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Bilirubin and biliverdin possess antioxidant and anti-inflammatory properties and their exogenous administration protects
against the effects of inflammation and trauma in experimental models. Despite the therapeutic potential of bile pigments,
little is known about their in vivo parenteral or enteral absorption after exogenous administration. This study investigated the
absorption and pharmacokinetics of bile pigments after i.v., i.p. and intraduodenal (i.d.) administration in addition to their

metabolism and routes of excretion.

EXPERIMENTAL APPROACH

Anaesthetized Wistar rats had their bile duct, jugular and portal veins cannulated. Bile pigments were infused and their

circulating concentrations/biliary excretion were measured over 180 min.

KEY RESULTS

After i.v. administration of unconjugated bilirubin, biliverdin and bilirubin ditaurate, their plasma concentrations decreased
exponentially over time. Subsequently, native and metabolized compounds appeared in the bile. When administered i.p., their
absolute bioavailabilities equalled 14.0, 16.1 and 33.19%, respectively, and correspondingly 38, 28 and 34% of the same bile
pigment doses were excreted in the bile. Administration of unconjugated bilirubin and bilirubin ditaurate i.d. increased their
portal and systemic concentrations and their systemic bioavailability equalled 1.0 and 2.0%, respectively. Correspondingly, 2.7
and 4.6%, of the doses were excreted in the bile. Biliverdin was rapidly metabolized and these products were absorbed and

excreted via the urine and bile.

CONCLUSIONS AND IMPLICATIONS

Bile pigment absorption from the peritoneal and duodenal cavities demonstrate new routes of administration for the
treatment of inflammatory and traumatic pathology. Oral biliverdin administration may lead to the production of active

metabolite that protect from inflammation/complement activation.

Abbreviations

AUC, area under the curve; Cnay, maximal concentration at time = 0; Cpear, peak concentration; DMSO, dimethyl
sulphoxide; i.d., intraduodenal; RM ANOVA, repeated-measures ANOVA; t#, concentration at # minutes; t1/2,, distribution

half-life; t1,25, elimination half-life; V4, volume of distribution
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Introduction

Bile pigments, unconjugated bilirubin and biliverdin are
formed in mammals via the catabolism of haem by haem
oxygenase [EC 1.14.99.3] and chemical reduction by biliver-
din reductase [EC 1.3.1.24] (Otterbein et al., 2003). Until
recently, bile pigments were generally considered harmful
by-products (Rice and Shapiro, 2006); however, a shift in
their perceived physiological importance has occurred
recently (McGeary et al., 2003; McCarty, 2007), supported by
in vitro antioxidant (Stocker et al., 1987; Frei etal., 1988;
Bulmer etal., 2008b), anti-inflammatory (Nakagami et al.,
1993), anti-mutagenic (Bulmer et al., 2008c¢), reports in addi-
tion to in vivo protection from ischaemia-reperfusion (Ceran
et al., 2001; Hammerman et al., 2002), transplantation rejec-
tion (Nakao et al., 2004) and experimental colitis (Berberat
etal.,, 2005) in animal models. Although investigations
probing the physiological importance of bile pigments date
back to the 1950s (Bernhard et al., 1954), a substantial argu-
ment for their efficacy in the clinic has only recently been
proposed (Scott et al., 2007). Establishing the pharmacokinet-
ics of bile pigment administration is essential for future
research study design with the aim of revealing their thera-
peutic efficacy.

Lester and colleagues pioneered the early understanding
of bilirubin metabolism (Lester etal., 1961; Lester and
Schmidt, 1963a), suggesting intestinal unconjugated biliru-
bin and bilirubin diglucuronide was absorbed from the gut
and then excreted into the bile. However, later studies show
that bacterial deconjugation of bilirubin glucuronide leads to
unconjugated bilirubin re-absorption, demonstrating the
enterohepatic circulation of bilirubin in vivo (Vitek and Carey,
2003). Impaired gastric motility (Kotal et al., 1996), bacterial
reductase activity (Vitek et al., 2000) and bile salt malabsorp-
tion (Brink et al., 1999) also facilitate intestinal re-absorption
of unconjugated bilirubin leading to hyperbilirubinaemia.

Previous studies have not elucidated the kinetics of biliru-
bin absorption from the gut into the circulation per se, but
measured absorptive flux of radiolabelled biliary excretion as
an indirect marker of intestinal absorption (Lester and
Schmidt, 1963a). Very few studies have sought to estimate the
circulating bioavailability of exogenous bile pigment admin-
istration due to the lack of sufficiently sensitive measurement
techniques. Thus, the application of HPLC has revealed that
bile pigments are absorbed from the gut and peritoneal cavity
into the circulation, in addition to demonstrating metabolite
excretion via the liver. To assist in quantifying bile pigment
intestinal absorption, we investigated their in vitro gas-
trointestinal permeability (Bulmer et al., 2008a) and, subse-
quently, to quantify their bioavailability in vivo, we explored
bile pigment absorption in Wistar rats.

