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Valproate has been shown to interact with all major antiepileptic
drugs. The interaction with phenobarbital is the most clinically sig-
nificant. The mechanism of the interaction was evaluated in the in
vivo rat and in vitro liver perfusion system. Phenobarbital and
parahydroxyphenobarbital (PbOH) were administered with and
without valproate treatment. In vivo, after administration of PbOH,
valproate caused a significant inhibition of both the renal clearance
of unchanged PbOH (40%) and the formation clearance (Clg) of its
glucuronide conjugate (44%). When coadministered with phenobar-
bital, valproate caused a significant decrease in the total plasma
clearance of phenobarbital (95.4 = 29.0 to 65.8 = 20.2 ml/hr/kg),
with no apparent effect on the phenobarbital renal clearance or the
Clg of PbOH. Valproate did cause a significant inhibition (50%) of
formation of a minor metabolite, metahydroxyphenobarbital. The
largest effect of valproate appears to be on unknown pathways of
phenobarbital elimination. In the isolated perfused rat liver, the Clg
of PbOH and its glucuronide conjugate were determined. Valproate
caused a small (10%) but significant decrease in the Clg of PbOH. As
seen in vivo, the most significant effect of valproate was on the Clg
of the PbOH glucuronide (66% decrease). In conclusion, inhibition
of PbOH formation by valproate cannot account entirely for the
increased plasma concentrations of phenobarbital that occur when
valproate is added to therapy. A complete understanding of the
mechanism will require a complete accounting of the phenobarbital
dose in rat or in humans.

KEY WORDS: valproate; valproic acid; phenobarbital; drug inter-
action; metabolic inhibition.

INTRODUCTION

Valproate has been shown to interact with all the major
anticonvulsant drugs (phenobarbital, phenytoin, and car-
bamazepine), as well as with diazepam, salicylic acid, and
chlorpromazine; many of these interactions are reciprocal.
Generally, valproate affects the disposition of other drugs
through two mechanisms of action: displacement from albu-
min binding sites and inhibition of drug metabolism (1).

The most clinically significant interaction of valproate
occurs with phenobarbital. Clinically, plasma concentrations
of phenobarbital have been reported to increase from 25 to
65% when valproate was added to the regimen (2,3). This
strong effect of valproate on phenobarbital is surprising
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since phenobarbital is not highly protein bound and few, if
any, metabolic inhibitors have been shown to alter pheno-
barbital clearance in a clinically relevant way.

Several studies have attempted to elucidate the mecha-
nism(s) involved in the interaction between phenobarbital
and valproate. Clinical studies have indicated that valproate
decreased the nonrenal clearance of phenobarbital with no
effect on elimination of unchanged phenobarbital (4). Kap-
etanovic et al. (5) found a decrease in the plasma clearance
of phenobarbital, no change in the fraction of dose elimi-
nated as parahydroxyphenobarbital (PbOH), and a decrease
in the conjugated PbOH-to-total PbOH ration when val-
proate was added to phenobarbital. Using a rat liver mi-
crosomal preparation, the same investigators showed that
valproate behaved as a competitive inhibitor of microsomal
parahydroxylation (6). However, the inhibition constant (K;)
of valproate was significantly higher than the accepted ther-
apeutic range for valproate.

This evidence suggests that valproate affects both the
formation and the elimination of PbOH and that the interac-
tion may involve other oxidative metabolites of phenobarbi-
tal. Therefore, studies were designed to evaluate the effect
of valproate on phenobarbital, PbOH, and metahydroxyphe-
nobarbital (MOHPB) conjugation and elimination in the rat.
Initial studies were performed in vivo to evaluate the rat as a
model for the interaction. Further studies were done in the
isolated perfused rat liver system. By maintaining the intact
architecture of cells in the liver, the isolated perfused rat
liver allows a direct measurement of the effect of valproate
on the sequential metabolism of phenobarbital (i.e., pheno-
barbital = PbOH — PbOH glucuronide), independent of re-
nal elimination and enterohepatic recycling.

MATERIALS AND METHODS

Materials

Dextran, dextrose, bovine serum albumin (Fraction V),
and B-glucuronidase were obtained from Sigma Chemical
Co. (St. Louis, MQ). Parahydroxyphenobarbital monohy-
drate and Alphenal, 5-allyl-5-phenylbarbituric acid, were ob-
tained from Aldrich Chemical Co. (Milwaukee, WI) and All-
tech-Applied Science, (State College, PA), respectively.
Valproate was a gift from Abbott Laboratories (Chicago,
IL). The spectraphor dialysis membrane used in the protein
binding experiments was obtained from VWR Scientific,
Inc. (Chicago, IL). The Microsorb ‘‘short-one’’ column was
obtained from Rainin (Woburn, MA).

