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Inhibition of Renal Metabolism

RELATIVE EFFECTSOF ARSENATEONSODIUM, PHOSPHATE,

ANDGLUCOSETRANSPORTBY THE RABBIT PROXIMALTUBULE

P. C. BRAZY, R. S. BALABAN, S. R. GULLANS, L. J. NMIANDEL, and V. At. DENNIS,
Division of Nephrology and Department of Physiology, Duke University, (and
Veterans Adniini.stration Medical Centers, Durhalnm, North Carolina 27710

A B S T R A C T These studies examine the inhibitory
effects of arsenate on the transport of sodium, phos-
phate, glucose, and para-aminohippurate (PAH) as well
as oxidative metabolism by proximal convoluted tubules
from the rabbit kidney. Transport rates were measured
with radioisotopes in isolated and perfused segments.
Metabolic activity was monitored through oxygen-con-
sumption rates and NADH fluorescence in parallel
studies in suspensions of cortical tubules. The addition
of 1 mMarsenate to the perfusate reduced fluid absorp-
tion rates from 1.24±0.17 to 0.66±0.19 nl/mm min (P
< 0.01) and lumen-to-bath phosphate transport from
9.93±3.47 to 4.25± 1.08 pmol/mm min (P <0.01).
Similar concentrations of arsenate reduced glucose trans-
port only slightly from 66.1±6.0 to 56.8+4.6 pmol/
mm* min (P < 0.05) and had no effect of PAHsecretion.
Removing phosphate from the perfusate did not affect
the net transport of sodium or glucose. In suspensions
of tubules, arsenate increased oxygen consunmption
rates by 20.5±2.9% and decreased NADHfluorescence
by 10.8±1.5 )%. These effects on metabolism were con-
centration dependent and magnified in the presence of
ouabain. The data indicate that arsenate's main effect
is to uncouple oxidative phosphorylation, and that
graded uncoupling of oxidative metabolism causes
graded reductions in the net transport of both sodium
and phosphate. Glucose transport is inhibited only
slightly and PAHsecretion is not affected. Thus, partial
as opposed to complete inhibition of metabolism re-
veals that different relationships exist between net
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sodium transport and the transport of phosphate, glu-
cose, and PAHby the proximal renal tubule.

INTRODUCTION

Inhibitors such as acetazolamide, amiloride, ouabain,
and phlorizin are useful in identifying biochemical sites
involved in the movement of various solutes across
specific membrane systems. The usefulness of inhibi-
tors, however, is limited by the extent to which we
know their mechanisms. Weknow that arsenate inhibits
phosphate transport in a number of systems including
the mammalian kidney (1), Ehrlich ascites tumor cells
(2), yeast (3), bacteria (4), Euglena (5), and isolated
membrane vesicles derived from renal brush border
material (6), but the mechanisms of inhibition are un-
certain. Arsenate may interfere with phosphate trans-
port by direct competition at some transport site (2-6),
or by inhibiting the activity of glycolytic enzymes such
as glyceraldehyde 3-phosphate dehydrogenase (7), or
by the uncoupling of oxidative phosphorylation at the
mitochondrial level (8).

The objective of these studies is to gain frirther in-
formation on the biochemical sites where sodium trans-
port interacts with the transport of phosphate and other
solutes handled significantly by the proximal convoluted
tubule. As with certain organic solutes (9) that may
have metabolic as well as transport effects, the possible
contributions of intraluminal phosphate to cotransport
and intracellular metabolism must be separated con-
ceptually and experimentally. In this regard, we rea-
soned that arsenate, which may substitute for phosphate
in a number of biochemical (7, 8) and transport events,
(2-6) would be a useful inhibitor for studying the vari-
ous processes that involve phosphate and that affect
solute transport. Accordingly, these studies describe
the effects of arsenate on transport and metabolism
by the proximal convoluted tubule, identify the domi-
nant mechanism involved in the inhibitory effects, and
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describe for the first time the variability that appears
to exist in the linkage of specific solute transport proc-
esses to oxidative metabolism. The data indicate that
arsenate uincouples mitochondrial oxidative phospho-
rylation in a concentration-dependent fashion and that
graded redtuctions in oxidative metabolism affect the
transport of sodium and phosphate more than the trans-
port of glucose or para-aminohippurate (PAH).1 Phos-
phate absorption by the proximal convoluted tubule
is therefore linked as closely as sodium absorption to
oxidative metabolism.

METHODS

Isolated p)erlUsed tubuiles. Segimients of proximal convo-
lited tubules from rabbit kidnev were isolated andl perfused
in vitro according to techniq(uies described (10). Younig female
Newv Zealaind White rabbits (1-3 kg) wvere miaintained on rab-
bit chowv (Ralstoni Purina Co., St. Louis, Mo.) and water before
they wrere killed. Tubular segmiients from superficial and
juxtamiiedullary nephrons were dissected from cortical slices.
No attempt was made to select either superficial orjuxtamedul-
larv neplhrons, or early or late proximal convoluted segments.
XV7e perfused the tubules in vitro with a continuously exchang-
ing bathing medium consisting of commllercial rabbit serulm
(Granite Diagnostics Inc., Burlington, N. C.) or a similar fluid
maintained at 37°C, pH 7.35-7.45, and isosmotic with the
perfusioni fluiid. The perfusate was a physiological fluid con-
taining (mM): sodium chloride, 105; sodium bicarbonate, 25;
potassium chloride, 5; mlagniesiuiml sulfate, 1; moniosodium
phosphate, 2; calciumil clhloride, 1.5; sodium lactate, 10; L-
alanine, 5; and D-glucose, 7. Bathing media other than rabbit
serum, when used, were made directly from the corresponding
perfusion fluids by adding either, 3 g/dl dialyzed dextran,
40,000 mol wt (Pharmacia Fine Chemicals AB, Uppsala, Swe-
den), or 6 g/dl defatted albumin (11), and enough calcium
chlori(le for a final total calciumii concentration of3 mM. Before
use, dextran was dialyzed exhaustively against doubly distilled
wvater usinlg a Spectrapor membrane (Spectrumil Medical In-
dustries Inic., Los Angeles, Calif.) with a nominal retention
at 6-8,000 daltons. Dialysis removed lower molecular weight
polymers aiid potential impurities. The concenitration of the
dialyzed dextran was estimated by weighing an air-dried ali-
(quot. This indicated that -10% of the original dextran was
lost in the dialysis procedture. Ali(quots wvere frozen and stored
until the day used.

