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Investigation of the Effect of Theophylline Administration on
Total, Free, Short-Chain Acyl and Long-Chain Acyl
Carnitine Distributions in Rat Renal Tissues
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This study is conducted to investigate the effect of oral theophylline administration on total (TC), free (FC), short-
(SC), long-chain acyl (LC), acyl (AC) carnitine distributions as well as the ratio of acyl to free carnitine (AC/FC) in
rat renal tissues. Theophylline was administrated at 100 mg kg~! body weight day—!, and effects were monitored
after a treatment period that lasted between 1 week and 5 weeks. The results indicated that theophylline admin-
istration leads to significantly higher concentrations of TC, FC, SC, L and AC in renal tissues as compared to those
of control and placebo groups (P < 0-001). Moreover, the ratio of AC/FC was significantly increased (P < 0-001) as
compared to either control or placebo groups. These changes may result from theophylline-enhanced mobilization of
lipids from adipose tissues, which consequently stimulates an increased carnitine transport into the renal tissues to

form acylcarnitines for subsequent f-oxidation inside the renal mitochondria. © 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Carnitine (L-3-hydroxy-4- N-trimethylaminobuty-
rate) is a quaternary amine that is synthesized
from lysine and methionine in the liver, kidney and
brain. It is an essential cofactor that plays an
important role in fatty acid metabolism.! Since
acyl-CoA ester cannot penetrate the inner mito-
chondrial membrane, they are trans-esterified to
fatty acylcarnitine esters by carnitine acyltrans-
ferases, and translocated across the inner mito-
chondrial membrane by carnitine: acylcarnitine
translocase in mitochondrial matrix where they
undergo f-oxidation.? A second important
function ascribed to carnitine is maintaining mito-
chondrial acetyl-CoA/CoASH homeostasis.® This
function is of great significance since CoASH is
an intermediate in several metabolic pathways.
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Another established function of carnitine is to
detoxify certain poorly metabolized branched-
chain acyl-CoAs that are generated from amino
acid catabolism inside the mitochondria.!-?

Carnitine has widespread occurrence in nature
and is believed to be present in all animals, many
plants and microorganisms; its concentration,
however, varies over a wide range between species
and tissues.! Highest concentrations of carnitine
are reported in tissues that require high amounts of
energy such as skeletal and heart muscles.’*
Carnitine, when present, exists either in free form
(FC) or esterified as acylcarnitine (AC). Many
physiological and pathological conditions affect
serum, urine and tissue carnitine distributions in
both animals and humans including lifestyle,
diabetes, renal and hepatic diseases, and some
metabolic disorders.>’

Theophylline (1,3-dimethylxanthine) is a drug
frequently used in the treatment of acute and
chronic obstructive lung disease, in modern thera-
peutics'® and in the management of apnea of
prematurity.!! Minor toxic effects may occur in
some patients at plasma levels above 15 ug ml—!,
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and are especially frequent with Ilevels above
25 ug ml~! (therapeutic range 10-20 pg ml—1).12
Major toxic complications are cardiac arrhythmias,
hypotension and seizures, and are often difficult
to control. These complications can be lethal or
lead to permanent neurological damage despite
optimal supportive treatment and extracorporeal
drug removal.’® Theophylline stimulates skeletal
muscle,'* central nerve system respiratory centres'>
and relaxes airway smooth muscle.!® Theophylline
causes an increased lipolysis in adipose tissue and
consequently enhances the level of plasma free fatty
acid.'® Accumulation of cAMP levels following
inhibition of phosphodiesterase,'” and antagonism
of adenosine receptors have also been reported due
to theophylline treatment.'® Recently, we reported
that theophylline administration induced a signifi-
cant increase in the level of total, free and long-
chain acylcarnitine in the cardiac tissues and
skeletal muscle but not in the liver of rats.!?20

The objective of the present study was to investi-
gate the effect of daily administration of theophyl-
line on total (TC), free (FC), short- (SC), long-chain
acyl (LC) and acyl (AC) carnitine as well as the ratio
of AC to FC in rat renal tissues.

