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Abstract

Clinical experience suggests nephrotic patients are at risk
for malnutrition. To determine if nephrotic patients can
adapt successfully to a protein-restricted diet, nephrotic
(glomerular filtration rate, 52+15 ml/min; urinary protein
[Uprot.], 7.2+2.2 grams/d) and control subjects completed a
crossover comparison of diets providing 0.8 or 1.6 grams
protein (plus 1 gram protein/gram Uprot.) and 35 kcal per
kg per day. Nitrogen balance (By) was determined and whole
body protein turnover measured during fasting and feeding
using intravenous L-[1-'*C]leucine and intragastric L-[5,5,5-
H;]leucine. By was positive in both nephrotic and control
subjects consuming either diet and rates of whole-body pro-
tein synthesis, protein degradation, and leucine oxidation
did not differ between groups. In both nephrotic and control
subjects anabolism was due to a suppression of whole-body
protein degradation and stimulation of protein synthesis
during feeding. The principal compensatory response to di-
etary protein restriction was a decrease in amino acid oxida-
tion and this response was the same in both groups. With
the low protein diet leucine oxidation rates during feeding
correlated inversely with Uprot. losses (r = —0.83; P <
0.05). Conclusions: (a) a diet providing 0.8 gram protein
(plus 1 gram protein/gram Uprot.) and 35 kcal per kg per
day maintains By in nephrotic patients; (b) nephrotic pa-
tients activate normal anabolic responses to dietary protein
restriction (suppression of amino acid oxidation) and feed-
ing (stimulation of protein synthesis and inhibition of pro-
tein degradation); (c) the inverse correlation between leu-
cine oxidation and Uprot. losses suggests that proteinuria is
a stimulus to conserve dietary essential amino acids. (J.
Clin. Invest. 1997. 99:2479-2487.) Key words: nephrotic
syndrome - leucine turnover . nitrogen balance « protein
synthesis

This paper was presented, in part, at the annual American Society of
Nephrology meeting in Orlando, FL, 26-29 October 1994 and has
been published in abstract form (J. Am. Soc. Nephrol. 1994. 5:343a).

Address correspondence to Bradley J. Maroni, Renal Division,
Emory University, WMRB Room 338, 1639 Pierce Drive, Atlanta,
GA 30322. Phone: 404-727-2522; FAX: 404-727-3425.

Received for publication 6 September 1996 and accepted in revised
form 11 February 1997.

J. Clin. Invest.

© The American Society for Clinical Investigation, Inc.
0021-9738/97/05/2479/09  $2.00

Volume 99, Number 10, May 1997, 2479-2487

Introduction

Clinical experience suggests that patients with the nephrotic
syndrome (i.e., = 3 grams proteinuria/d) are at risk for malnu-
trition, but the impact of urinary protein losses on protein me-
tabolism is unknown. High protein diets have been recom-
mended to compensate for urinary protein (Uprot.)' losses
and to promote positive nitrogen balance (By) (1, 2), but when
Kaysen et al. measured albumin turnover and excretion in
nephrotic subjects fed sequentially 1.6 or 0.8 grams/kg/d of
protein and 35 kcal/kg/d for 10-14 d, the lower protein diet
(LPD) was associated with a significant reduction in albumin-
uria and a modest increase in serum albumin (3). Since pro-
teinuria has been implicated as a risk factor for progressive re-
nal insufficiency (4), a low protein diet could be used as
adjunctive therapy to treat nephrotic patients.

We previously demonstrated in rats that proteinuria is per-
ceived as a net reduction in dietary protein intake (intake mi-
nus urinary losses) and activates compensatory response(s)
similar to those activated by a low protein diet; i.e., there was a
reduction in amino acid oxidation and urea production, result-
ing in more efficient utilization of dietary amino acids and neu-
tral or positive By (5, 6). Whether these responses occur in
nephrotic patients is unknown, but if they do not, continuous
protein losses could stimulate the degradation of body protein
stores. Appropriate compensatory response(s) may not occur
because Farr (1) and Blainey (2) concluded that the nephrotic
syndrome is associated with protein depletion and that high
protein diets were required to override this response. It is im-
portant to emphasize that in both studies, urinary protein
losses increased when dietary protein intake was raised and se-
rum albumin levels did not uniformly improve.

In short, proteinuria is a critical risk factor for progressive
renal disease and a low protein diet can reduce proteinuria
(3, 4). If protein-restricted diets can be given safely, the results
of Kaysen et al. (3) would be clinically important. Not only can
an LPD diet decrease Uprot. losses, but it may also reduce hy-
percholesterolemia (7) and slow the rate of progression of re-
nal failure (8).

