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Metabolic Response to Renal Compensatory Growth

LEAH M. LOWENSTEIN AND F. GARY TOBACK

Boston, Massachusetts; Chicago, Illinois

Forty-eight hours after unilateral nephrectomy in young male Sprague-Dawley rats the concentrations of
free methionine, alanine and tyrosine in renal cortical tissue were increased by 15-65 percent while the
corresponding plasma concentrations decreased by 23-35 percent. The renal cortical concentrations of
valine and leucine increased by 41 percent and 26 percent while plasma concentrations remained unchanged.
The cortical concentrations of ornithine, serine and threonine remained unchanged while the plasma
concentration decreased by approximately one-third. The total free amino acid contained in the cortex was
not changed, while total free amino acids in plasma decreased by 7 percent. These data are thought to reflect
an increased uptake of methionine and tyrosine into renal cells during compensatory hypertrophy, and an
increased incorporation into renal protein of serine, threonine and ornithine. All these changes as well as all
other biochemical changes accompanying compensatory hypertrophy with the exception of an increase of
the RNA/ DNA ratio were prevented by starvation for 48 hours after unilateral nephrectomy.

In young male Sprague-Dawley rats and adult male Charles River mice, the incorporation of "4C-choline
into acid-insoluble phospholipids (phosphatidylcholine, lysophosphatidylcholine and sphingomyelin) was
already accelerated 5 minutes after contralateral nephrectomy and further rose to +68 t 7 percent within 20
minutes to 3 hours. Incorporation of "4C-choline into phospholipids remained accelerated for two to three
days and reflected increased rates of phospholipid synthesis rather than increased choline uptake. Three
hours after unilateral nephrectomy in mice, incorporation of i.p. injected "4C-choline into phospholipids was
accelerated 25 percent. The rate of turnover of free labelled renal phospholipids was not accelerated during
compensatory renal growth. The very early increase of choline incorporation into phospholipids after
contralateral nephrectomy, therefore, appears to reflect an increased rate of synthesis of membrane material.

Functional changes occur almost immediately in response to loss of nephrons. Our
laboratory has been studying some of the metabolic responses that occur after loss of
nephrons and the initial events that may trigger renal compensatory growth.

First, we wondered if the regulation of compensatory growth was associated with a
stimulation of protein synthesis. Diets rich in specific amino acids cause increases in
renal mass [1]. We therefore measured cortical and plasma concentrations of amino
acids during renal compensatory growth at the time of maximal increase in renal
protein synthesis two days after uninephrectomy [2].

METHODS

Ninety-two male Sprague-Dawley rats weighing 130-230 g were fed chow for
several days. Following a 16-hour fast of food but not water, rats underwent left or
sham left nephrectomy under light ether anesthesia. After the operation, half of each
group of rats was given food and water (fed), the other half, only water (starved).
Right nephrectomy was performed on the uninephrectomized rats 48 hours later;
bilateral nephrectomy was performed on the sham-operated rats. Thus, four groups
of rats were studied: (1) uninephrectomized rats that were fed; (2) uninephrectomized
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rats that were starved; (3) sham uninephrectomized rats that were fed; (4) sham
uninephrectomized rats that were starved. Within three minutes after removal, each
kidney was decapsulated and 200-250 mg of cortex obtained with a Stadie-Riggs
microtome, weighed and homogenized in 2 ml of iced 6 percent sulfosalicylic acid.
Blood was obtained following nephrectomy by aortic puncture, and also depro-
teinized with an equal volume of 10 percent sulfosalicylic acid.

Free amino acid concentrations were determined on renal and blood extracts by
ion-exchange chromatography with a model 121 Beckman amino acid analyzer
(Beckman Instruments, Inc., Palo Alto, California) [3]. Cortical amino acid concen-
trations in the right compensating kidney (CK) and the left resting kidney (RK) from
the same rat were compared by pair analysis. Plasma concentrations of amino acids
were compared between groups of uninephrectomized and sham-operated rats after
uninephrectomy.

