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We studied the pharmacokinetics of two synthetic derivatives of
1-deoxynojirimycin in the rat after intravenous administration. The
mannosidase IA/B inhibitor 1-deoxymannojirimycin and the gluco-
sidase inhibitor N-methyl-1-deoxynojirimycin exhibited minimal
plasma protein binding and showed a rapid biphasic plasma disap-
pearance, with an initial ¢,;, of 3.0 and 4.5 min, respectively, and a
terminal ¢, of 51 and 32 min, respectively. For both compounds
renal excretion is the major route of elimination. After 120 min, 52%
of the dose of 1-deoxymannojirimycin and 80% of the dose of
N-methyl-1-deoxymannojirimycin was recovered unchanged from
the urine, whereas only 4.9 and 0.2%, respectively, of the dose was
excreted in bile. Urinary clearance of 1-deoxymannojirimycin was
similar to the glomerular filtration rate. In contrast, urinary clear-
ance of N-methyl-1-deoxynojirimycin was two to three times higher
than the glomerular filtration rate, indicating active tubular secre-
tion. Ligation of the renal vessels decreased the total-body clear-
ance of 1-deoxymannojirimycin and N-methyl-1-deoxynojirimycin
18- and 24-fold, respectively. Neither alkalinization of the urine by
infusion of bicarbonate solutions nor forced diuresis altered the re-
nal excretion rate of these compounds, implying the absence of
tubular reabsorption. At 120 min, the amounts of 1-deoxymanno-
jirimycin in liver and kidney were 2.1 and 1.1% of the dose, respec-
tively, while small intestine, stomach, and heart contained only 0.9,
0.6 and 0.1%. Less than 1% of the dose of N-methyl-1-
deoxynojirimycin was found in the collected organs 2 hr after injec-
tion. At the same time point, the kidney/plasma concentration ratio
of N-methyl-1-deoxynojirimycin was 10-fold higher than in other
tissues, whereas for 1-deoxymannojirimycin it was only 2- to 3-fold
higher in kidney, indicating a more persistent general tissue reten-
tion of 1-deoxymannojirimycin.

KEY WORDS: l-deoxymannojirimycin; N-methyl-1-deoxy-
nojirimycin; glycosidase inhibitors; pharmacokinetics; in vivo, in-
travenous administration.

INTRODUCTION

Glycosidase inhibitors block the biosynthesis of
N-linked glycan structures, and hence serve to study the
function of protein-bound carbohydrates (1,2), such as the
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role of oligosaccharide trimming in the synthesis and secre-
tion of glycoproteins (3-5). Glycosidase inhibitors also con-
stitute a class of potential therapeutic agents: They have
been used as antihyperglycemic compounds (6,7) and inhib-
itors of tumor metastasis (8) and currently are tested for their
antiviral activity (9,10).

Although rather diverse, the glycosidase inhibitors all
resemble potential transition-state intermediates of the hy-
drolytic reactions (1,11). Among the two major inhibitor
classes are the indolizidine polyhydroxyalkaloids castano-
spermine and swainsonine, which inhibit glucosidase I and
mannosidase II, respectively (1,2,12), and the nojirimycin
piperidine polyhydroxyalkaloids. Nojirimycin, 1-deoxyno-
jirimycin (dANM), and N-methyl-1-deoxynojirimycin
(MedNM) are glucosidase inhibitors (1,2), while the
2-epimer, 1-deoxymannojirimycin (dMM), is a mannosidase
IA/B inhibitor (1,13). The compounds investigated in the
present study, MedNM and dMM, are synthetic derivatives
of dNM (Fig. 1).

Glycosylation inhibitors have been thoroughly tested in
vitro with the use of cell cultures (9-11), freshly isolated cells
(14,15), or isolated enzymes (6,16,17), but only a few studies
deal with the effects of glycosidase inhibitors in vivo, includ-
ing the inhibition of sucrase by selected glucosidase inhibi-
tors in the rat (6), the toxicity of castanospermines in mice
(18), and the effect of the a-glucosidase inhibitor miglitol on
blood glucose levels in Type II diabetic patients (7). The
pharmacokinetics of these inhibitors remained unexplored,
even though the antiviral effect of dNM, castanospermine,
and analogues are promising. In the present paper we
studied the pharmacokinetics of two glycosidase inhibitors,
MedNM and dMM, after intravenous injection in male
Wistar rats.

