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Fasting increases the sensitivity of hepatic harmol glucuronidation to hypoxia

(Received 4 June 1992; accepted 4 August 1992)

Abstract—Livers from fasted (N = 16) and fed (N = 22) rats were perfused with harmol (50 uM) for
an initial 30 min with normal oxygen delivery (6-10 umol/min/g liver), then for 45 min with perfusate
equilibrated with O,/N, mixtures, which reduced hepatic oxygen delivery to 0.9-6 umol/min/g liver,
and finally for a further 30 min period of normal oxygenation. Seventy per cent of the harmotl eliminated
was accounted for as the glucuronide conjugate and approximately 5% as the sulphate conjugate.
During the hypoxia phase with fed preparations, decreasing oxygenation did not reduce harmol
clearance or harmol glucurenide formation clearance until oxygen delivery was less than 2.5 pmol/min/
g liver, whereas with fasted preparations this hypoxic threshold was much higher (5 umol/min/g liver).
Below the hypoxic threshold, harmol clearance was linearly related to oxygen delivery in both groups.
Hepatic tissue concentrations of unchanged harmol at the end of the hypoxia phase were double those
after the same period of normal oxygenation, whereas tissue harmol glucuronide concentrations were
similar. By establishing a hypoxic threshold for reduced oxygen availability this study shows that harmol
glucuronidation is relatively insensitive to hypoxia, but sensitivity increases markedly in fasted animals.

Studies on drug metabolizing pathways in isolated
hepatocytes {1, 2] and inisolated perfused liver preparations
(e.g. Angus et al. [3, 4]) have shown that several of these
pathways are oxygen dependent and that the metabolism
of some drugs can be impaired under hypoxic conditions.
In particular, oxidative drug metabolism has been shown,
in both of these systems, to be sensitive to even mild
reductions in oxygen delivery [1, 4, 5.

We have shown previously, using the recirculating
isolated perfused rat liver preparation, that the hepatic
elimination of harmol, which is metabolized almost entirely
by glucuronidation, is impaired by acute, severe hypoxia
[6]. Studies in isolated hepatocytes have indicated that the
availability of glucose-1-phosphate and thus of glucuronic
acid is a major determinant of the rate of glucuronidation,
and that a decrease in this availability is important in the
impairment seen in glucuronidation during acute hypoxia
[2,7]. Using the same recirculating isolated perfused rat
liver preparation, we also showed that the impairment of
harmol elimination by severe hypoxia was potentiated by
fasting [8}, which is known to deplete hepatic intracellular
glycogen stores [9, 10].

By using a range of rates of hepatic oxygen deliveries in
single-pass perfused livers from fed rats, we found that the
hepatic clearance of salbutamol, also metabolized almost
entirely by glucuronidation, was not impaired until oxygen
delivery was reduced below a relatively low threshold of
about 2 pmol/min/g liver {3]. The aim of the present study
was to determine in the single-pass perfused liver
preparation the relationship between the rate of hepatic
oxygen delivery and the rate of glucuronidation of harmol
in both fed and acutely fasted liver preparations, and to
establish the threshold levels of hypoxia which are required
to produce impairment of this drug elimination pathway
under both conditions.

Materials and Methods

Chemicals and enzymes. Harmol hydrochloride, p-
saccharic-1,4-lactone and f-glucuronidase-arylsulphatase
enzyme (partially purified powder from Helix pomatia,
Type H-1) were obtained from the Sigma Chemical Co.
(St Louis, MO, U.S.A.). Bovine serum albumin was
obtained from the Commonweaith Serum Laboratories
(Melbourne, Australia) and sodium taurocholate was
purchased from Calbiochem (San Diego, CA, U.S.A.).
Other chemicals used were of analytical reagent grade
quality.

Experimental preparation. Livers of fed (N = 22) and 24

hour fasted (N = 16) male Sprague-Dawley rats (weight
130-155 g) were perfused via the portal vein in a constant
flow (10 mL/min) single-pass system [3]. The perfusate
consisted of 20% (v/v) washed human red blood cells, 1%
{w/v) bovine serum albumin, 0.1% (w/v) glucose (8 mM),
sodium taurocholate (30 uM) and harmol 50 uM in a Krebs—
Henseleit electrolyte solution at 37°, Viability of the liver
preparation was determined by macroscopic appearance,
oxygen consumption of greater than 3 ymol/g liver/min
during normal oxygenation, stable perfusion pressure of
4-8 cm of H,0 and initial bile flow of greater than 0.3 mL/
hr [3]. Perfusate pO,, pCO,, pH, HCO; and per cent
saturation were monitored throughout. For normal
oxygenation the perfusate was oxygenated by equilibrium
with 100% oxygen in a Silastic membrane oxygenator and
for hypoxia the perfusate was equilibrated with mixtures
of oxygen and nitrogen, producing a range of oxygen
deliveries from 0.8 to 10 pmol/g liver/min {3].

