Ketogenic effects of low and high levels of carnitine during
total parenteral nutrition in the rat'?
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ABSTRACT  Male Wistar rats received total parenteral alimentation for 3 d. The animals
were divided into three groups: group 1, without L-carnitine; group 2, 10 mg (62.1 umol) L-
carnitine-kg™'-d™'; and group 3, 100 mg (621.1 umol) L-carnitine- kg™’ -d~'. Fat oxidation
was followed by indirect calorimetry. Maximal oxidative metabolism of fatty acids was achieved
with supplementation of L-carnitine in small amounts (10 mg-kg™" - d™"). This was demonstrated
by a decrease of the RQ and of the serum concentrations of fatty acids and by an increase of
B-OH-butyric acid. Decreased liver free and long-chain acylcarnitine and increased short-chain
acylcarnitine concentrations in this group also demonstrate an increased ketogenicity. This
ketogenic effect of carnitine decreases when higher concentrations of carnitine are used. This
study demonstrates that the ketogenic effect of carnitine is dose dependendent. Am J Clin
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Introduction

The major effect of L-carnitine in fatty acid metabolism
is supposed to be the transport of long-chain fatty acids
across the inner mitochondrial membrane (1). The use of
L-carnitine during total parenteral nutrition with lipid
emulsions is advocated in order to stimulate the oxidative
degradation of long-chain fatty acids. In the literature
however, contradictory results about a ketogenic as well
as an antiketogenic effect of carnitine were published (2,
3). In those studies carnitine was administered in amounts
ranging between 1.5 and > 200 mg-kg™'-d™!. Our ob-
jective is to determine the effect of high and low levels of
intravenous L-carnitine supplementation on fatty acid
oxidation.

Methods and experimental design

Animals

Male Wistar rats (243 + 28 g), cared for following the official
guidelines for experiments in animals of the governmental dis-
trict, were prepared for parenteral nutrition by cannulation of
the jugular vein according to Steiger et al (4). The animals were
anesthetized with ketamine-HCI (2 mg/kg or 7.4 umol/kg in-
traperitoneally). The animals were individually housed in met-
abolic cages randomly assigned to three groups of parenteral
alimentation. All animals received as nutrients per day 5 g amino
acids/kg (Aminofusin 10%®, Pfrimmer & Co, Erlangen, FRG),
5 g glucose/kg, and 8 g long-chain triglycerides (Intralipid 20%®,
KabiVitrum, Stockholm, Sweden) as well as minerals and vi-

tamins. The animals in group 1 (n = 6) received no carnitine
supplement. Those in group 2 (n = 6) received 10 mg (62.1
umol) L-carnitine - kg™' - d~! (10C) and those in group 3 (n = 6)
100 mg (621.1 umol) L-carnitine - kg™' - d~*' (100C). L-carnitine
was given as the free base (Biocarn®, Nefro-Pharma, Bad Aibling,
FRG). The amount of glucose infused was calculated not to
exceed by very much the endogenous glucose production rate
of the animals in order to promote an effective oxidative lipid
metabolism (5, 6). The total energy intake of the animals was
considered hypocaloric (116 kcal-kg™' -d™'). The fluid intake
was 290 mL-kg™'-d™'. The animals were intravenously ali-
mented for 3 d. The urine was continuously collected and stored
at —80°C until analysis.

After parenteral nutrition the animals were stunned, blood
was withdrawn by aortic puncture, and the liver was freeze
clamped and put immediately into liquid nitrogen. Serum and
liver tissue were kept at —80°C until analysis.

