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Abstract

L-Arginine is the principal physiological precursor of nitric oxide (NO, a key neurotransmitter) that

plays a versatile role in the physiology of the gastrointestinal tract. In this study, the efficacy of L-

arginine in enhancing intestinal absorption of ardeparin, a low-molecular-weight heparin (LMWH)

was investigated in Caco-2 cell monolayers and a rat model. Regional permeability studies using rat

intestine were performed using a modified Ussing chamber. Cell viability in the presence of various

concentrations of enhancer was determined by MTT assay. Furthermore, the eventual mucosal

epithelial damage was histologically evaluated. LMWH formulated with L-arginine was administered

orally to male Sprague-Dawley rats and the absorption of LMWH was determined by measuring

plasma anti-factor Xa activity. Higher ardeparin in-vitro permeability (�3 fold) compared with

control was observed in the presence of 2% L-arginine. Regional permeability studies indicated

predominant absorption in the colon region. Cell viability studies showed no significant cytotoxicity

below 0.8% L-arginine. The oral bioavailability of ardeparin formulated with L-arginine

(250 mg kg�1) was increased by �2 fold compared with control. The formulation was well tolerated

by the rats and no abnormal histopathological findings were observed in intestinal tissues of rats

exposed to L-arginine. These results suggest that L-arginine may be useful in enhancing the intestinal

absorption of LMWHs.

Introduction

Low-molecular-weight heparins (LMWHs) in their current clinical application are
administered parenterally, as their physicochemical properties limit their absorp-
tion from the gastrointestinal tract. Although this route of administration is
suitable for the short-term treatment of inpatients, use of heparin in longer-term
therapy requires a non-invasive method for delivery. LMWHs exhibit a relatively
low oral bioavailability, primarily because of their large molecular size and high
water solubility/low permeability characteristics. Their vulnerability to degradation
in the gastrointestinal tract also presents an obstacle to their oral absorption.
Acceptance of oral heparin as a clinically useful agent for thrombotic disorders
is dependent on a formulation approach which provides improved bioavailability
and systemic efficacy.

Absorption enhancers have often been adopted to improve the absorption of
poorly absorbable drugs, including hydrophilic antibiotics and biotechnology-
derived drugs. These absorption enhancers include surfactants, bile salts, chelating
agents and fatty acids (Yamamoto et al 1996; Uchiyama et al 1999). However,
absorption enhancers often cause damage and irritate the intestinal mucosal mem-
brane (Uchiyama et al 1996; Yamamoto et al 1996). Therefore, there is a need for the
development of effective and less toxic absorption enhancers for use in clinical
practice.

L-Arginine, the principal physiological precursor of nitric oxide (NO), is a non-
essential amino acid. It has become apparent that NO also plays a versatile role in the



physiology and pathophysiology of the gastrointestinal
tract (Stark & Szurszewski 1992). The goal of this study
was to determine whether L-arginine, an NO donor, would
enhance the in-vitro permeability and in-vivo absorption
of the LMWH ardeparin. Transport of ardeparin across
Caco-2 cell monolayers was conducted in the absence and
presence of increasing concentrations of L-arginine. The
intestinal membrane toxicity of L-arginine has been inves-
tigated by means of Caco-2 cell culture and pathophysio-
logical studies in rats. Regional permeability studies were
also performed.

Materials and Methods

LMWH, typically ardeparin (68Umg�1, anti-factor Xa
activity), was obtained from Celcus Laboratories Inc.
(Cincinnati, OH, USA). L-Arginine was obtained from
Sigma Chemicals Co. (St Louis, MO, USA). Caco-2
cells (C2BBe1 clone), Dulbecco’s Modified Eagle
Medium (DMEM), fetal bovine serum (FBS), penicil-
lin, streptomycin, phosphate-buffered saline (PBS) and
trypsin-EDTA were obtained from American Tissue
Culture Collection (ATCC, Rockville, MD, USA).
Human transferrin was purchased from Gibco SRL
(Los Angeles, CA, USA). MTT reagent was purchased
from Sigma Chemicals Co. (St Louis, MO, USA).
Sodium dodecyl sulfate (SDS) was purchased from
Bio-Rad Laboratories (Hercules, CA, USA).
Radioactive 14C mannitol and 3H ardeparin were
obtained from American Radiolabeled Chemicals Inc.
(St Louis, MO, USA).

