler (26) with 1.2 mM
NADPH and 1 mM cytochrome c (Fe+++) as substrates in 50 mM potassium
phosphate buffer containing 1 mM KCN (pH 7.7). The amount of reduced
cytochrome ¢ (Fe++) was measured at 550 nm. All enzyme activities
are expressed as specific activities (pmoles x mg protein_lmin—l).
The quantity of DNA was determined with diphenylamine by the
method of Burton (8) using calf thymus DNA as a standard. Protein
concentrations were measured by the method of Lowry et al. (25)

using bovine serum albumin as the standard. Brush border membrane

and basolateral membrane markers were used to assess the purity of
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each preparation. Other markers were assayed frequently. High
enrichment in brush border membrane markers in the membrane vesicle
fraction indicated little contamination of the preparation with
either other organelles or basolateral membrane (see RESULTS).

Characterization of BBMV - In studies with isolated BBMV, the

following problems must be considered: 1) method of preservation of
isolated membranes, since transport and enzymatic properties of
these membranes often decay with time; 2) variability of prepara-
tions from different tissues and animals; and 3) contamination of

the preparation with factors which may interfere with the transport
of the substrate of interest.

Storage. To devise a procedure for the preservation of membrane
vesicles, several storage conditions were tested. Freshly isolated
BBMV were resuspended in homogenizing buffer and divided into small
aliquots. Some samples of BBMV and homogenate were frozen at differ-
ent temperatures for different durations, i.e., at -20 C for 24 and
72 h, and at -170 C for 24 and 72 h. Marker enzymes were assayed in
fresh and frozen samples to determine the effect of different storage
conditions on the quality of the BBMV. BBMV stored at -170 C for 24
h retained similar enzyme activities to those of the fresh samples.
However, samples stored at -170 C contained crystal-like materials
(perhaps mannitol) that were not found in samples stored at -70 C.
Therefore, solute uptake was measured in freshly prepared vesicles
and marker enzymes were assayed on homogenate and vesicles stored at
-70 C overnight. Enzyme activities in both fresh samples and samples

frozen at =70 C for 24 h were similar.
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Preparation of BBMV from pooled tissues. The quantity of membrane

vesicles isolated from one kidney cortex (7.0-8.0 mg protein per
cortex) was not sufficient for both tramnsport studies and enzyme
assays. Thus, it was desirable to pool tissues from more than one
rat. To ensure there was no significant variation either between
two kidneys from one rat or among kidneys from two rats, marker
enzyme assays on BBMV preparations from these tissues were measured.
As shown in RESULTS, variations in characteristics of preparations
from different kidneys were minimal. Therefore, kidneys from two or
three rats were pooled for each BBMV preparation in all subsequent
studies.

EGTA wash of BBMV. BBMV isolated by the calcium precipitation

method retained some residual Ca cn the membrane surface. It has
been reported that zinc utilization (2) and absorption (24) are
adversely affected by high dietary Ca. To minimize Zn-Ca interac-
tions it was desirable to reduce the concentration of Ca in the BBMV
preparations for zinc tranéport studies.

BBMV pellets obtained from the first high speed centrifugation
were resuspended in homogenizing buffer containing 1 mM EGTA (ethyl-
ene glycol bis(B-aminoethyl ether) N,N,N',N'-tetraacetic acid) and
centrifuged at 43,000 x g. A final wash of the BBMV pellet in
buffer minus EGTA and centrifugation again at 43,000 x g was per-
formed to remove residual chelating agent. The characteristics of
EGTA washed BBMV were evaluated by analysis of marker enzymes and
glucose transport. The Ca contents of BBMV prepared with and without

the EGTA wash were determined by atomic absorption spectrophotometry.
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Transport Characteristics of BBMV Glucose Transport. To demon-

strate that isolated BBMV were functional, D-glucose uptake was
measured by the method of Prusiner et al. (28). Freshly isolated
BBMV were suspended in suspension buffer A (100 mM mannitol, 10 mM
Tris-HC1l/ HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid), pH 7.4) at a protein concentration of 27-30 mg/ml. Thirty
(30) pl of BBMV suspension (approximately 0.85 mg membrane protein)
were added to a reaction solution. This solution was composed of a)
100 mM mannitol, b) 0.49 mM D-glucose containing 3.75 pCi D-[6-3H]
glucose (specific activity = 31.1 Ci/mmole; New England Nuclear
Corporation), c) 10 mM Tris-HC1/HEPES, and d) either 100 mM NaCl
(for Na+-dependent uptake) or 100 mM KC1 (for K+-dependent uptake).
The pH of the solution was 7.4 and the final total volume was 225
pl.

The appropriate reaction mixture was incubated at 22 C in a 1.5
ml conical polyethylene tube. Aliquots of 20 pl were removed from
the.reaction mixture at 0.25, 0.5, 0.75, 1, 2, 3, 4, 5, 10 and 20
min. Each aliquot was transferred into 2 ml of ice-cold "stop"
solution. The stop solution was composed of 150 mM NaCl, 0.2 mlM
phlorizin, 100 mM mannitol and 10 mM Tris-HC1/HEPES, pH 7.4 and was
present in a pre-chilled stainless-steel well of a vacuum manifold
filtration apparatus. Millipore (HA; 0.45 pm) or Gelman (GA8; 0.20
pm) filters with a 24 mm diameter were used to collect BBMV. The
valve between the filter and vacuum box was opened immediately after

addition of the sample, and the well and filter were washed twice
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with 2 ml of stop solﬁtion to remove trapped and nonspecifically
bound substrate.

Filters were placed in a scintillation vial, dissolved in 1 ml
of 6 N HC1 by heating at 100 C for 25 min and cooled. Radioactivity
on the filter was measured after addition of 10 ml scintillation
fluid (Beckman Ready-Solv EP) in the Liquid Scintillation Spectro-
meter (Beckman LS-133). D-glucose uptake was calculated from the
activity of D-[6-%H] glucose trapped in the vesicles after account-
ing for both background radiation and quench. Background radiation
was assessed by conducting a time course study using 30 gl of suspen-
sion buffer in place of the membrane vesicles. Protein was deter-
mined by the method of Lowry et al. (25) using bovine serum albumin
as a standard. D-glucose uptake by the BBMV was expressed as nmole
glucose/mg membrane protein.