In nonnephrotic chronic renal failure (CRF) patients, most
(9-11) but not all (12) studies suggest that diets providing ei-
ther ~ 0.6 g protein/kg/d or ~ 0.3 g protein/kg/d supplemented
with essential amino acids (EAA) or an amino acid-ketoacid
(KA) mixture, yields neutral By. Whether these dietary regi-
mens can produce neutral By in patients with nephrotic syn-

1. Abbreviations used in this paper: BCAA, branched-chain amino ac-
ids; By, nitrogen balance; BUN, blood urea nitrogen; CRF, chronic
renal failure; EAA, essential amino acids; HPD, high protein diet;
KA, nitrogen-free ketoanalogs; a-KIC, a-ketoisocaproate; LPD, low
protein diet; NUN, non-urea nitrogen; SBW, standard body weight;
U, urea nitrogen appearance; Uprot., urinary protein losses.
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drome is not known. A diet providing 0.8 g protein/kg/d is con-
sidered the “safe level of intake” for healthy adults (13) and
the level recommended for patients with progressive renal dis-
ease (14). To determine the metabolic responses to dietary
protein restriction in patients with the nephrotic syndrome, we
studied control and nephrotic subjects while they consumed a
diet providing 0.8 or 1.6 g protein/kg/d (plus 1 g protein/g
Uprot.). Dietary adequacy and the adaptive metabolic re-
sponses were assessed by measuring By and whole-body pro-
tein turnover during each dietary period.

Methods

Study protocol

Five nephrotic patients (two females and three males: age 53+6 yr;
range, 37 to 72 yr old) and five healthy subjects (three females and
two males: age 353 yr; range, 23 to 42 yr old) completed the proto-
col. One additional nephrotic patient (patient No. 6; age 25) also
completed the study but he had a spontaneous reduction in pro-
teinuria from 9.9 grams/d before the study to 1.2 grams/d during the
two Clinical Research Center (CRC) admissions. Since patient No. 6
was in partial remission (i.e., = 3 grams Uprot./d), his results were ex-
cluded from the By and whole-body protein turnover analyses. How-
ever, patient No. 6 results were included when we examined the rela-
tionship between urinary protein losses and leucine oxidation rates
(see Fig. 6).

Primary renal diagnoses included membranous glomerulonephri-
tis (3), IgA nephropathy (1) and primary amyloidosis (1). No partici-
pant had diabetes mellitus, malnutrition or obesity (i.e., < 80% or
> 120% of standard body weight [SBW], respectively) (15), or was
taking medications known to affect protein metabolism. Antihyper-
tensive and antihyperlipidemic medications were prescribed as re-
quired and metabolic acidosis was corrected (serum HCO; = 24 mM)
with supplemental sodium bicarbonate when necessary. Each patient
also received a multivitamin (Nephrocap™; Fleming Co., Fenton,
MO) and CaCO; (= 1 gram elemental calcium/d). This protocol was
approved by the Human Investigations Committee at Emory Univer-
sity (Atlanta, GA) and a written, informed consent was obtained
from each participant.

CRC protocol

Before the initial CRC admission, a history and physical exam was
performed and a chemistry panel (SMA-18), complete blood count,
urinalysis, and 24-h urine protein were obtained. Each subject then
met with the research dietitian for anthropometric measurements and
to design the metabolic diet taking into account individual food pref-
erences. Protein and energy intake were calculated based on SBW

(15, 16) using the Nutritionist IV computer program (N-Squared
Computing, San Bruno, CA). The diets provided either 0.8 or 1.6
gram protein, 35 kcal’kg SBW per d, = 12 or 24 mg/kg SBW per d
phosphorus, and 24 grams sodium. The nephrotic patients received
an additional gram of dietary protein for each gram of proteinuria
(Uprot.). The quantity of dietary protein provided to replace urinary
protein losses was constant during both dietary regimens. We pro-
vided 35 kcal/kg per d because this is the recommended energy intake
for CRF patients (17).

The order of administration of each diet was random and to allow
equilibration, prepackaged meals providing the prescribed intake
were initiated 14 d before each CRC admission. Following a 4-d lead-
in period, a 5-d By was performed during each 10-day CRC admission
(Fig. 1). A complete blood count, SMA-18, and serum transferrin
were measured on days 2 and 9, and the blood urea nitrogen (BUN)
was obtained each morning. On day 2, the ['*I]-Iothalamate clear-
ance glomerular filtration rate (GFR) was performed as previously
described (10) (one admission only for control subjects), and on day 3
the fractional recovery of *CO, was measured during an infusion of
NaH®COj; (10). Since the background *CO, enrichment of expired
air may change during feeding, a “sham infusion” was performed on
day 9 (10). Finally, as an index of the status of whole-body protein
turnover, leucine kinetics were measured during fasting and feeding
on day 10.

After the first CRC admission (period 1), participants consumed
an ad libitum diet for a = 4-wk “wash-out” period. Participants began
the alternative dietary regimen 14 d before the second CRC admis-
sion and then underwent an identical inpatient protocol.