Synthesis of Metahydroxyphenobarbital (MOHPB)

MOHPB was synthesized according to previously pub-
lished procedures (7). Conformation of identification was
carried out using direct-probe mass spectrometry analysis on
a VG 7070H mass spectrometer using the chemical ioniza-
tion mode. The synthesized MOHPB showed a spectrum
identical to the spectrum obtained with a known PbOH stan-
dard. High-field proton NMR at 500 MHZ on a Brucker
Wm-500 spectrometer was used to verify the meta position
of the hydroxy group. Using the high-pressure liquid chro-
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matography (HPLC) system described below, the synthe-
sized MOHPB produced one peak.

Drug Analysis

Unchanged phenobarbital and PbOH concentrations in
bile and perfusate were analyzed by a HPLC method de-
scribed in the literature (8), with some modification. Two
milliliters of perfusate or 0.1 ml of a 1:10 dilution of bile was
acidified to pH 5 with 1 ml of a 2 M potassium phosphate
monobasic buffer and extracted with 10 ml of ethyl acetate.
Alphenal, a commercially available analogue of phenobarbi-
tal, was used as an internal standard. Ethyl acetate was
evaporated under nitrogen at 40°C and samples were recon-
stituted with mobile phase. Total PbOH was determined af-
ter hydrolysis with 1000 U B-glucuronidase at 37°C (pH 5.0)
for 24 hr and after acid hydrolysis (6 N HCI at 100°C for 1
hr). The N-glucoside of phenobarbital is resistant to hydro-
lysis by B-glucuronidase but is sensitive to acid hydrolysis
(9). Samples were injected onto a 10-cm, 3-pm C18 column
with 30:70% methanol:0.05 M sodium phosphate buffer (pH
8.0) as the mobile phase. Phenobarbital, MOHPB and PbOH
were detected by UV absorbance at 254 nm. Retention times
were 5.3, 5.8, 7.9, and 9.6 min for PbOH, MOHPB, pheno-
barbital, and internal standard, respectively. The limits of
sensitivity were 0.1 pg/ml for both compounds. The intraday
coefficient of variation (CV) was <5% and the interday CVs
for phenobarbital and PbOH were less than 4 and 7%, re-
spectively. Valproate concentrations were determined by a
capillary gas chromatography method as described previ-
ously (10).

In Vivo Studies

Study I. In order to estimate accurately the PbOH for-
mation clearance after phenobarbital administration, it was
necessary to determine the elimination clearance and mass
balance of PbOH in the rat. Five male Sprague-Dawley rats
(246 = 31-g body weight) were cannulated in the left femoral
and right jugular veins under ether anesthesia. Each rat was
used as its own control. Two PbOH doses were administered
under each of two treatment conditions, saline and valpro-
ate. Rats were allowed a day to recover from surgery and
then were randomized to receive a saline control or val-
proate infusion (7.5 mg/hr) for 20 hr. Twenty hours after
initiation of the infusion, rats were placed in metabolic
cages, which allowed complete collection and separation of
urine and feces. A 5-mg bolus dose of PbOH was adminis-
tered intravenously into the femoral vein (+ = 0 min). Blood
samples (200 pl) were collected from the jugular vein at 5,
20, 40, 60, 90, 120, 150, and 180 min. Urine was collected
during the next 12 hr. This sequence was then repeated for
the second treatment phase. Plasma samples were assayed
for PbOH as described above. Urine samples were assayed
for PbOH before and after hydrolysis with B-glucuronidase
and 6 N HCl acid.

Study I1. The protocol for the phenobarbital-valproate
study is outlined in Fig. 1. Phenobarbital was infused at 0.55
mg/hr for 9 days. The study was divided into two phases,
with each rat serving as its own control. Rats were random-
ized to receive either valproate (7.5 mg/hr) or saline infu-
sions for Phase I (Days 1-5) and the reverse treatment for
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Fig. 1. Protocol for phenobarbital-valproate study.