Zinc transport. Pilot studies were performed to determine an appro-

priate reaction mixture for investigating the characteristics of

zinc binding and transport by BBMV. Freshly isolated, EGTA washed
BBMV were suspended in buffer A (see Glucose transport) at a protein
concentration of 32-40 mg/ml and stored on ice throughout the experi-
ment. Solutions to be evaluated were prepared as follows: a) 100
mM NaCl; b) 100 mM NaCl plus 0.5 mM citrate; c) 100 mM KC1l; d) 100
mM KC1 plus 0.5 mM citrate. Each solution also contained 10 mM
Tris-HC1/HEPES buffer, pH 7.4, and 25.4 pM ZnCl2 containing 2.2 pCi
657n (New England Nuclear Corporation). The reaction solutions were
preincubated at either 37 or 0 C to differentiate between zinc

binding and zinc accumulation within the vesicles. Thirty-five (35)
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Ml of BBMV suspension were added to each solution (final total
volume = 450 pl). At 1, 3, 5, 15 and 60 min after incubation, 50 ul
aliquots were removed from the uptake reaction mixture. Each aliquot
was pipetted into 3 ml of ice-cold "stop" solution, containing a)
100 mM NaCl or KCl for Na+-dependent or K+-dependent uptake, respec-
tively, b) 1 mM EDTA and c) 10 mM Tris-HC1/HEPES, pH 7.4. This
"stop" solution was present in a stainless-steel well which had been
pre-chilled at 0 C. Gelman filters (GA8; 0.20 pm pore; 24 mm diameter)
were pre-soaked in ice-cold stop solution for at least one hour
before being used to collect BBMV. Aliquots of BBMV were filtered
immediately after their addition into the stop-solution, and the
well and filter were washed twice with 3 ml of stop-solution. The
radioactivity on the filter was then directly measured by gamma ray
spectrometry (Beckman Biogamma 4000). Background radiation was
monitored by conducting a time course study using 35 pl of suspension
buffer A in place of the membrane vesicles. Total radioactivity and
protein content contained in an aliquot of 50 pl of uptake reaction
mixture were routinely measured. Zinc uptake was calculated from
the activity of ©5Zn trapped in the vesicles and/or bound to the
surface. Data on zinc binding and transport were expressed as nmole
zinc/mg membrane protein.

Among the 4 reaction solutions tested, both translocation and
binding of zinc by BBMV were found to be the greatest in the solution
containing 100 mM NaCl minus citrate (see RESULTS). This reaction

solution was therefore used for characterization of zinc binding and



transport by BBMV prepared from control and STZ-diabetic renal
cortices. The final volume of the uptake reaction mixture was
varied in order to have sufficient material for duplicate or tripli-
cate measurements. However, the final concentrations of all compon-
ents were constant.

Efflux of ®%Zn from preloaded BBMV prepared from control and
STZ-diabetic rats was also investigated. BBMV were preloaded with
65Zn by incubation in uptake reaction mixture containing 25 WM ZnCl,
at 37 C for 45 min. At zero time, i.e., 45 min after preloading
incubation, an aliquot of 500 pl preloaded membrane was diluted
10-fold into a solution containing 100 mM NaCl, 0.05 mM EDTA, and 10
mM Tris-HC1/HEPES, pH 7.4. This solution had been preincubated at
either 37 Cor 0 C. At 1, 5, 10 and 15 min after the dilution of
the preloaded membranes into the zinc-free efflux solution, aliquots
of 500 pl were removed. Each aliquot was added to 10 ml ice-cold
stop-solution and filtered. The well and filter (Gelman GA8; 0.20
pm pore; 24 mm diameter) were washed twice with 10 ml stop-solution.
The amount of ©%Zn retained by the filter was measured. The quantity
of zinc associated with the membrane vesicles at each time pbint was
compared to that of undiluted control taken at 45 min of preloading

incubation (i.e., zero time value).
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RESULTS

Characterization of BBMV Preparations - The method used to

isolate BBMV in this study yielded vesicle preparations of high
purity (Table I). The final vesicle suspension contained 3-4% of
the homogenate protein. Minimal levels of cytochrome c reductase,
lactate dehydrogenase and DNA were observed. The activities of (Na+
+ K+)-ATPase and NADPH-cytochrome ¢ reductase were also significantly
less than those in the homogenate. These results indicated no
significant contamination by mitochondria, cytosol, nuclei, baso-
lateral membranes and microsomes. The activity of acid phosphatase
was 3 to 4-fold higher in the BBMV fraction than in the homogenate.
Whether the preparation is either markedly contaminated with lyso-
somes or one or more types of acid phosphatase activity is (are)
associated with the brush border membrane is unknown. Booth and
Kenny (5) isolated renal brush border membranes by selective aggrega-
tion of cell membrane with high levels of Mg++. Such preparations
showed considerable contamination with enzymes of lysosomal origin.
They suggested that this might be due to rupture of lysosomes caused
by freeze-thawing and hypotonic lysis of the tissue and preparation.
This might result in the binding of released lysosomal enzymes to
the brush border membrane. The procedure for BBMV isolation used in
the present study consists of hypotonic lysis, Ca++ aggregation of
contaminants and differential centrifugation. Therefore, it is
possible that lysosomal enzymes could be released by hypotonic lysis

and bind to the brush border surface.
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Table I. Specific activities for marker enzymes and DNA contents in
BBMV fractions isolated from age-matched control and l4-day STZ-
diabetic rats. Kidney cortices were pooled from 3 rats of each
group and éBMV were isolated and washed with EGTA as described in
METHODS. All assays were done in duplicate (n=2) and data are
expressed as mean * S.E. Enzyme activities are expressed as nmole x
mg protein-lmin-1 and DNA concentrations as pg/mg protein. Relative
activity (i.e., activity in BBMV/activity in initial homogenate) is

used to indicate the enrichment of an enzyme in the BBMV fraction.



Group Homogenate BBMV Relative Activity
Marker (1) (BBMV/H)
Protein (mg) Control 1109.3 42.7 0.038
Diabetic 1492.7 50.6 0.034
Leucyl aminopeptidase Control 39.7 £ 1.2 321.1 £ 9.0 8.1
Diabetic 27.5 + 0.2 239.2 = 0.7 8.7
y-Glutamyl transpeptidase Control 106.4 £ 3.8 1463.4 + 58.0 13.8
Diabetic 95.5 + 0.4 1132.5 % 14.4 11.9
Alkaline phosphatase Control 52.2 + 0.2 395.5 * 14.1 7.6
Diabetic 95.4 * 14.1 722.1 * 14.2 7.6
(Na*+K")-ATPase Control 15.1 12.6 0.8
Diabetic 15.6 13.8 0.9
Succinate-cytochrome c Control 19.2 £ 0.7 1.2 £ 0.01 0.06
Reductase Diabetic 21.2 £ 1.5 1.6 £ 0.01 ©0.08
Acid Phosphatase Control 2.3 £ 0.02 8.2 £ 0.00 3.6
Diabetic 2.0 £ 0.07 8.6 £ 0.02 4.3
Lactate Dehydrogenase Control 477.7 £ 0.5 10.3 £ 6.0 0.02
Diabetic 639.0 't 27.9 20.3 + 0.3 0.03
NADPH-cytochrome c¢ Control 9.0 + 0.7 3.6 £ 0.0 0.4 _
Reductase Diabetic 13.1 * 0.0 8.9 0.4 0.7
DNA Control 23.0 £ 0.01 0.7 £ 0.02 0.03
Diabetic 21.6 * 0.08 0.6 £ 0.01 0.03

86
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The isolated BBMV were purified approximately 10-fold as indi-
cated by the relative enrichment in specific activities of leucyl
aminopeptidase (LAP), y-glutamyl transpeptidase {(y-GTP) and alkaline
phosphatase (AP). Assessment of these markers of all subsequent
preparations of BBMV showed enrichments similar to those in Table I.