Materials

L-[1-3C]leucine (99 mol% '3C), L-[5,5,5-*H;]leucine (99 mol% *H;),
and sodium-["3C] bicarbonate (99 mol% "3C) were obtained from
Tracer Technologies Inc. (Somerville, MA). Each labeled compound
was determined to be sterile and pyrogen-free (Findley Research
Inc., Fall River, MA). Plasma and infusate samples were stored at
—70°C until analyzed. Breath samples were collected using a latex
balloon with a one way valve, (USAT, Rancho Cucamonga, CA),
transferred to 15-ml evacuated glass tubes (Venoject T-218U; Ter-
umo Medical, Elkton, MD) and stored at room temperature until an-
alyzed for *CO, enrichment. Total CO, production was determined
by indirect calorimetry using a Deltatrac™ Metabolic monitor (Sen-
sormedics, Anaheim, CA). ['*I]-Iothalamate (Glofil) was purchased
from Isotex Diagnostics (Friendswood, TX) and plasma and urine
radioactivity measured using a Beckman 5500B gamma counter
(Beckman Instruments Inc., Fullerton, CA). Serum chemistries were
performed by the Emory University Hospital Clinical Chemistry Lab-
oratory using an Olympus AV 5000 autoanalyzer (Olympus Corp.,
Lake Success, NY). The 24-h urine protein excretion was the average
of the consecutive 24-h urine collections performed during each 5-d By.

weravorc ciet |

}«—4 day lead-in—}=-5 day Nitrogen balance+}

NaHCO3
Infusion

GFR

l | | 1 |

Sham Leucine

Infusion Turnover

Days 0 2 4 6 8

2480  Maroni et al.

10 Figure 1. The 10-d CRC protocol.



Nitrogen balance

During each balance period, daily 24-h urine collections were ana-
lyzed for total and urea nitrogen, and the pooled 5-d stool collection
analyzed for total nitrogen. The nitrogen content of food, urine, and
feces were determined using the micro-Kjeldahl method and urinary
urea nitrogen was measured fluorometrically. By was calculated as ni-
trogen intake (Iy) minus urea nitrogen appearance (U) minus non-
urea nitrogen (NUN); By = Iy — U — NUN (11). Nitrogen intake
was determined by duplicate diet analysis and was corrected for un-
eaten food or emesis. Urea nitrogen appearance (U) was calculated
as the algebraic sum of the mean urinary urea nitrogen (UUN) excre-
tion rate, plus the daily change in the urea nitrogen pool (11). Non-
urea nitrogen was calculated as total urinary nitrogen minus urinary
urea nitrogen plus fecal nitrogen (18). Nitrogen balance determina-
tions were corrected for unmeasured nitrogen losses estimated at 8
mg/kg per d (13).

Tracer infusion studies

(a) Sham infusion. The contribution of the formula meal to back-
ground *CO, enrichment was determined on day 9 by collecting ex-
pired breath samples during feeding using an identical protocol to
that described for the whole-body leucine turnover, except that trac-
ers were not infused (10, 19). To minimize its contribution to back-
ground 3CO, enrichment, foods with a low 3C abundance were cho-
sen for the formula meal (20). The steady-state 3CO, enrichment
measured during the feeding phase of the sham infusion was then
subtracted from the plateau *CO, enrichment measured during the
feeding phase of the NaH!*COj; and r-[1-1C]leucine infusions (10, 19).

(b) Bicarbonate kinetics. We measured *CO, recovery on day 3
of each CRC admission during an 8-h infusion of NaH*COj; (5.4
pmol-kg prime; 3.9 pmol-kg™! per h™! constant infusion), using an
identical protocol to that described for the whole-body leucine turn-
over. The fraction of infused NaH'3COj; recovered in expired air as
13CO, (FR) was calculated as described (21):

FR = F*’CO,/iNaH"°CO, 1)

where F3CO,, is the rate of 3CO, production (umol-kg™! per h™1),
and iNaH"CO; is the NaH"3COj infusion rate (pmol-kg™" per h™1).
Leucine oxidation rates were calculated using the individual recovery
values from each participant.

(c) Leucine kinetics. On the morning of the tracer leucine infu-
sion, one retrograde intravenous catheter was placed in a superficial
hand vein for blood sampling, while a second catheter was placed an-
tegrade in a contralateral forearm vein for isotope infusion. Arterial-
ized blood samples were obtained by placing the arm with the retro-
grade catheter in a temperature controlled “hot box” (58-60°C) (22).
Baseline blood and breath samples were collected at 7:30 a.m. and
7:45 a.m. for determination of background 3C enrichment of plasma
a-ketoisocaproate (a-KIC) and expired CO,. At 8:00 a.m., a priming
dose of NaH"®CO; (0.11 mg/kg) and L-[1-3C]leucine (2.0 pmol-kg™")
were given, followed by a constant infusion of r-[1-'*C]leucine
(4.2 pmol-kg™! per h™!) over 8 h. During the last 4 1/2 h of the infu-
sion (11:30 a.m.—4 p.m.) an isocaloric, isonitrogenous liquid meal (supple-
mented with L-[5,5,5-2H;] leucine) representing 1/3 of the day’s intake
of protein and calories was given in equal portions at 30-min intervals
to study the response to feeding. Blood and expired breath were sam-
pled at 15-min intervals between 10:30-11:30 a.m. and 3:00-4:00 p.m.
while at isotopic steady-state. At 9:30 a.m. and 2:00 p.m., CO, produc-
tion was measured over 30 min by indirect calorimetry.