MATERIALS AND METHODS

Materials

Deoxymannojirimycin ({(MM; 1,5-dideoxy-1,5-imino-D-
mannitol), N-methyl-deoxynojirimycin (MedNM; N-methyl-
1,5-dideoxy-1,5-imino-p-glucitol), and the corresponding ra-
dioactive compounds were obtained from the Netherlands
Cancer Institute, in cooperation with Organon International,
Oss, The Netherlands. 1-PH]dMM (sp act, 25 Ci/mmol) was
synthesized as described (11). ["*C]MedNM was prepared
from 1-deoxynojirimycin (ANM) by means of a reductive
alkylation as follows: 26 wmol dNM in 40 pl formic acid was
mixed with 32 pmol (500 wCi) [**Clformaldehyde (sp act,
15.5 mCi/mmol; 50 pl, 1-3%, v/v, in H,0). The mixture was
incubated for 24 hr at 80°C. After further addition of 20 pl
formic acid, incubation for 50 hr, and purification by Dowex
as described (19), the yield of MedNM was 60%. The spe-
cific activity of ["*C]MedNM was calculated to be 15 mCi/
mmol; by mass spectrometry it was determined to be 14.5
mCi/mmol. The purity of the preparation was 98%, as
checked by thin-layer chromatographic (TLC) analysis. The
structures of both control MedNM and radioactive MedNM
were confirmed with 'H-NMR.

Animal Studies
Male Wistar rats (outbred strain, CDL, Groningen, The
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Fig. 1. The chemical structures, the position of the radioactive la-
bel, and some physicochemical parameters of MedNM and dMM. P
(partition coefficient octanol/Krebs) and protein binding are deter-
mined as described under Materials and Methods. The percentage of
the compound that is ionized at any pH can be calculated with the
Henderson-Hasselbach equation for bases.

Netherlands) were maintained on rat chow (Hope Farms)
and tap water ad libitum in a temperature-controlled cham-
ber at 24°C with a 12-hr light/dark cycle. Rats were fasted
overnight, weighing 271 = 6 g (n = 28) just before the ex-
periment, and anesthetized with pentobarbitone sodium (0.3
ml i.p. of a solution of 60 mg/ml; maintenance dose, 0.05 ml).
Animals were prepared for experiments as described by
Neef et al. (20), with slight modifications. The trachea was
intubated to facilitate respiration. The carotid artery was
cannulated with a polyethylene canula (ID, 0.5 mm; OD, 1.0
mm) for rapid blood sampling and simultaneous monitoring
of blood pressure (HSE electromanometer, March-
Hugstetten, FRG). Blood pressure was 80-120 mm Hg in all
experiments, except where the renal vessels were ligated
(slow decrease to 40 mm Hg). A similar canula was placed in
the jugular vein for administration of drug and for infusion of
solutions, via an infusion apparatus (Perfusor VI, Braun).
Infusions were started 30 min prior to administration of the
drug, a period allowed for stabilization. Bile duct and urinary
bladder were cannulated as described (21). Bile flow was
solely dependent on the endogenous supply of bile salts. Bile
and urine samples were collected at 10-min intervals. Body
temperature (37.5-38.5°C) was maintained by placing the an-
imal on a heating pad and monitoring its rectal temperature.
Four types of experiments were performed.

Mannitol Infusion. Osmotic diuretic mannitol (Merck)
was administered as a 5% (isoosmotic) solution in distilled
water (1-ml bolus, followed by an infusion of 1.9 ml/hr) to
obtain a constant urine flow, as normally urine flow is irreg-
ular (22). These experiments were used for baseline investi-
gations and as controls for experiments designed to manip-
ulate urinary clearance. ["*C]Mannitol (Amersham), mixed
with cold mannitol to a final concentration of 5% (sp act,
28.8 Bg/pmol), was infused to calculate the glomerular fil-
tration rate (GFR) of the kidneys, since the clearance of
mannitol approximates the GFR.

Saline Infusion. A solution of 0.154 M NaCl (Merck)
was infused as an alternative approach to obtain constant
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urine flow (1-ml bolus, followed by 3.8 ml/hr), to exclude the
possibility that mannitol affects the in vivo distribution of the
structurally similar dMM or MedNM.

Bicarbonate Infusion. Infusions of NaHCOQO; (Merck)
were administered with mannitol, to raise the pH of urine. A
10% solution of NaHCO, was infused during the stabiliza-
tion period (at 3.8 ml/hr), followed by a 1.4% solution (isoos-
motic with serum; 1.9 ml/hr) during the experiment. In total,
approximately 240 mg of NaHCQ; was administered.

Ligated Renal Vessels. In these experiments, no infu-
sions were given and the renal blood vessels were ligated to
exclude renal elimination.

All drugs were given as a bolus dose of 4 pmol in 0.2 ml
0.154 M NaCl solution, freshly prepared (35-75 kBq
['“C]MedNM, 65-90 kBq [*H]dMM). Blood samples of 0.2
ml were taken |1 min before administration and 2, 4, 6, 10, 20,
30, 60, 90, and 120 min after administration (1 and 45 min
were optional). A similar volume of heparinized 0.154 M
NaCl solution was brought back in the general circulation for
fluid replacement. After 2 hr animals were sacrificed and
liver, kidneys, small intestine, stomach, and heart were dis-
sected out and treated as described under Radiochemical
Tissue Analysis.