Marker activities or concentrations of the control and STZ-diabetic

BBMV. Although it was not my attempt to establish or to explain the
different enzymatic profiles of BBMV isolated from control or STZ-
diabetic kidneys, some differences were apparent (Table I). To
minimize variations from tissue handling or preparation procedures,
age-matched control and STZ-diabetic animals were used, identical
numbers of kidney cortices were pooled, and both preparations were
subjected to the same isolation and storage treatments. The protein
content per kidney from aée-matched STZ-diabetic animals was greater
than that from the controls, which is consistent with the well
established renal hypertrophy that accompanies the diabetic condi-
tions. The specific activities of (Na++K+)-ATPase, succinate-
cytochrome ¢ reductase and acid phosphatase, and the concentrations
of DNA were similar in both of the control and diabetic BBMV. There
were slightly lower activities of leucyl aminopeptidase (LAP) and
Yy-glutamyl transpeptidase (y-GTP) in the diabetic BBMV than those of
the control BBMV. It was found that, the specific activities of
alkaline phosphatase (AP), lactate dehydrogenase and NADPH-cyto-
chrome ¢ reductase were significantly higher in diabetic kidney than
in control tissue. The increased specific activity of alkaline

phosphatase in STZ-diabetic kidney (Table I) was not consistent with
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results from other preparations, where the activities were found to
be similar in both control and STZ-diabetic BBMV.

Renal cortex weight and protein content per kidney were rou-
tinely greater for STZ-diabetic rats than for age-matched control
animals. This observation is due to renal hypertrophy associated
with the untreated, insulin-deficient condition (Si). The total
activities per renal cortex for each marker in the homogenate and
BBMV fraction were also compared for control and STZ-diabetic rats.
Except for leucyl aminopeptidase, the total activities of all markers
in the homogenate and BBMV prepared from diabetic rats were signifi-
cantly higher than for control. The total activities of LAP and
total DNA were similar in the control and diabetic BBMV. While it
is apparent that some changes in the enzyme profile occur in the
kidneys of diabetic rats, the physiological significance of these
changes is not known.

Storage. To devise a procedure for preserving the BBMV preparations
for marker enzyme assays, the effect of different storage conditions
on BBMV marker enzyme activities was studied. The results for BBMV
preparations isolated from control and STZ-diabetic rats are given

in Tables II and III, respectively. Vesicle preparations retained
enzyme activities at the levels of fresh samples after 24 h storage,
but there were significant losses in activities after 72 h storage.
As shown in Table II, there was approximately 2-, 1.2- and 3-fold
higher activities of LAP, y-GTP and AP, respectively, in the prepara-
tions stored at either temperature for 24 h than those stored for 72

h. It was also observed that BBMV enzyme activities were higher in
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Table II. Effect of different storage conditions on marker enzyme
activities of BBMV preparation from control rats. Kidney cortices
were pooled from 2 rats. All assays were done in duplicate (n=2)
and enzyme activities were expressed as mean ¥ S.E. (nmole x mg
protein-lminal). Relative activity is used to indicate the enrich-

ment of an enzyme in the BBMV fraction.



Marker Storage Condition Homogenate (H) BBMV Relative Activity

Time Temp (BBMV/H)
(h) (c)
Protein (mg) Fresh - 614.5 24.1 0.039
24 -20 536.1 20.5 0.038
-170 545.9 20.6 0.038
72 -20 401.8 23.6 0.059
-170 392.0 23.4 0.060
LAP Fresh - 27.6 * 0.5 219.6 * 1.3 8.0
24 -20 24.1 £ 6.8 235.4 t 0.0 9.8
-170 33.5 1.4 246.5 * 11.7 1.4
72 -20 18.8 £ 0.7 117.7 £ 1.5 6.3
-170 20.9 £ 0.0 131.6 * 10.0 6.3
y-GTP Fresh - 78.4 * 0.0 751.9 + 13.7 9.6
24 -20 87.7 * 4.5 790.1 * 1.5 9.0
-170 84.4 * 1.1 829.0 £ 4.2 9.8
72 -20 110.0 * 6.3 631.4 £ 0.8 5.7
-170 115.7 * 4.2 765.2 + 4.1 6.6
AP Fresh - 28.1 * 0.7 159.9 * 0.0 5.7
24 -20 32.6 £ 6.5 208.3 * 0.0 6.4
-170 30.0 * 2.2 222.9 * 6.8 7.4
72 -20 25.7 £ 0.3 66.7 * 0.2 2.6
-170 27.7 £ 2.3 82.5 £ 1.7 3.0

[4°]
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Table III. Effect of different storage conditions on marker enzyme
activities of BBMV preparations (A & B) from 1l4-day STZ-diabetic
rats. Kidney cortices were pooled from 2 rats for each preparation.
Assays were done in duplicate (n=2) on fresh or stored (24 h) samples
and enzyme activities were expressed as mean * S.E. (nmole x mg
protein_lmin-l). Relative activity is used to indicate the enrich-

ment of an enzyme in the BBMV fraction.



0.039
0.046
0.039
0.048
0.037
0.042

Relative Activity
(BBMV/H)

BBMV

739.2
730.0
731.6
809.3
868.5

Homogenate (H)
661.5

Preparation
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Storage
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the preparations stored at -170 C for either 24 h or 72 h. The
higher enzyme activities of some preparations stored at -170 C for
24 h than those for fresh samples may be due in part to "activation"
of latent enzymes by freeze-thaw handling of the sample. Storage at
-170 C was associated with the presence of some crystals of unknown
origin (possibly mannitol), and this condition was considered unaccept-
able. There was no crystalline particles observed in samples follow-
ing storage at -70 C. In addition, BBMV preparations from 1l4-day
STZ~-diabetic rats were stored at -70 C for 24 h, and maintained the
high enzyme activities as shown in Table III. Therefore, in all the
transport studies, BBMV were stored at -70 C overnight for assays on
marker enzymes.