Experimental design. Steady state studies of graded
hypoxia: The experiments consisted of three consecutive
phases: an initial 30 min normoxia phase, a 45 min hypoxia
phase and a 30 min normoxia (recovery) phase. A different
rate of oxygen delivery was used in the hypoxia phase in
each liver preparation. During the recovery phase, oxygen
consumption and oxygen extraction returned to within 10%
of the initial control values. Inflow and outflow perfusate
samples were collected at 0, 15, 20, 25 and 30 min (phase
1}, at 60, 65, 70 and 75 min (phase 2), and at 90, 95, 100
and 105 min (phase 3) for measurement of steady-state
harmol concentration and oxygen content.

In 11 of the 22 non-fasting liver preparations and nine
of the 16 fasting liver preparations, additional samples of
outflow perfusate were taken at steady state for
measurement of harmol metabolites (harmol glucuronide
and harmol sulphate). In these preparations, bile from
each of the three phases was also assayed for these
metabolites and for unchanged harmol.

Hepatic uptake studies: In two further experiments,
perfusion was stopped after the 75 min sample, and the
liver was immersed in 10 mL of ice-cold Sorensen’s solution
and homogenized with a Potter-Elvehjeim homogenizer.
Two control liver perfusions were performed in which the
oxygen delivery was not reduced in the second experimental
phase. These perfusions were also stopped at 75 min and
the liver homogenized as for the “hypoxia” group. The
homogenates were then assayed for harmol and its
conjugated metabolites.

Assays. Harmol concentrations in perfusate (following
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Table 1. Effect of hypoxia and fasting on harmol metabolism

Harmol giucuronide
formation clearance

Harmol sulphate

formation clearance Harmol clearance

Experimental (mL/min) {mL/min) {mL/min)
phase Perfusate Bile Perfusate Bile Bile Total

Fed preparations (N = 11)

Control 1.86£0.52 3.74+190 020+0.28 023=0.19 0.17=0.10 7.98 + 0.61

Hypoxia 077+ =052 251135 010017 010015 0.07£0.06 6.21 +2.02

Recovery 329+063  297x1.13 0.02x0.16 0222030 0.06%+0.03 7.53+0.59
Fasted preparations (N = 9)

Control 1732068 277110 0.15x0.11 0.08x0.06 009+009 7.35"%0.60

Hypoxia 1.08F = 1,37 1.90x1.37 025+028 002+002 0.08=0.08 3.56 + 2.48

Recovery 227x122 238x2163 016012 0022003 0152020 673* =078

* Significantly different from fed preparations, P < 0.005.

+ Significantly different from normoxia, P <0.01.

removal of red blood cells), bile and liver were quantified
using a sensitive and specific HPLC method [11]. The
conjugated metabolites of harmol (i.e. glucuronide and
sulphate) were determined after enzymatic incubation with
B-glucuronidase and arylsulphatase [11].

Calculations and statistics. The results are expressed in
text and tables as the mean and the standard deviation
{mean * SD). Statistical comparisons of data made using
the Student's i-test for paired observations, accepting
P < 0.05 assignificant. Correlations between variables were
analysed using linear regression analysis [Statworks™
(version 1.2), Cricket Software Inc., Philadelphia, PA,
U.S.A.} performed on a Macintosh SE computer {Apple
Computer Inc., Cupertino, CA, U.S.A)).

Results and Discussion

After the 24 hour fast the mean body weight of the
sixteen rats (132 = 10 g) was significantly less than that of
the fed rats (142 £ 8 g) (P = 0.001). Similarly, the mean
weight of the livers isoluted from the fasted rats
(4.40 = 0.66 g) tended to be less than that of the livers
from fed animals (4.93 + 0.88 g} (P = 0.05). The viability
parameters of the liver preparations were comparable in
the two groups during the control phase. For example,
there were no differencesinmean bile flow (0.66 = 0.09 mL/
min fasted rats, 0.59 + 0.16 mL/min fed rats; P=0.11) or
perfusion pressure in the two groups. Using a haematocrit
of 20%, hepatic oxygen delivery and consumption during
normaloxygenationwere 7.82 = 1.43and 4.20 = 1.02 ymol/
min/g liver, respectively, which are comparable to in vivo
values in the rat (5-7 and 2-3 pmol/min/g liver, respectively
[12-15]).

Consistent with previous studies [16, 17}, we found that
harmol was efficiently cleared by the livers of fed animals
under conditions of normal oxygenation and the major
metabolic pathway was glucuronidation (approximately
70%, Table 1). Another 5% was eliminated as harmol
sulphate and less than 3% as unchanged drug in bile. The
relative importance of these metabolic pathways was
maintained during hypoxia (Table 1). Total clearance for
the fed group was slightly but significantly greater than
that for the fasted group during the control period, as
indicated previously [8].