Phase II (Days 5-9). Fourteen male Sprague-Dawley rats
(259 = 17-g body weight) were cannulated in the right jugular
vein under ether anesthesia. Surgeries were performed on
the morning of Day 1. At 5 pm on Day 1 an intravenous
loading dose of phenobarbital (10 mg) was given, immedi-
ately followed by the phenobarbital infusion. On Day 4 (9
AM) the rats were anesthetized with ether and blood was
drawn (300 pl) from the tail artery (No. 1). Rats were trans-
ferred to metabolic cages and a 24-hr urine collection was
obtained. At the end of the first 24-hr urine collection, rats
were removed from the metabolic cages and anesthetized
with ether, and blood sample No. 2 was obtained. During the
Phase II treatment, blood sample No. 3 was obtained at 9 AM
on Day 8, at the same time that the second 24-hr urine col-
lection began. Blood sample No. 4 was obtained at the end of
this urine collection period. Rats were allowed free access to
food and water at all times during the study. All samples
were stored at —20°C until assayed. Plasma samples were
assayed for phenobarbital, PbOH, and valproate as de-
scribed above. Urine samples were assayed for phenobarbi-
tal, PbOH, and MOHPB before and after hydrolysis with
B-glucuronidase.

Isolated Perfused Rat Liver Studies

Liver Perfusion Preparation. Male Sprague-Dawley
rats (200- to 225-g weight) were anesthetized with urethane
(0.5 g/kg) by intraperitoneal injection. The surgical prepara-
tion of the in situ rat liver was performed as described pre-
viously (9). The hemoglobin-free perfusion medium con-
sisted of a Krebs—Ringer bicarbonate buffer, 1.5% dextran,
1.2% bovine serum albumin, and 0.2% dextrose. Concentra-
tions of phenobarbital and valproate were chosen to be
within the clinical therapeutic range. A commercially avail-
able perfusion apparatus (Perfuser two/ten, MX Interna-
tional, Aurora, CO) was used for the studies at a perfusion
flow rate of 30 ml/min.

Study Design. Measurement of the intrinsic formation
clearance of PbOH from phenobarbital requires total ac-
countability of all PbOH formed from phenobarbital. There-
fore, in the initial set of studies, perfusions were performed
on livers obtained from six Sprague-Dawley rats using
PbOH as a substrate. Based on preliminary studies with phe-
nobarbital, PbOH was used at a concentration of 0.1 pg/ml.
During the treatment phase, valproate was infused into the
perfusion line to achieve an afferent concentration of 55 pg/
ml. Each rat liver was used as its own control, with each
study consisting of three 40-min phases: Phase I, control
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(040 min); Phase II, valproate treatment (40-80 min); and
Phase III, control (80-120 min). This study design allows the
determination of the rate of onset, as well as the reversibility
and the extent of the interaction. Efferent perfusate samples
were obtained at 5-min intervals for the first 25 min and then
at 3-min intervals for the remainder of each phase. Three
afferent perfusate samples were collected, one during each
phase. Bile samples were collected in 20-min intervals. Ef-
ferent perfusate flow was measured directly several times
during each phase. As rat bile is composed of 97% water,
bile flows were determined by weighing bile tubes before and
after bile collection and assuming a specific gravity of 1.00.
Perfusate and bile samples were stored at —20°C until as-
sayed as described below. Perfusate and bile samples from
the last 20 min of each phase were used in the calculations of
intrinsic clearances.

Phenobarbital was perfused as described above at a sub-
strate concentration of 30 wg/ml in 10 rat livers perfused with
and without valproate (55 pg/ml).

Protein Binding

The extent of protein binding of phenobarbital and
PbOH in perfusate with and without valproate was deter-
mined by equilibrium dialysis in plexiglass cells using Spec-
traphor dialysis membranes. One-milliliter perfusate sam-
ples from each of the three phases were dialyzed for S hr
against Krebs Ringer bicarbonate buffer (pH 7.4) at 37°C.
Preliminary studies indicated that equilibrium was reached
within this time. All buffer and perfusate samples were
stored at —20°C until assayed.

Data Analysis

Study 1. Total plasma clearance (Cl,) of PbOH was de-
termined by the ratio of dose to area under the plasma con-
centration curve. The renal clearance (Clg) of unconjugated
PbOH was calculated as the product of Cl, and the fraction
of the dose excreted unchanged in the urine. The formation
clearance of PbOH glucuronide was obtained from the prod-
uct of the CL and the fraction of the dose excreted in the
urine as PbOH glucuronide.