The aim of this study was to obtain the kinetics of uncon-
jugated bilirubin, biliverdin and bilirubin ditaurate absorp-
tion from the intestinal (and peritoneal) cavities into the
systemic and portal circulations. The collection of bile, urine
and intestinal contents (containing native and metabolized
bile pigments) also described the fate of i.v., i.p. and intesti-
nally administered pigments. These measurements revealed
new sites and routes of bile pigment metabolism and excre-
tion in vivo that will assist in realizing the clinical potential
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of these antioxidant, anti-inflammatory and anti-mutagenic
compounds.

Methods

Drugs, chemical, reagents and other materials
All animal experiments were performed under low-light con-
ditions. Bile pigment solutions were always protected from
light using foil and administered within 5 min to minimize
their photo degradation and autooxidation.

Unconjugated bilirubin was purified and supplied by
BioPharma Pty Ltd (Brisbane, Qld., Australia; >98% spectro-
photometry, TLC; 5% Illo, 92% IXa, 4% XIIlo; HPLC). Lipid
impurities that contaminate commercial unconjugated
bilirubin preparations were removed by repeated ethanol
washes of crude biliary extracts of unconjugated bilirubin,
prior to supply (personal communication with Mr John
Gyuran, CEO, BioPharma Pty Ltd). Bilirubin ditaurate diso-
dium (>99.9%, diazo method) and biliverdin hydrochloride
(>95%, TLC) were purchased from Frontier Scientific (Logan,
UT, USA). The compounds isomeric composition could not be
provided by the supplier. HPLC analysis of biliverdin and
bilirubin ditaurate did not reveal the presence of Illo. and
XlIllo, isomers (data not shown) in these preparations,
although this does not rule out the possibility of isomers
existing. All other reagents and solvents were purchased from
Sigma-Aldrich (Melbourne, Vic., Australia).

Formation of bile pigment sodium salts

A solution of 10 g-L! NaOH in ethanol was prepared. A
volume of ethanol containing two equivalents of NaOH was
added to a suspension of unconjugated bilirubin in ethanol.
A volume of ethanol containing three equivalents of NaOH
was added to a separate suspension of biliverdin hydrochlo-
ride (i.e. the bile pigments were titrated dropwise with
NaOH), moderating any pH fluctuations. The ethanolic solu-
tions were sonicated and stirred (5 min) until the bile pig-
ments were completely dissolved and the solutions were
lyophilized (-20°C), under reduced pressure (Savant Speed
Vac; Thermo Scientific, Waltham, MA, USA). Formation of
the sodium salts of unconjugated bilirubin and biliverdin did
not significantly affect compound purity or result in the
formation of by-products (as tested by HPLC; Figure S1).
Bilirubin ditaurate, supplied as a disodium salt, was used as is.
All bile pigments were stored under N, at -80°C. Validation of
the bile pigments in plasma and bile samples are provided in
Figure S2.

Test systems used

Male Wistar rats (320-430 g) were deprived of food for
approximately 16 h and were allocated so that the average
animal weight was similar in each group (370 = 20 g). One
milligram (2.7 mg-kg™ body weight; i.v and i.p. administra-
tion) or 10 mg (27 mg-kg™' body weight; i.d. administration)
of the bile pigments were dissolved as super saturated solu-
tions prior to use and were injected within 5 min (during
which time solutions were protected from light using foil-
covered containers). For the i.v. experiments, bile pigments
were dissolved in PBS with sonication, filtered (0.45 um



syringe filter) and 0.2 mL of this solution was added to
0.2 mL of the animals’ own plasma collected previously (see
below), and 0.2 mL of 0.9% sterile NaCl was added. Adding
bile pigments to plasma ensured their dissolution, as the
pigments bind to circulating albumin. For the i.p. and i.d.
experiments, bile pigments were dissolved in 1 mL of PBS,
sonicated and filtered prior to administration. Solubilizing
the pigments in this manner resulted in the formation of
optically clear solutions, without visible aggregation, which
was also checked by inspecting the filters used. The i.p. dose
was injected into the peritoneal cavity and the i.d. dose was
injected into the duodenum 5 cm distal to the pyloric sphinc-
ter. The pH of the i.v. and i.p. solutions were 7.5 and the i.d.
solutions were pH 8.0-8.6. Solutions were infused i.v. and i.p.
in 15 sandi.d. in 120 s. The longer i.d. infusion time allowed
the injected solution to fill the small intestine under minimal
pressure.

