
ABSTRACT We examined the effect of macronutrient con
tent on glomerular filtration rate (GFR), and excretion, reabsorp
tion, and filtered load of carnitine. Ten subjects consumed five
diets [high protein (HP), low protein (LP), control, high fat (HF),
and high carbohydrate (HC)] of equal energy and carnitine con
tent for 6 d each, in a randomized crossover manner. The rate of
carnitine excretion was lower after the 12 diet than after the HP
diet because oflower GFR after the LP diet. The rate of carnitine
reabsorption was lower after the 12 die@tthan after the HP diet,
also because of the lower GFR after the LP diet. The rate of
carnitine reabsorption was not different after the HF and HC
diets, nor was GFR. The ifitered load of carnitinc, however, was
greater after the HF diet, resulting in a higher rate of carnitine
excretion. Am J Clin Nut,' 1993;58:868â€”72.
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Introduction

Carnitine, a naturally occurring compound found in humans
and other mammals, facilitates the transport of long-chain fatty
acids into the mitochondria for adenosine triphosphate (ATP)
production via 8-oxidation and oxidative phosphorylation. Car
nitine also functions to remove from the mitochondria short- and
medium-chain organic acid products of metabolism. Carnitine is
synthesized in the liver and kidney in humans from the essential
amino acids lysine and methionine. Carnitine is also obtained
exogcnously from the diet almost exclusively from foods of an
imal origin. Between 54% and 87% of dietary carnitine is ab
sorbed depending on the amount of carnitine ingested (1). The
kidney, in addition, contributes to carnitine homeostasis as the
site of carnitine reabsorption. At normal plasma carnitine con
centrations, > 84% of filtered carnitine is reabsorbed (2).

In humans, plasma carnitine concentration and urinary carni
tine excretion are affected by the macronutrient content of the
diet. High-fat diets result in higher plasma carnitine concentra
tions and higher carnitine clearances than do low-fat diets (3).
Among individuals consuming vegetarian diets, which tend to be
high in carbohydrate and low in fat, plasma carnitine concentra
tion and urinary carnitine excretion are significantly lower com
pared with individuals consuming omnivorous diets (4). These
observations suggested to us that the efficiency of carnitine reab
sorption may be affected by the macronutrient composition of
the diet. To explore the mechanisms of this phenomenon we cx

amined the effect of dietary macronutrient content on glomerular
filtration rate (GFR), and excretion, reabsorption, and ifitered
load of carnitinc.

Methods

General design

Eleven adults, 7 males and 4 females, were recruited from the
Iowa City community to participate in a randomized crossover
study of the effect of dietary macronutrient content on carnitine
reabsorption. Subjects were judged to be healthy after review of
their medical histories and physical examination. Exclusion cri
teria used to screen potential participants included chronic use of
medication (including oral contraceptives) and history of renal
and/or hepatic disease, diabetes, and abnormal blood pressure.
Characteristics of 10 subjects who completed the study are pro
vided in Table 1. During the study, subjects consumed five diets
of varied protein, fat, and carbohydrate contents. Each diet was
consumed for 6 d. Diet order was randomized by using a Latin
square model.

Participants consumed self-selected diets before and between
controlled diet periods. Time duration between the end of one
controlled diet period until the beginning of the next period was
between 1 and 31 d. These between-diet periods were provided
for the convenience of the participants and/or to meet scheduling
requirements of the Clinical Research Center (CRC). No washout
period between controlled diets was necessary or intended in this
protocol. Fasting blood samples were obtained at baseline (day
0), and on days 2, 4, and 6 of each diet period. Body-weight
measurements and urine samples from 24-h urine composites
were obtained daily. GFR (estimated from clearance of inulin)
and clearance of carnitine, creatinine, uric acid, and phosphate
were measured on the day after each diet period (day 6).