Transport rates for phosphate and glucose were determined
using radioisotopes. Wemeastured the lumeni-to-bath fluxes of
phosphate (Jlh ) or glucose (J"),.), as the difference between
the amount of solute delivered and the amount collected ac-
cording to the balance e(quationi:

Vic?, - VocC*J = Cj* 00 [S] (1)
L c~

where js is the uinidirectional solute flux (pmol/mm min); V,
and V0, are the perfuision and collection rates, respectively;
CQ and C* (cpm/nl) represenit the concentration of [14C]-

Abbreciatiotns iised in tli.s pal)er: CCCP, mI-chlorocarbonyl
cyanide phenylhydrazone; J,h,l , bath-to-lumien fluix of PAH;
J p14 bath-to-lumen flux of phosphate; JG, lumen-to-bath flux
of glucose; JP04 lumen-to-bath flux of phosphate; Jv, fluid
absorption rate; PAH, para-aminohippurate.

glucose or of [33P]04 in the perfusate and collected fluid,
respectively; and [S] (pmol/nl) is the chemical concentration
of' the relevant solute in the perftusion fluid. Phosphate and
glucose fluxes were measured in separate tubules. For studies
of JG more glucose was added to the perfusate (final con-
centration -14 mM) to achieve glucose delivery rates com-
patible with saturation of the transport mechanism (12, 13).
Fluid absorption rates (Jv) were measured for each tubule
with either [1251]iothalamate (Abbott Diagnostics, Diagnostic
Products, No. Chicago, Ill.) or dialyzed [methoxy-3H]inulin
(Newv England Nuclear, Boston, Mass.).

Bath-to-lumen fluxes of phosphate and PAHwere measured
by the accumulation in the lumen of radioisotopic solute
added to the bath. Thuis (14)

jbl 0(2
s

O 0 (2)
XbL

wlhere Jbl is the bath-to-lumen flux of phosphate (Jbk4; pmol/
inn min) or of PAH (Jb'H, fmol/mm min); V0, C*, and L are
the same as in Eq. 1 and Xb is the specific activity of the ap-
propriate solute in the bath.

The basic protocol for the perfusion experiments was to
allow a 30-min equilibration period after initiating perfusion,
and then to collect three or four timed samples using a con-
stant-volume pipette of - 100 nl. After these initial collections,
we changed the perfusion fluid or bath and collected three
or four additional samples after a second equilibration period
of -20 min.

Radioisotopic activity was measured by liquid-scintillation
spectrophotometry in Aquasol (New England Nuclear) plus
0.5% water by volume. Inorganic phosphate was measured
by the phosphomolybdate method (Hycel Phosphorus Test,
Hycel Inc., Houston, Tex.); glucose by the glucose-oxidase
method (Glucostat, Worthington Biochemical Corp., Freehold,
N. J.); pH and PCO2by electrodes (Instrumentation Labora-
tory, Inc., Lexington, Mass.) and osmolality by freezing-point
depression (Precision Systems, Inc., Sudbury, Mass.).

Data from each tubule are reported as the mean of at least
three collections for each set of experimental conditions and
are expressed as the mean+SE for the number of tubules
studied. Statistical comparisons were made using the paired
t test.

Suspensions of cortical tubules. Weprepared suspensions
of separated renal tubules from the rabbit cortex according
to methods of Balaban et al. (15). Briefly, kidneys from female
New Zealand White rabbits were flushed in vivo with 50
mg/dl collagenase (Sigma type I, Sigma Chemical Co., St.
Louis, Mo.), excised, and the cortex was dissected. Cortical
tubules were dispersed, washed several times at 5°C, and cen-
trifuged on a cushion of Ficoll (400,000 mol wt) to remove
nonvital cells and cellular debris. The final pellet was re-
suspended to a concentration of 5-6 mg tubule protein/ml in
a solution that contained (mM): sodium chloride, 115; sodium
bicarbonate, 25; potassium chloride, 5; monosodium phos-
phate, 4; calcium chloride, 2.3; magnesiumn sulfate, 2.1; D-
gltucose, 5; sodium lactate, 4; L-alanine, 1; 3 g/dl dialyzed
dextran (40,000 mol wt); 300 mosmol/kg H20; and was main-
tained at pH 7.4 (37°C). These tubules have open lumens
and high oxygen consumption rates that are inhibited up to
70% by ouabain (15).

Studies using cortical tubule suspensions were performed
in a specially designed, temperature controlled, sealed
chamber (15) that permitted simultaneous measurements of'
oxygen consumption and microfluorometry. To initiate an ex-
periment, the tubule suspension was pre-equilibrated for
30-60 min with 95%02, 5%CO2 gas mixture at 37°C. An 8-mI
aliquiot of this suspension was then placed into the chamber.
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FIGURE 1 Effects of arsenate on fluid absorption rates (Jv)
and on the lumen-to-bath fluxes of phosphate (Jlb4). Each
point represents the mean±SE for three to five proximal con-
voluted tubules perfused initially with ultrafiltrate (control)
and subsequently with ultrafiltrates plus the arsenate concen-
tration indicated on the abscissa. 15 separate tubules were
examined.

Oxygen consumption was monitored polarographically with a
Clark oxygen electrode (Yellow Springs Instrument Co.,
Yellow Springs, Ohio). The oxygen tension in the suspension
was recorded as a fuinction of time and the slope reflected
the oxygen consumption rate. Data are reported as the per-
cent change in the oxygen consumption rate (the slope during
the experimental period/the slope during control conditions
x 100)±SE for a given number of suspensions.