Chemical analysis

The chemical analysis was performed according to the fol-
lowing methods: free fatty acids according to Novak (7); 8-OH-
butyric acid, enzymatically, according to Williamson and Mel-
lanby (8); glycerol, enzymatically, according to Laurell and Tib-
bling (9); liver carnitine content as described by McGarry and
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TABLE |
Results of indirect calorimetric studies during total parenteral
nutrition*

LCT LCT+10C  LCT+ 100C
t t
RQ (protein freey  0.78 ':| 003  0.71+0.04 0.75'1l 0.02
b
§ b
Fat 1332449 207£38) 17.9:+2.37
(S'kg-l‘d_l) t
§ t
I LI L
Glucose 10.3+3.08 274454 6.8+2.32
@kg'-dl (72817 (15%252)  (317x128)
4
S S
f L | 1
Protein 16:+0.38 1.3+0.88 19048
(g-kg™'-d™")
t NS
Total calories 175 + 34 215+29 203+ 21
(kcal -kg™'-d™) t : '

* 10C = 10 mg (62.1 umol) L-carnitine - kg™'+d™"; 100C = 100 mg
(621.1 umol) L-carnitine - kg™' - d~'; amounts of oxidatively metabolized
substrates as calculated by Hunker et al (12).

t+p<0.0l.

$p <0.05.

§p <0.001.

|| SI values in mmol-g™' -d™" are given in parentheses.

Foster (10) and Fishlock et al (11); serum and liver triglycerides
(after sonication), enzymatically, with an automated routine
clinical laboratory method (Testomar-Triglyceride®, Behring-
werke AG, Marburg, FRG); and urine total nitrogen with the
classic Kjeldahl procedure (12).

Indirect calorimetry

Indirect calorimetry was performed for 15 min, several times
a day in a system with controlled airflow through the metabolic
cages. Infrared absorption was used for carbon dioxide detection.
Oxygen was determined by its paramagnetic properties. Baro-
metric pressure and room temperature were recorded at the mo-
ment of gas exchange. The necessary calculations were performed
according to Hunker et al (13).

Flow cytometric analysis

The state of liver cell proliferation was defined by means of
flow cytometric analysis of cellular DNA according to Beck et
al (14). Fresh liver was treated with pepsin; DNA of individual
cells was stained with 4,6-diamidino-2-phenylindole. The pro-
portion of cells in S phase within the cellular proliferation cycle
was measured and considered representative for cell proliferation.

Statistical analysis

Statistical analysis of the data was performed with the non-
parametric U-test according to Mann and Whitney.

Results

The results of indirect calorimetry are shown in Table
1. The values of the protein free respiratory quotient in
the three groups are representative for the overall results
of this investigation. The mean RQ of 0.78 in unsupple-
mented group | reflects the fair contribution of fatty acids
to total energy expenditure. The energy expenditure of
~200 kcal-kg™'-d™' shows that the animals were ali-
mented hypocalorically by the parenteral regime and that
an additional 6-12 g of fat stores had to be used. Supple-
mentation with the small amount of L-carnitine (10
mg-kg™'-d™') leads to a decrease of the RQ, reflecting
an enhanced fatty acid oxidation. This effect is partially
reversed when the carnitine supplementation is increased
to 100 mg-kg™'-d~'. The pattern of a different ketogen-
icity with respect to the amount of L-carnitine supple-
mented could be demonstrated by different variables
(Table 2).

The carnitine fractions in liver tissue at the low and
high levels of carnitine (Table 3) show a decrease of free
and long-chain acylcarnitine concomitant with an increase
of short-chain acylcarnitine in group 2 when the 8-OH-

TABLE 2

Serum concentrations of triglycerides, free fatty acids, glycerol, and -
OH-butyric acid and liver triglyceride concentrations after 3 d of total
parenteral nutrition*

Serum LCT LCT+10C  LCT+100C
Triglycerides 238+ 91 nd 154 +94
(mg/dL)t (2.72+1.04) (176 + 1.07)
L ]
S
$ NS
Free fatty acids 39+16 24407 22+1.1
(kmol/L) L .
b4
§ ¥
Glycerol (umol/ 1.5+0.5 23406 3.1+0.5
L) L ]
I
I I
I LI
B-OH-Butyric 11£03 22+04 11203
. L
acid (umol/L) NS
Liver § NS
Triglycerides 438456 37.6 8.0 41571
(mg/g wet (500.5+64)  (429.7+91.4) (4742+81.1)
weight)l L NS !