Written consent was obtained from each subject before entry
into the study. The research protocol was reviewed and approved
by the University of Iowa Committee on ResearchInvolving Hu
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Male
(n6)Female(n4)TotalAge

(y)27 Â±229 Â±128 Â±2Weight

(kg)75 Â±755 Â±967 Â±13Height
(cm)176 Â±S161 Â±6170 Â±9Body

surface area (m2)1.92 Â±0.121.58 Â±0.141.78 Â±0.22

DietProteinFatCarbohydrateCarnitine

content

AnalyzedtCalculated'AnalyzedtCalculated' AnalyzedtCalculated'Malyzedl%

oftotal energy% oftotal energy% oftotalenergyj@mol/kIHigh

protein35 43 Â±2@30 29 Â±235 28 Â±332 Â±4LowproteinS
6Â±144 44Â±45149Â±432Â±6Control17
23 Â±338 36 Â±345 41 Â±331 Â±5Highfat17
23Â±358 54Â±42524Â±532Â±5Highcarbohydrate17
22Â±118 19Â±165 58Â±233Â±5
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TABLE 1
Subject characteristics'

to infuse inulin and the other to obtain blood samples. Subjects
then voided their bladders and heparinized blood samples were
obtained. Inulin (sterile, diluted to 50 mL with 0.45% NaCl; Iso
Tex Diagnostics, Friendswood, TX) was infused initially as a
bolus over 10 mm to obtain a plasma concentration of@ 50 @moW
L (assumption: average molecular weight of inulin is 5000 g/
mol). A continuous sustaining infusion of inulin was then imti
ated to maintain a constant plasma inulin concentration at@ 50
j.tmol/L for the duration of the study. Blood samples and com
plete urine collections were obtained six times during the clear
ance study: before the inulin infusion, after a 45-mm equiibra
tion period after infusion of the inulin bolus, and every 30 min
thereafter for 120 rain. A urine flow rate between 3 and 10 mL/
rain was maintained by having the subject drink 120-240 mL
water within each 30-mm sampling interval, as necessary.

Plasma and urine analyses

Plasma and urine samples were analyzed for free and total (free
plus esterified) carnitine as described previously (2), except that
for total carnitine determination, acylcarnitine esters were hydro
lyzed at 25 Â°Cfor 1 h in the presence of 0.1 mol KOHIL. Inulin
was measured in plasma and urine by the method of Liedtke and

Duarte (9). Creatinine was measured as previously described
(10). Phosphorus was measured spectrophotometrically by re
action with ammonium molybdate (11), and uric acid was quan
tifled by the method of Fossati et al (12), but with 4-aminoanti
pyrene and n-ethyl-n-sulfohydroxypropyl-m-toluidine as chro
mophore precursors. Methods for measurement of phosphorus
and uric acid were adapted for automated analysis by using the
SBA 300 Clinical Chemistry Analyzer (Gilford Systems,
Oberlin, OH).

Before the study, test meals for each dietary treatment were
prepared, homogenized, and analyzed for energy by bomb cal
orimetry. Sodium, potassium, and calcium were determined by
atomic absorption spectrophotometry. Total nitrogen was deter
mined as described by Fomon et al (13) and fat was determined
by the method ofJeejeebhoy et al (14). Phosphorus was measured
by the method of Daly and Ertingshausen (11) and carnitine was
measured as previously described (2). Mineral content of the di
ets was normalized by supplementation where indicated with po
tassium chloride, sodium chloride, calcium phosphate, phos
phoric acid, and dibasic sodium phosphate. Duplicate meals were
prepared for each subject once each diet period and analyzed for

* :@ Â± SD.

man Subjects and the General Clinical Research Center Protocol
Review Committee before the start of the study.

Diets

Five diets (low protein, high protein, control, high fat, and high
carbohydrate) were designed to be isoenergetic and to contain
equal amounts of carnitine, sodium, potassium, phosphorus, cal
cium, and cholesterol, and a similar ratio of polyunsaturated to
saturated fatty acids (fable 2). By design, fat and carbohydrate
contents of the low-protein, high-protein, and control diets were
46% and 54%, respectively, of nonprotein energy. Each dietary
treatment consisted of one menu repeated daily. As much as pos
sibic, each menu contained similar foods but in varying amounts.
Major sources of carnitine were ground beef, tuna, chicken, tur
key, and milk. The quantity of food provided to each subject was
determined by the subject's estimated energy requirement to
maintain body weight based on height, weight, age, sex, and
usual physical activity (8). All meals were prepared and admin
istered by the dietary staff of the CRC. Each subject was to con
sume all of the food provided and only that food. Subjects were
judged to be compliant by direct observation of meals eaten in
the CRC and by questioning the subjects about food consumed
while away from the CRC.