(d) Calculations. Whole-body leucine turnover was calculated us-
ing standard formulae (23) and plasma o-KIC enrichment, since the
latter more closely approximates the average whole-body intracellu-
lar enrichment for leucine (24). Leucine flux (Q) (rmol-kg™! per h™!)
is calculated as:

Q = i[E/Egc—1] 2)

where i, is the L-[1-1*C] leucine infusion rate (nmol-kg™! per h™); E;,
is the infusate L-[1-'3C]leucine enrichment (atoms percent excess);
and Eypc, is the plasma L-[1-3C] a-KIC enrichment at isotopic pla-
teau (atoms percent excess).

The rate of 3CO, released (pmol-kg™! per h™') from L-[1-3C]
leucine catabolism is:

F°co, = Fco, x ECO,/W [60 x 44.6/100x FR] 3)

where Fco, is the CO, production rate (cm*min~'); Eco,, the *CO,
enrichment in expired air at isotopic steady state (atoms percent ex-
cess); and W, the subject’s weight (kg). The constants 60 min-h™! and
44.6 pmol-cm? (at STP) convert Fco, to wmol-h™!; the factor 100 con-
verts atoms percent excess to a fraction; and FR is the fraction of
13CO, released from the oxidation of L-[1-13C] leucine which is recov-
ered in expired air.

The rate of leucine oxidation (C) (wmol-kg™! per h™!) is calcu-
lated as:

C = F®co,[ 1/Ey. —1/E;] x 100 (4)

from which the rate of leucine incorporation into protein can be cal-
culated as:

s=0-cC )

The rate of leucine appearance from protein (B) is the difference
between leucine flux (Q) and dietary leucine intake (I):

B=Q-l (6)

When subjects are studied in the postabsorptive state, I = 0, and
the rate of leucine appearance (Q) into the plasma compartment
(nmol-kg™! per h™!) is equal to endogenous leucine appearance (B),
and hence is an index of net proteolysis.

In the fed state, dietary amino acids must pass through the
splanchnic bed where some amino acids may be removed. Failure to
account for splanchnic removal of dietary leucine would underesti-
mate the rate of protein breakdown (B) during feeding and the bal-
ance between S and B (25). Therefore, 1-[5,5,5 ?Hj] leucine was
added to the liquid formula and the contribution of dietary leucine to
total leucine flux calculated as previously described (10, 26). Since the
[2H;] leucine enrichment of the formula was known and the plasma
[2H;] leucine enrichment was measured, the fraction of circulating
leucine derived from the meal was calculated (10, 19):

Fo = EJ[H3l/D [Hy] )

where F,, is the fraction of plasma leucine from the meal; E,[?H;], is
the plasma [*H;] leucine enrichment; and D[?Hj], is the dietary [?Hs]
leucine enrichment.

Knowing the fraction of the circulating leucine derived from the
meal (F,,) and total leucine flux (Q), the rate of dietary leucine entry
(I) can be calculated:

| = F,xQ. ®)

Finally, if the rate of total leucine flux (Q) and dietary leucine en-
try (I) is known, leucine derived from endogenous protein break-
down (B) can be calculated;ie.,B=Q — L

Analytical methods

(a) Infusate and plasma amino acid concentrations. Infusate and plasma
amino acid concentrations were measured using an amino acid ana-
lyzer (334; Beckman Instruments).

(b) Mass spectrometry analysis. All GC/MS analyses were per-
formed using a Hewlett Packard 5890 Series II gas chromatograph
coupled to a HP5988A quadrapole mass spectrometer (Hewlett-
Packard Corp., Cupertino, CA). For the measurement of the >H; leu-
cine enrichments, plasma was extracted using the method of Adams
(27) and the t-butyldimethylsilyl derivative prepared according to
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Chaves das Naves and Vasconcelos (28). Isotopic enrichments were
determined by selected ion monitoring [M-57]* at m/z 302 and 305
corresponding to natural leucine and [?Hj]leucine, respectively. Mea-
surement of the isotope enrichment of plasma a-KIC was performed
using the extraction and quinoxalinol derivatization procedures of
Rocchicchioli et al. (29). The quinoxalinol-t-butyldimethysilyl deriva-
tive was then prepared according to the method of Langebeck et al.
(30) and analyzed by selected ion monitoring [M-57]* at m/z 259 and
260, corresponding to a-KIC and ['3C] a-KIC, respectively. All isoto-
pic enrichments were measured against calibration standards and are
expressed as the mole fraction above baseline.

(c) 3CO, content in expired air. The *CO, enrichment of expired
air was measured by isotope-ratio mass spectrometry (MAT Delta E;
Finnigan, Bremen, Germany) as previously described (23).