MATERIALS AND METHODS

Chemicals

Carnitine hydrochloride, trs-(hydroxymethyl)-
aminomethane (Tris), 5, 5'-dithiobis(2-nitrobenzoic
acid), ethylenediaminetetraacetic acid disodium
salt, lithium salt of acetylcoenzyme A and carnitine
acetyltransferase (EC 2.3.1.7) were purchased from
Sigma Chemical Company, MO, U.S.A. Theophyl-
line was purchased from Fluka, AG, Chemische
Febrik, Switzerland, Catalase (EC 1.11.1.6) was
purchased from Winlab, Maidenhead, Berkshire,
U.K. All other chemicals used were of analytical
grade, and glass distilled water was used through-
out.

Animal Care

A total of 150 adult male Wistar rats weighing
200-267 g (236 + 31-5 g) were obtained from the
College of Pharmacy, Breeding Laboratory, King
Saud University, Riyadh, Saudi Arabia. Upon
arrival, animals were individually identified,
housed in clean and properly suspended metabolic
cages, and given water and standard rodent chow
ad libitum. The animal room was air-conditioned

© 1998 John Wiley & Sons, Ltd.

A.S. ALHOMIDA

and maintained at 21+ 1-5°C with a relative
humidity of 60 + 20 per cent. A recurring cycle of
12 h light (06.00 hours to 18.00 hours) and 12 h of
darkness was put into effect. After 1-week acclima-
tion period, animals were randomly assigned to one
of three groups, each consisting of 50 rats. Group 1
was control without dosing, group 2 was placebo
treated with saline solution, and group 3 was
theophylline fed at 100 mg kg~! body weight
day~! as described below.

Sample Collections

Rats were placed individually in metabolic cages
for 24 h for urine collection and measurement
of food intake. At the end of each week, 10 rats
from each group were lightly anaesthetized with
diethylether. Blood was immediately collected from
EDTA-tubes using cardiac puncture. Plasma
samples were obtained by centrifugation at 4°C.
Rats were killed under ether anaesthesia, their
kidneys were removed quickly, weighed and
immediately placed in liquid nitrogen. All samples
were kept frozen at —80°C until assay.

Dosing Method

Normal saline solution or theophylline solution
was dosed orally via a gastric lavage technique. A
curved-needle intubator (3" length, 18 gauge,
2-25 mm ball diameter, Popper & Sons, Inc.,
New York, U.S.A.), was attached (via a Luer-
lock) to a 3 ml plastic syringe. The intubator-
attached syringe was filled with the desired
solution. Dosing was accomplished by holding
the unanaesthetized rat securely, and carefully
inserting the cannula into its stomach. Then the
solution was gently injected, the needle was care-
fully removed. Rats were unable to regurgitate,
thus assuring that the entire dose remained in the
stomach.

Carnitine Preparations

Carnitine extractions were prepared from 10 per
cent kidney homogenate in ice-cold 1-2 M per-
chloric acid (PCA) using a stainless steel Omni-
Mixer homogenizer (Omni International Inc.,
Gainesville, VA, U.S.A.) and the homogenate was
centrifuged at 8000 g for 10 min. The pellet was
washed twice by re-suspending in ice-cold 0-6 M
PCA followed by centrifugation. All supernatants
were pooled and used for estimation of both free
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carnitine (FC) and total acid-soluble (TS) carnitine
whereas the pellet was used for estimation of long-
chain acylcarnitine (LC) as described below.

Determination of Carnitine Levels

Total acid-soluble (TS) and FC carnitine con-
centrations were estimated as described pre-
viously,?! whereas total (TC), short- (SC), long-
chain acyl (LC) and acyl (AC) carnitine levels were
determined as described previously!'*?° with slight
modification for use in the current study. Briefly,
for FC estimation 1 ml of PCA extract was
carefully neutralized with 1 M KOH. For esti-
mation of TS, which is comprised of FC and SC,
1 ml of the PCA extract was hydrolysed with 1 m
KOH and incubated for 30 mins at room tempera-
ture after which the extract was neutralized with
ice-cold 1-2 M PCA, and following centrifugation
the clear supernatant was used for TS. SC was
calculated by subtraction of FC from TS. For LC
estimation, the remaining PCA extract pellet was
dissolved in 1 ml of 0-5 ml KOH and hydrolysed at
65°C for 1 h, then ice-cold 1-2 m PCA was added to
bring the pH < 2-0. After centrifugation, the
supernatant was used for LC estimation, whereas,
the pellet was used for non-collagen protein (NCP)
determination as described below. The sum of SC
and LC was referred to as AC while the sum of TS
and LC was referred to as TC. Prior to the enzymic
determination of carnitine, the free thiol groups of
0-8 ml of neutralized sample extracts were oxidized
using 0-2ml of hydrogen peroxide reagent
(100 mm Tris pH 7-8, 1.:25 mm EDTA pH 8 and
3 per cent hydrogen peroxide). The mixture was
incubated for 10 min at room temperature and
then excess peroxide was destroyed by adding
0-05 ml of catalase (5 U).