Study II. The phenobarbital concentrations in blood
samples obtained on either side of the two urine collections
were averaged to determine a mean steady-state phenobar-
bital concentration during Phases I and 11. Phenobarbital CI,
was determined as the ratio of the infusion rate to the mean
steady-state phenobarbital concentration for both treatment
phases. Clg of phenobarbital was determined as the product
of Clp and the fraction of dose excreted unchanged during
the 24-hr interval. The formation clearances (Clg) of PP OH
and MOHPB were determined as the product of Cl, and the
fraction of the dose excreted as the respective metabolite
(PbOH or MOHPB) during the 24-hr interval. The remainder
clearance of phenobarbital was calculated by subtraction of
the phenobarbital Clg and CLy of PbOH and MOHPB from
Cl,. All data are presented as the mean + standard devia-
tion. Statistical analysis was performed by two-tailed paired
t test at the 0.05 level of significance.

Isolated Perfused Rat Liver Studies. The theoretical
considerations of the liver perfusion model used for data
analysis are described in the Appendix.

Anderson and Levy

RESULTS

In Vivo

During both saline and valproate treatment the dose of
PbOH could be completely accounted for in urine (97.0
5.5%) as unconjugated PbOH and the glucuronide conjugate.
This mass balance of the dose of PbOH allowed an accurate
determination of the formation clearance of PbOH after phe-
nobarbital administration. Results of the PbOH-valproate
study are described in Table I. Valproate administration was
associated with a 43% decrease in PbOH total plasma clear-
ance. Valproate significantly decreased both glucuronidation
of PbOH (44%) and renal clearance of the unconjugated
PbOH (40%). Due to the equal decrease in both pathways,
the fractions excreted as PbOH and PbOH glucuronide were
unchanged.

As shown in Table 11, valproate treatment in rats receiv-
ing a phenobarbital infusion resulted in a 31% decrease in
phenobarbital plasma clearance. Measurable PbOH plasma
concentrations were found only during the valproate phase
of the study (1.6 = 1.2 pg/ml). There was not a significant
effect on the renal clearance of unchanged phenobarbital.
Valproate administration was also associated with an in-
crease in urine flow (22.6 = 6.8 vs 29.3 = 9.1 ml/day; P <
0.02). A weak correlation between phenobarbital Cl; and
urine flow was also found (r = 0.44, P < 0.02). Interestingly,
there was no significant effect on the formation clearance of
PbOH. The formation clearance of MOHPB decreased sig-
nificantly; however, it accounted for less than 2% of the
phenobarbital dose. There was no change in the ratio of
PbOH glucuronide to total PbOH (PbOH glucuronide +
PbOH unconjugated). This finding was consistent with the
observations made after PbOH administration. The lack of
effect of valproate on PbOH formation was surprising in light
of the finding of competitive inhibition in microsomal prep-
arations (6). Therefore, in vitro liver perfusion studies were
done to isolate the effect of valproate on phenobarbital he-
patic metabolism independent of its effect on renal elimina-
tion and enterohepatic recycling. Also, it is possible that
inhibition observed in microsomes (where enzymes are €Xx-

Table 1. Effect of Valproate on the Clearance of Parahydroxyphe-

nobarbital?
Saline Valproate
Total PbOH plasma clearance
(ml/min/kg) 69.4 *26.6 398 * 104
(P <0.02)
PbOH glucuronide/PbOH dose 0.41 = 0.13 0.38 = 0.04
(NS)
Formation clearance PbOH
glucuronide (m/min/kg) 263 * 8.6 148 = 3.8
(P < 0.02)
PbOH unconjugated PbOH dose 0.57 = 0.12 0.61 = 0.06
(NS)
Renal clearance unconjugated
PbOH (ml/min/kg) 40.6 = 22.1 245 = 7.3
(P < 0.05)

¢ Mean = SD; n = 5.
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Table II. Effect of Valproate on the Clearance of Phenobarbital®

Saline Valproate
Total PB plasma clearance
(ml/hr/kg) 95.4 *29.0 65.8 *20.2
(P < 0.001)
PB renal clearance (ml/hr/kg) 88 * 40 103 = 2.7
(NS)*
Formation clearance of PbOH
(ml/hr/kg) 24.1 *15.2 24.1 = 9.6
(NS)
Formation clearance of MOHPB
(ml/hr/kg) 1.4 = 0.7 0.64 = 0.42
(P < 0.01)
Remainder clearance (ml/hr/kg) 60.1 * 249 31.7 = 13.7
(P < 0.001)
PbOH glucuronide total PbQH? 0.82 + 0.11 0.78 = 0.06
(NS)

“Mean * SD; n = 14.
# Total PbOH = PbOH unconjugated + PbOH glucuronide.
* Not significant, P < 0.05.

posed) may not reflect the actual interaction taking place in
intact cells.