Statistics. Values are reported as mean=SE. A threeway ANOVA
was used to evaluate the impact of diet (HPD vs LPD), nutrient in-
take (i.e., fasting vs feeding), and disease on whole-body leucine turn-
over and plasma amino acids concentrations. A twoway ANOVA
was used to compare By measurements within and between nephrotic
and control subjects consuming the high and low protein diets. Post-
hoc analyses were adjusted for multiple comparisons using the Bon-
ferroni procedure. To determine whether the response was depen-
dent upon the order of diet administration, all outcomes were initially
tested for a sequence effect by including an additional variable repre-
senting sequence in the ANOVA. Treatment effects were considered
significant at P = 0.05; sequence effects were considered significant at
P =0.10.

A sequence effect was suggested for total nitrogen output (diet X
sequence; P = 0.06) and whole body leucine disappearance (i.e., pro-
tein synthesis) during feeding (diet X group X sequence; control sub-
jects, P = 0.08). To assess this we analyzed the data in two ways. First,
we evaluated the initial period only and then we ignored the se-
quence effect by combining all the data. The conclusions were the
same using either method so we have presented the results ignoring
sequence.

Results

Clinical characteristics. The body weights and caloric intake of
nephrotic and control subjects did not differ while consuming
the high or low protein diets (Table I). Protein intake esti-
mated from nitrogen analysis of a duplicate diet slightly ex-
ceeded the intake prescribed using the Nutritionist IV database
and the protein intake of the nephrotic patients was ~ 10%

25 4 8
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Figure 2. Nitrogen intake, nitrogen output, and nitrogen balance in
nephrotic (solid symbols) and control subjects (open symbols) mea-
sured ~ 3 wk after initiating a diet providing 1.6 grams protein/kg
SBW per d (plus 1 gram protein/gram Uprot.). Values are mean+SE
for five subjects in each group (*P < 0.05 nephrotic vs control).

greater than the control subjects (P = NS) with both dietary
regimens. In both groups the BUN was significantly higher
while consuming the HPD. In nephrotic patients, the serum
cholesterol concentration was significantly higher and the se-
rum albumin and transferrin concentrations significantly lower
during both diets. In control subjects (but not nephrotic pa-
tients), the serum transferrin concentration increased signifi-
cantly during the high protein diet. While consuming the low
protein diet, urinary protein losses decreased in four of the five
nephrotic patients by an average of 20%, but this change was
not significant (P = 0.08). The average GFR of nephrotic pa-
tients was ~ 50% lower than that of the control subjects and
patients with normal as well as advanced renal insufficiency
participated in the study (range; GFR, 19-120 ml/min).
Nitrogen balance. Illustrated in Fig. 2 are the nitrogen in-
take, nitrogen output, and nitrogen balance (By) measure-
ments in nephrotic and control subjects while they consumed
the high protein diet. Nitrogen intake (21.42+1.02 vs 18.46+1.26
grams N/d; nephrotic vs control, respectively), total nitrogen
output, and its components urea nitrogen appearance (11.15+
1.07 vs 12.40+1.28 grams N/d) and nonurea nitrogen (3.94+

Table I. Clinical Characteristics of Nephrotic Patients and Control Subjects Measured while Consuming a Diet Providing 0.8 or 1.6
Grams Protein/kg per d (Plus 1 Gram Protein per Gram Proteinuria)

Nephrotic Control
0.8 1.6 0.8 1.6
gram protein/kg SBW per d

Weight (kg) 76.0+2.0 75.9+2.1 63.5x7.3 63.4*7.3
Caloric intake (kcal/kg SBW per d) 34.1+0.6 34.9+0.1 35.0+0.0 35.0+0.0
Protein intake (gram/kg SBW per d) 1.00£0.03 1.85%0.04* 0.8920.02 1.68+0.04*
BUN (mg/dl) 23+x7 35=8¢ 9+1 17+2%
Cholesterol (mg/dl) 275+38% 285+44% 16418 16618
Serum albumin (mg/dl) 2.3+0.4% 2.2+0.4% 3.5+0.1 3.6=0.1
Serum transferrin (mg/dl) 186+21* 20027* 26910 301+6*
Serum HCO; (mg/dl) 27+1 271 28+0 27+1
Urine protein (gram/d) 6.8+1.9% 8.2+2.4% =01 =0.1
GFR (ml/min) 4912% 54+18* 1018

Values are the mean=SE for five subjects (*P < 0.05, control vs nephrotic; * P < 0.05, 0.8 vs 1.6 grams protein/kg per d diets).

2482  Maroni et al.



0.48 vs 3.51+0.41 grams N/d) did not differ significantly be-
tween groups. Even when corrected for unmeasured nitrogen
losses (13), both nephrotic and control subjects were in posi-
tive By while consuming the high protein diet (+5.73+1.34 vs
+2.05%+0.46 grams N/d; P < 0.05, nephrotic vs. control, respec-
tively).