Caco-2 cell culture

Human colon adenocarcinoma Caco-2 cells (C2BBe1
clone), were maintained in culture medium (DMEM
supplemented with 10% FBS, 100UmL�1 penicillin,
100�gmL�1 streptomycin and 10�gmL�1 human
transferrin) at 37�C in 5% CO2 and at 90% relative
humidity. The medium was changed every other day
until the flasks reached 90% confluence, which was
determined by microscopy in the case of 96-well plates
and transepithelial electrical resistance (TEER) in the
case of Transwells. The cells were harvested with tryp-
sin-EDTA, resuspended in culture medium and seeded
at a density of 2000 cells/well in flat-bottom 96-well
microtitre tissue culture plates and 200 000 cells/well
for transwells and allowed to grow in a humidified
37�C incubator (5% CO2). Culture medium was chan-
ged every 48 h.

Transport studies across Caco-2 cell monolayers

Human colon adenocarcinoma (Caco-2) cells were
seeded at a density of 200 000 cells/well onto collagen-
treated polycarbonate Transwell inserts (0.4 �m pore
size, 0.33 cm2 area) and allowed to grow at 37�C.
Culture medium was changed every 48 h. Cell mono-
layer integrity was evaluated by monitoring TEER

using an EVOM voltohmmeter (World Precision
Instruments, Sarasota, FL, USA). TEER values of
more than 500� cm2 in representative cell monolayers
were indicative of monolayer integrity. Before each
experiment, membranes were rinsed twice with warm
PBS solution. The inserts were then immersed into
transport buffer. After equilibration in the incubator
for 30min, measurements of the TEER values of the
inserts were performed. For the transport studies, 3H
ardeparin or 14C mannitol, with or without enhancer,
was added to the apical chamber. The amount of
radioactive 3H ardeparin and 14C mannitol used was
0.045�Ci in each chamber. The concentrations of
L-arginine used were 0, 0.5, 1 and 2%. Samples were
withdrawn from the basolateral chamber at predeter-
mined time intervals. The amount of 3H ardeparin and
14C mannitol transported across the cell monolayer was
determined by scintillation counting (Beckman LS 6500
liquid scintillation counter; Beckman instruments Inc.,
Fullerton, CA, USA). At the end of the experiment,
TEER values were measured to establish the effect of
enhancer on monolayer integrity.

In-vitro cytotoxicity studies

Caco-2 cells were plated at a density of 4.0� 103 cells/
well in 96-well flat-bottomed microtitre plates and
incubated for 48 h. After washing with PBS, the cells
were incubated with 200�L of test sample and con-
trols. DMEM media alone was used as negative control
and SDS (0.1%) as positive control. The permeation
enhancer L-arginine in DMEM media was incubated
with the Caco-2 monolayer in 96-well plates at various
concentrations of the enhancer (0.437, 0.875, 1.87, 3.5
and 7%). The cells were exposed to the compounds for
6 and 12 h. After specified periods of incubation (5%
CO2, 37

�C) with the test compounds, the cell viability
was assessed with the colorimetric MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay and the absorbance was measured at 570 nm
with a microplate reader (Tecan SpectraFlour Plus,
Hayward, CA, USA). This assay is based on the reduc-
tion of MTT tetrazolium by the mitochondrial dehy-
drogenase in viable cells to coloured formazan dye. The
cell viability was expressed as the percentage absor-
bance of test compound relative to positive control.