Preparation of BBMV from pooled tissues. To study metabolite trans-

port and evaluate the purity of the preparation by marker enzyme
assays, it was necessary to isolate BBMV from pooled tissues.
Therefore, I analyzed the variability of BBMVbseparately prepared
from each of the kidneys from two different rats to determine whether
pooling tissues was acceptable. The activities of marker enzymes of
BBMV isolated from different kidneys of control rats are shown in
Table IV. The total recoveries of membrane marker in the BBMV frac-
tions isolated from 4 individual kidneys were similar. The total
protein contents and specific activities of each membrane marker
were also found to be similar in each homogenate and BBMV sample.
When comparing results from all preparations for my work, I found
that variability was usually limited to a range of 20%. One excep-

tion was the results from two BBMV fractions isolated from pooled
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Table IV. Variability of BBMV preparations from different kidneys
and different rats. Four kidneys from 2 control rats were used for
isolation of BBMV separately. Marker enzyme activities (mnmole x mg
protein-lmin-l) were assayed in duplicate (n=2) on samples stored at
-70 C overnight and were expressed as mean * S.E. Relative activity
is used to indicate the enrichment of an enzyme in the BBMV fraction.
The numbers (1 & 2) designate two different rats, while the letters

(A & B) designate each kidney in either rat.



Marker Rat Kidney Homogenate (H) BBMV Relative Activity

(BBMV/H)
Protein (mg) 1 A 132.7 4.2 0.032
B 134.2 4.8 0.036
2 A 131.5 4.3 0.032
B 134.9 4.2 0.031
LAP 1 A 22.6 * 0.4 228.8 £ 9.1 10.1
B 25.7 £ 4.8 271.3 £ 0.0 10.6
2 A 24.4 + 1.0 282.0 + 8.2 11.6
B 21.6 £ 0.5 244.0 £ 0.0 11.3
y-GTP 1 A 58.5 * 0.0 807.0 £ 0.0 13.8
B 58.7 * 3.1 789.7 * 10.5 13.4
2 A 71.7 £ 7.9 955.9 £ 0.0 13.3
B 65.9 * 0.4 874.3 + 29.2 13.3
AP 1 ’ A 44.8 + 0.0 412.5 £ 0.0 9.2
B 45.3 * 4.0 385.4 * 0.0 8.5
2 A 48.7 + 13.8 466.6 * 41.9 9.6
B 46.4 * 1.4 473.0 * 37.1 10.2

L9
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kidneys from two week STZ-diabetic rats presented in Table III. The
animals were all matched for age, weight and duration of the diabetic
condition. The basis for the observed differences in this particular
preparation was not clear.

EGTA wash of BBMV. An additional suspension and high speed centri-

fugation of BBMV in 1 mM EGTA buffer during vesicle isolation was
performed to remove excessive Ca on the membraﬁe surface. This Ca
was present because the Ca precipitation method was used to separate
BBMV from other membranous fractions in the homogenate. Atomic
absorption spectrophotometric analysis of the Ca concentration of
BBMV samples (n=6 for each treatment) prepared with or without EGTA
washing showed that washing with the chelator reduced the Ca content
by 50% (1.6 £ 0.1 vs. 3.1 £ 0.1 pg Ca/mg protein).

The effect of washing with EGTA on the purity and marker enzyme
activities of BBMV from control and 2 week STZ-diabetic rats was
also studied. The results are shown in Tables V and VI, respectively.
BBMV preparations, with or without EGTA wash, were isolated from the
same starting homogenate. Consequently, any observed differences
should be the result of the different treatments, rather than varia-
tion in starting materials. EGTA treated BBMV prepared from control‘
rats had mean activities for different brush border membrane enzyme
markers that were within 7% of the values in the samples not washed
with the chelating agent. Similarly, the activity of the basolateral
membrane marker varied by less than 15% for the two treatments
(Table V). Total protein recoveries were the same in both prepara-

tions. As shown in Table VI, the differences were not greater than



Table V. Effect of EGTA wash on marker enzyme activities of BBMV preparations from control rat.

Two kidneys from control rat were pooled and homogenate was divided into 2 equal portions. One such
sample was washed with EGTA during isolation of BBMV as desc ibeglin METHODS. The other sample
served as a control. Enzyme activities (nmole x mg protein min ) were assayed in duplicate (n=2)
on both preparations after storage at -70 C overnight and were expressed as mean * S.E. Relative
activity is used to indicate the enrichment of an enzyme in the BBMV fraction.

Marker EGTA Treatment Homogenate (H) BBMV Relative Activity
(BBMV/H)
Protein (ing) - 144 .1 3.5 0.024
+ 144.1 3.4 0.024
LAP - 14.0 £ 2.1 166.8 * 1.4 11.9
+ 14.0 £ 2.1 171.4 * 6.7 12.2
y-GTP - 180.7 * 8.4 2497.9 * 48.2 13.8
+ 180.7 £ 8.4 2679.9 * 61.7 14.8
AP - 54.7 * 3.4 632.0 + 8.2 11.6
+ 54.7 £ 3.4 600.4 * 13.0 11.0
(Na'+K")-APTase - 22.3 9.2 0.42
+ 22.3 7.9 0.35

69



Table VI. Effect of EGTA wash on marker enzyme activities of BBMV preparatios from 2-week STZ-diabetic
rats. Kidneys from 2 diabetic rats were pooled.

See Table V for additional details.

Marker EGTA Wash Homogenate () BBMV Relative Actiyvity
(BBMV/H)
Protein (mg) - 643.7 19. 0.031
643.7 18.0 0.028
LAP - 10.4 * 0.2 167.5 * 5.4 16.1
10.4 * 0.2 133.6 = 7.0 12.8
y-GTP - 67.4 £ 7.4 945.4 * 9.5 14.0
67.4 * 7.4 856.0 * 8.6 12.7
AP - 58.2 + 0.5 348.5 £ 0.8 6.6
58.2 * 0.5 301.5 + 11.7 5.2
(Na' +K')-ATPase - 32.3 30.0 0.93
32.3 29.6 0.92

0L
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20% in the brush border membrane enzyme activities between the EGTA
washed and untreated BBMV prepared from STZ-diabetic rats. There

was no difference in (Na++K+)-ATPase activity between the two ptepara-
tions. Therefore, EGTA washing reduced Ca levels without adversely
affecting either the yield or the quality of the BBMV.