In Fig. 3 the same parameters are illustrated while partici-
pants consumed the protein-restricted diet. Nitrogen intake
(11.61£0.59 vs 9.74%0.63 grams N/d; nephrotic vs. control, re-
spectively), total nitrogen output, and its components urea ni-
trogen appearance (5.97+0.85 vs 5.66+0.87 grams N/d) and
nonurea nitrogen (3.68=0.36 vs 2.48+0.18 grams N/d) did not
differ between groups. In both groups, total nitrogen output,
and its components urea nitrogen appearance and nonurea ni-
trogen were significantly lower with the LPD than HPD. Again,
after correction for unmeasured nitrogen losses (13), both
nephrotic and control subjects were in neutral or positive By
while consuming the protein restricted diet (+1.35*0.69;
range, —0.33 to +3.45 grams N/d vs +1.09=0.40; range, —0.34
to +1.95 grams N/d; P = NS, nephrotic vs. control, respec-
tively). There was no correlation between GFR and By in the
nephrotic patients. Thus, despite the stress of continuous uri-
nary protein loss (range: 3.0-14.5 grams d), nephrotic patients
achieved neutral or positive By when dietary protein was re-
stricted.

Leucine kinetics. In Figs. 4 and 5 are illustrated the rates of
endogenous leucine appearance (protein degradation), nonox-
idative leucine disposal (protein synthesis) and leucine oxida-
tion measured in nephrotic patients and control subjects ~ 3
wk after initiating the high and low protein diets, respectively.
Rates of whole-body protein degradation, protein synthesis,
and leucine oxidation did not differ between nephrotic and
control subjects during either dietary regimen. With the HPD,
anabolism in both groups was due to a postprandial suppres-
sion of whole-body protein degradation (—38 vs —46%; ne-
phrotic vs control, respectively) and stimulation of protein syn-
thesis (+22 vs +17%; nephrotic vs control, respectively) (Fig.
4). Similar, albeit less pronounced changes were seen in re-
sponse to feeding the LPD (protein degradation, —17 vs
—15%; protein synthesis, +19 vs +17%; nephrotic vs. control,
respectively) (Fig. 5) although the postprandial reduction of
whole body protein degradation in control subjects was not
statistically significant (P < 0.08). In response to feeding, iso-
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Figure 3. Nitrogen intake, nitrogen output, and nitrogen balance in
nephrotic (solid symbols) and control subjects (open symbols) mea-
sured ~ 3 wk after initiating a diet providing 0.8 grams protein/kg
SBW per d (plus 1 gram protein/gram Uprot.). Values are mean+SE

for five subjects in each group.
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Figure 4. Rates of whole body protein degradation, protein synthesis,
and leucine oxidation measured during fasting and feeding in ne-
phrotic (solid squares with solid line) and control subjects (solid cir-
cles with dashed line) consuming a diet providing 1.6 grams protein/kg
SBW per d (plus 1 gram protein/gram Uprot.). Values are mean*SE
for five subjects in each group.

topic leucine balance (i.e., protein synthesis minus degrada-
tion) became positive in both nephrotic and control subjects,
and was significantly more positive with the high than the low
protein diet (HPD, +51.7+7.6 vs +40.4+7.0; LPD, +24.9+4.3
vs +11.8+4.3; wmol/kg per h; nephrotic vs control, respec-
tively).

In response to feeding leucine oxidation increased signifi-
cantly in both groups (Figs. 4 and 5). Most importantly, in
nephrotic as well as control subjects, leucine oxidation rates
with feeding were significantly lower with the LPD compared
with the HPD (i.e., nephrotic, 23.4%2.6 vs 39.2+3.9; control
27.4%1.5 vs 45.9%6.3 pmol/kg per h; LPD vs HPD, respec-
tively) indicating that nephrotic patients invoked normal com-
pensatory responses designed to conserve dietary amino acids
when protein (and hence leucine) intake was restricted.

Relationship between urinary protein losses and leucine oxi-
dation. There was an inverse correlation between urinary pro-
tein losses and feeding leucine oxidation rates when nephrotic
patients consumed the LPD (r = —0.83; P = 0.04), suggesting
that proteinuria is a stimulus to conserve dietary amino acids
when dietary protein is restricted (Fig. 6). A similar relation-
ship (r = —0.64) was also seen during fasting but the range of
oxidation rates was smaller and the correlation was not signifi-
cant (P = 0.17).

There was no significant correlation between leucine oxi-
dation and proteinuria when nephrotic patients consumed a
high protein (and hence, high leucine) diet. This is not surpris-
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Figure 5. Rates of whole body protein degradation, protein synthesis,
and leucine oxidation measured during fasting and feeding in ne-
phrotic (solid squares with solid line) and control subjects (solid cir-
cles with dashed line) consuming a diet providing 0.8 grams protein/kg
SBW per d (plus 1 gram protein/gram Uprot.). Values are mean+SE
for five subjects in each group.

ing since a HPD is known to stimulate leucine oxidation (12,
19) and would obscure the influence of proteinuria.

