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Urinary sodium excretion in acidotic rats

Effect of metabolic acidosis on renal
tubular sodium handling in rats as
determined by lithium clearance
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Abstract

Systemic metabolic acidosis is known to cause a decrease in salt and
water reabsorption by the kidney. We have used renal lithium clear-
ance to investigate the effect of chronic, NH4Cl-induced metabolic
acidosis on the renal handling of Na+ in male Wistar-Hannover rats
(200-250 g). Chronic acidosis (pH 7.16 ± 0.13) caused a sustained
increase in renal fractional Na+ excretion (267.9 ± 36.4%), accompa-
nied by an increase in fractional proximal (113.3 ± 3.6%) and post-
proximal (179.7 ± 20.2%) Na+ and urinary K+ (163.4 ± 5.6%) excre-
tion when compared to control and pair-fed rats. These differences
occurred in spite of an unchanged creatinine clearance and Na+ filtered
load. A lower final body weight was observed in the acidotic (232 ±
4.6 g) and pair-fed (225 ± 3.6 g) rats compared to the controls (258 ±
3.7 g). In contrast, there was a significant increase in the kidney
weights of acidotic rats (1.73 ± 0.05 g) compared to the other experi-
mental groups (control, 1.46 ± 0.05 g; pair-fed, 1.4 ± 0.05 g). We
suggest that altered renal Na+ and K+ handling in acidotic rats may
result from a reciprocal relationship between the level of metabolism
in renal tubules and ion transport.
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There is a surprising lack of experimental
data on the mechanisms of metabolic acido-
sis-induced disturbances in sodium handling
by renal tubules. A few studies have indi-
cated that systemic metabolic acidosis can
decrease the reabsorption of salt and water
by the kidney (1,2). In particular, ammonium
chloride-induced chronic metabolic acidosis
has been shown to decrease water-salt reab-
sorption in dog kidney (3,4). Using a free
water clearance (C) technique (5) as an index
of proximal tubular function, the effect of

ammonium chloride acidosis on renal ion
balance appeared to be localized in the proxi-
mal tubule segments of the dog kidney. Sus-
tained metabolic acidosis in man and other
animals results in a progressive increase in
the capacity to excrete ammonia in the urine
(1,4,6). This process may continue until prac-
tically the entire load of acid is excreted as
ammonium salt. Nephron hypertrophy, which
is characterized by an increase in cell protein
content and cell size, is predominantly ac-
counted for by an elevated renal tubule mass
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(7). This hypertrophy occurs in several dis-
orders, such as diabetic nephropathy, the
remnant kidney, and renal insufficiency.
Chronic metabolic acidosis caused by feed-
ing NH4Cl may also lead to nephron hyper-
trophy in the rat (7). Renal lithium clearance
(CLi+) has been used as a noninvasive method
to estimate the output of sodium and fluid by
the proximal renal tubules and allows the
study of various factors which influence so-
dium handling in different tubule segments
(8,9). The present study used lithium clear-
ance to investigate the effects of chronic,
NH4Cl-induced metabolic acidosis on the
renal handling of sodium.

The experiments were performed in male
Wistar-Hannover rats (200-250 g) allowed
free access to water and normal rat chow.
The general guidelines established by the
Declaration of Helsinki (1964) for labora-
tory animals were followed throughout the
study. Metabolic acidosis was produced by
substituting 0.25 M NH4Cl for the drinking
water. All animals drank ad libitum and the
volumes ingested were recorded. Only those
rats which drank nearly equivalent amounts
of water or NH4Cl were used. NH4Cl-treated
rats were maintained on their respective regi-
mens for 10 days. To correct for the hypo-
phagia induced by NH4Cl metabolic acido-
sis, renal function was also examined in
animals (pair-fed) maintained on a level of
food intake similar to that observed in the
acidotic rats. Fourteen hours before the renal
function evaluation, 60 µmol LiCl/100 g
body weight was given by gavage. The rats
were subsequently housed individually in
metabolic cages with free access to tap water
but no food.