RESULTS

Three types of alterations in cortical and plasma amino acid concentrations were
found in 8 fed, uninephrectomized rats. First, the cortical concentrations of methio-
nine, alanine, and tyrosine increased by 15 to 65 percent, while the corresponding
plasma concentrations simultaneously decreased by 23 to 35 percent (Table 1).
Second, the cortical concentrations of valine and leucine increased by 41 and 26
percent, while the plasma concentrations remained unchanged. Third, the cortical
concentrations of ornithine, serine, and threonine remained unchanged, while the
plasma concentrations decreased 31 to 34 percent. The increase in the concentrations
of the individual amino acids in the cortex did not alter the total amino acid
concentration of that tissue. In the plasma, however, decreased concentrations of the
individual amino acids resulted in a 16 percent decrease (p<0.05) in the total amino
acid concentration.
The alterations in plasma and cortical amino acid concentrations found during

compensatory growth were abolished by starvation. Six starved uninephrectomized
rats had amino acid concentrations in the cortex of both kidneys and plasma similar
to those in 5 starved sham-operated rats.

DISCUSSION

Thus, the kidney during compensatory growth alters its intracellular amino acid
concentration and plays a role in determining plasma amino acid concentrations. The
increased renal cortical concentrations of methionine and tyrosine and the simulta-
neously decreased concentrations of these amino acids in plasma, found in the
present study, suggest that the compensating kidney extracts sufficient quantities of
these amino acids from the plasma to decrease the plasma concentrations. The
increased cortical concentration of leucine without alteration in its plasma concentra-
tion may reflect increased renal extraction with maintenance of plasma concentra-
tions by food intake or mobilization of hepatic or muscle amino acids. The decreased
plasma concentrations of alanine, serine, threonine, and ornithine without a change
in cortical pools of these amino acids was followed by their immediate incorporation
into protein in stoichiometric amounts. Although the alanine and valine concentra-
tions were higher in compensating than in resting kidneys, this was due to the fall in
the resting kidney concentrations of these amino acids during the 16-hour fast before
surgery. Thus the alanine and valine concentrations of the kidney were not altered by
compensatory renal growth.

Increased intracellular concentrations of amino acids have been found to accom-
pany increased protein synthesis in mammalian cells during liver regeneration [4],

396



METABOLIC RESPONSE TO RENAL COMPENSATORY GROWTH 397

TABLE I
Amino Acid Concentrations in Renal Cortex and Plasma during Renal Compensatory Growth

Cortex Plasma

CKa RKa % UN S-UNa %
Amino Acid (n = 8 pairs) Increaseb (n = 5) (n = 5) Decreasec

u moles/ g % moles/ ml

Methionine 0.28 ± 0.02 0.20 ± 0.02 41d 0.06 ± 0.003 0.07 ± 0.004 23c
Alanine 0.95 ± 0.07 0.59 ± 0.04 65d 0.45 ± 0.04 0.59 ± 0.03 24e
Tyrosine 0.20± 0.01 0.17± 0.01 15e 0.06± 0.01 0.09± 0.01 35'
Valine 0.24 ± 0.02 0.18 ± 0.01 4l1 0.19 ± 0.02 0.22± 0.02
Leucine 0.24 ± 0.02 0.20 ± 0.01 26e 0.17 ± 0.02 0.19± 0.02
Ornithine 0.07± 0.01 0.07± 0.01 0.06 ± 0.004 0.09± 0.01 34c
Serine 0.84± 0.09 0.74± 0.05 0.18 ± 0.01 0.26± 0.03 3le
Threonine 0.54± 0.04 0.50 ± 0.05 0.21 ± 0.03 0.30± 0.03 3le
Taurine 7.81 ± 0.46 7.15 ± 0.65 0.16 0.02 0.18± 0.04
Aspartic acid 1.90± 0.18 1.94± 0.14 0.02 ± 0.002 0.02± 0.004
Glutamine & 0.61 ± 0.06 0.48 ± 0.03 0.30 ± 0.02 0.32± 0.03