Transport Characteristics of BBMV

Glucose Transport. To assess the functional quality of isolated

BBMV, D-glucose transport was investigated. The patterns of D-
glucose uptake by the control and STZ-diabetic BBMV are shown in
Figures 2 and 3, respectively. The influence of EGTA treatment on
the transport function of these BBMV preparations was also deter-
mined. The patterns of glucose transport seen in both studies were
typical of proximal tubule brush border membranes (13,27,28). The
uptake rate in the presence of sodium was characterized by an "over-
shoot" phenomenon. No sucg pattern was observed in the presence of
potassium. The glucose concentration of vesicles reached equili-
brium in approximately 20 min, since BBMV suspended in Na+ or K+
containing buffers contained similar amounts of the monosaccharide.
Treatment with EGTA did not affect glucose uptake qualitatively or
quantitatively in control and diabetic BBMV preparations. The
D-glucose uptake values measured at all time points in the study of
Figure 2 were approximately 50% lower than the values measured in
other studies (Figure 3 and Figure 4). Since these studies were
performed at different times, higher absolute uptake values cbtained

in the later studies probably reflected improved technique in BBMV
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FIGURE 2. Effect of EGTA wash on D-glucose uptake by BBMV prepara-
tions from control rats. XKidney cortices from 2 rats were pooled
and homogenate was divided into 2 equal portions: one served as
control (A) and the other (B) was treated with EGTA during the
isolation procedure. Na+-dependent (®) and K+-dependent (A) D-
glucose transport were performed in duplicate (n=2) and expressed as
mean * S.E. (nmole glucose/mg protein) at each indicated time.
Relative activities of LAP, y-GTP and (Na++K+)-ATPase in the BBMV
preparations compared to homogenate were 9.5, 12.0 and 0.4, respec-

tively.
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Figure 3. Effect of EGTA wash on D-glucose uptake by BBMV prepara-
tions from 2-week STZ-diabetic rats. Kidney cortices from 2 rats
were pooled. Marker enzyme enrichment in the BBMV were approximately
8.0, 10.5 and 0.94 for LAP, y-GTP and (Na++K+)-ATPase, respectively.

See legend of Figure 2 for additional details.
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isolation and/or handling. Therefore, results were.compared within
the same study, but not among preparations.

Figure 4 depicts the uptake of D-glucose over 20 min by the
BBMV prepared from control and two week STZ-diabetic rats. Isola-
tion and transport studies on both BBMV preparations were performed
at the same time. Sodium mediated uptake was most rapid in the
first 15 sec and reached the peak of 1.01 nmole glucose/mg protein
at 30 sec in control BBMV. Thereafter significant efflux of glucose
was observed. Thé intravesicular concentration of glucose decreased
to a level of 0.43 nmole/mg protein at 5 min. On the contrary,
D-glucose uptake by diabetic BBMV incubated in the presence of
sodium, did not reach a maximum (0.92 nmole glucose/mg protein)
until 1 min and the efflux of accumulated glucose was less rapid.
Diabetic BBMV retained 0.62 nmole glucose/mg protein at 5 min. The
final glucose levels at equilibrium were similar in both BBMV.
There was no significant difference in K+-dependent uptake of glucose
by both preparations. The differences in the pattern of D-glucose
uptake by the control and STZ-diabetic BBMV would not seem to be
physiologically significant.

Characterization of zinc uptake by BBMV. The relative accumulation

of zinc by BBMV from control kidney in different reaction mixtures
is given in Table VII. It is apparent that both tramslocation (37
C) and binding (0 C) of zinc by BBMV were the highest in the reaction

mixture containing 100 mM NaCl but no citrate. Uptake in reaction
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FIGURE 4. D-glucose uptake by renal BBMV preparations from age-
matched control (A) and 2-week STZ-diabetic (B) rats. Kidney cor-
tices from 1 rat of each group were pooled and BBMV were washed with
1 mM EGTA buffer. Na+-dependent (9) and K+-dependent (A) D-glucose
uptake were performed in duplicate (n=2) and expressed as mean *
S.E. (omole glucose/mg protein) for each tiﬁe point measured.
Relative marker enzyme activities were enriched approximately 10-
fold for LAP, y-GTP and AP for both BBMV preparations. (Na++K+)-

ATPase activities were 0.83 times that of the homogenate.
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Table VII. Influence of temperature and chemical composition of reaction solution on zinc
uptake by control BBMV. Zinc accumulation (nmole Zn/mg protein) was measured at 60 min of

incubation at both 37 C and 0 C. Values are presented as relative numbers with the uptake
in solution containing Na only at 37 C equal to 1.00.

Temperature

Reaction Solution
(c)
+
Na® K
no citrate citrate no citrate citrate
37 1.00 0.42 0.48 0.17

0 0.36 0.12 0.17 0.13

6L
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mixture containing 100 mM KCl and no citrate was also appreciable.
Whether this indicates that zinc uptake may be partially dependent
on the presence of other ions was not pursued. When citrate was
added as a chelator, both uptake and binding of zinc to the BBMV
decreased. The potential significance of this observation in regards
to citrate mediated enhancement of urinary zinc loss is presented in
the DISCUSSION. Solutions containing Na minus citrate were used for
the following investigations on zinc transport.

Characterization of zinc uptake by renal BBMV from control and
STZ-diabetic rats was performed as an initial approach to elucidate
the basic properties of renal tubular reabsorption of trace metals.
Figure 5 shows the typical patterns of zinc transport by the control
and diabetic BBMV. Uptake of zinc at 37 C was rapid during the
initial 15 min and increased slowly throughout the remainder of the
incubation period. Only binding of zinc to the membrane surface
should occur at 0 C, and the amount of the metal associated with the
BBMV fraction was much less than at the higher temperature at each
time. The results suggest that binding of zinc to the specific
sites on the vesicle surface is limited. No significant difference
was found in either the quantity of zinc bound or transported into
the vesicles for preparations from control and STZ-diabetic rats in

.this study (Figure 5).

The release of preloaded ®5Zn by BBMV preparations from control
and STZ-diabetic rats was also investigated and the results are
illustrated in Figure 6. Release of ®5Zn from control BBMV was

minimal at O C, while approximately 30% of the preloaded ®5Zn was
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FIGURE 5. Zinc uptake by renal BBMV preparations from age-matched
control and 2-week STZ-diabetic rats. Kidney cortices from 1 rat
wés pooled for each group and BBMV were washed with EGTA. Uptake
reaction mixtures contained 100 mM NaCl only. Assays were performed
at either 37 C (8) or 0 C (A). Zinc uptake was monitored in tripli-
cate at each time point and the values shown represent the mean
S.E. (n=6) from two separate assays for each treatment group. The
quantity of zinc accumulated by BBMV is expressed as nmole zinc/mg
protein. Relative enrichments were approximately 7.5 for LAP, 7.2

for y-GTP and 0.8 for (Na +K )-ATPase.
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FIGURE 6. Release of ®5Zn from preloaded BBMV preparations from (A)
control and (B) 2-week STZ-diabetic rats. Kidney cortices from 1
rat were pooled for each group and BBMV were washed with EGTA. BBMV
were incubated in uptake solution with ®5Zn at 37 C for 45 min. The
concentrations of zinc accumulated by BBMV at 45 min were 7.92 *
0.22 (n=6) and 7.74%0.2 (n=6) nmole Zn/mg protein for preparations
from control and diabetic kidneys, respectively. Efflux was investi-
gated by reincubating ®°Zn labeled-BBMV at either 37 C (#) or O C
(4) as described in METHODS. Values are expressed as the percentage
of ®5Zn retained by BBMV compared to undiluted control taken at zero
time. Relative enrichment of enzyme markers in BBMV were approxi-