A harmol clearance ratio was calculated for each
preparation as the ratio of clearance during hypoxia to
clearance during the control, normal oxygen. phase. In this
way each liver preparation acted as its own control. In the
preparations from fed animals, decreasing oxygen delivery
had no effect on harmol clearance (i.e. the clearance ratio
was 1,0) until the rate of oxygen delivery was less than
about 2.5 umol/min/g liver (Fig. 1). Below this “hypoxic
threshold”, the harmol clearance ratio progressively

declined in an approximately linear manner (r = 0.96,
P < 0.001). A similar linear decline in the harmol clearance
ratio was seen below an oxygen consumption of
approximately 1.8 gmol/min/g liver (data not shown). In
the livers from fasted rats the threshold oxygen delivery
below which harmol clearance began to fall was much
higher [S umol/min/g liver (Fig. 1)]. Below this threshold
there was more variability in the effect of hypoxia than
was seen for the fed preparations. However, there was a
correlation between the clearance ratio and oxygen delivery
below this threshold {r = 0.55, P = 0.05). Similarly, the
level of oxygen consumption at which the harmol clearance
ratio began to fall was much higher in the fasted liver
preparations than in the fed preparations (approximately
4.2 ymol/min/g liver). In all preparations there was
recovery of harmol clearance to prehypoxia values during
the final recovery phase.

There were similar differences in the effect of decreasing
oxygen delivery on the formation clearance ratio of harmol
glucuronide in the two groups of livers (Fig. 2). The rate
of oxygen delivery at which the formation clearance ratio
of harmol glucuronide began to fall was identical to that
of the parent harmol clearance in both the fed and fasted
preparations (Figs 1 and 2). Thus, as demonstrated
previously in isolated hepatocytes, there is a greater
sensitivity of hepatic glucuronidation to hypoxia in the
fasted state [7}. The amounts of harmol sulphate formed
in this study were too small to allow analysis of the effect
of hypoxia or fasting on sulphation. The hepatic tissue
concentration of harmol after normal oxygenation perfusion
was approximately half that of the livers which had 45 min
of hypoxic perfusion. The ratio of tissue harmol glucuronide/
harmol in the normoxia group was approximately twice
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Fig. 1. Relationship between the ratio of harmol clearance
during the hypoxia phase/control phase for perfused livers
from fasted ((J) and fed (¢p) rats.
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Table 2. Liver concentrations of harmol and its glucuronide metabolite at 75 min
in livers isolated from fed rats

Harmol Harmol glucuronide/
Experiment Harmol glucuronide harmol concentration
No. (M) {(uM) ratio
Control*
1 23.8 16.3 0.68
p 252 16.1 072
Hypoxiat
1 52.7 18.8 0.36
2 572 211 0.37

* 75 min normal oxygenation.

+ 30 min normal oxygenation followed
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Fig. 2. Relationship between the ratio of harmol glucuronide
formation clearance during the hypoxia phase/control
phase for perfused livers from fasted (O) and fed (@) rats.

that of the hypoxia group (Table 2). The tissue harmol
sulphate concentration was in each case below the sensmvny
of the assay. These findings indicate that the decrease in
harmol clearance during hypoxia is due predominantly to
impairment of glucuronidation rather than a decrease in
hepatic uptake or impairment along some other elimination
route.

The relationships between harmol clearance and oxygen
delivery and consumption in the fed group are similar to
those obtained previously from similar experiments in a
group fed with salbutamol [3], a drug almost exclusively
glucuronidated in the rat [18]. This was despite the
differences in drug concentrations studied (saibutamoi
0.2 uM, harmol 50 uM). The significance of the hetero-
geneity of UDP-glucuronosyl transferases [19] in the effect

of hypoxia on the glucuronidation of different drugs

remains to be determined.

An acute 24 hr fast markedly depletes hepatic glycogen
and UDP-glucose in rats [9, 10, 20]. The combined effect
of fasting and hypoxia (F\gs 1 and 2) is probably via mare
profound depletion of ATP (and UTP) than hypoxia alone
[21]. These findings imply the need for reduced drug dosage
in vivo when hypoxia and poor nutrition co-exist, e.g.
alchoholism [22]. They also suggest the possibility of
increased toxicity of drugs such as paracetamol under such
circumsiances, where the impairment of glucuronidation
could result in increased formation of its hepatotoxic
metabolite [23].

+ Corresponding author: Professor R. A. Smallwood,
Department of Medicine, Repatriation Hospital, West
Heidelberg, Victoria, Australia 3081. Tel. (61) 3 4962160;
FAX (61) 3 4974554.

by 45 min hypoxia.
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