Fluorometric measurements were performed on the tubule
suspension as described (15). Briefly, the incident light on
the chamber was obtained from a sharply filtered (366 nm
peak) mercury arc lamp. Light was collected form the op-
posite side of the chamber by an objective lens focused near
the center of the suspension. The collected light was focused
on a beam splitter where 95% of the light was transmitted
through a 450-nm filter to a photomultiplier tube. This photo-
multiplier tube recorded the fluorescent emission from NADH.
The other 5%of the excitation and emitted light was directed
through a 366-nm filter to a photomultiplier tube which re-
corded only the transmitted excitation light. This excitation
light was subtracted electronically from the fluorescence sig-
nal to compensate for movement artifacts, for changes in the
intensity of the arc lamp, and for scattering of light within
the preparation (16). All results are expressed as the difference
between the 450- and the 366-nm signals. An increase in 450
nm fluorescence indicates a net reduction of mitochondrial
NAD(i.e., an increase in the reduced to oxidized NADratio).2

2 Although NADHoccurs in the cytoplasm as well as mito-
chondria, studies of skeletal muscle (17), cardiac muscle (18),
and brain (19) indicate that >90% of the 450 nm fluorescence
is attributable to bound mitochondrial rather than cytoplasmic
NADH. Our own unpublished observations indicate that a
similar situation exists for isolated proximal renal tubules.

A decrease in 450 nm fluoreseence indicates a net oxidation
of NAD (i.e., a decrease in the reduced to oxidized NAD
ratio). The data were quantified by comparing the changes
in emission of 450 nim light that occurred with each experi-
mental conidition to the intensity of emission that occurred
during control conditions. This comparison is expressed as
the percent change in fluorescence. All tubule suspensions
were followved until anoxic conditions were achieved. The
0-100% range of the fluorescence signal was defined as the
difference betwveen the control and the anoxic state. The data
are reported as the mean percent change in fluorescence±SE
for a givenl number of suspensions. Protein content of each
suspension was determined by the method of Lowry et al. (20).

As noted above, dextran replaced albumin or serum pro-
teins in somne studies because albumin interfered with fluor-
ometry. Preliminary studies established that dialyzed dextran
(3 g/dl in the bath) was isoncotic to rabbit serum and had
no effects on the transport of phosphate or glucose. That is,
six proximal convoluited tubules were perfused with the stand-
ard artificial perfusate (see above), bathed initially with rabbit
serumii, and subsequently with an isomotic fluid that contained
3 g/dl dialyzed dextran. Fluid absorption rates averaged 1.34
±0.20 nl/mm min with rabbit serum and 1.34+0.16 nl/mm
min with dextran solution. Lumen-to-bath phosphate transport
averaged 6.35±1.88 and 6.32+2.00 pmol/mm-min, and glu-
cose transport averaged 69.3+4.3 and 70.8±5.1 pmol/mm min
during rabbit serum or dextran solution, respectively. These
values wvere constant for at least 90 min after the change of
fluid. Thus, dialyzed dextran at 3 g/dl in the bath supported
volume, phosphate, and glucose transport to the same extent
as serum proteins or albumilin (10).

RESULTS

Transport studies. Fig. 1 is a dose-response curve
for the effects of intraluminal arsenate on fluid and
phosphate absorption in isolated proximal convoluted
tubules. 15 tubules were perfused initially with an ul-
trafiltrate of the rabbit serum used as the bath. Under
these conditions, fluid absorption rates averaged 1.08
±0.10 nl/mm min and lumen-to-bath phosphate trans-
port averaged 8.60± 1.63 pmol/mm -min. Perfusion rates
averaged 12.06+0.81 nl/min and the phosphate concen-
tration in the perfusate was 1.66±0.09 mM. The addi-
tion of arsenate to the perfusate to final concentrations
of 10 ,iM-5 mMresulted in proportional reductions
in both phosphate and fluid absorption rates. Arsenate
in the perfusate had no effect on phosphate transport
from bath to lumen which averaged 0.69+0.07 pmol/
mmmin for four tubules. If added to the bath only,
arsenate to concentrations of 5 mMhad no effect on
either fluid or phosphate absorption.

Wealso examined the effects of arsenate on glucose
and PAH transport. For these studies, the phosphate
concentration in the perfusion fluid averaged 1.67+0.08
mM. As shown in Table I, 1 mMarsenate in the per-
fusate had no effect on PAH secretion which averaged
319.9+67.0 fmol/mm -min for four proximal convoluted
tubules. On the other hand, 1 mMarsenate in the per-
fusate reduced the lumen-to-bath flux of glucose from
66.1±6.0 to 56.8+4.6 pmol/mm min (P < 0.05; Table
II). For these studies, the glucose concentration in the

Inhibition of Renal Transport and Metabolism by Arsenate 1213



TABLE I
Effect of Arsenate on PAHSecretion

V0 C0 J iPAH

Tubule Length X, C E C E C E

mm cpmlfmol nl/min cpn/100 nl fmnollmm mi

1 0.9 0.418 8.37 12.80 573.2 462.4 129.1 157.3
2 1.3 0.341 6.99 9.38 2449.6 1808.1 386.1 382.5
3 1.4 0.431 13.48 14.45 1942.2 2029.0 434.1 485.6
4 0.8 0.295 11.12 25.04 700.9 280.9 330.3 298.0

Mean 1.1 0.371 10.01 15.41 1416.5 1145.1 319.9 330.8
SE 0.1 0.032 1.43 3.38 462.5 450.4 67.0 69.4
P NS NS NS

Four proximal convoluted tubules were perfused first with the control solution (C) and then with
the same solution containing 1 mMsodium arsenate (E). The bath consisted of normal serum with
25 ,uM PAH. V0 is the collection rate. Xb is the specific activity of [3H]PAH in the bath and C0 is the
concentration of isotope in the collected fluid.

perfusate averaged 14.50+0.55 mMand glucose delivery
rates averaged 156±14 and 176±9 pmol/min during
control and experimental periods, respectively. These
values are consistent with maximal transport rates for
glucose (12, 13).

Fig. 2 shows the relationship between the effects
of intraluminal arsenate on phosphate transport from
lumen to bath, as well as the effects on fluid absorption
rates. Arsenate concentrations in the perfusate varied
from 10 ,uM to 10 mM. The data are plotted as fractional
reductions over control values for each tubule. The
equation for a linear regression is y = 0.85x + 0.01 (r
= 0.92) and is very similar to the equation y = 0.77x

+ 0.16 obtained previously for the fractional reductions
in Jlo4 and J,. that result from decreases in intraluminal
sodium concentration (10).