mately 9.0 for LAP, 10.5 for y-GTP and 0.5 for (Na++K+)-ATPase.
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lost after 15 min incubation at 37 C. Release was rapid during the
initial 5 min, but minimal thereafter. The efflux of ®5Zn by pre-
loaded diabetic BBMV is shown in Figure 6 (B). Approximately 24% of
the preloaded ®5Zn was released by the end of the 15 min incubation
at 37 C. Approximately 15% of the total ®5Zn was also lost at O C.
Whether this represents a real phenomenon or was the result of a
technical error is unclear. In summary, there was no significant
qualitative or quantitative differences in 95Zn efflux by control
and diabetic BBMV at 37 C. The different patterns of $5Zn efflux by
control and diabetic BBMV at 0 C may suggest a '"leaky" luminal
plasmal membrane in the diabetic cortex. However, since the experi-
ment was conducted only once, further study is needed to determine
whether this observation is reproducible.

Together, the studies with renal BBMV indicate thét the poten-
tial binding and uptake of zinc by brush border membranes lining the
tubules from control and diabetic rats are similar. In vivo experi-
ments are needed to determine whether factors such as differences in
the chemical composition of the glomerular filtrate alter tubular

reabsorption of zinc in diabetic rats.
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DISCUSSION

To study the basic characteristics of zinc transport by renal
brush border membrane vesicles (BBMV) in vitro requires the isolation
of relatively pure, and functional BBMV. BBMV isolation by the
method of Malathi et al (27) was selected, since it is simple, rapid
and effective in yielding BBMV of high purity. This method for the
preparation of BBMV is based on: a) Hypotonic lysis to release the
core materials; b) Ca++ aggregation of contaminants; and c) differen-
tial centrifugation to separate the brush border membrane and the
Ca++ precipitated components. Various mechanisms for differential
precipitation by calcium have been suggested by different authors.
Murer and Kinne (31) and Evers et al. (13) indicated that brush
border membrane surfaces have a relative high level of negatively
charged groups that effectively neutralize the positive charges of
the added divalent cation. The surface density of such anionic
groups on other membranes is believed to be lower. Therefore, Ca++
"cross-links" and precipitates the other intracellular organelles
and basolateral membranes. In contrast, Schmitz et al. (37) and
Heidrich et al. (18) proposed that the membrane surface of the brush
border was more positively charged than the other cellular organelles
and basolateral membranes and, therefore, did not interact with Ca++
to form aggregates. Since Ca++ is not specific, its effects are
likely to be related to electrostatic interactions between the

cation and membrane surface charges. While both of the above explana-

tions are logical, their validity remains to be established.
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Since Ca++ ions have important roles in regulation of the
structural and functional properties of biological membranes, the
effect of added Ca++ on the brush border membrane was of interest.
Ohyashiki and Mohri (32) reported that binding of Ca++ to the mem-
branes induced a stabilization of the lipid organization and a
denaturation of the conformation around the sulfhydryl groups in the
membrane proteins. It has also been reported that the alteration of
membrane structures through modification of lipid-lipid and/or
lipid-protein interactions affected the transport of D-glucose in
rat intestinal microvillus membranes (6). Evers et al. (13) compared
the properties of the BBMV prepared by Ca++ precipitation to those
prepared by free-flow electrophoresis and reported a two to three
times smaller intravesicular volume per mg of membrane pfotein in
the brush border membrane preparations obtained by the Ca++ precipi-
tation method. In addition, there was a higher transient accumula-
tion of glucose inside these vesicles due to an increased driving
force imposed by the lower sodium permeability of these BBMV. It is
also known that Ca++ affects both Mg++ and (Na++K+)-ATPase activities
(34). 1Indeed, while Ca++ precipitation provides an eésy method for
preparation of BBMV of high purity, the effects of Ca++ on the
properties of BBMV cannot be ignored. In this study, brush border
membranes were washed with EGTA to remove excessive Ca++. The
effect of Ca++ on BBMV marker enzyme activities and D-glucose uptake
were not significant. However, BBMV were routinely washed with EGTA

prior to use, because of reported Ca-Zn interactions (24).
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The enzyme profile of the isolated BBMV showed approximately a
10-fold enrichment of the brush border membrane markers and no
significant contamination by organelles, such as mitochondria,
cytosol, nuclei, microsomes and basolateral membranes (Table I).
There was a 3 to 4-fold enrichment of acid phosphatase in the BBMV
fraction indicating possible contamination of lysosomes. Malathi et
al. used B-glucuronidase as a lysosomal marker and reported only
trace of this enzyme activity was found in their BBMV preparations
from rabbit kidneys (27). They concluded that the brush border
membranes isolated by their procedure were free of lysosomal contami-
nation. In contrast, Evers et al. (13) reported a 2.2-fold enrich-
ment of acid phosphatase activity in BBMV preparations from rat
renal cortex isolated by the Ca++ precipitation techniques. However,
few lysosomes were detected in these BBMV fractions when morphologic-
ally assessed by electron microscopy. They concluded that part of
the acid phosphatase activity in the BBMV originated from disrupted
lysosomes. In order to determine the presence or the degree of
lysosomal contamination in the BBMV isolated by Ca++ precipitation,
more than one lysosomal marker should be assayed.

In the studies with membrane vesicles for their transport
properties, it has been recognized that daily preparation of vesicles
is time consuming and there can be significant variation in the
rates of transport from one preparation to ancther. Many attempts
to devise procedures for the preservation of membrane vesicles have
been reported. For example, Hittelman et al. (20) preserved alanine

and D-glucose transport in kidney BBMV for as long as one month by
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freezing in 15% glycerol solutions and storing at -70 C. Similarly,
Hilden and Sacktor (19) reported renal BBMV transport of D-glucose
and proline was preserved when samples were stored in a glycerol
solution at -70 C. Recently, Stevens et al. (38) found that renal
and intestinal BBMV could be stored in liquid nitrogen for up to 35
days without losing the organic and electrolyte transport properties
of these BBMV. In my study on the enzyme activities and transport
properties of BBMV, the major difficulty experienced was the varia-
tion among preparations. For this reason, results were usually
compared within the same preparation. In future studies it would be
desirable to prepare large quantities of membrane vesicles and store
them in liquid nitrogen, thereby reducing the variability and allow-
ing comparisons among transport characteristics from the same group
of animals.