Metabolism Studies

TLC was performed on bile and urine samples from
additional in vivo experiments. Further, the stability of dMM
and MedNM was examined in blank bile and urine, before
and after incubation for 1 day to 3 weeks. The TLC method
was adapted from Neefjes et al. (11), with a slight modifica-
tion of the mobile phase, 2-propanol: H,O:ammonia (25%) =
80:20:0.5 (v/v/v). The stationary phase consisted of Kiesel-
gelg, plates (Merck; 20 x 20 x 0.025 cm). Detection was
performed by scanning of radioactivity on a Diinnschicht-
scanner II LB2723 (Berthold).

Radiochemical Tissue Analysis

[**C]- and [*H]-containing compounds were determined
by liquid scintillation counting in plasma, bile, urine, and
tissue homogenates as described below. All samples were
counted for 5 min in a Beckman LS 1701 liquid scintillation
counter. Counting was corrected for quenching by external
standardization. Blood samples were collected in heparin-
ized tubes and centrifuged. One hundred microliters of
plasma were thoroughly mixed with 4 ml of scintillator (Safe
Fluor S, Lumac, Landgraaf, The Netherlands). Bile and
urine flow was determined gravimetrically using tared col-
lection vials at 10-min intervals. Each 10-min fraction was
mixed with 4 ml of scintillator as above and counted. The
liver, kidneys, small intestine, stomach, and heart were dis-
sected out, weighed, and cut into pieces. The tissues were
homogenized in a four-fold volume of saline and weighed
and an aliquot was mixed with scintillation fluid and counted
(in triplicate).

Protein Binding

Binding of the glycosidase inhibitors to plasma proteins
was determined in rat plasma, after incubation for 1.5 hr at
37°C, using the Amicon Micropartition I System (Amicon
B.V., Rotterdam, The Netherlands), according to the in-
structions of the manufacturer.
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Partition Coefficient

In order to study the lipophilicity of glycosidase inhib-
itors, the octanol/Krebs partition coefficient was determined
as described (23), in an r-octanol and Krebs solution system
(final concentration of glycosidase inhibitor, 400 pM) from
which CO, and NaHCO, were omitted. The pH was adjusted
to 7.4 with NaOH.

Pharmacokinetic Analysis

Plasma concentration-time curves were analyzed with
the computer program MULTIFIT. This iterative least-
squares regression program determines slopes and intercepts
of the logarithmically plotted curves of multiexponential
functions. The program derives the best-fitting curve and
corresponding pharmacokinetic parameters and, also, pro-
vides a statistical evaluation (F test) of the choice of the
model yielding the best fit of the plasma decay curve.

The results of this study were analyzed by simultaneous
fitting of all plasma concentration-time curves for each ex-
perimental situation. In this way all data pairs are used (in-
stead of a maximum of 11 data pairs for the mean curve) to
obtain the most reliable calculation of the kinetic parameters
(as shown in Table I, upper section), since the number of
*“‘degrees of freedom’” for the calculation is highly increased.
The program estimates the standard error of the parameters
half-life and clearance. For comparison, the mean curve for
each experimental situation was fitted also with MULTIFIT.

In the case of linear kinetics, plasma drug concentration
at any time ¢ after an intravenous bolus dose is given by

n
C=2 Cx et (1)

i=1

where A, is the exponent of the ith exponential term, C is the
plasma concentration, and C, is the initial concentration of
the ith component of the curve.

The rate of biliary or urinary excretion (dA./df) is re-
lated to the plasma concentration (C) by

dAe‘CGC 2
dr )

where the clearance (Cl) is hepatic (Cly) or renal (Cly), re-
spectively. The hepatic and renal clearance values shown in
Table I (middle and lower sections) are calculated this way
for each experimental condition from the mean biliary and
urinary excretion rates, respectively. The time period from
40 to 80 min was taken (equilibrium conditions), which was
divided into four intervals, and the average amount excreted
was divided by the average plasma concentration on the mid-
point of the sampling interval (mean *+ SD of four time in-
tervals).

Total plasma clearance, calculated after simultaneous
fitting of all plasma curves, is given by

Dose

O =3uc

€)

The area under the curve (AUC) was calculated from the

Faber, Oosting, Neefjes, Ploegh, and Meijer

integral of multiexponential functions [Eq. (1)], from ¢ = 0 to
t = oo,

Under steady-state conditions total plasma clearance is
given by

R
Clys = “)

in which R, is the infusion rate and Cgg the plasma concen-
tration at steady-state. This equation is used to calculate the
clearance of ['“C]mannitol.

Under steady-state conditions the distribution volume
Vss (theoretically, the amount of drug in the body divided by
the plasma concentration at steady-state) was estimated with

()
Vs =Vi+ Vo=V (] +— (&)}

ka1
where V| and V, are the volumes of distribution of the cen-
tral and the peripheral compartment, respectively, and k,,
and k,, are the intercompartmental rate constants. This dis-
tribution volume parameter is independent of the elimination
processes. The V; (volume of distribution of the elimination

phase) was calculated by the fitting program as

Cl
Vg = x ©)
where A, is the smallest value of A; in Eq. (1).