The experiments were performed in par-
allel for each group of control, pair-fed and
acidotic rats. At 8:00 a.m., each animal re-
ceived a tap water load by gavage (5% of
body weight), followed by a second load of
the same volume 1 h later. Twenty minutes
after the second load, the collection of spon-
taneously voided urine was initiated and con-

tinued over a 2-h period. The voided urine
passed through a funnel at the bottom of the
cage into a graduated centrifuge tube. At the
end of the experiment, blood samples were
drawn by cardiac puncture and the kidneys
were immediately removed, decapsulated and
weighed. Plasma and urine sodium, potas-
sium and lithium concentrations were meas-
ured by flame photometry, and creatinine
concentration was determined spectropho-
tometrically by the alkaline picrate method
(10). The results are reported as the mean ±
SEM per 100 g body weight.

Renal clearance was calculated by a stan-
dard formula (C = UV/P) using the plasma
creatinine and lithium levels for each period.
Creatinine clearance was used to estimate
the glomerular filtration rate (GFR) and CLi+

was used to assess proximal tubule output.
Fractional sodium (FENa+) and potassium
(FEK+) excretions were calculated as CNa+/
CCr and CK+/CCr, respectively, where CNa+

and CK+ are ion clearances and CCr is crea-
tinine clearance. The fractional proximal
(PFENa+) and post-proximal (PPFENa+) so-
dium excretions were calculated as CLi+/
CCr x 100 and CNa+/CLi+ x 100, respec-
tively. Changes in fractional excretion were
estimated using the control and pair-fed val-
ues. Statistical analysis of the data was per-
formed using one-way analysis of variance
for repeated measures. When the results were
significant, Bonferroni’s contrast test was
used to determine the extent of the differ-
ences. P<0.05 was considered to indicate
significance.

Metabolic acidosis was confirmed by a
blood pH of 7.16 ± 0.13. All rats survived
the acidosis and were clinically healthy up to
the tenth day of the study. As shown in Table
1, a lower weight gain was observed in the
NH4Cl and pair-fed rats after ten days. There
was a significant increase in kidney weight
but not in oral liquid intake in acidotic ani-
mals compared to the other experimental
groups. Similarly, the serum potassium lev-
els were significantly higher in the acidotic
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compared to the pair-fed and control rats
(Table 1). The renal function results for the
three groups of rats ten days after the induc-
tion of metabolic acidosis by NH4Cl are
shown in Figure 1. Metabolic acidosis caused
a sustained increase in renal fractional so-
dium excretion and potassium excretion
which was accompanied by a rise in the
fractional proximal and post-proximal so-
dium and urinary potassium excretions com-
pared to the control and pair-fed rats (Figure
1). These differences occurred despite an
unchanged creatinine clearance and sodium
filtered load.

These findings are in agreement with
previous studies (2,3,5) that demonstrated a
decreased sodium transport in the presence
of a reduced pH. Absolute and fractional
sodium excretion was increased in acidotic
animals although the filtered sodium load
was similar to that of pair-fed rats. Sartorius
et al. (11) reported the occurrence of natri-
uresis in the early phases of NH4Cl-induced
acidosis in humans. In rats and dogs under-
going metabolic acidosis there is a decrease
in the renal tubular reabsorption of salt and
water (2-4). Micropuncture studies have lo-
calized the site of this depressed sodium
reabsorption to the proximal tubule (5,6). A
reduction in the proximal tubular reabsorp-
tion of salt and fluid in rats has been corre-
lated with a reduced bicarbonate concentra-
tion in the peritubular capillaries (12). This
observation may explain our lithium clear-

ance data for rats undergoing metabolic aci-
dosis. Our results show a proximal sodium
rejection followed by an enhanced distal
fractional sodium excretion in the absence
of any change in creatinine clearance.

In vivo, the nephron mechanism and the
site of the renal sodium handling abnormali-
ties have not been identified. The present
data show a proximal sodium rejection fol-
lowed by an enhanced distal fractional so-
dium excretion in the absence of any change
in creatinine clearance. The metabolic aci-
dosis induced by NH4Cl resulted in an abso-
lute increase in kidney weight. These data
are consistent with in vitro studies of proxi-
mal tubule cells (13) which showed that
cellular hypertrophy was accompanied by a
marked decline in protein degradation but
not in cell protein synthesis after the admin-
istration of NH4Cl. Acidification in vitro has
failed to produce cellular hypertrophy when
not caused by ammonium chloride (14,15),
suggesting that the hypertrophy results from
the increased production of ammonia rather
than from the acidosis per se (16). An in-
creased rate of ammoniagenesis per nephron
characterizes the hypertrophy of renal abla-
tion, protein loading, potassium depletion,
and ammonium chloride loading. Since in-
ternal pH is perturbed only minimally, in-
creased cellular ammonia availability may
act as a stimulus to hypertrophy and may
also increase the activity of the Na+-H+ ex-
changer by acting as a substrate for the trans-

Table 1 – Effect of NH4Cl-induced metabolic acidosis on body and renal weight and serum sodium, potassium
and lithium levels compared to control (Co) and pair-fed (PF) rats.