* 10C = 10 mg (62.1 umol) L-carnitine-kg™'-d™"'; 100C = 100 mg
(621.1 umol) L-carnitine- kg™ -d™'; nd = not determined.

+ Values in mmol/L are given in parentheses.

$p<0.01.

§ p <0.05.

[ p <0.001.

1 Values in umol/g are given in parentheses.
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Liver carnitine concentrations (nmol/g wet wt) after 3 d of total

parenteral nutrition*

LCT LCT+10C  LCT+100C
NS NS
Total carnitine 37soz: 1407 4458974 3927} 551
NS
t t
Free carnitine 820 :% 72 765 + 62 949 :1 207
NS
t NS
Short-chain 25577 469+ 67 376+ 80
acyl-carnitine L : !
t t
Long-chain 2685+1273  2229+856 2602 +755
acyl-carnitine L NS -
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* 10C = 10 mg (62.1 umol) L-carnitine-kg™'-d™'; 100C = 100 mg
(621.1 umol) L-carnitine-kg™'-d™".

tp < 0.05.

$p <0.001.

butyric acid levels indicate an enhanced ketogenicity. The
lower serum and liver triglycerides in the carnitine-sup-
plemented groups agree with these results. Serum free fatty
acids are equally decreased in both the low- and the high-
carnitine groups compared with the animals without car-
nitine supplementation. Serum glycerol concentrations
increase almost in a dose-effect relationship when carni-
tine is supplemented. As shown in Figure 1, the supple-
mentation of total parenteral nutrition with 10 mg L-car-
nitine - kg™' - d ™! leads to a higher percentage of liver cells
in S phase. Figure 2 shows a better total-nitrogen retention
with 10 mg of L-carnitine supplementation.

Discussion

The effect of carnitine supplementation on oxidative
fatty acid metabolism is controversial. A stimulation of
ketogenesis by carnitine (2) as well as an inhibition of
ketone synthesis (3, 15) were described. Our results show
that carnitine at low concentrations stimulates ketogenesis
and that ketogenicity cannot be further increased at higher
concentrations. This is in accordance with Yeh (16), whose
in vitro studies essentially reported the same dependence
of ketogenesis on carnitine concentrations. The stimulated
f-oxidation at low-carnitine concentrations is supported
by the results of indirect calorimetry, 8-OH-butyric acid
formation, as well as the pattern of liver carnitine metab-
olites. The decrease of free and long-chain acylcarnitine
and the increase of short-chain acylcarnitine are in agree-
ment with a stimulated oxidation of fatty acids. There is
no influence of L-carnitine administration on the content

of total liver carnitine. Yeh (16) showed that the liver
carnitine content did not increase when carnitine was ad-
ministered at a rate < 500 mg/kg (3.1 mmol/kg). The
effect of carnitine in small amounts on nitrogen balance
as well as on the degree of liver cell proliferation (as de-
termined by flow cytometric analysis) could well be in
accordance with a more anabolic state of metabolism.
This result is of importance for the use of carnitine during
total parenteral nutrition.

These results tell us little about the mechanism by which
carnitine exerts its peculiar dose-dependent influence on
fatty acid oxidation. Decreased fasting blood ketone levels
were observed by Wolff et al (17) in patients with disorders
of organic acid metabolism who were treated with L-car-
nitine. Blood ketone formation decreased with increasing
doses of carnitine supplementation. Wolff et al speculate
that decreased ketogenesis may be caused by reducing
transport of fatty acids into mitochondria, by increasing
fatty acid synthesis from acetyl-CoA, by reducing con-
version of acetyl-CoA to ketones, by inhibition of 3-OH-
3-methyl-glutaryl synthase, and by increasing oxidation
of acetyl-CoA through the citric acid cycle (17).
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FIG 1. Percentage of S-phase cells in the cellular proliferation cycle.
The supplementation of total parenteral nutrition with 10 mg (62.1 umol)
L-carnitine - kg™'-d™' (10C) leads to a significant increase of liver cells
in S-phase. 100C = 100 mg (621.1 gmol) L-carnitine-kg™'-d~".
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FIG 2. Nitrogen balance during total parenteral nutrition of rats. The
supplementation of total parenteral nutrition with 10 mg (62.1 gmol)
L-carnitine - kg™! - d~! (C10) leads to a significant amelioration of nitrogen
retention. Because of the hypocaloric alimentation regime all nitrogen
balances are negative. C100 = 100 mg (621.1 umol) L-carnitine - kg™' -d~".