The analysis described above is valid only under first-
order kinetic conditions (20). For both compounds the con-
centration independency was checked in the dose range from
4 to 20 pmol. Plasma disappearance and excretion rate pat-
terns for both compounds in this dose range indicated the
absence of saturation phenomena.

Statistical Analysis

Statistical evaluation was performed with the unpaired,
two-sided Student’s f test, using the FarmStat 1.10 computer
program developed in our laboratory. P < 0.05 was the min-
imal level of statistical significance. Data are given as mean
+ SE, unless stated otherwise.

RESULTS

The octanol/Krebs partition coefficient indicates that
both dMM and MedNM are hydrophilic, whereas dMM is
four times more lipophilic than MedNM (Fig. 1). Plasma
protein binding over a concentration range of 40400 pM
was small (5.1%) for dMM and negligible for MedNM.

1-Deoxymannojirimycin

After intravenous administration of [°H]dMM, radioac-
tivity was eliminated from the plasma in a biexponential
fashion (Figs. 2A and 3A), with an initial half-life (ty,) of 3.0
* 1.7 min and a terminal half-life (t1,22) of 51 = 12 min under
control conditions (mean * SD of six experiments; from
simultaneous fitting as described under Materials and Meth-
ods). Figure 2A shows that the compound appeared in urine
almost instantaneously and in high amounts. The decrease in
urinary excretion rate closely followed the decrease in
plasma concentration. After 30 min, an average of 28 + 8%
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Fig. 2. Basal pharmacokinetic data for dMM in the control situation
(A) and after bicarbonate administration (B). Decay in plasma con-
centration (nmol/ml), biliary and urinary excretion rate (nmol/min),
and flow of bile and urine (mg/min) are shown. The scale of the y
axis applies to both A and B, except for the bars marked with stars:
From 0 to 10 min the average urinary excretion rate of dMM was
86.9 nmol/min (open star) and the average urine flow was 58.6 mg/
min (filled star).

of the dose was excreted in the urine, with 52 + 3% of the
dose of dAMM excreted at the end of the experiment (mean =
SE; n = 6). This is shown in Table I as the fraction excreted
in urine in 2 hr (fe, ,,,)-

In all experiments (except where the renal vessels were
ligated; see below) bile flow was fairly constant, with final
flow rates never below 70% of the starting value (see Figs. 2
and 4). Biliary excretion of dMM (Fig. 2A) was approxi-
mately 10% of urinary excretion; an average of 4.9 = 0.6% of
the injected dose was recovered from the bile after 120 min
in the control situation, shown in Table 1 as the fraction
excreted in bile in 2 hr (fey, ,;,).

Small fractions of the dose were found in the collected
organs and plasma after 120 min (Fig. 5), liver and kidneys
showing the highest contribution, with 2.1 = 0.4 and 1.1 =
0.5% of the dose, respectively (mean = SE; n = 3). To get
a better view of the relative accumulation of the compounds,
the absolute values in Fig. 5 were converted to tissue/plasma
concentration ratios (Fig. 6), by dividing the drug content of
each organ (nmol) by the volume of that organ (ml; assuming
m/v = 1) and, subsequently, by the plasma concentration.
Figure 6 shows that the kidneys effectively concentrated
dMM, with a tissue/plasma concentration ratio of 5.8, com-
pared to 2 for the other collected tissues.
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During the saline infusion, the fe, ,,, was equal to con-
trols, although urine flow was four to five times lower (mean
value, 3.0 mg/min). Since a low and irregular urine flow pro-
hibits precise calculation of the renal clearance, this value is
not shown in Table I for saline experiments. In total, 53% of
the dose was excreted in urine and 6.0% in bile (Table I;
mean of two experiments). These values are not significantly
different from controls. Furthermore, the plasma concentra-
tion-time curve showed the same profile as the control
curve, with £, = 3.1 min and #,,,, = 49 min (results not
shown). Finally, the tissue distribution of dMM after saline
infusion did not differ significantly from the experiments
with a mannitol infusion.

We studied the effect of alkalinization of the urine on
the excretion of both compounds by the kidneys. In control
experiments, urine pH was about 6. Infusion of bicarbonate
raised the urine pH to 7.5-8.5. This value did not drop below
6.5 at the end of the experiment. At pH 6, only 6% of dMM
is present in the uncharged form, compared to 86% at pH 8.
Since this is the form that could, in principle, facilitate pas-
sive back-diffusion and/or carrier-mediated reabsorption
(e.g., by sugar-type carrier systems) from the primary urine
by renal tubular cells, a reduction of dMM excretion via the
kidneys at alkaline conditions could be anticipated. How-
ever, the distribution and elimination patterns of dMM (Fig.
2B) closely resembled those of the control situation. Plasma
half-lives were comparable: 1.5 = 0.2 min (¢, ) and 57 * 6
min (ti,,) (mean = SD; n = 3). The increased urine flow
during the first 30 min also did not significantly change the
urinary excretion of dMM, which amounted to 31 += 2% of
the dose after 30 min and 47 = 5% of the dose after 120 min,
respectively (P > 0.05 compared to controls). The amount of
drug excreted in bile (4.2 + 0.4% of dose) was similar to
controls. dMM accumulated slightly less in the collected tis-
sues (results not shown), but this was significant only for the
intestine (P < 0.05).