Carnitine Analysis

Carnitine was measured enzymically.'>? Full
details about the optimization, linearity, precision
and reproducibility of the method were described
previously.?? Generally, the method is based on the
reaction of carnitine with acetyl-CoA specifically
catalysed by carnitine acetyltransferase (CAT),
forming CoASH which is detected by a reaction
with DTNB. The assay mixture (1 ml) contained
hydrogen peroxide-oxidized extract, 10 mm DTNB
(pH 7-8) and 15 mm acetyl-CoA. The reaction was
initiated by adding CAT (0-9 U). The increase in
absorbance was measured 412 nm using an
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Ultrospec 2000 UV/Visible Spectrophotometer
(Pharmacia Biotech Ltd, Science Park, Cambridge
CB4 4FJ, U.K). Carnitine concentrations in the
samples were calculated with reference to the
corresponding absorbance obtained with standard
carnitine solution. A new standard curve was
obtained daily using serial dilutions of analytical
grade carnitine solution (10-100 nmol ml~").
Carnitine concentration in the samples was calcu-
lated by interpolating the absorbance from the
standard curve and multiplying the concentration
obtained by the dilution factor to correct for
sample dilution by acid solution. To evaluate the
possible interference of theophylline studied with
the analytical determination of FC, SC, LC, AC
and TC in renal samples, theophylline solutions
were added to 1 ml renal extract, and the concen-
tration of carnitine in the samples was then
determined in duplicate. No interference of theo-
phylline was observed at concentrations of 50, 100
and 150 mg.

Protein Determination

Non-collagen protein (NCP) was determined by
a procedure described by Lilienthal et al.?> The
pellet obtained after LC extraction was dissolved in
50 mm NaOH and incubated at room temperature
for 18 h. Protein was estimated by the modified
Lowry method using bovine serum albumin as
standard.?

Determination of Theophylline Levels

Theophylline was measured as described
previously?® using a fluorescence polarization
immunoassay method (Abbott TDx system,
Abbott Laboratories, Wokingham, Berks, U.K.)
whereas the levels of creatinine were measured
using a Beckman Synchron CX-5 Analyser, New
York, U.S.A.

Statistical Analysis

The data from each sample were run in duplicate
and expressed as means+ SD (nmol mg~' non-
collagen protein) for n=10 rats per week. All
statistical analyses were performed using Student’s
t-test. Means were considered significantly different
if P <0052
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Table 1. Concentration of free (FC), acyl (AC) and total (TC) carnitine in control, placebo and theophylline-treated rat kidney.
Control Placebo Treated

Weeks of FC AC TC FC AC TC FC AC TC

treatment nmol mg~! non-collagen protein

0 222405 031+02 2:61+04

1 261403 041401 301+02 22240-1% 0314 04* 2:634+02% 333407+ 066+ 0-4+ 411+ 0-4+

2 241401 043+04 299404 2.61+02% 0424 04" 345+ 04" 3.12+0-5t 078+ 0-2+ 3-89+ 0-1F

3 272406 041+02 3-14+03 293+04* 039+01% 3.63+02% 3.71+0-11 082+ 04+ 451+ 0-3F

4 253405 032+03 286+02 272+03*% 0414+03" 337+0-1% 445+ 011 088+ 0-5+ 531+ 0-2%

5 334+ 07 044+02 381401 291+ 04" 043+04" 372+ 06" 431+041 082+0-3f 523+0-1%

Data expressed as means + SD, n = 10 rats.