Similarly, Fig. 3 shows the relationship between the
fractional reduction in glucose transport from lumen to
bath and the fractional reduction in fluid absorption
rates. Arsenate concentrations in the perfusate varied
from 0.1 mMto 10 mM. The degree of inhibition of
glucose transport is less than that of phosphate (Fig. 2)
but is similar to that observed for these degrees of
reduction in fluid absorption that occur with reductions
in intraluminal sodium concentration (10). Accordingly,
the data in Figs. 2 and 3 show that arsenate inhibits

TABLE II
Effect of Arsenate on Glucose Transport from Lumen to Bath

Vj [Gli 1Gbo Jib

Tubule C E C E C E C E

til/uliot mM nM pmol/lmll -miil

1 8.10 12.64 13.87 13.65 8.62 9.81 52.3 56.4
2 9.11 12.04 15.37 15.50 1.70 8.02 83.9 60.0
3 12.91 10.37 15.21 15.13 8.23 8.08 85.6 75.7
4 9.68 10.95 15.29 15.30 11.47 12.91 58.6 45.6
5 13.04 13.95 15.25 15.13 9.86 11.79 56.6 45.1
6 11.59 13.17 11.99 11.87 2.39 4.35 59.5 58.0

Mean 10.74 12.19 14.50 14.43 7.04 9.16 66.1 56.8
SE 0.84 0.55 0.55 0.56 1.65 1.25 6.0 4.6
P NS NS <0.05 <0.05

Six proximal convoluted tubules (mean length 1.22+0.19 mm) were perfused first with a
control solution (C), then with the same solution containing 1 mMarsenate (E). Normal rabbit
serum was used as bath. V, is the perfusion rate. [G]i denotes the glucose concentration
in the perfusate and [G]o is the glucose concentration in the collected fluid as derived from
changes in [14Glglucose concentration.
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the transport of sodium, phosphate, and glucose. The
data cannot, however, distinguish between primary ef-
fects of arsenate on sodium transport with secondary
inhibition of phosphate and glucose absorption, or
primary effects of arsenate on phosphate transport with
secondary effects oin sodium and glucose absorption.

To separate these two major possibilities, we per-
formed a similar series of studies in which phosphate
absorption was eliminated by the removal of phosphate
from the perfusion fluid. Phosphate in the perfusate
was replaced by chloride but phosphate was present
(2.25±0.06 mM) in the rabbit serum used as the bath.
For nine tubules, Jv averaged 1.00±0.06 nl/mm min
for the initial periods during perfusion with phosphate-
containing (1.81±0.13 mM) fluids and was unchanged
at 0.99±0.11 nl/mm min after removal of phosphate.
The duration of exposure to phosphate-free perfusate
was about 50 min. For these studies, we added radio-
isotopic phosphate to the bath to measure the intra-
luminal accumulation of phosphate from the bath. Dur-
ing perfusion with the phosphate-free perfusate, the
concentration of phosphate at the collection end, as
estimated by a rearrangement of Eq. 2, averaged 0.04
±0.01 mM. We thus achieved a marked reduction in
intraluminal availability of phosphate that had no dis-
cernible effect on Jv.

Weused a similar procedure to evaluate the effects
of phosphate-free perfusate on glucose transport. For
these studies, the glucose concentration in the perfusate
was 12.66+0.20 mMand glucose delivery rates averaged
150.4±12.8 and 165.3±11.9 pmol/min during control
and experimental periods, respectively. For seven tu-
bules, Jlb , averaged 80.4±7.0 pmol/min -min during per-
fusion with control fluids and 77.7±7.3 pmol/mm min
during perfusion wvith phosphate-free perfusate. Although
intraluminal arsenate reduced fluid, phosphate, and
glucose absorption, the marked reduction in avail-
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FIGURE 2 Relative effects of intraluminal arsenate on phos-
phate transport and on fluid absorption rates. Each point repre-
sents a single tubule.
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FIGURE 3 Relatixe effects of' arsenate on glucose transport
and on fluid albsorption rates. Eaclch point represents a single
tubuile.

ability of intraluminal phosphate did not affect fluid
or glucose absorption. These data indicate that the
effects of arsenate on sodium and glucose transport
cannot be attributed primarily to arsenate-induced
reductions in phosphate absorption.

WVe wanted to see if the effects of arsenate on the
proximal convoluted tubule involved any interaction
with phosphate. Accordingly, ve examined the effects
of changes in phosphate conicentrationi on the inhibi-
torv effects of arsenate. Table III lists the effects of
1 mMarsenate in the perfusate on Jv and JIi,4 during
perfusion vith 1.80, 0.85, or 0.0 mMphosphate in the
perfusate. TwNo points are notable. First, arsenate re-
duced both Jv and J'R,,4 more markedly in the presence
of the lower concentration of phosphate. Second, arse-
nate reduced Jv even in the absence of phosphate.
Thus, the inhibitory effects of arsenate involve some
interaction with phosphate but intraluminal phosphate
is not required as would be expected if arsenate acted
by direct inhibition of the luminal uptake of phosphate.

Metabolic sttudies. The inhibition of sodiuim, phos-
phate, and glucose transport by arsenate raised the pos-
sibility that arsenate may be acting as an inhibitor of
cellular metabolism rather than as a specific inhibitor
of transport. To determine any direct metabolic effects,
we examined the effects of arsenate on oxygen con-
sumption rates and on the redox state of NADin sus-
pensions of cortical tubules.

Fig. 4 shows the effects of arsenate on the oxygen
consumption rate and on the change in 450 nm fluo-
rescence for a typical study. For this particular study,
arsenate was added to the bathing medium for a final
concentration of 10 mM. Because these tubules have
open lumens, arsenate presumably has direct access to
the luminal surface. As noted in Fig. 4, this concen-
tration of arsenate increased the oxygein consumption
rate slightly (27%) and also decreased NADHfluores-

Inhibition of Renal Transport and Metabolism by Arse:nate
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TABLE III
Interaction between Phosphate and Arsenate

[P041]) JV Jl.