However, when the renal vessels were ligated a differ-
ent elimination pattern was found. The ¢, of dMM, reflect-
ing mainly distribution, did not significantly differ from con-
trols: 4.1 = 0.9 min (mean = SD; n = 3). As expected, the
second phase of the plasma disappearance curve was
changed dramatically (Fig. 3A): the ty,, was over 260 min.
Plasma levels tended to reach a plateau level after 30 min, of
approximately 18 wM, resulting in a percentage of dose re-
maining in plasma that was four to five times higher than
controls (P < 0.01). The average biliary excretion of dMM
was decreased by 35%, to 3.2 = 0.9% of the dose after 120
min (P > 0.05 compared to controls), probably related to the
lower bile flow. Ligation of the kidneys inevitably led to a
decline in bile flow, however the size varied between the
experiments, from 48 to 86 to 91% decrease after 2 hr, com-
pared to the starting value. The percentage of dose remain-
ing in the organs after 120 min was significantly higher than
controls for all organs: liver, 3—4 times (P < 0.05); intestine,
2-3 times (P < 0.01); heart, 3 times (P < 0.001); and stom-
ach, 1.4 times (P < 0.05) (results not shown).

N-Methyl-1-Deoxynojirimycin

After intravenous administration of ['*C]MedNM, ra-
dioactivity also was eliminated from the plasma in a biexpo-
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Fig. 3. Plasma disappearance patterns of dMM (A) and MedNM (B). The contro! situation
(open symbols) is compared with the situation where the renal route of excretion is elimi-
nated by a ligature of the renal afferent blood vessels (filled symbols). Data are mean values;

SE is only shown when exceeding size of symbols.

nential fashion in all four experimental situations (Figs. 3B
and 4A; saline results not shown). For mannitol infusions
(control) by, = 4.5 = 1.9 min and by, =32 %38 min (mean
+ SD of seven experiments). Figure 4A shows that MedNM
also appeared in the urine almost instantaneously and in
even higher amounts than did dMM. After 30 min 60 + 8% of
the dose was excreted in the urine, increasing to 80 + 6% at
the end of the experiment. Earlier work with the parent com-
pound dNM (pilot experiments in cats) showed that this
compound also disappeared rapidly from the blood and was
found unchanged in urine (J. J. Neefjes, unpublished obser-
vations). For MedNM biliary excretion was of minor impor-
tance: Only 0.16 * 0.02% of the dose reached the bile after

120 min. Small fractions of the dose were recovered from the
various organs, ranging from 0.9 * 0.1% for the kidneys to
0.02 = 0.01% for the heart (Fig. 5). MedNM was highly
concentrated in kidneys compared to the plasma concentra-
tion, displaying a tissue/plasma concentration ratio of 18,
compared to 2 for the other organs.

Comparative studies with an infusion of 0.154 M saline
showed no significant differences from the experiments per-
formed with a 5% mannitol infusion. Half-lives in plasma
were 4.9 (11,) and 29 (#,,,) min, respectively, and total uri-
nary and biliary excretions were comparable: 64 and 0.19%,
respectively (mean of two experiments; Table I). Tissue dis-
tribution also did not differ from controls.

Table I. Comparison of the Pharmacokinetic Parameters Clearance, Ci (ml/min; Mean + SD Calculated as Described Under Materials and
Methods), Volume of Distribution of the Elimination Phase, V;, and at Steady State V; (ml), and Fraction Excreted in Urine, fe, ,,, or Bile,
fey onr» in 2 hr of the Compounds dMM and MedNM

dMM MedNM

Total body Cl Ve V. Cl Ve Ve
Control 4.16 = 0.37 307 265 6.32 = 0.36 296 164
Saline 4.80 = 0.21 339 262 6.47 = 0.83 272 170
Bicarbonate 6.21 = 0.30 514 437 5.85 = 0.46 250 169
Nephrectomized 0.23 = 0.24 206 201 0.26 = 0.13 94 93
Renal excretion Cl Je, ane Cl Jey ane
Control 2.63 = 0.58 0.515 6.83 = 0.54 0.803
Bicarbonate 2.78 = 0.46 0.466 5.33 £ 0.85 0.902
Saline ND“ 0.528 ND 0.635
Hepatic excretion Cl Jew anr ql feu o
Control 0.26 = 0.02 0.049 0.012 = 0.0005 0.002
Bicarbonate 0.30 = 0.05 0.042 0.012 = 0.0008 0.002
Saline 0.37 = 0.02 0.060 0.014 = 0.0010 0.002
Nephrectomized 0.03 = 0.01 0.032 0.004 = 0.0005 0.005

% Not determinable.
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Fig. 4. Basal pharmacokinetic data for N-methyl-1-deoxy-
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istration (B). Details are as in the legend to Fig. 2. The scale of the
y axis applies to both A and B.