We would like to add an additional speculative idea on
this peculiar dose-dependent effect of carnitine on keto-
genesis: it was shown that as well as being a substrate for
carnitine acyltransferase palmitoyl-CoA is a competitive
inhibitor for the second substrate, carnitine (18), ie, in-
creased concentrations of long-chain acyl-CoA increase
the K,, of carnitine acyl transferase I for carnitine. In-
creases in the carnitine concentration may compensate
for increases in intracellular long-chain acyl-CoA con-
centration so that maximal rates of oxidation of incoming
fatty acids are achieved. Small amounts may be sufficient
for this ketogenic effect of carnitine. However, this expla-
nation requires an increase of the tissue carnitine con-
centration that was not observed in the liver. Explanations
for this discrepancy could be 7) changes of the tissue car-
nitine concentration are hidden behind the large standard
deviation; 2) compartmentalization of the effect (ie, mus-
cle), and 3) dynamic effect on the flow through the cellular
compartment. On the other hand we learned from the
investigation of organic acidemias that a pathologically

accumulating acid is excreted as carnitine conjugate and
may lead to secondary carnitine deficiency.

Roe et al (19, 20) showed that carnitine therapy is able
to cause an intramitochondrial transformation of acyl-
CoA into acylcarnitine conjugates. This leads to the in-
tramitochondrial liberation of free CoA, which is bene-
ficial for the flow of intermediary metabolism. If we
transfer this knowledge to our experimental situation of
carnitine-supplemented total parenteral nutrition, high
levels of carnitine may not be able to further stimulate
the carnitine acyl transferase I activity. High levels of car-
nitine may increase the formation of intramitochondrial
fatty acid-carnitine conjugates and their transport out of
the matrix space, ie, via the inversion of the carnitine acyl
translocase direction or via the carnitine acetyl transferase
activity. This would signify a withdrawal of activated sub-
strate for 8-oxidation when higher concentrations of car-
nitine are administered (antiketogenic activity of carni-
tine).

From our results we conclude that carnitine dosage
should stay within the low range when used during total
parenteral nutrition (possibly not > 10 mg-kg™'-d™!, or
62.1 umol-kg™'-d™") and should be in the high range
when used for the purpose of intramitochondrial for-
mation of free CoA.

After this experiment we are left with continuously
higher serum glycerol concentrations with increasing car-
nitine supplementation. This may indicate an additional
lipolytic activity of carnitine. We also have the equally
low free fatty acid concentrations in groups 2 and 3 and
a lower fatty acid oxidation in group 3. This means that
free fatty acids must have disappeared in pathways other
than g-oxidation. One possibility could be that fatty acids
either are liberated by lipolysis or leave the matrix space
as carnitine conjugates and are reesterified.

References

1. Fritz IB. An hypothesis concerning the role of carnitine in the control
of interrelations between fatty acid and carbohydrate metabolism.
Perspect Biol Med 1967;10:643-77.

2. McGarry JD, Robles-Valdes C, Foster DW. Role of carnitine in
hepatic ketogenesis. Proc Natl Acad Sci USA 1975;72:4385-8.

3. Brockhuysen J, Baudine A, Deltour G. Effect of carnitine on acidosis
and ketosis induced by lipid perfusions in dogs during starvation.
Biochim Biophys Acta 1965;106:207-10.