Asparagine
Glutamic acid 5.22 ± 0.41 4.81 ± 0.31 0.10 ±0.02 0.12 ± 0.02
Citrulline 0.12 ±0.01 0.11 ± 0.01
Glycine 2.83 ± 0.22 2.31 ± 0.16 0.34 ± 0.02 0.35 ± 0.02
Cystine/2 0.19 ± 0.02 0.21 ± 0.03 0.04 ± 0.01 0.06 ± 0.01
Isoleucine 0.20± 0.02 0.18± 0.01 0.09 ±0.01 0.11 ± 0.01
Phenylalanine 0.14 ± 0.01 0.14 ± 0.02 0.07 ± 0.01 0.07 ± 0.004
Lysine 0.37± 0.04 0.57± 0.10 0.51 ± 0.05 0.54± 0.06
Histidine 0.14 ± 0.01 0.21 ± 0.05 0.07 ± 0.01 0.08 ± 0.01
Tryptophan 0.08 ± 0.01 0.10± 0.01
Arginine 0.21 ± 0.01 0.22 ± 0.04 0.17 ± 0.02 0.19 ± 0.02

Values are means t SE. 'CK = compensating kidney. RK resting kidney. SCK = sham compensating
kidney. SRK = sham resting kidney. UN = uninephrectomized rats. S-UN = sham uninephrectomized
rats.
bValues are the mean increase in amino acid concentration for each rat calculated as: 1OO CK - RK)
cValues are the mean decrease in amino acid concentration: 100(S UN UN). RK

dp < 0.01.
e00. <p < o.os.

and diets rich in protein or amino acids result in marked increases in both renal and
hepatic mass [5,6,7], perhaps by increasing the intracellular concentration of amino
acids. The elevated cellular levels of free amino acids may act by directly stimulating
one of the steps of protein synthesis by interacting with the ribosome-messenger
RNA complex in the cytoplasm [8,9].
The rise in each of the amino acids may have specific metabolic functions. The

increase in cortical methionine concentration may be important, since methionine is
known to be the initiating amino acid during synthesis of several mammalian and all
bacterial proteins [10]. Renal amino acids might also be utilized as substrates for
energy during growth via gluconeogenesis or ketogenesis.
The experiments also indicated that starvation following uninephrectomy prevents

the increase in renal mass and cortical amino acid concentrations and the decrease in
plasma amino acid concentrations. Thus, starvation overrides the compensatory
growth stimulus. These findings are consistent with previous studies in which
starvation for 36-48 hours after uninephrectomy prevented the expected increase in
protein content [1 1], palmitate oxidation [ 12], and mitotic index [ 13] but did not alter
the increased RNA/DNA ratio [11].
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PHOSPHOLIPID SYNTHESIS

We next focused on a possible trigger mechanism for renal compensatory growth,
phospholipid metabolism. Although the mechanism of the initiation of renal
compensatory growth is unknown, an early alteration in phospholipid metabolism
could play a role, since in mouse tissue culture cells, a fivefold increase in
phospholipid metabolism occurred within 15 minutes of growth stimulation by
serum. This change, one of the earliest noted during the onset of growth, was
independent of new protein, RNA, or DNA synthesis [14].
We therefore studied the metabolism of mouse renal phospholipids during

initiation of renal compensatory growth, using [14C] choline as a specific precursor of
the 3 choline-containing phospholipids.