Elevation of the urine pH, as described above, in-
creased the percentage of MedNM molecules in the un-
charged form from 29 to 98%, respectively. However, the
pharmacokinetic parameters calculated (Table I) did not dif-
fer from controls. Half-lives in plasma were t,, = 2.8 * 1.2
min and Ly, = 30 = 6 min (mean * SD; n = 3). Urinary
excretion showed the same pattern as controls: 64 * 7% of
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l oum
% , 1 MedNMm
O
(]
W 1.5-
O
|_
Z 11
w
O
Eos—
o
0_

LIVER KIDNEYS GUT STOMACH HEART PLASMA

Fig. 5. The percentage of the dose of dMM (black bars) and
MedNM (white bars) present in the collected tissues and plasma at
120 min after i.v. administration. Mean values of three ({AMM) or
seven (MedNM) experiments; the SE is shown only when it exceeds
the size of symbols.
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the dose was excreted in the urine after 30 min, while after
120 min 90 + 4% was excreted. Biliary excretion was also
unchanged: After 120 min 0.20 + 0.03% of the dose had been
eliminated. Finally, the distribution of MedNM over the var-
ious tissues also did not deviate from control values (results
not shown).

When the renal vessels were ligated the plasma disap-
pearance pattern changed drastically (see Fig. 3B), espe-
cially in the second phase of the curve. A plateau value was
reached for the plasma concentration after 30 min of approx-
imately 35 uM, resulting in a 40-fold increase in the percent-
age of MedNM still present in the plasma after 120 min com-
pared to controls. The ty,, was not changed significantly
from control (2.9 compared to 4.5 min). However, the #1,,
exceeded 100 min in the two separate experiments. The av-
erage percentage of the dose recovered in bile, 0.53%, was
significantly higher than controls (P < 0.01), although in one
of the experiments bile flow decreased by 75% (resulting
feyone = 0.004). Except for the kidneys, accumulation of
MedNM in all collected organs was significantly higher than
control values (P < 0.001). The percentage of the dose re-
maining in the liver, intestine, stomach, and heart was in-
creased 10- to 13-fold compared to control values (results not
shown).

Calculation of the Glomerular Filtration Rate

The plasma concentration of ['*Clmannitol was mea-
sured at the same time points used for the other experiments.
Steady-state values were reached within the stabilization pe-
riod and remained constant for at least 2 hr. From the
steady-state plasma concentration and the rate of infusion,
the plasma clearance of mannitol was calculated [Eq. (4)] for
all time points and averaged for each experiment. The glo-
merular filtration rate was found to be 2.60 = 0.41 ml/min
(mean * SD; n = 4).

Metabolism Studies

Both compounds were recovered unchanged from the
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urine. MedNM (R; value, 0.28) was stable for prolonged pe-
riods of time after incubation with blank urine at 20°C and
when urine samples were stored at —20°C (for up to 2 years)
and no metabolites of MedNM were found in bile. dMM (R,
value, 0.23) was stable in urine and bile when stored at 20°C
for 24 hr: however, after 3 weeks R; values had shifted to
0.15 (bile) and 0.10 (urine). The same R; shift was seen in
urine samples from in vivo experiments when stored for 6
weeks at —20°C. There is preliminary evidence that dMM is
(partially) metabolized in rat liver, but the total fraction me-
tabolized represents less than 5% of total dose. As men-
tioned earlier, no metabolites were detected in urine.

DISCUSSION

Pharmacokinetic Analysis

The pharmacokinetic parameters Vg Vss, fe, on,» and
fey, on, (Table 1) and 1y, and 1y, of the control experiments,
compared with results from saline infusions, indicate that
mannitol did not interfere with the distribution and elimina-
tion of the compounds under study.

Both dMM and MedNM showed rapid plasma disap-
pearance that could be fitted best by a two-compartment
kinetic model (simultaneous fitting of all data, and individual
curves). However, for dMM the mean plasma curve could be
fitted significantly better (as compared with an F test) with a
three-compartment model. An indication for this third,
“‘deep”” compartment can also be found in the fact that the
Je, one for dMM was only 0.515, compared to 0.803 for
MedNM. Therefore it is possible that there is a deep storage
compartment for dIMM and that intracellular accumulation in
certain tissues, including the kidneys, accounts for the third,
slow phase in the mean plasma curve. Such a slow elimina-
tion process was confirmed in additional experiments over a
prolonged period of time (8 hr), showing that another 19% of
the dose of dMM is excreted in the urine and an extra 1.4%
in bile in the following 6 hr. For these reasons it is likely that
eventually all of the dMM will be recovered in urine and bile
at a ratio close to 10:1.