* Values are not significantly different as compared to control groups, P < 0-1.
+ Values are significantly higher than in either control or placebo groups, P < 0-001.

RESULTS

The effect of orally administrated theophylline on
the status of renal carnitine distributions were
evaluated in adult male rats. Table 1 shows means
(+SD) of free (FC), acyl (AC) and total (TC)
carnitine levels in renal tissues. Renal FC, AC and
TC levels were not significantly different in placebo
groups versus control groups (P < 0-1), however,
a significant increase in FC, AC and TC levels
was observed in theophylline-treated groups
(P < 0-001).

Figure 1 shows the means (+SD) of short- (SC)
(Panel A) and long-chain acyl (LC) carnitine
(Panel B) levels in the kidney of control, placebo
and theophylline-treated rats. No significant
changes were noticed in SC or LC levels in placebo
groups as compared to control groups (P < 0-1).
However, SC or LC levels were significantly
increased by more than 1-8- and 2-fold, respectively,
in the theophylline treatment groups when com-
pared to either control or placebo groups
(P < 0-001).

Figure 2 shows ratios of acyl (AC) to free (FC)
carnitine in the kidney of control, placebo and
theophylline-treated rats. The results indicated that
the ratio of AC to FC was not significantly different
(P <0-1) in placebo as compared to control
groups, however, theophylline administration
caused a significant 1-7-fold increase in AC to FC
ratio (P < 0-001).

DISCUSSION

The main action of theophylline is to relax broncho-
spasm,; it is used to prevent or alleviate asthma and
acute obstructive airways disease. The efficacy of
theophylline as a stimulating agent has also been
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known for several years. For example, theophylline
feeding is reported to increase plasma levels of
free fatty acids.! In this study, we investigated the
effect of theophylline feeding on carnitine distri-
butions in the kidney of adult male rats.

In our previous study we showed that daily
theophylline feeding caused an increase in food
intake, water consumption and urine volume.'*-?
The mechanism by which theophylline treatment
caused these changes is unknown. Scammell and
Fregly have observed that theophylline caused an
increase in both total food consumption and fecal
bulk.?® They suggested that theophylline admini-
stration might have a direct effect on the thyroid
gland or an increase in the sensitivity of the gland
to thyrotropin.?® Recently, we reported that daily
theophylline treatment led to a significant loss of
final body weight in theophylline-treated rats, but
the actual weight of organs such as heart, kidneys,
liver, etc, were not significantly different from either
the control or placebo groups.!”?% These physio-
logical changes brought about by theophylline
feeding may be due to mobilization of stored fat
reserves,”’ a rise in basal metabolic rate”® and/or an
increase in urinary excretion.?’

It should be noted that an oral dose of
100 mg kg ! body weight day ~! resulted in plasma
theophylline concentrations of 15-9+ 0-7 pg ml~!
(mean + SD). This concentration is within the safe
therapeutic range (5-20 pg ml—!) employed for
humans,? and similar doses have been employed
for bronchodilation and/or in the management and
prevention of neonatal apnea.?! Our present study
demonstrated that daily theophylline feeding for
several weeks caused a marked elevation of FC,
AC, SC, LC and TC in the kidney of rats. The
results further indicated that the ratio of AC/FC
was significantly increased in theophylline-treated
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Figure 1. Panel A shows the concentrations of short-chain

acyl (SC) carnitine in control (O-O), placebo (@-@) and
theophylline-treated (C0-[J) rat renal tissues. Panel B shows
the concentrations of long-chain acyl (LC) carnitine in control
(O-0), placebo (@-@) and theophylline-treated (C0-[J) rat
renal tissues. In both panels, data are expressed as means + SD
nmol mg~! non-collagen protein for 7= 10 rats. *Values are
not significantly different from control groups, P < 0-1.
**Values are significantly higher than in either control or
placebo groups, P < 0-001.

rats as compared to either control or placebo
groups. The possibility that the above results might
be due to interference by theophylline in the
analytical determination of carnitine levels was
ruled out, carnitine levels determined in the
presence of high concentration of theophylline
differed marginally (<3 per cent) from those of
control samples.'%?