The uptake of D-glucose by renal BBMV isolated from control and
2-week STZ-diabetic rats showed differences in the rates of the
initial Na+-dependent accumulation and the efflux of glucose. The
overall patterns of uptake were not significantly different. These
data suggest that the renal brush border membrane transport of
D-glucose is not markedly altered in the STZ-diabetic rats. 1In
studying In contrast, alloxan- or'streptozotocin-induced diabetic

rats exhibited increased intestinal absorption of hexoses in vivo

and with isolated BEMV in vitro. !ore recent studies of glucose
transport by intestinal BBMV prepared from genetically diabetic mice
failed to demonstrate such an elevated tranmsport of glucose (3). It

is well known that insulin modifies the transport and accumulation
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of glucose by some cell types. The different observations obtained
from the above studies may, therefore, have resulted from the differ-
ent hormonal status (hypoinsulinic vs. hyperinsulinic) of the experi-
mental animals. It is also possible that the diabetic condition
differently effects on various organs and more studies are required
to understand its effect on the transport of D-glucose by renal

BBMV.

The main purpose of this study was to begin to characterize the
properties of zinc tramsport by renai BBMV. Such a technique has
potentiai use as a tool for investigating the influence of various
pathophysiological conditions on renal reabsorption of trace metals.
In this first study the characteristics of zinc accumulation by BBMV
prepared from control and STZ-diabetic rats were compared. Transport
of zinc by BBMV was temperature dependent. Uptake of zinc at 37 C
was consistently 4 to 5 times higher than at 0 C. The velocity of
uptake was highest at 1 min and decreased gradually thereafter.

Zinc accumulation continued even after 60 min incubation. Tempera-
ture dependence was used to differentiate between the translocation

of zinc into the intravesicular space and the specific binding of

zinc on the surface of BBMV, i.e. a temperature independent phenomenum.
The release of zinc from preloaded, labelled-BBMV was also found to

be affected by the incubation temperatures. Approximately 25-30% of
the total preloaded zinc was released by 15 min at 37 C, while

minimal loss (efflux) was observed at 0 C. Such an observation

would be expected if the majority of the metal were present within

the vesicles.
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Preliminary studies on the effect of chelators on the uptake
and binding of zinc by the BBMV showed that both processes were
significantly decreased in the presence of 0.5 mM citrate. Indeed,
these results suggest that the chelators have an impact on renal
reabsorption of zinc at the brush border membrane level. Interest-
ingly, these results coincide with the in vivo observations on the
effects of chelators on the renal handling of zinc reported by
Victery et al. (42) and Yunice et al. (44). It is possible that the
presence of different chelators, such as amino acids and citrate,
and/or the altered concentrations of these chelators in the glomerular
filtrate of diabetic rats might have accounted for the decreased
reabsorption and thus, the increased urinary excretion of zinc.

The patterns of zinc uptake and efflux by renal BBMV observed
in this study were similar to those reported by Eastham et al. (11)
and Marx and Aisen (29) in their studies on iron transport by intes-
tinal BBMV. Since these are the only available information on trace
metal transport by brush border membranes, I assumed that the BBMV
preparations were functional for zinc transport in the simple system
designed in this study: There was no significant difference in the
patterns and levels of zinc uptake and binding by the BBMV isolated
from control and STZ-diabetic kidneys. Therefore, the results on
zinc uptake by BBMV suggest that altered endocrine status did not
alter the capacity for zinc reabsorption. Further studies in vivo
are required to assess the characteristics of zinc reabsorption in

control and diabetic rats.
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CHAPTER IV
Epilogue
Enhanced urinary excretion of zinc, copper and iron in the

STZ-diabetic rat was clearly demonstrated in Chapter II. This
observation supports our proposal that either insulin itself or the
insulin to glucagon ratio has an important role in the regulation of
trace metal metabolism. To determine whether the increased urinary
excretion of trace metals might be due to changes in the renal
tubular reabsorption of these micronutrients, preliminary characteri-
zation of zinc transport by renal BBMV isolated from control and
STZ-diabetic rats was made. In vivo and in vitro studies are required
to further understand the mechanisms of renal handling of trace
metals. Below I have outlinedva series of studies that would be
beneficial in future investigations.

I. Renal excretion of infused trace metals. Radioisotopes of

bicessential trace elements, such as ®5Zn and ®%Cu, could be infused
as filterable metals (Gsan12, 64CuC12) via the renal artery. Urine
would be collected during the infusion and incubation periods. The
quantities of radioactivity recovered in both the urine and kidney
could then be used to estimate the reabsorption of the specific
metal isotope by the kidney. Subcellular fractionation of the
kidney cortex and measurement of the radioactivity in each fraction
would provide information on the subcellular distribution of reab-
sorbed metal. Moreover, hormones believed to influence the renal
fluxes of trace metals, such as the pancreatic polypeptides and

adrenal hormones, could also be infused prior to the trace metal to
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investigate the short term effects of these regulatory factors on
filtration, reabsorption and secretion processes.

Furthermore, this experiment would allow the comparison of
excretion patterns of different metals by the same animal under the
same condition. For example, the renal handling of zinc and copper
during the diabetic condition was apparently different as shown in
Chapter II. Urinary excretion of zinc was significantly higher than
copper, while the renal accumulation of copper was significantly
higher than zinc in the STZ-diabetic rats. Therefore, in vivo
measurement of the excretion of infused zinc and copper simultane-
ously would extend our understanding the results obtained from the
diabetic studies.

ITI. Storage of membranes for transport studies. Daily preparation

of vesicles is time consuming and subject to significant variation
in the quality of the BBMV among preparations. To avoid these
problems it is desireable to devise a procedure for the preservation
of large quantities of preparations of vesicles. This would allow
direct comparison of numerous transport characteristics of vesicles
obtained from the same preparation. A preservation procedure, e.g.
storage at -170C, should be examined frequently for its ability to
preserve the marker enzyme activities and transport characteristics
of specific substrates over the storage period. It is important to
demonstrate that the structural and functional characteristics of

the BBMV are preserved before being used for additional studies.
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. Further characterization of zinc transport by renal BBMV.

. Dependence of zinc transport on various monovalent cations. In

the initial characterization of zinc transport by renal BBMV, I
observed greater ®5Zn binding and uptake in the presence of 100
mM NaCl than 100 mM KCl. Whether this phenomenum indicates
that zinc transport requires Na+ co-transport or the generation
of Na+-electrochemical gradient across the membrane as a driving
force is unknown. However, the time-dependent pattern of zinc
uptake by renal BBMV is similar to those of calcium and iron
which were reported to be Na+-independent (1,5). In contrast,
Na+-dependent transport systems, such as transport of D-glucose,
L-alanine and phosphate, are characterized by the over-shoot
phenomenum (2,3,4). Therefore, the uptake of zinc is unlikely
to be dependent on Na+.