Gastrointestinal permeability studies

Gastrointestinal permeability of ardeparin and L-argi-
nine was examined in a modified Ussing chamber (sur-
face area 0.7 cm2) using rat intestine for 3 h. Male
Sprague-Dawley rats (Charles River Laboratories,
Charlotte, NC, USA), 250–300 g, were used. The rats
were anaesthetized and the gastrointestinal-tract tissues
were isolated using a previously reported method
(Asada et al 1995). The rats were anaesthetized by an
intramuscular injection of an anaesthetic mixture con-
taining xylazine (10mgkg�1) andketamine (100mgkg�1).The
duodenal and ileal segments were removed from top and
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bottom (13cm on either side) and the residual small intestine
was designated as jejunum. In this study, the central part of the
jejunumwasused.The colon regionwas removed following the
caecum andwas used for the permeability experiments as well.
The experimental segments were obtained and the underlying
muscularis was removed before mounting onto a modified
Ussing chamber. PBSwas added to the serosal side. The tissues
were exposed to ardeparin either alone or in the presence of
enhancer to the luminal side.Mixing was performed bymeans
of a magnetic stirrer and by bubbling with 95% O2 and 5%
CO2 gas. The solution was maintained at 37�C by means of
water-jacketted reservoirs connected to a constant-tempera-
ture circulating pump. The concentration of ardeparin and
L-arginine used was 2400 IUkg�1 and 250mgkg�1, respec-
tively. At predetermined time intervals up to 180min, sam-
ples of 100�Lwere taken from the serosal side and replaced
with an equal volume of fresh transport medium. Ardeparin
appearing in the receiver compartment was analysed by
colorimetric detection (Teien et al 1976).

The apparent permeability coefficient (Papp) was calcu-
lated by equation 1.

Papp ¼ dM=dt� 1=AC0 ð1Þ

dM/dt is the flux across the tissue, A is the surface area of
the membrane and C0 is the initial drug concentration.
The results of experiments, performed at least in triplicate,
are presented as mean� s.d. Transport enhancement
ratios were calculated from Papp values according to equa-
tion 2 (Thanou et al 2001).

R ¼ Papp ðsampleÞ=Papp ðcontrolÞ ð2Þ

All studies involving the use of rats in this manuscript
were approved by the TTUHSC Institutional Animal
Care and Use Committee (IACUC) (protocol approval
No. 03013-05) and were conducted in accordance with
the NIH Guide for the Care and Use of Laboratory
Animals.

In-vivo studies in rats

Male Sprague-Dawley rats (Charles River laboratories,
Charlotte, NC, USA), 250–350 g, were used for the in-
vivo absorption experiments (3–6 rats in each group).
The rats were fasted for at least 12 h before the experi-
ment, with free access to water. The rats were anaes-
thetized by an intramuscular injection of an
anaesthetic mixture containing xylazine (10mg kg�1)
and ketamine (100mg kg�1) to obtain the control
blood sample from the tail vein at 0 time point.
Anaesthesia was maintained with additional intramus-
cular injections of anaesthetic solution as needed
throughout the experiments. The rats then received
one of the following treatments: oral ardeparin
(1200 IU kg�1) in 400�L of NaHCO3 solution (1.5 g/
100 cm3, pH 8.2) so as to neutralize the gastric acidity;
oral ardeparin (1200 IU kg�1) plus L-arginine
(250mg kg�1) in 400 �L of NaHCO3 solution; intrave-
nous ardeparin; and subcutaneous ardeparin. Oral

administration was carried out by placing the feeding
tube deeply into the throat to initiate the swallow
reflex. The gavage tube was made of stainless steel
with a blunt end so as to avoid causing lesions on
the tissue surface. Serial blood samples were collected
from the tip of the anaesthetized rat tail at 0, 30, 60,
90, 120, 240, 360 and 480min in citrated microcentri-
fuge tubes and plama was harvested by centrifugation
(1600 g for 5min) and stored at �20�C for further
analysis. Ardeparin absorption was determined by
measuring plasma anti-factor Xa levels using a colori-
metric assay kit (Teien et al 1976) (Chromogenix Coatest
Heparin Kit; Diapharma Group Inc., West Chester, OH,
USA)