[P041i C E C E C E C E

mAl! nISi. ni/mtlm nII/m in1)-mil p tnol ll-itmll

1.80±0.15 0.99±0.26 1.51+0.14 13.03±0.42 13.44±1.67 1.24+0.17 0.66±0.19* 9.93+3.47 4.25±1.08*
0.85±0.06 0.58±0.12 0.78±0.09 10.48±1.97 10.38±1.97 1.11±0.37 0.24+0.09* 3.35+0.21 0.46+0.48*

0.0 0.04+0.00 0.09±0.01 14.84±+1.42 12.20±+1.37 1.11±0.13 0.22±0.13*

Four tubules were studied at each of the three concentrations. Values are the mean±SE for each group. [P04]1 and [P04]0
denote the phosphate concentrations in the perfusate and collected fluid, respectively. Vi is the perfusion rate. C denotes
control periods during perfusion with artificial perfusate. E denotes experimental periods with 1 mNMarsenate in the
perfLusate.
* Asterisk indicates statistically significant differences between control and experimental periods by the paired t test.

cence (15%). The simultaneous increase in oxygen con-
sumption and decrease in NADHfluorescence are con-
sistent with the uncoupling of oxygen consumption
from the phosphorylation of ADP to ATP (8, 21, 22)
and with the stimulation of cellular ATPase activity (22).

To distinguish these two possibilities, we repeated
the studies in the presence of 0.5 mMouabain to inhibit
sodium-potassium ATPase activity totally, and thereby
decrease the respiratory rate of the tissue. These condi-
tions would tend to magnify any uncoupling action
related to arsenate. Fig. 5 shows a representative study
from this series. The addition of ouabain decreased
the rate of oxygen consumption and increased NADH
fluorescence (22). The subsequent addition of arsenate
increased oxygen consumption and decreased NADH
fluorescence more dramatically than in Fig. 4. From
these data we favor the interpretation that arsenate acts
by uncoupling oxidative phosphorylation, rather than
by stimulating ATPase activity, although the participa-
tion of an ATPase not sensitive to ouabain cannot be
excluded.

Table IV lists the effects of different concentrations
of arsenate on oxygen consumption rates and on changes
in NADHfluorescence, as measured in four different
preparations of tubules in the absence or presence of
0.5 mMouabain. The preparations were exposed to each
concentration of arsenate. Arsenate at concentrations
>0.1 mMincreased oxygen consumption and decreased
NADHfluorescence progressively. As shown in Fig. 1,
Tables II and III, these are the same concentrations
of arsenate that inhibit proximal sodium, phosphate,
and glucose transport.

The preceding data indicate that the dominant ef-
fect of arsenate was to uncouple oxidative metabolism.
To test this further, we examined the effect of m-chlo-
rocarbonyl cyanide phenylhydrazone (CCCP), a known
uncoupler of oxidative metabolism (23). Because of ap-
parent binding of CCCPto serum proteins, these stud-
ies were performed using dextran solution as the bath-

ing medium. As shown in Table V, CCCPwas added
to the bath for a final concentration of 1 ,uM decreased
fluid and phosphate absorption to the same degree (64.0
±9.2 and 72.1±8.1%, respectively) but decreased glu-
cose transport significantly less (42.5+6.4%, P < 0.02).

In separate studies, 1 ,uM CCCPincreased oxygen
consumption rates by 51.2±2.3% in four suspensions
of cortical tubules. CCCPat 10 ,uM increased oxygen
consumption by 115.3±11.0%. Fluorometric measure-
ments were not possible because CCCPfluoresces.
Nonetheless, the striking increase in oxygen consump-
tion with the decrease in Jv indicate that CCCPacts
under these conditions as a mitochondrial uncoupler
similar to its action in other systeins (23). Moreover,
the pattern of inhibition of volume, phosphate, and
glucose transport caused by CCCPis similar to that
observed with arsenate.

DISCUSSION

The effects of arsenate on sodium, phosphate, and
glucose absorption, NADHfluorescence, and oxygen
consumption indicate that arsenate may act in the proxi-
mal tubule as an uncoupler of ATP production from
mitochondrial respiration. The simultaneous increase
in respiration and decrease in the level of mitochon-
drial NADLI associated with arsenate may be inter-
preted on the basis of known mitochondrial behavior.
Two types of conditions would elicit these responses
in isolated mitochondria; either a transition to a more
active state that would stimulate respiration and in-
crease the rate of ATP production, or an uncoupling
action that would stimulate respiration bust would in-
hibit ATP production (21, 22, 24). The first response
might have occurred if arsenate increased the rate of
ATP use but this seems unlikely because arsenate de-
creased net sodium transport, a major pathway for the
use of ATP (25, 26). Moreover, the studies with
ouabain (Table III) demonstrate that arsenate exerts
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its metabolic effects even during complete inhibition
of the sodium-potassium ATPase. Therefore, arsenate-
induced increases in ATPase activity seem unlikely.
Although we cannot exclude the possibility of activa-
tion of an ouabain-insensitive ATPase, the present data
are most consistent with the interpretation that arsenate
uncouples mitochondrial oxidative phosphorylation in
intact proximal convoluted renal tubules as it does in
the rat liver (8).

In addition to its action as an uncoupler of oxidative
phosphorylation, arsenate competes with phosphate for
binding sites on glycolytic enzymes (7) and may be
converted to arsenite (27), a potent sulfhydryl group
inhibitor that affects enzymes such as alpha-ketogluta-
rate and pyruvate dehydrogenases (28, 29). If the me-

tabolic effects of arsenate resulted from either of these
two mechanisms, oxygen consumption would be ex-
pected to decrease because of fewer substrates avail-
able for the tricarboxylic acid cycle. Indeed, Crane and
Lipmann (8) observed that arsenite decreased oxygen
consumption by isolated mitochondria. In the present
studies, the observed increase in oxygen consumption
is not compatible with these mechanisms and suggests
that these types of inhibition, if they do occur, are
quantitatively unimportant. That is, arsenate's domi-
nant mechanism appears to be inhibition of mito-
chondrial oxidative phosphorylation. In this regard, it
should be noted that in the absence of ouabain, arse-
nate even at concentrations of 10 mMincreased oxygen
consumption by only 27%. This may be considered as
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a weak uncoupling action relative to the 115% increase
in respiration observed under similar conditions in re-

sponse to 10 ,u M CCCP.
Studies of membrane vesicles from the proximal tu-

bule of the rat demonstrate that arsenate inhibits the
sodium-driven uptake of phosphate (6). We, therefore,
considered that arsenate may inhibit transport and oxi-
dative metabolism by blocking the luminal uptake of
phosphate. For membrane vesicles, however, the Km
for phosphate transport is 0.08 mMand the inhibitory
constant for arsenate (K1) is 1.1 mM. If one assumes

that these constants apply to the rabbit proximal tubule
in vitro, an arsenate concentration of about 25 mM
would be required to inhibit phosphate transport by
50% at an ambient phosphate concentration of 1.8 mM.
As shown in Fig. 1, 50% inhibition of Jjo4 occurred in the
present studies at an arsenate concentration of about
1 mM. Moreover, the elimination of phosphate from the
perfusate had no discernible effect on fluid or glucose
absorption, and arsenate inhibited Jv even in the ab-
sence of phosphate in the perfusate. Thus, inhibition
of the luminal entry of phosphate cannot account for
the profound inhibitory effects of arsenate.