The mechanisms by which theophylline feeding
caused changes in carnitine level in renal tissues is

© 1998 John Wiley & Sons, Ltd.
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Figure 2. The ratio of acyl (AC) to free (FC) carnitine in
control (OJ), placebo () and theophylline-treated (M) rats. Data
are expressed as means + SD, for n = 10 rats. Other symbols are
as reported in Figure 1.

unknown. However, there are many possible causes
for elevations of carnitine levels in renal tissues:
(i) carnitine is not degraded in mammalian systems
and is eliminated in the urine as FC and AC,!
(i1) renal clearance of carnitine is much less than the
glomerular filtration rate, and the majority of the
filtered carnitine is reabsorbed in the kidney
through a specific, saturable transport system.3%33
Thus theophylline treatment may alter after renal
tubular reabsorption of carnitine and/or (iii) it is
well known that theophylline has diuretic effects,
raising the possibility that theophylline-induced
diuresis and dehydration might come in part from
interaction with antidiuretic hormone (ADH).*
Indeed, we recently observed that theophylline
administration caused an increase in urinary
carnitine excretion in rats (submitted data for
publication).

It has been suggested that the ratio of AC/FC
may provide a useful marker of changes in carnitine
metabolism.'? This ratio can be used as a screening
system to detect alterations in mitochondrial
metabolism.!'? Our results showed that theophylline
treatment caused significant increase in the ratios
of AC/FC in renal tissues as compared to either
control or placebo rats. The mechanisms by which
theophylline administration caused changes in
this ratio is unknown. However, there are many
possible benefits for elevations of this ratio.
For example, carnitine is essential for the move-
ment of long-chain fatty acids across the inner
mitochondrial membrane.> Higher carnitine
concentrations have also been observed in a
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number of stress conditions, where lipid metab-
olism is altered.* ! Increased carnitine concen-
trations would then help to compensate for the
elevated fatty acid concentrations that are liberated
due to increased lipolytic effects of the theophyl-
line. An increase in the carnitine of the renal tissues
could catalyse the flow of fatty acids into those
tissues for subsequent metabolism. Theophylline
treatment caused a striking increase in carnitine
levels in the heart and skeletal muscle of rats, but
not in hepatic tissues. !>

Enhanced carnitine concentrations in renal
tissues of the rats on theophylline treatment could
be an accumulation of carnitine. The concen-
trations of carnitine in various tissues are higher
than that in plasma.’® An active Na*-dependent
transport system for carnitine uptake has been
proposed®® as well as a reversible diffusion trans-
port system in exchange of intracellular deoxy-
carnitine (y-butyrobetaine).3” Theophylline may
affect either of these transport systems so as to
increase the flow of carnitine from the plasma into
the cells. This is consistent with the observation
that a significant depletion in plasma carnitine
levels occurred in theophylline-treated rats.>* An
increase in the ratio during theophylline treatment
could be due to mobilization of fatty acids with
subsequent increases in long-chain fatty acyl
carnitine esters in the tissues. The rise in AC
concentrations in renal tissues further supports our
contention that theophylline may increase trans-
port of carnitine into tissues and/or may induce
carnitine-dependent enzymes such as carnitine
acetyltransferase®® 0 or carnitine palmitoyltrans-
ferase.!> Recently, we observed that theophylline
treatment significantly increased the activity of
carnitine aceyltransferase in rat cardiac tissue
compared to either control or placebo groups.*!

In conclusion, our studies showed that theophyl-
line treatment caused an increase in free, short-
chain acyl, long-chain acyl and total carnitine in
renal tissues as compared to either control or
placebo groups. Moreover, daily theophylline
administration to adult male rats also causes a
significant increase in the ratio of acylated carnitine
to free carnitine in renal tissue. These abnormalities
in carnitine distribution may result from a mobil-
ization of lipid from adipose tissue which sub-
sequently results in increased carnitine transport
into the tissues to augment f-oxidation inside
the mitochondria. The results raised several points
that need further investigation. For example, does
theophylline alter carnitine metabolism and/or its

© 1998 John Wiley & Sons, Ltd.
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distribution in urine, plasma and/or tissues, or
induce carnitine-dependent enzymes?

Further work is being undertaken in our labora-
tory to investigate the mechanism of the effects
of theophylline treatments in tissue uptake and
metabolism of carnitine in short-and long-term
treatments.
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