Data are reported as the mean ± SEM for 10 rats per group. a,bP<0.01 compared to Co and PF, respectively
(ANOVA).

Groups Body weight Renal weight Liquid intake Na+ K+ Li+

(g) (g) (ml) (mM) (mM) (µM)

Co 258 ± 3.7 1.46 ± 0.05 34.9 ± 0.9 143 ± 0.9 3.7 ± 0.1 100 ± 5.0

PF 225 ± 3.6 1.40 ± 0.05 34.8 ± 0.5 142 ± 1.2 3.5 ± 0.1 113 ± 6.0

NH4 232 ± 4.3a 1.73 ± 0.05b 35.7 ± 0.7 143 ± 0.4 4.4 ± 0.1a,b 109 ± 8.0
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porter on its cytoplasmic side. However, a
causal relationship remains to be established.
Studies have demonstrated that thyroid hor-
mone stimulates this antiporter without caus-
ing hypertrophy, indicating that activation of
Na+-H+ exchange activity does not, per se,
initiate the growth response (17). Previous
studies have shown that alterations in the
acid-base balance modify renal gluconeo-
genesis. Metabolic acidosis stimulates glu-
coneogenesis in a variety of preparations by
increasing the level of phosphoenolpyruvate
carboxykinase mRNA and hence enzyme
activity (18,19). There is considerable evi-
dence that gluconeogenesis and the reab-
sorption of Na+ are reciprocally related. Thus,
American opossum kidney (OK) cells re-
spond to acidosis with increased glutamine
metabolism and ammonium formation (20).
In these cells, acidosis decreases the activity
of the Na+-H+ exchanger, thereby increasing
intracellular H+ (21). Studies using isolated
proximal tubules have shown that enhanced
glutamine metabolism and ammonia pro-
duction are linked to increased gluconeo-
genesis (22). On the other hand, maneuvers
that inhibit Na+-K+-ATPase, and hence so-
dium tubule transport by the kidney, stimu-
late gluconeogenesis (23,24). Since meta-
bolic acidosis results in a lower filtered load
of bicarbonate and consequently in less bi-
carbonate being reabsorbed, and since de-
creased Na+-H+ antiporter activity is associ-
ated with stimulated gluconeogenesis, the
overall effect should be dissipation of the
Na+ electrochemical gradient leading to a
decreased reabsorption of Na+ as observed
in the present study. The present findings
suggest that in energy-requiring processes,
renal growth, sodium transport and possibly
gluconeogenesis may compete for the avail-
able energy in nephron tubules and could
explain the striking natriuresis observed in
our rats. In contrast to previous studies (4,25),
fractional potassium excretion increased dur-
ing acidosis. Many factors including blood
pH, luminal membrane potential, sodium

Figure 1 - Effect of metabolic
acidosis on renal creatinine clear-
ance (CCr) (A), fractional sodium
(FENa+) and potassium (FEK+)
excretion (B), and fractional
proximal (PFENa+) and post-
proximal (PPFENa+) tubule so-
dium excretion (C) in NH4Cl-fed
rats compared to control (Co)
and pair-fed (PF) rats. Data are
reported as percent of the con-
trol or pair-fed values and repre-
sent the mean ± SEM for 10 rats
per group. *P<0.05 compared to
the control and pair-fed animals
(ANOVA).
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delivery to the distal tubule and urinary flow
rate have been proposed to have an impor-
tant influence on the renal excretion of po-
tassium (26). While the present study pro-
vides fresh insights on renal Na+ excretion in
response to chronic metabolic acidosis, it
should be borne in mind that the experiments
examined whole kidney function in meta-
bolic cages using unanesthetized, unre-
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strained rats. In conclusion, chronic meta-
bolic acidosis in rats leads to an increased
renal weight and ion excretion. This altered
renal Na+ and K+ handling may result from a
reciprocal relationship between the level of
metabolism of renal tubules and ion trans-
port. Further studies are required to establish
the influence of acidosis on renal growth and
on renal function.