Methods

Male Charles River mice weighing 27-41 g and male Sprague-Dawley rats
weighing 120-220 g underwent left or sham-left nephrectomy with light ether
anesthesia. The left resting kidney was decapsulated immediately after uninephrec-
tomy and sliced with a Stadie-Riggs microtome into cortical slices 0.4 mm thick for
the mouse and inner cortical slices which extended 0.4 to 0.8 mm from the renal
surface for the rat. At various times later, the animals were killed by decapitation,
and slices were obtained from the remaining, right compensating kidney and from the
kidneys of sham-operated animals. Within 2 minutes of slicing, a cortical slice (20-40
mg) was placed into a 25 ml Erlenmeyer flask with 2 ml Krebs-Ringer bicarbonate
medium, pH 7.4, containing 20 ,uM [methyl-'4C choline] chloride (sp act 49.9
mCi/ mmole, 111 dpm/ pmole) (New England Nuclear, Boston, Massachusetts).
Flasks were gassed with 95 percent 02 - 5 percent CO2 for 30 seconds and incubated
at 37.5°C for 30 minutes in a Dubnoff metabolic shaking incubator. The slice was
then removed, dipped quickly 5 times in 10 ml of 72 mM [12C] choline chloride, and
homogenized in 4 ml iced 10 percent trichloroacetic acid (TCA) containing 72 mM
choline, and centrifuged at 1,000 x g at 2°C for 15 minutes.
The acid insoluble fraction containing phospholipid, and the acid soluble fraction

containing phospholipid precursors, choline, and betaine, were then assayed for
radioactivity [15]. The rate of [14C] choline incorporation into phospholipid was
measured at 10-minute intervals, and the values expressed as dpm [14C] choline
incorporated into the acid-insoluble fraction/mg wet weight/30 minutes of incuba-
tion. [14C] Choline uptake, into the acid-soluble fraction was also measured at 10-
minute intervals, and the values are expressed as dmp [14C] radioactivity/mg wet
weight/ 30 minutes.
The extracts were also assayed for the individual phospholipds by thin layer

chromatography [16].
The rate of renal [14C] choline incorporation was also measured in vivo after

intraperitoneal injections of 10 IACi (200 nmoles) of [14C] choline in 0.3 ml of water
into uninephrectomized or sham-nephrectomized mice 50 minutes prior to decapita-
tion. The radioactivity in the acid-insoluble and soluble fractions of the kidney and
liver were also measured. In some experiments, 10 ACi [14C] choline was injected
intraperitoneally to label the renal phospholipid. Twenty hours later the radioactivity
in the resting kidney was determined; 3 hours afterwards, that in the compensating
kidney determined and the values compared. Fluid spaces of the resting kidney and
the compensating kidney were similar; therefore values for the rates of uptake and
incorporation of [14C] choline into the various tissue fractions were expressed per mg
wet tissue weight.
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TABLE 2
[14C] Choline Incorporation into Phospholipid and Acid-Soluble Fractions of Mouse Renal

Cortical Slices 60 Minutes after Uninephrectomy

CK
RK CK RK P

[14C] choline incorporation into
phospholipid dpm/mg/30 min 2930 ± 250 5030 i 800 1.74 ± 0.28 <0.05
% of medium [ 14C] choline

incorporated 1.52 ± 0.12 2.95 ± 0.37 1.95 ± 0.22 <0.005
[14C] choline uptake into acid-soluble

fraction dpm/mg/30 min 33,080 ± 1620 31,860 ± 1620 0.98 ± 0.08 NS
% of medium ['4C] choline

incorporated 17.2± 1.1 18.3± 1.0 1.08 ± 0.07 NS

Renal cortical slices from each mouse were incubated for 30 minutes in Krebs-Ringer-bicarbonate medium
containing ['4C]choline. The radioactivity in the phospholipid and acid-soluble fractions of the slices were
determined.
RK = resting kidney. CK = compensating kidney, 60 minutes after uninephrectomy.
P values were determined by paired data analysis.
Each value is the mean ± SE for 8 mice.

Results

The rate of uptake of [14C] choline into the acid-soluble fraction reached a peak at
20-30 minutes of incubation; the incorporation of [14C] choline into the acid-
insoluble fraction of cortical slices continued at a constant rate for 60 minutes.