Plasma branched-chain amino acid (BCAA) levels. Plasma
BCAA levels did not differ between nephrotic patients and
control subjects while consuming either dietary regimen (Ta-
ble II). In both groups, plasma BCAA levels increased signifi-
cantly during feeding (except plasma valine during LPD in

Leucine Oxidation
(umol/kg/h)

Urine Protein
(g/day)

Figure 6. Relationship between urinary protein losses and leucine ox-
idation rates measured during fasting (open circles) and feeding
(closed circles) while nephrotic subjects consumed the protein re-
stricted diet. By linear regression there was a significant correlation
during feeding (P = 0.04).

controls) and postprandial plasma BCAA levels were signifi-
cantly greater with the HPD compared with the LPD.

Discussion

In theory, wasting in nephrosis could be due to an inadequate
intake of protein or calories, catabolism induced by urinary
protein losses, or a combination of these factors. In the past,
high protein diets were recommended for nephrotic patients to
compensate for urinary protein losses and to promote anabo-
lism (1, 2). This recommendation was questioned when Kay-
sen et al. (3) reported that urinary albumin excretion de-
creased and serum albumin increased when nephrotic patients
were fed a LPD providing 0.8 grams protein/kg per d com-
pared with a HPD providing 1.6 grams protein/kg per d. The
finding that dietary protein restriction reduces proteinuria (3)
is also important because of the association between the de-

Table I1. Plasma Branched-chain Amino Acid Levels Measured during the Leucine Turnover Protocol in Nephrotic Patients and

Control Subjects
Leucine Isoleucine Valine
1 2 1 2 1 2
umol/liter

Nephrotic

0.8 103.9+4.4 142.3+5.7* 56.3%5.6 74.0£5.3* 173.9+7.3 218.7£7.3*

1.6 116.5+6.0 195.7+5.5% 58.3%3.3 109.9+4.0%% 202.0£8.4 323.1+12.1%
Control

0.8 107.8+10.1 122.5+9.2* 48.0£5.2 57.5*6.4* 166.0+16.3 191.3+19.0

1.6 121.1£13.0 161.6+14.5%F 52.2+7.3 79.4+10.5%* 209.9+20.1 282.6+24 4%

1, fasting; 2, feeding. Plasma branched-chain amino acid concentrations were measured between 10:30-11:30 a.m. (fasting) and 4:00-5:00 p.m. (feed-
ing). Values are mean=SE for five patients (*P < 0.0001; fasting vs feeding; *P < 0.0003, 0.8 vs 1.6 grams protein/kg SBW per d diet).
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gree of proteinuria and progressive renal insufficiency (4, 31).
Obviously, demonstrating the safety of prescribing a protein
restricted diet in nephrosis is critical, since CRF patients may
spontaneously reduce their dietary protein intake (32).

There are four principal conclusions derived from our re-
sults. First, a diet providing 0.8 grams protein (plus 1 gram pro-
tein/gram Uprot.) and 35 kcal/kg per day maintains neutral By
in patients with the nephrotic syndrome. Second, nephrotic pa-
tients achieve anabolism by activating adaptive responses simi-
lar to normal subjects. These responses included a postpran-
dial stimulation of protein synthesis and inhibition of protein
degradation resulting in net protein anabolism (i.e., protein
synthesis > protein degradation). The LPD also reduced amino
acid oxidation thereby decreasing dietary EAA requirements.
Third, the inverse correlation between urinary protein losses
and feeding leucine oxidation rates measured while feeding
the LPD (Fig. 6), suggests that proteinuria is an additional
stimulus to suppress amino acid catabolism. Thus, the net re-
sponse over 24 h was neutral or positive By with either dietary
regimen. Based on these considerations we conclude that uri-
nary protein losses do not increase protein and amino acid ca-
tabolism in nephrosis.

In patients with CRF consuming a very low protein diet
(VLPD) supplemented with EAA or with their nitrogen-free
ketoanalogs (KA), we found that the primary anabolic re-
sponse to feeding was a reduction in proteolysis; i.e., protein
synthesis was unchanged or decreased slightly during feeding
(10, 19). Although it is generally accepted that feeding stimu-
lates amino acid oxidation and suppresses whole-body protein
degradation, the impact of feeding on protein synthesis is more
variable (33, 34). The postprandial stimulation of protein syn-
thesis appears to be dependent upon the availability of amino
acids, limited in part by the concomitant suppression of pro-
tein degradation and the exogenous amino acid supply (26, 34—
36). The lack of a postprandial increase in plasma amino acid
levels likely explains why protein synthesis did not increase in
CREF patients consuming the more restrictive VLPD regimen
(10). In the present study, protein intake was greater and
plasma amino acid levels increased during feeding (Table II),
supporting the conclusions of Tessari et al. (36) and Castellino
et al. (35), who found that protein synthesis was stimulated
only when sufficient amino acids were provided to produce hy-
peraminoacidemia.

The protein intake estimated from the Kjeldahl nitrogen
analysis of a duplicate diet was slightly greater than prescribed
using the Nutritionist IV database (Table I). It has been appre-
ciated for many years that the composition of the same foods
will vary depending upon factors such as soil, climate, and
methods of preservation (37). Indeed, the modest differences
in nitrogen content we observed between the Nutritionist IV
database and duplicate diet analyses (i.e., 5-11%) are similar
or < 11% average deviation in Kjeldahl nitrogen content of the
same diet reported by Reifenstein, Albright, and Wells (37).