Although there were some necessary differences in
the conditions that prevailed during the transport and
the metabolic studies, none seems so major as to pre-

clude a general comparison of the concentration de-
pendencies of the transport and metabolic effects of
arsenate. Thus, we note from Fig. 1 and from Table IV
that the effects of arsenate on fluid absorption and
oxidative metabolism had their onset at similar con-

centrations of about 0.1 mMand that further changes
occurred as the arsenate concentration was increased to
1 mM. These data suggest that a very tight relationship
exists between net sodium transport and energy avail-
ability in the isolated proximal tubule. That is, although
previous studies have demonstrated profound reduc-
tions in proximal fluid absorption in response to potent
uncouplers of oxidative phosphorylation (30, 31) and to
metabolic inhibitors such as cyanide (31, 32), the
present studies demonstrate graded reductions in
transport in response to increasing concentrations of a

weak uncoupler. To a first approximation, the graded
reductions in fluid absorption (and phosphate absorp-
tion) correspond with the graded reductions in oxida-
tive metabolism (Table IV). These partial, as opposed
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TABLE IV

Effects of Arsenate on Oxygen Consumption and NADH
Fluorescence in Nonperfused Isolated Tubules

Oxygen conisumption NADHfluorescence
(percent change) (percent change)

Arse- 0.5 mM 0.5 mM
nate No otiabain ouabain No ouahain ouabain

mAl

0.1 0 +10.4±2.5 0 -5.4±1.1
0.5 +13.3±2.7 +33.4±2.2 -7.0±1.2 - 18.4±2.0
1.0 +20.5+2.9 +53.6±3.8 -10.8±1.5 -26.4±2.4
1.5 +26.9±3.6 +72.1±5.0 - 14.1+2.1 -35.0+2.9

Data are mean+SE for four suspensions. Oxygen consump-
tion averaged 32.0+4.3 nmol 02/mg protein min in the
absence of ouabain and 10.5±1.3 nmol 02/mg protein min
in the presence of ouabain.

to complete, reductions provide opportunities to
examine the relationship between oxidative metabolism
and transport rates for specific solutes.

If one accepts the conclusion from these studies and
others (8) that arsenate inhibits cellular metabolism and
thus net sodium transport, it is perhaps not surprising
that arsenate also reduces the absorption of phosphate
and glucose. There is now abundant evidence that the
transport of these two solutes is linked closely to sodium
transport. The elimination of net sodium transport by
ouabain eliminates the net transport of phosphate (33)
and glucose (12). The partial replacement of intralumi-
nal sodium with choline causes proportional reductions

in phosphate, glucose, and net sodium fluxes (10, 34,
35). Moreover, specific symports for sodium and phos-
phate (6), and for sodium and glucose (36-38) have
been described for the brush border of the proximal
renal tubule. Thus, there seems to be little question
that cotransport of sodium and phosphate, and sodium
and glucose occur at some point, probably the brush
border, in the series of events that results ultimately
in the absorption of these solutes.

The present data emphasize, however, that despite
their commondependency on sodium transport, glucose
transport and phosphate transport are inhibited to dif-
ferent degrees by various conditions that partially in-
hibit net sodium transport. Whether caused by arsenate
or CCCPas in the present studies (Figs. 1-3; Table V),
or by substitution of choline for intraluminal sodium
as in our previous studies (10), inhibition of net sodium
transport affects the transport of phosphate more pro-
foundly than the transport of glucose. The presence of
this differential in the pattern of inhibition seems firm
and various mechanisms may be considered.

First, inhibition of cellular metabolism by arsenate
or CCCPmay increase the intracellular concentration
of inorganic phosphate by impaired ATP production.
An increase in the intracellular concentration of in-
organic phosphate would reduce the entry gradient for
phosphate without necessarily affecting the gradient
for glucose. In this regard, Wilson et al. (39) inhibited
the metabolism of renal cells in culture and demon-
strated an increase in intracellular phosphate concen-
tration. It seems likely therefore that this mechanism
could apply in the present studies. Its role is less cer-
tain, however, in our previous studies in which inhibi-

TABLE V
Effect of CCCPon Absorption of Fluid, Phosphate, atnd Glucose

Vj~~~~~~~~~las (I()J

Ttubule c E C E C E C E

ni1/m int nil//" n mn pin ol/in in ill ii i)iolII/iiI in inm

1 17.55 19.16 1.45 0.54 1.83 0.65 70.4 51.7
2 17.29 18.48 1.63 0.75 4.89 1.36 78.8 48.9
3 18.84 22.26 1.74 1.00 4.68 2.78
4 17.74 6.28 1.27 0.73 9.97 2.90 -
5 15.09 15.82 0.59 0.04 4.35 0.01 74.9 33.8
6 16.48 16.70 0.65 0.07 16.28 2.51 94.5 46.6

Mean 17.17 18.12 1.22 0.52 7.00 1.70 79.6 45.2
SE 0.52 0.98 0.20 0.18 2.15 0.50 5.2 3.9
P NS <0.001 <0.05 <0.02

Six proximal convoluted tubules were perfused initially with the standard solution
(C) containing 1.81±0.05 mMphosphate and extra D-glucose (9.82±0.21 mM). The
tubules were bathed with the same solution plus 3 g/dl dextran. During the experi-
mental period (E), 1 xM CCCPwas present in the bath. The mean perfused length
was 1.57± 0.22 mm. Except in tubules 3 and 4, fluid, phosphate, and glucose transport
were measured simultaneously using three isotopes.
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tion occurred via replacement of intraluminal sodium
with choline (10).