Data analysis

Pharmacokinetic parameters of different formulations
were compared by analysis of variance. P<0.05 was
considered statistically significant. Standard non-com-
partmental analysis (Kinetica, Version 4.0; Innaphase
Corp., Philadelphia, PA) was performed for ardeparin
absorption profiles. The area under the plasma con-
centration versus time curve (AUC0-480) was deter-
mined by the linear trapezoidal rule. Absolute and
relative (compared with s.c.) bioavailabilities (Fabsolute

and Frelative) were estimated by comparing AUC0-480

for orally administered ardeparin with that of intrave-
nously and subcutaneously administered ardeparin,
respectively.

Histological evaluation of gastrointestinal

tissues from rats

Formulations containing 1200 IU kg�1 ardeparin and
250mg kg�1 of L-arginine were administered to rats by
oral gavage as described above. The gastrointestinal
tissues before administration of formulation were pre-
pared as control samples. At the end of the in-vivo
experiment (8 h after administration), the gastric and
intestinal tissues were isolated from the rats and fixed
in neutral buffered formalin for processing. The tissue
specimens were washed with alcohol to remove any
tissue water. Specimens were embedded in paraffin
and cut into sections with a thickness of approximately
5 microns by a microtome at �20�C. The sections were
stained with haematoxylin and eosin (H&E) and exam-
ined under an optical microscope (Olympus, Melville,
NY, USA).

Results and Discussion

Transport of ardeparin across Caco-2 cell

monolayers

The apparent permeability (Papp) of ardeparin across
Caco-2 cell monolayers and the enhancement ratio are
listed in Table 1. L-Arginine at concentrations of 0.5, 1
and 2% enhanced the permeability of ardeparin. The
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corresponding Papp with 2% L-arginine was signifi-
cantly higher (�3 fold) than that of the control.
Recently, it was reported that NO donors increased
the permeability of water-soluble compounds across
Caco-2 cell monolayers (Salzman et al 1995). That
study showed that incubation with sodium nitroprus-
side, an NO donor, resulted in a concentration-depen-
dent increase in transepithelial transport of fluorescein
sulfonic acid in Caco-2 cells. Thus, our findings are in agree-
ment with the previous results of absorption-enhancing
effects of other NO donors. The Papp values for

14Cmannitol
in all instances were higher than that of ardeparin (Table 1).
Mannitol is a highly hydrophilic compound that does not
permeate transcellularly. When tight junctions are disrupted,
it shows higher permeability as it leaks through the paracel-
lular route. The ardeparin permeability was significantly dif-
ferent from that ofmannitol probably due to the difference in
their hydrodynamic radius. The hydrodynamic radius of
mannitol is approximately 4.1 Å (Kaskel et al 1987; Knipp
et al 1997), while that of ardeparin as determined by size
exclusion chromatography using a triple detector is 19 Å
(Motlekar et al 2005). Tight junctions are generally reported
tobe impermeable tomoleculeswith radii larger than11–15 Å
(Artursson 1990). It is speculated that L-arginine increases the
permeability of ardeparin by modulating the paracellular
permeability. It has been reported that the absorption-enhan-
cing mechanism of L-arginine may be based on the intestinal
epithelial actions of the chemical mediator NO. It has been
reported (Unno et al 1997) that co-incubation of Caco-2
monolayers with several free-radical scavengers and peroxy-
nitrous acid scavengers ameliorated the hyperpermeability
induced by a NO donor. NO is capable of modulating the
function of tight junctions between adjacent enterocytes.
Results from earlier studies have suggested that NO gas or
NO donors dilate the paracellular channel at the level of the
zonula occludens as observed by electron microscopy
(Salzman et al 1995). The mechanism responsible for the
widening of the tight junctions may involve a loss of junc-
tional F-actin as observed using confocal microscopy
(Salzman et al 1995).

Although a detailed explanation of the increase in
LMWH uptake and the mechanism of action of
L-arginine remain to be elucidated, it is believed that
subtle changes in the cell membrane caused by cyto-
skeletal changes result in enhanced permeability

to ardeparin. Hence, L-arginine may be used as a per-
meation enhancer to increase the oral absorption of
ardeparin.