Measurement ofglomerular filtration rate

The day GFR and solute clearances were measured, each sub
ject was admitted as an outpatient to the CRC at 0700. A light
breakfast (toast with jelly) and two glasses (240 mL each) of
orange juice and/or water were consumed. Two intravenous cath
eters with heparin locks were placed, one in each forearmâ€”one

TABLE 2
Macronutrientcomposition and carnitinecontent of test diets

* Macronutrient content calculated by using data from references 5â€”7.

t Each diet was analyzed for total nitrogen, total fat, and total carnitine contents as described in the text.
$ 100% â€”¿�(% protein+ % fat).
Â§:@Â±SD.
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DietFreeTotalj@mol/LHigh

protein
Low protein
Control
High carbohydrate
High fat37.9

Â±3.2th
35.5 Â±8.4â€•
39.6 Â±3.2'
35.6 Â±7.3â€•
40.3 Â±6.8'46.7

Â±2.1â€•
43.3 Â±2.1â€•
48.2 Â±1.6'
42.9 Â±2.5â€•
50.3 Â±2.6'

DietFreeTotalFreeTotal,nmol/molcreatininej@mo1/kgbody

wtHigh

protein28.4 Â±3.3'47.4 Â±5.0'6.0 Â±0.7'10.0 Â±0.8'Low
protein9.4 Â±21b@5@ 3.6â€•'1.4 Â±03b3@4@ 0.9Control16.3

Â±2.3c30.6 Â±3.5'3.3 Â±0.5'6.3 Â±0.8'High
carbohydrate6.9 Â±14b15.6 Â±2.0â€•1.4 Â±0â€¢3b3.1 Â±0.5â€•High
fat30.2 Â±3.2'60.2 Â±5.2â€•5.6 Â±0.8'11.2 Â±1.5'

DietGFRFiltered

loadFree

Totali@iL

min' .1.73m2,imol/LGFHigh

protein122 Â±6'41.1 Â±1.6' 46.4 Â±1.9â€•Low
protein104 Â±3â€•39.3 Â±1.9â€• 44.2 Â±1.9'Control119

Â±6@41.9 Â±1.2' 47.2 Â±1.2â€•High
carbohydrate108 Â±3b@37.9 Â±2.0â€• 43.5 Â±2.4'High
fat115 Â±4â€•42.5 Â±1.5' 49.4 Â±2.2â€•

870 STADLER ET AL

TABLE 3
Effect of diet on plasma carnitine concentration on day 6'

TABLE4
Effectof diet on urinarycarnitineexcretionon day 6'

* r Â± SEM. Within each column, values with different superscript letters arc

significantlydifferent,P < 0.01.

The effects of dietary macronutrient content on plasma can
tine concentration are summarized in Table 3. Repeated-mea
sures analysis of variance demonstrated a significant effect of
macronutrient content on plasma free- and total cannitine con
centration. On day 6 of the dietary regime, plasma cannitine con
centration was significantly lower (P < 0.05) after the high-can
bohydrate diet than after either the high-fat or control diets.
Plasma cannitineconcentrationwas also lower (P < 0.05) after
the low-protein diet than after the control diet. There was no
difference in plasma carnitine concentration after the low-protein
and high-protein diets.

The patternof cannitineexcretion was similarfor free and total
carnitine whether calculated per mole creatinine or per kilogram
body weight (Table 4). On day 6 there was a three- to fourfold
difference in carnitine excretion between the high-fat and the
high-carbohydratediets (P < 0.01) and a two- to threefold dif
ference between the high-protein and low-protein diets (P
< 0.01). Mean carnitine excretion after each test diet was sig
nificantly different from cannitine excretion after the control diet
(P < 0.01), except for total carnitine excretion (rnmoh/molcrc
atinine) after the low-protein diet.