Second, although these methods of inhibition may
reduce the electrochemical gradient for sodium that
apparently mediates the cellular accumulation of phos-
phate and glucose, these two solutes may be coupled
differently to this gradient. The result is that phosphate
transport may be more sensitive to a partial reduction
than glucose transport. For example, a greater portion
of phosphate entry may depend on the chemical gradi-
ent for sodium, whereas a greater portion of glucose
entry may depend on the transmembrane electrical po-
tential. In this regard, Beck and Sacktor (37, 38) dem-
onstrated that electrical potentials are sufficient to cause
glucose uptake across membrane vesicles from the rab-
bit proximal tubule even in the absence of a chemical
gradient for sodium. On the other hand, Hoffman et al.
(6), and Barrett et al. (40) demonstrated that phosphate
uptake into membrane vesicles is affected only slightly
by electrial potential, and that much of the phosphate
entry may occur via neutral complexes. Our own stud-
ies (10) show that the presumed depolarization of the
proximal luminal membrane by the initiation of glucose
transport also inhibits phosphate transport only slightly.
Accordingly, if partial inhibition of cellular metabolism
via arsenate or CCCP, or replacement of intraluminal
sodium with choline reduces the chemical gradient for
sodium more than the electrical potential, phosphate
entry might be reduced more readily than glucose en-
try. Alternatively, a component of glucose entry may
occur independently of sodium transport, although this
seems unlikely in view of the observations that ouabain
(12) or removal of sodium (35) eliminates glucose
absorption.

There may be other explanations for the differential
inhibition of phosphate and glucose transport that oc-
curs with the partial inhibition of net sodium trans-
port. Indeed, the various possibilities are not mutually
exclusive and may combine. Further clarifications will
require measurements of changes in intracellular elec-
trical potentials and ionic concentrations.

The partial inhibition of metabolism achieved in
these studies with arsenate did not cause any alteration
in the rate of PAH secretion. In view of the present
uncertainty regarding the existence of PAH coupling
to sodium transport (41, 42), these results indicate only
that PAH secretion is not critically dependent on a
completely intact oxidative phosphorylation system.

Finally, we should comment further on the experi-
ments in which phosphate was removed from the per-
fusate. These results demonstrated that elimination of
phosphate transport by itself had no discernible effect
on fluid absorption. This was expected because phos-
phate efflux from the lumen at 8 pmol/mm min can
account for, potentially, only about 5% of net sodium
transport that averages about 150 pmol/mm min (43).

In summary, partial as opposed to complete inhibi-
tion of net sodium transport by the proximal convo-
luted tubule reveals that phosphate transport is reduced
much more profoundly than glucose or PAHtransport.
Thus, although the transport of these solutes may be
sodium dependent, variability exists in the linkage of
specific solute transport processes to net sodivum
transport.

ACKNOWLEDGMENTS
The authors acknowledge the excellent technical assistance
of LaRue D. Poe and the secretarial suipport of Brenda P.
Howell.

These investigations were supported by U. S. Public Health
Service grants AM26201 and AM26815.

REFERENCES

1. Ginsburg, J. NI., and W. D. Lotspeicl. 1963. Interrelattionis
of arsenate and phosphate transport in dog kidney. An. j.
Phyysiol. 205: 707-714.

2. Levinson, C. 1972. Phosphate transport in Ehrlich ascites
tumor cells ancl the effect of arseniate. J. Cell Phytsiol.
79: 73-78.

3. Rothstein, A. 1963. Interactions of arsenate with the phos-
phate transporting system of yeast. J. Getn. Physiol. 46:
1075- 1085.

4. Harold, F. M., and E. Spitz. 1975. Accumulation of arse-
nate, phosphate and aspartate by Streptococcus faecalis.

J. Bacteriol. 122: 266-277.
5. Blutm, J. J. 1966. Phosphate uptake by phosphate-starved

Euglena.J. Gen. Physiol. 49: 11.25-1137.
6. Hoffmann, N., M. Thees, and R. Kinne. 1976. Phosphate

transport by isolated renal brush border vesicles. Pfltuegers
Arch. Eur. J. Physiol. 362: 147- 156.

7. Needham, D. M., and R. K. Pillai. 1937. The coupling of
oxidoreductions and dismutations with esterification of
phosphate in muscle. Bioche in. J. 31: 1837- 1851.

8. Crane, R. K., and F. Lipmann. 1953. The effect of arseniate
on aerobic phosphorylation.j. Biol. Chlem. 201: 235-244.

9. Burg, M., C. Patlak, N. Green, and D. Villev. 1976. Organiic
solutes in fluid absorption by renal proximal convoluted
tubules. Am. J. Physiol. 231: 627-637.

10. Dennis, V. W., and P. C. Brazy. 1978. Sodium, phosphate,
glucose, bicarbonate and alaninie interactions in the iso-
lated proximal conivoluted tubule of the rabbit kidney.

J. ClitG. Itnvest. 62: 387-397.
11. Chen, R. F. 1967. Removal of flatty acids from serulm al-

bumin by charcoal treatment.J. Biol. Chem. 242: 173-181.
12. Brazy, P. C., and V. W. Dennis. 1978. Characteristics

of gluicose-phlorizin interactions in isolated proximal ttu-
bules. Am. J. Physiol. 234: F279-F286.

13. Ttune, B. NI., and M. Burg. 1971. Gltucose transport by
proximal renal ttubtules. Am.]. Physiol. 221: 580-585.

14. Schafer, J. A., S. L. Troutman, and T. E. Andreoli. 1974.
Volume reabsorption, transepithelial potential differences,
and ionic permeability properties in mammalian stuper-
ficial proximal straight tubules.J. Geo. Physiol. 64: 582-
607.

15. Balaban, R. S., S. P. Soltoff, J. M. Storey, and L. J. Mandel.
1980. Improved renal cortical tubule suspension. Spectro-
photometric sttudy of oxygen delivery. Am.J. Physiol. 238:
F50- F59.

16. Jobsis, F., M. O'Connor, A. Vitale, and H. Vreman. 1971.
Intracellular redox changes in funl-ctioninig cerebral cortex.