Despite its limitations (38), the By technique is generally
considered the gold standard for assessing protein require-
ments (13). One such limitation is that adults with stable
weight and body composition can exhibit very positive By
when they are fed protein intakes above the requirement (39).
Nitrogen balance was strongly positive during the HPD, par-
ticularly in the nephrotic patients, but the lack of an increase in
body weight suggests that nitrogen retention was less than pre-
dicted from the By measurements. Data from mice, rats, dogs,

and humans fed high nitrogen intakes have demonstrated the
same phenomenon (40—42). For instance, when healthy adults
were fed 26-34 grams N/d for 28 to 42 d, By remained strongly
positive (up to +7.9 grams N/d), yet body weight and total
body potassium did not increase to the degree predicted by the
retained nitrogen (42). The mechanism(s) responsible for the
apparent nitrogen retention during excess nitrogen intakes are
not understood (38, 39).

The control subjects were on average younger than the
nephrotic patients. Since protein requirements are primarily
determined by lean body mass which declines with age, it
could be argued that the elderly nephrotic patients might have
a lower requirement when expressed per killigram body weight.
In healthy adults there is no evidence that protein require-
ments are lower in the elderly; in fact, the efficiency of protein
utilization may be decreased (13). In the present study, By was
neutral or positive in all nephrotic patients and was not corre-
lated with age.

Can results from short-term studies be extrapolated to
long-term dietary adequacy? A new steady-state in urea nitro-
gen excretion occurs within 7-12 d of changing the level of pro-
tein intake (43) and to ensure equilibration our patients initi-
ated the diets ~ 3 wks before the By measurements. Using a
similar protocol, we found that By remained neutral and rates
of whole-body leucine turnover were identical when measured
~ 3 wk after initiation of the VLPD/KA regimen and after 1
year of dietary therapy in 6 nonnephrotic patients with ad-
vanced CRF (GFR, 18£2 ml/min) (19). Based on these consid-
erations it seems likely that the normal adaptive responses that
we identified in nephrotic patients ~ 3 wk after initiation of
the LPD can be sustained during long-term therapy. However,
caution must always be exercised when extrapolating long-
term dietary adequacy from short-term studies. It is also im-
portant that patients treated with protein-restricted diets be
monitored at regular intervals to ensure dietary compliance
and that nutritional status is not compromised.

In contrast to our results in rats with experimental nephro-
sis (5, 6), we did not observe a significant decrease in leucine
oxidation or urea nitrogen appearance in the nephrotic pa-
tients during either dietary regimen. We believe this can be ex-
plained by the fact that nephrotic patients received supple-
mental dietary protein to compensate for urinary protein
losses and therefore their net intake of dietary protein (i.e., in-
take minus urinary losses) was similar to the control subjects
(Table I). In contrast, the nephrotic and control rats received
an identical diet so the net protein intake in the nephrotic rats
was in fact, lower (5, 6). If no allowance were made for urinary
protein losses, the net intake for a 70-kg individual prescribed
0.8 grams protein/kg per d and the range of proteinuria we
studied (i.e., 3.0-14.5 grams Uprot./d), would vary between
0.59-0.76 grams protein/kg per d. Consequently, we designed
the study to test whether a diet providing 0.8 grams protein
(plus 1 gram protein/gram Uprot.) would yield neutral By and
it did.

On the other hand, our results do not define the minimum
protein requirement for nephrotic patients, nor do they prove
that supplementing dietary protein intake for urinary protein
losses is necessary to achieve neutral By. Studies testing
prescribed diets containing 0.45-0.8 grams protein/kg per d
showed that serum albumin levels remained stable or in-
creased during long-term therapy (see Table IV in reference
44), supporting the conclusion that dietary protein restriction
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is safe for nephrotic patients. Moreover, a very low protein
diet providing ~ 0.3 grams protein/kg per d supplemented with
EAA resulted in nearly complete remission of the nephrotic
syndrome in five patients with GFR > 30 ml/min caused by
disorders that seldom remit spontaneously (44). Taken to-
gether, these results suggest that more severe protein restric-
tion than prescribed in the present study is not only safe, but
may also induce normalization of the serum albumin levels
and a marked decrease in proteinuria. However, we cannot
recommend using low-protein diets in nephrotic patients with
extremely high levels of proteinuria (> 15 grams/d) or individ-
uals receiving catabolic drugs or with superimposed catabolic
illnesses (e.g., systemic lupus erythematosus), since their safety
has not been demonstrated in these settings.

In conclusion, our study indicates that clinically stable pa-
tients with the nephrotic syndrome can maintain protein ho-
meostasis when fed a diet providing 0.8 grams protein (plus 1
gram protein/gram Uprot.) and 35 kcal/kg per day. These re-
sults have practical implications since LPDs delay the onset of
uremic symptoms, decrease proteinuria, and secondary hyper-
cholesterolemia in nephrosis (7), and may slow the rate of pro-
gression of renal failure (8, 14).
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