An example of the perfusate and bile data obtained us-
ing the isolated perfusion system is shown in Fig. 2. The free
fraction of PbOH in perfusate was determined to be 83.3 +
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Fig. 2. Example of perfusate and biliary concentration vs time data
obtained during the perfusion of phenobarbital with or without val-
proate. Top: Perfusate concentration data for phenobarbital and un-
conjugated PbOH with constant perfusate flow (30 ml/min). Bottom:
Bile elimination rate for PbOH glucuronide vs time. Biliary concen-
trations are corrected for the 50% increase in bile flow that occurs
during the valproate treatment phase.
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5.3% and was unaffected by the presence of valproate. On
single-pass perfusion of PbOH, greater than 95% of the un-
conjugated PbOH was eliminated in the efferent perfusate
and greater than 95% of the unconjugated PbOH was found
in the bile. The effects of valproate on the hepatic elimina-
tion of PbOH are shown in Fig. 3. The total intrinsic clear-
ance of PbOH by the perfused rat liver was decreased by
60% during the valproate treatment phase. The effect of val-
proate occurred immediately and was rapidly reversible on
removal of valproate. The intrinsic formation clearance of
PbOH glucuronide was also significantly decreased, from
17.6 to 5.9 ml/min.

The free fraction of phenobarbital in perfusate was 86 =
2.5% and was unaffected by the presence of valproate or
PbOH. On single-pass perfusion of phenobarbital, the effer-
ent perfusate contained more than 95% of the unconjugated
PbOH, as well as unmetabolized phenobarbital, while more
than 95% of the metabolites of PbOH were found in the bile.
Low extractability of phenobarbital by the isolated perfused
rat liver did not allow accurate evaluation of the effect of
valproate on the extraction ratio or total intrinsic clearance
of phenobarbital. However, the formation of PbOH and
PbOH metabolites could be measured and the effect of val-
proate on the individual pathways was determined. The in-
trinsic formation clearance of PbOH and its glucuronide con-
jugate for the three phases are shown in Fig. 4. There was a
small, but significant decrease (10%) in the intrinsic forma-
tion clearance of PbOH. There was a substantial effect of
valproate on the intrinsic formation clearance of PbOH gluc-
uronide, which agrees with the observations made when
PbOH was perfused itself and suggests that PbOH behaves
similarly whether its administered or formed from phenobar-
bital.

A small amount (<1%) of an unknown acid labile me-
tabolite of phenobarbital was detected in the bile of all rats
studied. This metabolite was hydrolyzed by acid but not
B-glucuronidase; these characteristics are consistent with
the N-glucoside metabolite of phenobarbital (9). There was
no apparent effect of valproate on the formation clearance of
this minor metabolite(s).

Inherent in the assumptions of the ‘‘well-stirred’” model
is that the rate of the sequential metabolism of PbOH to the
glucuronide is the same whether phenobarbital or PbOH is
administered. There was not a statistically significant differ-
ence in the intrinsic formation clearances of PbOH glucuro-
nide obtained during the control phases of the PbOH or phe-
nobarbital perfusions. This finding indicated that the model
assumptions were reasonable for the substrates evaluated in
this study.

DISCUSSION

The present results demonstrate that valproate affected
phenobarbital and its metabolites in multiple ways. Val-
proate inhibited the renal clearance of unconjugated PbOH.
It is interesting that valproate also decreased the renal clear-
ance of the major metabolite of carbamazepine, carba-
mazepine epoxide, in the rat (12). How valproate affects the
renal clearance of these substrates is unclear. However, as
renal blood flow in an unanesthetized rat is approximately 51
ml/min/kg (13), the renal clearance of PbOH found in this
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Fig. 3. The effect of valproic acid treatment on the PbOH total intrinsic clearance and
intrinsic formation clearance of PbOH glucuronide during PbOH perfusion. Significantly
different from control phase: *, P < 0.002; **, P < 0.01.

study suggested that PbOH is excreted by the kidneys with
a high degree of tubular secretion as organic anions. Al-
though only a small fraction of valproate is excreted un-
changed by the kidneys (<1%), the ratio of concentrations of
valproate to PbOH approximates 100:1. Therefore, a com-
petitive interaction at the site of tubular secretion is possible.
It is also possible that one of the renally excreted metabolites
of valproate may play a role in this interaction.