The effects of dietary macronutrientcontent on GFR and ifi
tered load of carnitine are presented in Table L GFR corrected
for body surface areawas higher after the high-protein diet and
the control diet than after the low-protein diet (P < 0.05). There
was no difference in GFR after the high-fat, the high-carbohy
drate, or the control diets. Filtered load of carnitine, corrected for
differences in GFR, was higher after the high-fat and control diets
thanafterthe high-carbohydratediet (P < 0.05). Filteredload of
total carnitine was lower after the low-protein diet than after the

TABLES
The effect of diet on glomerula filtrationrate (GFR) and filteredload
of carnitine'

S@@ SEM. Within each column, values with different superscript

letters are significantly different, P < 0.05.

energy, total nitrogen, fat, and carnitine as described above (Ta
ble 2). Carbohydrate content (% of total energy) was determined
by the difference between 100% and the sum of the percentages
of protein and fat.

Calculations and statistical analyses

The following equations were used to calculate GFR (inulin
clearance; C,), carnitinc clearance (Cc), carflitiflc excretion (Er),
and carnitine reabsorption (Trc):

C, = (U, x V)/P,

C@= (Uc X V)/Pc

E@c 100 x (Uc X V)/C,, and

Trc [(Pc X C,) â€”¿�(Uc X V)] X (100/C,),

where U, and P, are the urine and plasma concentrations of inulin
(jtmol/L), respectively; U@and Pc are the urine carnitine concen
tration (@imoWL) and average plasma carnitine concentration
(jimoh/L) at the start and end of each collection period, respec
tively; and V is the rate of urine flow (mLlmin). Creatinine clear
ance and rates of phosphorus and uric acid reabsorption were
calculated similarly.

Repeated-measures analysis of variance was used for statistical
analysis (15). Least-significant-difference contrast was used to
establish differences among mean values after each diet. Differ
ences were considered significant at P < 0.05.

Results

The age range of all participants was 23â€”30y. All but two of
the participants were within 10% of their ideal body weight for
height as assessed by the midpoints of the ranges provided in the
1983 Metropolitian Height and Weight Tables (16). Two female
participants were lean, but within 20% of their ideal body weight
for height. Of the 11 individuals enrolled into the study, 10 corn
pleted all five diet periods. One subject withdrew from the study
before completion because of time constraints. No data are re
ported for this subject. One subject reported adverse affects (in
fluenza-like symptoms including nausea, dizziness, hypersensi
tivity, and diarrhea) while consuming the high-protein diet. Dc
termination of GFR of another subject was abandoned after the
high-protein diet because of poor hydration status. Both subjects
completed successfully the high-protein diet periods and deter
mination of GFR and solute clearances at later dates.

*@ Â± SEM. GF, glomerula ifitrate. Within each column, values with

differentsuperscriptlettersare signifIcantlydifferent,P < 0.05.
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DietFreeTotalFreeTotal@imoIImÃ¼,j4@nOI/L

GFHigh

protein4.81 Â±0.31'5.32 Â±1.12'38.2 Â±1.4â€•'42.2 Â±l.6@Low
protein4.11 Â±0.3D4.62 Â±0.40â€•37.7 Â±1.7â€•'42.4 Â±1.8â€•Control4.94

Â±0.46'5.43 Â±1.59'39.7 Â±1.4'43.5 Â±14thHigh
carbohydrate4.11 Â±032b4.62 Â±0.36â€•36.8Â±1.9â€•41.3 Â±2.3'High
fat4.78 Â±0.41'5.38 Â±0.48'39.7 Â±1.4'44.6 Â±2.0â€•

PtasmaDietconcentrationFiltered
loadReabsorptionExcretionmmol/L,nmol/L

GFriunol/L GFmmol/LGFHigh

protein
Lowprotein
Control1.01

Â±0.12'
1.08 Â±0.10â€•
1.05 Â±0.15â€•'1.00

Â±0.04'
1.09 Â±0.03â€•
1.05 Â±0.05â€•'0.89

Â±0.12
0.93 Â±0.11
0.93 Â±0.160.11

Â±0.01'
0.16 Â±0â€¢03b
0.12 Â±0.02'High

carbohydrate
Highfat1.00

Â±0.10'
1.08 Â±014b1.00

Â±0.04'
@@ 0.04â€•0.90

Â±0.10
0.93 Â±0.120.11

Â±0.01'
0.15 Â±0.01â€•
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TABLE 6
Effect of diet on camitine reabsorption'

anism (19) and was chosen as a nonspecific control for carnitine
reabsorption.