Routes of Elimination

Elimination of both compounds occurred preferentially
from the central compartment by the kidneys, as demon-
strated in Fig. 3, whereas plasma concentrations quickly
reached a plateau when the renal vessels were ligated. The
central volume of distribution (V,) of both compounds (data
not shown) was almost equal to the sum of blood volume [64
ml/kg rat (22)] and extracellular fluid [18-22% of body weight
(24)]. Both dMM and dNM equilibrate rapidly across cellular
plasma membranes through nonfacilitated diffusion (11,15).
Since some dNM derivatives, like MedNM, are more potent
than dNM itself (25), their rate of cellular uptake is unlikely
to be less than that of ANM. Hence the Vg (values shown in
Table I) approximately equals the total-body volume of the
rat for most experimental situations. However, this does not
imply that dMM and MedNM distribute evenly over all body
tissues. Both compounds exhibited a higher concentration
ratio in the kidneys than in the other tissues collected (see
Fig. 6). The importance of the kidneys for the elimination of
dMM and MedNM was also supported by the finding that,
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after ligation of the renal vessels, Vgg decreased (and also
Vg, but this parameter is not elimination independent) by
60-70 ml compared to controls (P < 0.05 when individual
curves were fitted and compared). For MedNM, this reduc-
tion of Vgg by 70 ml can be explained by the contribution of
the kidneys to the steady-state volume of distribution, since
the volume of the kidneys (1% of total body weight) multi-
plied by the concentration ratio of MedNM in the kidneys
(18.5; Fig. 6) yields a ‘‘kidney distribution volume’’ of ap-
proximately 50 ml. For dMM this calculation resulted in a
lower value (16 ml), but here experimental variability was
considerable. The hepatic route of elimination was of less
significance for both compounds: For dMM hepatic clear-
ance was 10% of renal clearance, and for MedNM its con-
tribution to the total-body clearance was negligible.

Mechanisms of Renal Excretion

Differences in urine flow (Figs. 2 and 4) did not signif-
icantly change the fe, ,,, for dMM and MedNM (Table I).
The fe, -y, Was also not changed when higher doses, 10 and
20 wmol, were given (data not shown). In addition, no linear
relationship was found when urine flow was plotted against
clearance for each experimental situation.

The basic sugar analogue MedNM possesses a tertiary
amine function with a pK, of 6.3-6.4 (17) and dMM contains
a secondary amine function with a pK, of 7.2 (16). Conse-
quently, at pH 7.4 the compounds are present partially in the
protonated (cationic) form (Fig. 1). The present results indi-
cate that the ionization status of dMM and MedNM in the
primary urine is unimportant to their renal handling (Figs. 2
and 4), implying the absence of tubular reabsorption via pas-
sive diffusion. In the absence of active transport both com-
pounds are probably too polar, even in their neutral form, to
be rapidly reabsorbed (24).

Renal clearance of dMM was found to be similar to the
glomerular filtration rate. This was not the case for MedNM,
where the renal clearance was at least twice the glomerular
filtration rate, indicating that active tubular secretion may be
involved. Such secretory processes are located predomi-
nantly along the proximal tubule, and both acid and base
transport systems appear to be multispecific (24,26). Assum-
ing that the cation tubular secretion system is involved, it
seems surprising that MedNM (9% in the cationic form) is
more efficiently secreted than dMM (39% in the cationic
form at pH 7.4; see Fig. 1). However, not only the concen-
tration of the cationic form but also the relative affinity for
the proposed carrier plays a decisive role. The presence of a
methyl group on the nitrogen center may be crucial in this
respect (27).

Total-body clearance of MedNM was equal to the sum
of renal and hepatic clearance, which implies that there is no
other, quantitatively important, route of elimination for
MedNM. Initially dMM seemed to deviate from this pattern:
Renal and biliary clearance together made up only 75% of
the total-body clearance (Table I). As discussed above, there
are indications for a third, slow phase of the plasma disap-
pearance curve of dMM. In that case, the actual area under
the curve will be underestimated, and consequently the ac-
tual total-body clearance is smaller than the value shown in
Table I. Theoretically there could be an additional route of
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elimination to make up for the difference in clearance. How-
ever, if such a route exists, it is of little significance. As
shown in Fig. 3A, no further plasma decay occurs when the
renal route of elimination is cut off. Elimination via the in-
testine is not likely to occur in significant amounts taking
into account the low amounts recovered from the small in-
testine (Figs. 5 and 6). Furthermore, it is not likely that
biotransformation is responsible for the discrepancy, since
the radioactive label of dAMM is introduced in such a way that
it cannot easily be displaced or removed. Radioactive me-
tabolites would be expected to be in plasma, urine, and bile
and to contribute to the total clearance.