Valproate had a pronounced inhibitory effect on the
glucuronidation of PbOH in vivo and in vitro. This observa-
tion is similar to the finding of decreased glucuronidation of
a new anticonvulsant, lamotrigine, in humans upon coadmin-
istrations of valproate. Lamotrigine half-life increased from
24 = 6 to 30-89 hr with concurrent valproate therapy (14).
Mechanistically, valproate has been shown to cause a deple-

Intrinsic Formation Clearance
of PbOH

mi/min
26

0.16

0.1r

0.06

CONTROL
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tion of the cosubstrate UDP-glucuronic acid in mouse livers,
albeit at doses well above the therapeutic range (15). How-
ever, this mechanism would be inconsistent with the rapid
reversibility of the inhibition observed in these present stud-
ies. In addition, valproate has been shown to be a competi-
tive inhibitor of PbOH glucuronide formation in rat liver
microsomal preparations (16). The UDP-glucuronyl trans-
ferase system has been shown to consist of multiple
isozymes. Both PbOH (17) and valproate (18) are substrates
for the phenobarbital inducible isozyme of UDP-glucuronyl
transferase and a competitive inhibition mechanism could
explain the behavior of valproate (i.e., rapidly reversible in-
hibition). It should be noted that the effect of valproate on
the glucuronidation of PbOH cannot be evaluated when the
parent compound (phenobarbital) is administered. The ratio

Intrinsic Formation Clearance
of PbOH-Giucuronide

mi/min
35

CONTROL VPA

CONTROL

Fig. 4. The effect of valproic acid treatment on the intrinsic formation clearance of PbOH
and its glucuronide conjugate during phenobarbital perfusion. Significantly different from

control phase: *, P < 0.02; **, P < 0.002.
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of PbOH glucuronide to total PbOH is dependent on three
different processes: the formation clearance of PbOH, the
formation clearance of PbOH glucuronide, and the renal
clearance of unconjugated PbOH. Thus, this ratio is useful
only if valproate affects only one of these pathways. This is
not the case in humans (5) or rats.

Valproate caused a significant decrease in the total
plasma clearance of phenobarbital in the rat. Valproate ap-
peared to have no effect on the formation of PbOH. In per-
fused rat liver, valproate caused a small but significant inhi-
bition of the oxidative formation of PbOH from phenobarbi-
tal. This result agrees with rat liver microsomes results
reported by Kapetanovic and Kupferberg (6). The reason for
the difference between in vivo and in vitro results may be
associated with the parallel effects of valproate on renal and
biliary excretion of PbOH. In the in vitro perfusion studies,
valproate treatment was associated with a 50% increase in
bile flow. This effect occurred immediately after the start of
valproate infusion and was rapidly reversible after removal
of valproate from the perfusate. The increase in biliary flow
in combination with the decrease in the formation of PbOH
glucuronide (which undergoes enterohepatic recycling) may
explain why urinary PbOH recovery is insensitive as an in-
dicator of PbOH formation.

The small inhibition of the intrinsic formation clearance
of PbOH by valproate suggested that the mechanism by
which valproate decreases the total plasma clearance of phe-
nobarbital cannot be fully explained by the decreased for-
mation of PbOH. Even though valproate significantly inhib-
ited the formation of MOHPB, this is a minor metabolite.
Therefore, the most significant effect of valproate on phe-
nobarbital elimination in the rat is on the unknown fraction
of phenobarbital. Since it was recently confirmed by other
investigators (20) that phenobarbital N-glucoside is not a ma-
jor metabolite in the rat, inhibition of N-glucosidation by
valproate cannot explain the decrease in phenobarbital clear-
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inhibition of further PbOH formation. This phenomenon has
been reported to occur with phenytoin and its major metab-
olite, parahydroxyphenytoin (21).

In conclusion, valproate significantly decreased the to-
tal clearance of phenobarbital, confirming that the rat was a
good model for this interaction. In addition to inhibiting two
types of metabolic processes (oxidation and glucuronida-
tion), valproate was also shown to have a substantial inhib-
itory effect on renal elimination. Thus, the mechanism of the
interaction between phenobarbital and valproate appears to
be more complex than originally hypothesized. A complete
understanding of the mechanism will require a complete ac-
counting of the phenobarbital dose in rats or in humans.