Plasma phosphate concentration and filtered load of phosphate
(indexed to GFR) were higher (P < 0.05) after the low-protein
diet than after the high-protein diet (Table 7). The difference in
plasma phosphate concentrations after the high- and low-protein
diets is not readily explained. The test diets were designed to
contain equal amounts of phosphorus (182 mg/kJ). Of the test
diets, the high-protein diet contained the largest amount of phos
phorus (182 mg/LI) and the low-protein diet contained the least
amount of phosphorus (70 mg/kJ) before supplementation. The
low-protein diet was supplemented with phosphorus in the forms
of phosphoric acid and dibasic sodium phosphate to match the
phosphorus content of the high-protein diet. Although individual
diets were not analyzed for phosphorus content, we suspect that
similar amounts of phosphorus were consumed. It is possible that
the total (endogenous plus supplemented) phosphorus content of
the low-protein diet exceeded the endogenous phosphorus con
tent of the high-protein diet, or that the supplemented forms of
phosphorus are more readily absorbed than are the endogenous
form, resulting in higher plasma phosphate concentrations.

Because the rate of phosphate reabsorption, expressed as
mmol/L glomerular filtrate, was similar among the different diets,
the difference in filtered load was reflected in phosphate excre
tion. Despite a lower GFR after the low-protein diet, phosphate
excretion was higher after the low-protein diet than after the high
protein (P < 0.01) or control (P < 0.05) diets. Phosphate excre
tion was higher after the high-fat diet than after the high-carbo
hydrate diet(P < 0.01), probably because ofmarginal differences
in plasma phosphate concentrations observed with these diet
treatments. It is interesting to note, in retrospect, that the two
diets that resulted in the highest plasma phosphate concentrations
and rates of phosphate excretion (low-protein and high-fat) were
also the diets with the highest percentage of phosphorus from the
supplement (64% and 27%, respectively).

There were no differences in filtered load or rate of uric acid
reabsorption after any of the test diets. Although uric acid excre
tion, expressed as rnmol/L glomerular filtrate, was not different
after the low- or high-protein diets, it was lower after the low
protein diet than after the control diet. Uric acid contents of the
diet were not determined, nor were they held constant.

Because neither phosphorus nor uric acid demonstrate the
same response to macronutrient composition of the diet as does
carnitine, we conclude that our observations for carnitine cannot
be generalized to all solutes. It is likely that other factors, such

TABLE7
Plasmaconcentration,filteredload, reabsorption,and excretionof
phosphate on day 6'

â€˜¿�x Â± SEM. GF, glomerular ifitrate. Within each column, values with different

superscript letters are significantly different, P < 0.05.

control diet (P < 0.05). There was no difference in filtered load
of carnitine after the high-protein and low-protein diets.

The rate of carnitinc reabsorption expressed as j@tmoVmin(Ta
ble 6) was higher after the high-protein and high-fat diets than
after the low-protein (P < 0.05) and high-carbohydrate (P <
0.05) diets, respectively. However, when reabsorption @vas cx

pressed as @imol/Lglomerular filtrate, the difference in reabsorp
tion after the high-protein and low-protein diets disappeared.
Therefore, the higher rate of carnitine reabsorption after the high
protein diet is accounted for by a higher GFR. Higher GFR also
is responsible for the higher rate of carnitine excretion associated
with the high-protein diet. On the other hand, the higher rate of
carnitine reabsorption after the high-fat diet, compared with the
high-carbohydrate diet, remains after GFR is adjusted for and is
therefore attributed to a higher filtered load of carnitine. A higher
ffltcred load of carnitine after the high-fat diet also explains the
higher rate of carnitine excretion.