Cytotoxicity of L-arginine in Caco-2 cell

monolayers

NO has been noted to impair cell proliferation, DNA
synthesis and protein synthesis (Garg & Hassid 1993).
Indeed, as a result of ATP depletion or other effects,
exposure to NO leads to cytotoxicity in some cell types
(Hibbs et al 1988). Accordingly, we considered the pos-
sibility that NO-induced hyperpermeability in Caco-2
monolayers might merely be a manifestation of cyto-
toxicity rather than an alteration in the behaviour of
tight junctions. We investigated the effect of various
concentrations of L-arginine on cell viability.
Mitochondrial dehydrogenase (MDH) activity, in the
presence of 0.437, 0.875, 1.75 and 3.5% L-arginine for
6 h, was similar to that of the negative control (no
enhancer) during the same period. However, 7%
L-arginine significantly decreased MDH activity at 6 h,
while 7, 3.5 and 1.75% decreased it after 12 h exposure
(Figure 1). Recently, it has been reported that NO
donors increase the permeability of compounds across
Caco-2 cell monolayers with neither loss of cell viabi-
lity nor lactate dehydrogenase (LDH) release (Salzman
et al 1995). Also demonstrated was the low cytotoxicity
of other NO donors S and NO gas as evaluated by the
cell detachment and LDH release studies in Caco-2
cells. Additionally, confocal and ultrastructural micro-
scopy following exposure to NO donors indicated no
cellular injury (Salzman et al 1995). This suggests that
the hyperpermeability that resulted from exposure to
L-arginine was not due to loss of cellular viability.

Although L-arginine was found to be cytotoxic to
the Caco-2 system at 7%, no perceptible evidence of
mucosal irritation or damage was obtained when the
oral formulation containing 250mg kg�1 (�15%) of L-
arginine was delivered to the rat in-vivo as shown by
histological studies. This discrepancy could be partly
explained by assuming that the enhancer is diluted
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Figure 1 Caco-2 cell viability after exposure to various con-

centrations of L-arginine for 6 and 12 h. The values are means

of three independent experiments. *P<0.05, compared with

control.

Table 1 Effect of L-arginine on 3H ardeparin and 14C mannitol

fluxes across Caco-2 cell monolayer

L-Arginine (%) Papp (· 10---7 cm s---1) Enhancement

ratio (ER)
3H Ardeparin 14C Mannitol

0 2.83� 0.62 7.50� 3.10 1.0

0.5 6.00� 0.93 9.78� 1.70 2.1

1 7.03� 0.48 16.95� 1.00 2.5

2 8.49� 1.21 21.68� 3.18 3.0

*P<0.05, compared with control.
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in-vivo to concentrations tolerable to the intestinal
mucosa. In addition, the intact tissue produces a
protective mucous layer not found in Caco-2 mono-
layers. The in-vivo intestinal tissue also possesses
mechanisms allowing recovery from trauma over time,
which may not be present in cell cultures.

Regional permeability studies using rat

gastrointestinal section

In this study, the interest was to identify the region
of maximum permeability for ardeparin in the gastro-
intestinal tract. The in-vitro permeability coefficient
of ardeparin in the absence or presence of L-arginine
(250mg) in the rat gastrointestinal tract (stomach, duo-
denum, jejunum, ileum and colon) was determined
(Figure 2). The results of permeability experiments
through rat isolated gastrointestinal tissues suggested
that there is a regional difference in the permeation
of ardeparin with L-arginine and hence its absorption.
It is clear that in the presence of L-arginine, the per-
meation of ardeparin through the colon and jejunum
was higher than that through the other regions.
However, the permeation was relatively higher in the
colon than in the jejunum. This observation was con-
sistent with the results obtained from a study by
Yamamoto et al (2001); using a similar technique with
other NO donor compounds, these authors found
that the intestinal absorption of carboxyfluorescein
was higher in the colon than in the jejunum. NO
donor compounds have been shown to stimulate elec-
trolyte transport in guinea-pig intestine in-vitro
(MacNaughton 1993). The discrepancy between the
Papp values obtained for rat isolated gastrointestinal
tract and Caco-2 cell monolayers may be attributed
to the species and morphological differences between
the two models. Overall, in-vitro studies indicate
that absorption of ardeparin in the gastrointestinal
tract is site-dependent and that the colon may be a
preferred site for the oral delivery of ardeparin
with L-arginine. This argument is supported by another
study in which the investigators demonstrated that
the rectal absorption of insulin was remarkably