APPENDIX: THEORETICAL CONSIDERATIONS

The well-stirred model was used in the data analysis as
neither phenobarbital nor PbOH is a highly excreted com-
pound (22). The liver model describing phenobarbital elimi-
nation is shown in Fig. 5 and includes the sequential single-
pass formation of PbOH to form PbOH glucuronide and
elimination of parent drug and metabolites in both emergent
fluids (bile and efferent perfusate). Based on this model, the
rate of change of the amounts of phenobarbital (PB), PbOH,
and PbOH glucuronide (PbOGluc) in the liver are described
by Egs. (1), (2), and (3), respectively.

dPB/dt = Qp x [PB],, — Cly X f[PBlow — O»
X [PB]out - QB X [PBB]OUt (l)

dPbOH/dt = Clg; X f[PBplowe — Clg, X f [PPOHploy
— QOp X [PbOHpl,,. — Qp X [PbOHglou
)

dPbOGluc/dt = Clg, X f[PbOHgl,,, — Op
x [PbOGlucp),y: — O X [PbOGlucgl,,,
(3)

where
ance. It is possible to speculate that valproate inhibition of o
glucuronidation of PbOH in vivo caused elevated plasma Cly = total intrinsic clearance of PB
concentrations of PbOH, followed by subsequent product Clg,; = intrinsic formation clearance of PbOH
AFFERENT LIVER EFFERENT
PERFUSATE PERFUSATE
[PBL“L lPB)L lP B,OUT
Qp Vi Qp
U4
U4
Cho ,/ Clrs
U4
’I
OTHER {PoOH}, {PoOHlgyy
METABOLITES Qp
Clyz
{PoO-Glue}
[PbO-Gluc], T
Qp
!
[PBloyr|Qs  Qgl|iPoOHIG,y  Qg} [PBO-Gluc)oyy
BILE

Fig. 5. Scheme of hepatic elimination of phenobarbital during single-pass perfusion.
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Clg, = intrinsic formation clearances of other PB
metabolites
Clg> = intrinsic formation clearance of PbOGluc
Qp = perfusate flow
Qg = bile flow

total concentration

[]

f[ ] = free concentration

and the subscripts are as follows: B, bile; P, perfusate; in,
afferent; out, efferent.

The single-pass isolated perfused liver yields steady-
state conditions once equilibrium within the liver is attained.
At steady state, the rate of change of the amount of any
species within the liver is zero, therefore the following pa-
rameters can be calculated from the experimentally deter-
mined flows and concentrations in the afferent and efferent
fluids.

_ Qp X [PBplin — Qp X [PBplout — O X [PBplow
f[PBP]out

Cly
C))

Qp X [PbOHp + PbOGlucplou
J [PBplou
Qs X [PbOHE + PbOGlucglou
J [PBplou

_ Qp X [PboGlucplow + @p X [PbOGlucg]out
- f[PbOHP]oul
The total intrinsic clearance of PbOH can be determined
by Eq. (7).
Cly =

QOp X [PbOHplin — Qp X [PbOHplouw — O X [PbOHplout
J [PbOHplou

Clg,; =

&)

Clg 2 (6)

)]

The intrinsic formation clearance of PbOGluc (Cl ,) af-

ter administration of PbOH is calculated as described above
after PB administration [Eq. (6)].

ACKNOWLEDGMENTS

This work was supported by Grant 5 T32 GM07750 from
the National Institutes of Health. The authors wish to ac-
knowledge the help of T. Kalhorn in the synthesis of me-
tahydroxyphenobarbital and the technical assistance of A.
Constabaris.

REFERENCES

1. R. H. Mattson and J. A. Cramer. Valproate: Interactions with
other drugs. In R. H. Levy, F. E. Dreifuss, R. H. Mattson,
B. S. Meldrum, and J. K. Penry (eds.). Antiepileptic Drugs,
Raven Press, New York, 1989, pp. 643-652.

2. J. Bruni, B. J. Wilder, R. U. Perchalski, E. J. Hammond, and
H. J. Villarreal. Valproate and plasma levels of phenobarbital.
Neurology 30:94-97 (1980).

3. P. Curatolo. Effect of age on concurrent administration of phe-
nobarbital and valproate. J. Pediat. 100:841-842 (1982).

10.

11.

12.

13.

16.

17.

18.

19.

20.

21.

22.

Anderson and Levy

. L. H. Patel, R. H. Levy, and R. E. Cutler. Phenobarbital-
valproate interaction. Clin. Pharmacol. Ther. 27:515-521
(1980).