[14C] choline was a specific precursor of renal phospholipids, since more than 99.95
percent of the radioactivity of the acid-insoluble fraction was extracted by chloro-
form: methanol. Over 99.7 percent of the extractable radioactivity was distributed in
3 phospholipid fractions: phosphatidylcholine, lysophosphatidylcholine, and sphin-
gomyelin. The relative distribution of [14C] choline into each of these fractions was
similar in all the kidneys tested.
An increased rate of [14C] choline incorporation into renal phospholipid was

observed as early as 5 minutes after uninephrectomy (p < 0.01) (n = 7). The rate
increased to a mean maximal value 68 ± 7 percent (p < 0.001) (n = 42) by 20 minutes
and was maintained for at least 3 hours. Table 2 shows the values at one hour. The
rate was 28-34 percent (p < 0.01) (n = 31) greater than normal at 1-2 days, but
returned to normal by the sixth day after uninephrectomy. At various times after the
sham-operation, the rate was similar in the two kidneys of 45 mice.

[14C] choline radioactivity in the acid-soluble fractions was similar in slices of both
kidneys from uninephrectomized and sham-operated mice, measured at each of 9
different times during the 24 hours following surgery. Therefore, the increased rate of
incorporation of [14C] choline into phospholipid during compensatory growth was
not the result of increased choline uptake.
The rate of renal [14C] choline incorporation in vivo was also increased 25 percent

(p<0.02) at 3 hours after uninephrectomy. The increased rate appeared to be specific
for the kidney, since the rate of incorporation in livers from the uninephrectomized
mice was the same as in sham-operated mice. Plasma radioactivity was similar in
both groups of mice at 2 and 3 hours after surgery.
The effect of 3 hours of compensatory growth was measured in kidneys of 10 mice

which had been labeled with [14C] choline for 20 hours in vivo. No differences in acid-
insoluble or soluble radioactivity were detected between 3-hour compensating
kidneys and resting kidneys or between each of the 2 kidneys in sham-operated
animals.
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Discussion

The results of this study demonstrated that increased metabolism of phospholipids
in renal cortical cells occurs during the initiation of renal compensatory growth. The
increased rate of choline incorporation is associated with equal increases of choline
incorporation into each of the 3 choline-containing phospholipids. As long as the
degradation of phospholipids remains constant, the rate of radioactive choline
incorporation is an index of total cellular phosphatidylcholine synthesis, and an
increased rate should correlate with membrane proliferation.

In the present study, the increased rate of choline incorporation into phospholipids
began 5 minutes after uninephrectomy, reached a peak 15 minutes later, and
remained elevated for at least 48 hours. This increased rate represents net synthesis,
since the turnover of [14C] labelled renal phospholipids appeared unchanged after 3
hours of compensatory growth, while the rate of incorporation was increased at this
time. This occurred both in vivo and in vitro. Previous work in this laboratory and by
others into the initiation of compensatory growth indicated that an increase occurred
in the pool of intracellular uracil nucleotides [16] and in the turnover of nuclear
heterogeneous RNA [17] within 60 minutes after uninephrectomy. These observa-
tions indicated that alterations in RNA metabolism might initiate renal compensa-
tory growth. The results of the present study suggest that altered membrane
phospholipid metabolism precedes the known changes in RNA metabolism and
occurs at the onset of renal compensatory growth.
The new membranes synthesized in renal cells during compensatory growth could

be employed by the cell for new surface area for the exchange of extracellular
compounds and intracellular transport and as a store of membranous components
available to daughter cells in mitosis. Increased numbers of membrane-containing
organelles do appear in renal cortical cells following contralateral nephrectomy. A 40
percent increase in the number of mitochondria [18] and large quantities of
endoplasmic reticulum in whorl-like configurations appear at 2 days after unine-
phrectomy [19]. In addition, a 35 to 48 percent increase in total renal lipid
phosphorus occurs by the fourth day [20]. Thus, the increased rate of choline
incorporation reported in the present study may be a prelude to the proliferation of
renal membranes during compensatory growth. The results of this study lend support
to the hypothesis that the cell membrane may be involved in the control of cell
growth and suggest that renal compensatory growth may be initiated by altered
metabolism of cellular membranes.
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