1220 P. C. Brazy, R. S. Balaban, S. R. Gullans, L. J. Mandel, and V. It'. Denntis



I. Metabolic effects of epileptic form activity. J. Neuro-
physiol. (Bethesda). 34: 735-749.

17. Jobsis, F. F., and J. C. Duffield. 1967. Oxidative and gly co-
lytic recovery metabolism in muscle. Fluorometric ob-
servations on their relative contributions.J. Gen. Physiol.
50: 1009-1047.

18. Chapman, J. B. 1972. Fluorometric studies of oxidative
metabolism in isolated papillary musele.j. Gen. Physiol.
59: 135-154.

19. O'Connor, M. J. 1977. Origin of labile NADHtissue fluo-
rescence. In Oxygen and Physiological Funcetioni. F. F.
Jobsis, editor. Professional Information Library, Dallas.
90-99.

20. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement wvith Folin phenol
reagenit.J. Biol. Chlewii. 193: 265-275.

21. Ernster, L., C. Lee, and S. Janda. 1966. The reaction
se(luence in oxidative phosphorylation. In Biochemistry
ofM itochondria. E. Slater, A. Kaniuge, and L. Wojtezok,
editors. Academic Press Inc., London. 29-51.

22. Balaban, R. S., L. J. NMandel, S. P. Soltoff, and J. M. Storey.
1980. Couplinig of'active ion transport and aerobic respira-
tory rate in isolated renial tubules. Proc. Natl. Acad. Sci.
U. S. A. 77: 447-451.

23. Goldsby, R. A., and P. G. Heytler. 1963. Uncoupling of
oxidative phosphorylation by carbonyl cyanide phenyl-
hydrasone. II. Effects of CCCPon mitochondrial respira-
tion. Biochle mistry. 2: 1142-1147.

24. Chance, B., and G. R. Williams. 1956. The respiratory
chain and oxidative phosphorylation. Ads. En.zymol. Re-
lat. Areas Mol. Biol. 17: 65- 137.

25. Knox, F. G., J. S. Fleming, and D. W. Rennie. 1966. Effect
of osmllotic diuresis on sodium reabsorption and oxygen
consumption of kidney. Am. J. Physiol. 210: 751-759.

26. Sachs, G. 1977. Ion pumps in the renal tubule. Am. J.
Physiol. 233: F359-F365.

27. Ginsburg, J. M. 1965. Renal mechanism for excretion and
transformation of arsenic in the dog. Am. J. Physiol. 208:
832-840.

28. WVebb, J. L. 1966. Arsenicals. In Enzyme and Metabolic
Inhibitors. Academic Press, Inc., New York. 3: 595-793.

29. Simpson, D. P., and J. Hecker. 1979. Effects of arsenite
on renal tissue slice metabolism in chronic metabolic
acidosis and alkalosis. Am. J. Physiol. 237: F93-F104.

30. Hernandez, J., K. Capek, J. Heller, and A. Novakova. 1969.
The effect of uncouplers of oxidative phosphorylation on
sodium transport in the proximal renal tubule of the rat.
ExPerientia (Basel). 25: 125.

31. Gyory, A. Z., and R. Kinne. 1971. Energy source for trans-
epithelial sodium transport in rat renal proximal tubules.
Pfluegers Arch. Eur. J. Physiol. 327: 234-260.

32. WN'indhager, E., and G. Giebisch. 1961. Comparisoni of
short-circuited current and net wvater movemiient in single
perfused proximal tubules of rat kidneys. Natture (Lond.).
191: 1205-1207.

33. Dennis, V. WV., P. B. XVoodhall, and R. R. Robinson. 1975.
Characteristics of phosphate transport in isolated proxi-
mal tubule. Am. J. Phlysiol. 231: 979-985.

34. Baumann, K., C. deRouffignac, N. Roinel, G. Rumrich,
and K. J. Ullrich. 1975. Renal phosphate transport: in-
homogeneity of local proximal transport rates and sodium
dependence. Pfluegers Arch. Etur.J. Phzysiol. 356: 287-297.

35. Ullrich, K. J., G. Rumrich, and S. Kloss. 1974. Specificity
and sodium dependence of the active sugar transport in
the proximial convolution of the rat kidney. Pfltuegeers Arch.
Euir. J. Ply.siol. 351: 35-48.

36. Kinne, R., H. Murer, E. KinneSaffran, M. Thees, and G.
Sachs. 1975. Sugar transport by renal plasma membrane
vesicles. Characterization of the svstems in the brush-
border microvilli and basal-lateral plasmiia membranes.
J. M11emnbr. Biol. 21: 375-395.

37. Beck, J. C., and B. Sacktor. 1978. The sodiuim electro-
chemical potential-mediated uphill transport of D-glucose
in renal brush border membrane vesicles.J. Biol. Chiewii.
253: 5531-5535.

38. Beck, J. C., and B. Sacktor. 1978. Membrane potential-
sensitive fluorescence changes during Na-dependent D-
glucose transport in renal brush border membrane vesicles.

J. Biol. Chewl. 253: 7158-7162.
39. Wilson, D. F., M. Erecinska, C. Drown, and I. A. Silver.

1977. Effect of oxygen tension on cellular energetics. Am.
J. Physiol. 233: C135-C140.

40. Barrett, P. Q., P. S. Aronson, and H. Rasmussen. 1979.
Glucose inhibition of phosphate transport in isolated rab-
bit renal cortical microvillus membrane vesicles. Kidney
ItJt. 16: 805.

41. Podevin, R. A., E. F. Boumendil-Podevin, and C. Priol.
1978. Concentrative PAHtransportby rabbitkidney slices
in the absence of metabolic energy. Am. J. Physiol. 235:
F278- F285.

42. Berner, W., and R. Kinne. 1976. Transport of p-amino-
hippturic acid by plasma membrane vesicles isolated from
rat kidney cortex. Pfluegers Archt. Eur. J. Physiol. 361:
269-277.

43. Kokko, J. P., M. B. Burg, and J. Orloff. 1970. Charac-
teristics of NaCl and water transport in the renal proximal
tubule.J. Clin. Invest. 50: 69-76.

Inhibition of Renal Transport and Metabolism by Arsenate 1221