enhanced in the presence of the NO donor S-nitroso-
N-acetyl-penicillamine (Utoguchi et al 1998).

Effect of L-arginine on the intestinal absorption

of ardeparin in rats

Since LMWH levels in plasma cannot be measured
directly, anti-factor Xa was used as a surrogate marker
for estimating plasma levels of LMWH (Hirsh et al
1998). The anti-factor Xa activity of ardeparin in rat
plasma is shown in Figure 3. It has been reported that
the plasma anti-factor Xa activity required for obtain-
ing 50% of anti-thrombotic effect is 0.12 IUmL�1

(Bianchini et al 1995). In male Sprague-Dawley rats, a
plasma anti-factor Xa level of 0.2 IUmL�1 or higher
results in anti-thrombotic effects (Bianchini et al 1995).
The oral administration of LMWH alone
(1200 IU kg�1) did not significantly affect the anti-fac-
tor Xa level in rat plasma and failed to attain thera-
peutic levels. However, administration of L-arginine
(250mg kg�1) with ardeparin (1200 IU kg�1) produced
a significant increase in plasma anti-factor Xa levels
within 90min to 0.26 IUmL�1 (�2 fold compared
with the control, 0.13 IUmL�1), indicating that the
intestinal absorption of ardeparin was enhanced by
treatment with L-arginine at the above dose. The area
under anti-factor Xa activity in rat plasma-versus-time
curve from 0 to 8 h (AUC0-8h) in the presence of
250mg kg�1 of L-arginine was 89.36 IU minmL�1. The
oral administration of ardeparin (1200mg kg�1) with
either lower (125mg kg�1) or higher concentration of
L-arginine (500mg kg�1) did not increase the oral bio-
availability (data not shown). The Tmax of the formula-
tion was shorter in the presence of enhancer at a dose
of 250mg kg�1, while the Cmax was significantly higher
(Table 2). Many absorption enhancers stimulate drug
absorption immediately. The L-arginine-containing for-
mulation had a relatively longer Tmax compared with
that of sodium caprate, which we previously tested
(Tmax¼ 30min; data not shown). Several enhancers
mediate their effects via induction of cellular injury.
However, NO dilates tight junctions and increases per-
meability without cellular injury (Salzman et al 1995).
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The relatively longer Tmax observed with L-arginine
may be related to the absorption enhancement mechan-
ism that depends on the reaction kinetic of a series of
biochemical process. However, the results indicate that
the addition of L-arginine can induce a positive incre-
ment in the rate of absorption of LMWH at relatively
lower (250mg kg�1) but not at higher doses
(500mg kg�1). These results are consistent with those
reported in an earlier study (Wapnir et al 1997), which
indicate that NO acts in a concentration-dependent
manner – at low levels as a vasodilator and stimulator
of absorption, and at higher levels as a vasoconstrictor
and inhibitor of absorption (Wapnir et al 1997).

The increase in anti-factor Xa levels may be
explained by the ability of L-arginine to affect trans-
port mechanisms in the intestinal epithelium. As
discussed earlier, the primary mechanism responsible
for this permeation-enhancing effect seems to be based
on the opening process of the tight junctions mediated
by NO (Salzman et al 1995), although active trans-
port and ion-pair formation are two other possible
mechanisms.