The effect of various monovalent cations on zinc uptake by
renal BBMV needs to be examined in greater detail. Equimolar
levels of one of the following cations would be added into the
solution for zinc uptake: Li+, Na+, K+, Rb+, NH4+ and choline.
The transport of zinc by BBMV in the absence of cations couid
serve as a basal transport level for estimation of the effect

of various cations.

. Saturability of the BBMV. The effect of different concentra-

tions of zinc on the initial rate (1 min) of transport can
provide information concerning whether the transport of this
metal by renal BBMV is saturable. If the relationship between

zinc concentration in the medium and zinc uptake by BBMV is
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curvilinear, I would conclude that zinc transport across the
renal BBMV is a facilitated process. Moreover, the apparent Km
and Vmax values for BBMV prépared from control and diabetic
kidneys could be compared by determining the initial rates of
zinc transport at various extravesicular concentration% of the
metal.

. Effect of chelators on zinc transport by BBMV. The effects of

citrate, cysteine and histidine infusion on urinary zinc excre-
tion in anesthesized dogs have been investigated by a combina-
tion of clearance and stop-flow techniques (7). Citrate and
amino acid mediated increases in urinary excretion of zinc were
found to be the result of enhanced filtration and/or decreased
reabéorption. I found that the addition of 0.5 mM citrate to
the uptake solution markedly reduced zinc binding and transport
by BBMV. It was also observed that cysteine retards zinc
reabsorption to a greater degree than does histidine (7). 1In
order to further correlate the in vitro measurements with the
in vivo findings, the transport of zimc by BBMV in the presence
of cysteine and histidine should be studied. The transport of
zinc in the presence of these chelating agents by BBMV isolated
from STZ-diabetic rats may provide information on the altera-
tion of zinc reabsorption during the insulin-deficient state.

. Specificity of zinc transport by BBMV. To ensure the uptake of

zinc by BBMV measured in vitro is through a specific process,
inhibitors or competitors for zinc transport could be added to

the solution. It has been reported that there is a mutual
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antagonism between zinc and copper due to their competition for
common metabolic pathways, e.g. high Cu intakes depress zinc
absorption (6). Therefore, addition of high concentration of
copper to the uptake medium is likely to affect the uptake of
zinc by BBﬁV if the transport process is specific for zinc.
Other potential competitive inhibitors such as iron and cadmium,
should also be investigated.

IV. Study of copper tramsport by BBMV. The patterns of renal

handling of zinc and copper appear to differ in the STZ-diabetic
rat. It will be interesting to examine whether these differences
can be also observed with BBMV. Therefore, studies concerning the
characteristics of copper transport by renal BBMV from control and
diabetic kidney should be conducted. Results from such studies
would perhaps be useful in determining whether the greater urinary
excretion of zinc than copper and the greater renal levels of copper
than zinc is due to the differential ability of BBMV of diabetic rat
to transport copper and zinc.

V. Miscellaneous. Since acid phosphatase, when used as a lysosomal

marker for determination of the purity of BBMV, showed controversial
results in different studies, another lysosomal marker (e.g. glucu-

ronidase) also needs to be investigated in the future studies.
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APPENDIX I
Preparation of plasma sample for amino acid analysis:
1) Add 0.2 ml of 209 sulfosalicyclic acid in each ml of
plasma sample.
2) Mix and let sit on ice for 30 min.
3) Centrifuge at 3000 rpm for 15 min to obtain protein free

plasma.

4)  Analyze amino acid levels in plasma by Beckman (Model 121)

automatic amino acid analyzer.
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II. Amino acid levels in plasma of control (C), STZ-diabetic (STZ)
and insulin-treated STZ-diabetic (STZ + I) rats on day 15.

Plasma samples were pooled from 6 rats of each group.

Amino acid _ Treatment

(nmole/ml) C STZ STZ + I
Taurine 348.2 306.0 336.9
Aspartic acid 33.5 35.4 33.0
Threonine 476.6 353.4 386.0
Serine 328.2 305.7 426.0
Asparagine 161.3 123.6 184.8
Glutamic acid 169.9 103.4 180.6
Glutamine 418.3 236.9 369.8
Proline 165.3 188.4 233.7
Glycine 292.5 217.8 217.6
Alanine 770.0 715.9 947.7
Citrulline 57.2 59.8 75.7
Valine 274.0 833.3 357.4
Methionine 114.0 157.1 123.9
Isoleucine 104.7 298.3 137.6
Leucine 173.4 554.0 255.1
Tyrosine 115.4 122.2 178.6
Phenylalanine 66.1 77.1 104.0
Lysine 584.6 451.8 301.9
Histidine 66.5 57.6 83.0
Arginine 204.3 156.1 250.4
Tryptophan 104.8 65.8 124.1
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APPENDIX II

Preparation of urine sample for amino acid analysis:

1)

2)

3)

4)

5)

To 5 ml of urine add dropwise 2 or 4N NaOH until the pH is
11.5 to 12.0.
Place the beaker of urine in a vacuum desicator and contin-

uously evacuate for 6 hours.

’After evacuation, adjust the pH of urine to 2.0 to 2.2

with 6N HC1.

Adjust the volume of urine to 5 ml with pH 2.2 buffer.
These pfocedures remove nearly all the ammonia from the
sample.

Analyze amino acid levels in urine by Beckman (Model 121)

automatic amino acid analyzer.
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II. Amino acid levels in urine of control (C), STZ-diabetic (STZ)

and insulin-treated STZ-diabetic (STZ + I) rats on day 14.

Urine samples were pooled from 6 rats of each group. (N.D. Not
Detectable).

Amino acids Treatment

(nmole/ml) C STZ STZ + 1
Taurine N.D. N.D. N.D.
Aspartic acid 157.5 28.7 181.5
Threonine 239.6 87.5 129.9
Serine 214.9 35.1 226.0
Asparagine 105.5 18.2 Trace
Glutamic acid 219.0 8.2 80.6
Glutamine 69.9 11.6 79.0
Proline N.D. N.D. N.D.
Glycine 567.4 45.5 166.0
Alanine 172.8 20.6 131.2
Citrulline N.D. N.D. N.D.
Valine 26.4 5.9 N.D.
Half cystine 90.4 11.0 Trace
Methionine 52.1 8.2 N.D.
Isoleucine 14.1 N.D. N.D.
Leucine 27.5 8.1 Trace
Tyrosine 38.4 N.D. 30.6
Phenylalanine 26.1 N.D. N.D.
Ammonia 1062.4 19.5 1114.9
Lysine 1565.5 416.7 2001.7
Histidine 37.8 N.D. N.D.
Arginine 64.1 Trace 139.2
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