Mechanisms of Hepatic Excretion

Biliary excretion of both compounds was related to bile
flow. This is best illustrated in experiments where the renal
vessels were ligated, where one would expect an increased
biliary excretion when elimination via the urine is blocked.
In this situation for dMM the concentration in plasma (cen-
tral compartment) increased four to five times. Conse-
quently, the concentration in the liver (peripheral compart-
ment) was also increased (three to four times; P < 0.05),
resulting in an enhanced driving force for elimination from
this compartment. Indeed the concentration of dMM in bile
was three to six times higher than control values, but fey, 5,
was less elevated probably due to the decline in bile flow
caused by ligation of the renal vessels. This rigorous proce-
dure, in combination with regular blood sampling, may cause
a steady decline in blood pressure and in bile flow. For
MedNM the mean plasma concentration was increased 40
times, whereas the liver concentration was increased only 12
times (P < 0.001) and the mean bile concentration was 17
times higher after ligation of the renal vessels. Here the
fey one was significantly increased (P < 0.01) but not linear
with the plasma concentration. To investigate if this discrep-
ancy was the result of rate-limiting canalicular excretion,
control studies were performed with higher doses of dMM.
After dosages of 10 and 20 pmol of dMM, the corresponding
fey, o values were similar to those of 4-pumol controls,
namely, 0.048 for both doses (mean values of two experi-
ments). Thus under control conditions the transport from
liver to bile does not seem to be saturated. Experiments with
dMM and MedNM in isolated perfused rat livers support
these data, since linear kinetics were found for doses ranging
from 4 to 40 pumol (E. Faber, manuscript in preparation). A
third possibility is that the biliary excretion and/or hepatic
uptake of the model compounds is inhibited by endogenous
compounds that accumulate in the circulation after ligation
of the renal vessels. Therefore it is likely that the ligation
procedure itself can be held responsible for the discrepancy.

Tissue Accumulation and Retention

With regard to the tissue distribution, dMM and
MedNM behave quite differently. The secondary amine
dMM is present in larger amounts 120 min after injection in
all tissues collected, compared to MedNM (Fig. 5). The liver
content could be corrected for the amount of drug present in
the biliary tree [a known volume of 0.32% of liver weight
(28)1, but this contribution was very small for both dMM
(1.1%) and MedNM (0.15%). For the kidneys similar calcu-
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lations led us to the conclusion that the contribution of drug
present in the urinary lumen, 120 min after injection, to the
total kidney content was small.

Relating the amount of drug in an organ to the volume of
that organ enabled us to calculate the tissue/plasma concen-
tration ratio, as shown in Fig. 6. Neither dMM nor MedNM
displayed a homogeneous distribution over the various or-
gans: For both, considerable concentrations occurred in the
kidneys. This is not surprising, since both compounds are
eliminated via the kidneys and some retention of compound
can be expected. In addition, MedNM is probably actively
secreted by the renal tubular cells, and for many organic
cations, this process involves an active concentrative secre-
tion across the brush border membrane (lumenal side) (26).
There may also be specific transporters on the basolateral
membrane to move organic cations from blood to the renal
cell. In addition, liver and kidney comprise a large pool of
acidic endocytic vesicles (endosomes, lysosomes) that are
capable of trapping tertiary and secondary amines by pro-
tonation. Preliminary data obtained through subcellular frac-
tionation showed that dMM is concentrated to some extent
in the lysosomal fraction of the rat liver, whereas MedNM
concentrated even more in lysosomes and microsomes (E.
Faber, unpublished observations). Whether such compart-
ments are relevant for therapeutic effect remains to be es-
tablished.

On the basis of a two-compartment kinetic model for
MedNM and dMM, it can be calculated that a constant in-
fusion of 4.0 and 2.5 mg/hr of MedNM and dMM, respec-
tively, would lead to steady-state plasma concentrations in
the range of 20-100 pM, where dNM and N-hydroxyethyl-
dNM are reported to inhibit hepatic glycogenolyses in the rat
(14). The two compounds mentioned above also inhibit su-
crase activity in rats, and a constant infusion of 20 and 12
pg/hr of MedNM and dMM is required to reach steady-state
plasma concentrations in the reported therapeutic range of
0.2-0.4 uM (6).

In conclusion, for both dMM and MedNM, renal elim-
ination is the major route of elimination, and for MedNM
tubular secretion appears to play a significant role. The vol-
ume of distribution of both compounds is close to the total-
body volume, however, significant accumulation occurs in
the kidneys. In spite of efficient renal clearance, dMM may
be quite slowly eliminated from the body because of persis-
tent storage in ‘‘deep’’ intracellular compartments.
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NOMENCLATURE

Initial half-life
Terminal half-life
e, Fraction excreted in urine in 2 hr
fey ne  Fraction excreted in bile in 2 hr
Ve Volume of distribution of the elimination phase

Ves Volume of distribution at steady state

tl/zl
tl/zz
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