Histological evaluation of gastrointestinal

tissues

A major concern regarding intestinal absorption enhan-
cers is their potential to cause epithelial damage. To
address this concern, the effect of L-arginine on gastro-
intestinal tissues was examined using H&E staining.
For the formulation used in these studies, the dose of
L-arginine and ardeparin used was 250mg kg�1 and
1200 IUkg�1, respectively. As shown in Figure 4, the
morphology of the gastrointestinal tissues, including
villi fusion, occasional epithelial cell shedding and con-
gestion of mucosal capillary, was not visibly affected
by the oral administration of L-arginine. In addition,
no inflammatory symptoms were detected in the L-argi-
nine-treated group. The formulation was therefore well
tolerated by the rats. These results suggest that the
ability of L-arginine to increase ardeparin permeability
is not a direct result of its tissue toxicity. In addition,
due to the short half-life of NO gas in solution (3–5 s)

and the relatively large accessible surface area (225 Å)
and hydrophilicity (Lehrman 1990) not favourable for
absorption, L-arginine may act mainly at the site of
administration in the mucosa, leading to fewer side
effects occurring elsewhere in the body.

Several studies support the safe and protective effect
of L-arginine in the gastrointestinal tract. Also, L-argi-
nine has been used extensively in dietary and pharma-
cological products. The toxicological and behavioural
effects of arginine have been evaluated in rats in an
earlier report in the form of a 13-week oral toxicity
study. The study estimated the no-observed-adverse-
effect level for this amino acid at 5.0% (w/w) in rats
(Tsubuku et al 2004). These observations, in addition to
ours, suggest that the naturally occurring amino acid
L-arginine is non-toxic at the dose tested in the rat
model. Therefore, it is a promising absorption promo-
ter for LMWHs if future studies were conclusive in
other animal species and man.

Conclusions

This study suggests that the intestinal absorption of
ardeparin, a low-molecular-weight heparin, was
enhanced by L-arginine at a dose of 250mg kg�1. It is
important to point out that the dose of L-arginine used
in the rat model in this study may be too high for
human acceptability. Hence, further means to elicit a
better response at lower doses, and acute and chronic
toxicological studies involving other markers such as
LDH, should be investigated before the results pre-
sented here are extrapolated to clinical use.
Histological studies indicated that the integrity of the
intestinal epithelium was preserved after co-administra-
tion of LMWH with L-arginine at this dose. There
exists a regional difference in the permeability of arde-
parin in the presence of L-arginine, with the colon
showing maximal permeation. L-Arginine increased the
transport of ardeparin across Caco-2 cell monolayers
without severe cytotoxicity at relatively lower concen-
trations. The use of L-arginine as an absorption pro-
moter may be useful to improve the oral bioavailability of
LMWHs and other poorly absorbable macromolecules.

Table 2 Pharmacokinetic parameters following oral administration of ardeparin in rats

Formulation

(route)

Cmax

(IUmL---1)

Tmax

(min)

AUC0-8h

(IUminmL---1)

Fabs

(%)

Frel

(%)

Ardeparin alone

(oral)

0.13� 0.01 232� 55 58.5� 9.8 2.6� 0.4 8.6� 1.4

Ardeparinþ
L-arginine (oral)

0.26� 0.01* 90� 16* 89.3� 7.6* 4.1� 0.4* 13.7� 1.3*

Ardeparin (i.v.) 0.68� 0.02 0 750.3� 8.5 100 N/A

Ardeparin (s.c.) 0.61� 0.03 120� 15 679.9� 32.7 90.6 100

*P<0.05, compared with ardeparin alone. N/A, not applicable.
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Figure 4 H&E photomicrographs of rat gastric and intestinal tissue sections after oral administration of L-arginine (250mgkg�1 and

LMWH 1200 IUkg�1). All panels represent cross-sections of gastric and intestinal tissues. The original magnification was 100� for all panels.

A, B. Stomach (control and test, respectively). C, D. Duodenum (control and test, respectively). E, F. Jejunum (control and test, respectively).

G, H. Ileum (control and test, respectively). I, J. Colon (control and test, respectively).
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