Discussion

Fat and carbohydrate compositions of the diet are known to
influence plasma carnitine concentration and urinary excretion of
carnitine in humans (3). No studies have been reported that dc
scribe the effect of high- or low-protein diets on carnitine status.
However, it is well-established that high-protein diets increase
GFR and low-protein diets decrease GFR compared with diets
of moderate protein content (17). To explore the mechanisms by
which macronutrient composition affects canrntine status, we de
termined GFR, and excretion, reabsorption, and filtered load of
carnitine after consumption of diets different in macronutrient
composition. We observed higher rates of carnitine reabsorption
after the high-protein and high-fat diets than after the low-protein
and high-carbohydrate diets, respectively. The higher rate of car
nitine reabsorption after the high-protein diet likely is due to
higher GFR associated with the high-protein diet. The higher rate
of carnitine reabsorption after the high-fat diet, compared with
the high-carbohydrate diet, was associated with a higher filtered
load of carnitine. Filtered load of carnitine, however, was not
elevated as a result of increased GFR, but rather as a result of
increased plasma carnitine concentration.

To determine whether the trends we observed were specific for
carnitine, or whether they were generalized phenomena, we mea
sured and calculated the same indexes for two other solutes:
phosphate and uric acid. Phosphate, like carnitine, is reabsorbed
by a sodium-gradient-dependent-cotransportsystcm (18) and was
therefore chosen as a positive control for carnitine reabsorption.
Uric acid is reabsorbed by a sodium-gradient-independent mech

S r Â± SEM. GF, glomerular filtrate. Within the same column, values with the

different superscript letters arc significantly different, P < 0.05.
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as hormonal differences associated with different macronutrient
intakes, affect excretion and reabsorption of various solutes dif
ferently.

Macronutrient composition of the diet may in part explain the
differences in rates of carnitine excretion in vegetarians com
pared with omnivores. Lombard, et al (4) observed that, although
plasma carnitine concentrations were on average slightly lower
in vegetarians than in omnivores, at a fixed plasma carnitine con
centration the rate of carrntine excretion was lower in vegetarians
than in omnivores. Our results suggest, however, that the differ
ence in fat content among vegetarian and mixed diets cannot
explain the difference in carnitine excretion at a fixed plasma
carnitine concentration because the filtered load of cannitine
would remain constant. The low-protein composition of vegetar
ian diets could account for the decreased carnitine excretion
among vegetarians, assuming GFR was simultaneously low.
Rebouche et a! (20) found the mean GFR of 12 strict vegetarians
on self-selected diets to be 102 mL@min' . 1.73 m2. This value
is consistent with the mean GFR of 104@ @jj@1. 1.73 m2
determined after our low-protein diet. That vegetarian diets are
lower in protein and fat than are mixed, omnivorous diets is well
documented. The macronutrient composition of strict vegetarian
diets was reported to be 29% fat, 10% protein, and 61% canbo
hydrate compared with the corresponding macronutrient distri
butions of 40%, 12.5%, and 47.5%, respectively, of mixed diets
(21). The macronutrient composition of lactoovovegetanian diets
tends to be slightly higher in protein (14.6%) and fat (32.8%)
and lower in carbohydrate (52.6%) than strict vegetarian diets
(22). The difference in macronutrient composition between the
strict-vegetarian and lactoovovegetanian diets is attributed pri
manly to the inclusion of dairy products in the latter diet. Similar
results were reported elsewhere (23â€”26).

We conclude that dietary macronutrient content affects plasma
carnitine concentration and urinary cannitine excretion in hu
mans. Increased rate of carnitine excretion after a high-protein
diet, compared with a low-protein diet, is due to higher GFR. An
increased rate of carnitine excretion after a high-fat diet, corn
pared with a high-carbohydrate diet, is due to a higher filtered
load of carnitine. The efficiency of carnitine reabsorption is not
altered after any of these dietary treatments.

We acknowledgeStevenNelsonfor assistancewith statisticalanaly
ses; Ronald Rogers, Sandra Hanson, and Fathollah Riahi for assistance
with diet analyses; and Michael Mahoney for assistance with carnitine
analyses.
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