. L. M. Kapetanovic, H. J. Kupferberg, R. J. Porter, W. The-
odore, E. Schulman, and J. K. Penry. Mechanism of valproate-
phenobarbital interaction in epileptic patients. Clin. Pharmacol.
Ther. 29:480-486 (1981).

. I. M. Kapetanovic and H. J. Kupferberg. Inhibition of microso-
mal metabolism by valproic acid. Biochem. Pharmacol.
30:1361-1363 (1981).

. A. E. Pierce and M. M. Rising. Chemical studies of the mech-
anism of the narcosis induced by hypnotics. II. The synthesis of
colored derivatives of phenobarbital. J. Am. Chem. Soc.
58:1361-1353 (1936).

. R. W. Dykeman and D. J. Ecobiochon. Simultaneous determi-

nation of phenytoin, phenobarbital and their hydroxylated me-
tabolites in urine by reversed-phase high-performance liquid
chromatography. J. Chromatogr. 162:104-109 (1984).
. B. K. Tang, W. Kalow, and A. A. Grey. Metabolic fate of phe-
nobarbital in man. N-glucoside formation. Drug Metab. Disp.
7:315-318 (1979).
A. W. Rettenmeier, W. P. Gordon, K. S. Prickett, R. H. Levy,
J. S. Lockard, et al. Metabolic fate of valproic acid in the
rhesus monkey: Formation of a toxic metabolite, 2-n-propyl-4-
pentenoic acid. Drug Metab. Disp. 14:443-453 (1986).
L. L. Miller. Technique of isolated perfused rat liver perfusion.
In I. Bartosek, A. Guiaitani, and L. L. Miller (eds.), Isolated
Liver Perfusion and Its Application, Raven Press, New York,
1973. p. 11.
S.-L. Chang and R. H. Levy. Inhibitory effect of valproic acid
on the disposition of carbamazepine and carbamazepine-10,11-
epoxide in the rat. Drug Metab. Disp. 14:281-286 (1986).
P. L. Altman and D. S. Dittmer (eds.). Biology Data Book, 2nd
ed., Fed. Am. Soc. Exp. Biol., 1974, Vol. III.

. L. G. Lamotrigine. In R. H. Levy, F. E. Dreifuss, R. H. Matt-

son, B. S. Meldrum, and J. K. Penry (eds.), Antiepileptic

Drugs, Raven Press, New York, 1989, pp. 947-954.
. S. R. Howell, G. A. Hazelton, and C. D. Klaassen. Depletion
of hepatic UDP-glucuronic acid by drugs that are glucuroni-
dated. J. Pharmacol. Exp. Ther. 236:610-614 (1986).
A. M. Taburet and P. Aymard. Valproate glucuronidation by rat
liver microsomes. Interaction with parahydroxy-phenobarbital.
Biochem. Pharmacol. 32:3859-3861 (1983).
I. Okulicz-Kozaryn, M. Schaefer, A. M. Batt, G. Siest, and V.
Loppinet. Stereochemical heterogeneity of hepatic UDP-
glucuronosyltransferase activity in rat liver microsomes. Bio-
chem. Pharmacol. 30:1457-1461 (1981).
J. B. Watkins, Z. Gregus, T. M. Thompson, and C. Klaassen.
Induction studies on the functional hetereogeneity of rat liver
UDP-glucuronyltransferases. Toxicol. Appl. Pharmacol. 64:
439446 (1982).
K. Prickett, R. H. Levy, and T. A. Baillie. Inhibition of cy-
tochrome P-450 by 2-n-propyl-4-pentenoic acid, a metabolite of
the anticonvulsant drug valproic acid. Fed. Proc. 42:1138
(1983).
W. H. Soine, P. J. Soine, T. M. England, J. W. Ferkany, and
B. E. Agriesti. Identification of phenobarbital N-glucoside as a
urinary metabolite of phenobarbital in mice. J. Pharm. Sci.
80:99-103 (1991).
G. Levy and J. J. Ashley. Effect of an inhibitor of glucuronide
formation on elimination kinetics of diphenylhydantoin in rats.
J. Pharm. Sci. 62:161-162 (1973).
K. S. Pang and M. Rowland. Hepatic clearance of drugs. 1.
Theoretical considerations of a ‘‘well-stirred”” model and a
“‘parallel tube’” model. Influence of hepatic blood flow, plasma
and blood cell binding, and the hepatocellular enzymatic activ-
ity on hepatic drug clearance. J. Pharmacokin. Biopharm.
5:655-653 (1977).