4. Steiger E, Vars HM, Dudrick SJ. A technique for long-term intra-
venous feeding in unrestrained rats. Arch Surg 1972;104:330-2.

5. Bottger I, Wieland O, Brdiczka D, Pette D. Intracellular localisation
of pyruvate carboxylase and phosphoenolpyruvate carboxykinase in
rat liver. Eur J Biochem 1969;8:113-7.

6. De Fronzo RA. Regulation of glucose, lipid and amino acid metab-
olism in normal healthy subjects. In: Kleinberger G, Deutsch E, eds.
New aspects of clinical nutrition. Basel, Switzerland: Karger, 1983:
169-210.

7. Novak M. Colorimetric ultramicro method for the determination
of free fatty acids. J Lipid Res 1965;6:431-3.

8. Williamson DH, Mellanby J. D(—)-3-Hydroxybutyrat. In: Bergmeyer
HU, ed. Methoden der enzymatischen Analyse. Weinheim/Berg-
straBe: Verlag Chemie, 1970:1772-5.

9T0Z ‘ST Y2JeN U0 ALISHIAINN YILSYINOW e Bio uoniinu-uofe woly papeojumod


http://ajcn.nutrition.org/

@ The American Journal of Clinical Nutrition

L

EFFECT OF CARNITINE ON KETOGENESIS 51

. Laurell S, Tibbling G. An enzymatic fluorometric micromethod for
the determination of glycerol. Clin Chim Acta 1966;13:317-22.

. McGarry JD, Foster DW. An improved and simplified radioisotopic
assay for the determination of free and esterified carnitine. J Lipid
Res 1976;17:277-81.

. Fishlock RC, Bieber LL, Snoswell AM. Sources of error in deter-
minations of carnitine and acylcarnitine in plasma. Clin Chem
1984;30:316-8.

. Hiller A, Plazin J, Van Slyke DD. A study of conditions for Kjeldahl
determination of nitrogen in proteins. J Biol Chem 1948;176:
1401-6.

. Hunker FD, Bruton ChW, Hunker EM, Durham RM, Krumdieck
CL. Metabolic and nutritional evaluation of patients supported with
mechanical ventilation. Crit Care Med 1980;8:628-32.

. Beck JD, Gromball J, Ludwig WD, et al. Neuere Methoden zur
Klassifizierung von lymphatischen Leukimiezellen und ihr prog-
nostiscr Wert fiir die Therapieergebnisse. Kinderarzt 1986;17:14-9.

15

16

17.

20.

. Gravina E, Gravina-Sanvitale G. Effect of carnitine on blood ace-
toacetate in fasting children. Clin Chim Acta 1969;23:376-7.

. Yeh YY. Antiketonemic and antiketogenic actions of carnitine in

vivo and in vitro in rats. J Nutr 1981;111:831-40.

Wolff JA, Carroll JE, Thuy LP, Prodanos C, Haas R, Nyhan WL.

Carnitine reduces fasting ketogenesis in patients with disorders of

propionate metabolism. Lancet 1986;i:289-91.

. Bremer J. Carnitine and its role in fatty acid metabolism. Trends
Biochem Sci 1977;2:207-9.

. Roe CR, Hoppel CL, Stacey TF, Chalmers RA, Tracey BM, Mil-

lington DS. Metablic response to carnitine in methylmalonic acid-

uria. An effective strategy for elimination of propionyl groups. Arch

Dis Child 1983;58:916-20.

Roe CR, Millington DS, Maltby DA, Bohan TP, Hoppel CL. L-

carnitine enhances excretion of propionyl coenzyme A as propionyl

carnitine in propionic acidemia. J Clin Invest 1984;73:1785-8.

9T0Z ‘ST Y2JeN U0 ALISHIAINN YILSYINOW e Bio uoniinu-uofe woly papeojumod


http://ajcn.nutrition.org/