To investigate the possible role of the intestinal contents
on biliverdin metabolism, a 10 cm segment of the duodenum
was removed from anaesthetized animals and the contents
rinsed into a Petri dish using PBS, previously warmed to 37°C.
The duodenal section was discarded and the animal killed.
Ten milligrams of biliverdin (as for i.d. administration
studies) was then added to the Petri dish (and to a control
plate with PBS alone) and these plates were covered with foil
and placed into an incubator (37°C) for 180 min. The bile
pigment content of each plate was then analysed, using
HPLC.

All animal care and experimental procedures complied
with the Guidelines of the Australian National Health and
Medical Research Council and were approved by the Ethical
Committee of the University of Queensland.

Experimental design

Rats were anaesthetized with 1:1 zolitil : xylazine
(50:10 mg-mL™" final concentration; Virbac Pty Ltd, Milperra,
NSW; Troy Laboratories Pty Ltd, Smithfield, NSW, Australia)
with a final volume of 0.75 mL-kg'. The rats were prepared
for surgery and placed on a heating pad to maintain a con-
stant body temperature (37°C). The jugular vein was cannu-
lated with flexible silastic tubing (1.19 OD x 0.64 ID mm;
Dow Corning, Midland, MI, USA) and 0.4 mL-kg' of a
100 IU-mL™ solution of sodium heparin (Pfizer, West Ryde,
NSW, Australia) in sterile 0.9% NaCl (Baxter Healthcare Pty
Ltd, Auckland, New Zealand) was infused. A mid-line laparo-
tomy was performed, the common bile duct was identified
and cannulated with 0.78 OD x 0.32 ID mm tubing (Micro-
tube Extrusions, North Rocks, NSW, Australia). In some
animals the portal vein was also cannulated (21 gauge Optiva;
Medex Medical Pty Ltd, Rossendale, UK) and fixed using
super glue (UHU, Smithfield, NSW, Australia). The portal
cannula was elongated with an extension using 0.61 OD x
0.28 ID mm tubing (Microtube Extrusions, North Rocks,
NSW, Australia) and glue. Vascular cannulas were kept patent
with 10 IU-mL™ heparin-treated saline. Bile flow was allowed
to equilibrate for 15 min; thereafter, bile was collected for
15 min to approximate baseline bile pigment excretion. Bile
was collected continuously and on ice in pre-weighed
polypropylene 0.6 mL tubes (Molecular Bioproducts, San
Diago, CA, USA). Bile volume was determined gravimetrically
(assumed density 1.0). After the bile pigments or vehicle had
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been administered, the laparotomy wound was sutured
closed, kept moist using 0.9% NaCl and gauze and the animal
remained anaesthetized for 180 min with occasional i.p.
administration (0.05 mL) of the previously described zolitil
and xylazine solution. Subsequently, the animals were killed
by removing the heart. The intestinal contents and urine
were frozen for later analysis.

Bile was collected continuously, in aliquots, and stored on
dry ice. Blood (150 uL) samples were also collected periodi-
cally, from the portal and/or jugular vein cannula, over a
180 min period. The blood and bile volumes removed were
replaced with warm, sterile NaCl i.v. The blood samples were
centrifuged (800x g; 5 min) and the supernatant (plasma) was
aliquotted, frozen on dry ice and later transferred to a —80°C
freezer, with the bile samples.

Measurements made

Plasma, bile, intestinal and urine samples were analysed for
bile pigments using HPLC (Shimadzu, Kyoto, Japan). Uncon-
jugated bilirubin (Amax 450 nm) and its isomers, bilirubin
mono and diglucuronides (Amax 450 nm), bilirubin ditaurate
(Amax 450 nm) and biliverdin (Amax 375 nm) were detected
using a photodiode array (240-650 nm), in a single run. The
bile pigments were separated using a reverse phase C18
column (Ultrasphere, 4.6 mm x 250 mm, 5 pum; Beckman
Coulter, Fullerton, CA, USA) as described by McDonagh et al.
(2002). The column was perfused isocratically with methan-
olic 0.1 M di-n-octylamine acetate (methanol : H,O 95:5 v/v;
1 mL-min’'; 19 min run time) mobile phase. One hundred
and sixty microlitres of mobile phase was added to 40 uL of
plasma or bile and this solution was vortexed briefly and
centrifuged (10000x g, S min). Twenty (bile) or 50 puL
(plasma) of the supernatant was injected. Exogenous uncon-
jugated bilirubin [added in dimethyl sulphoxide (DMSO) ]
was quantitatively extracted from plasma proteins (>99%) to
concentrations up to 60 uM (data not shown). Heparin-
treated plasma samples with added sodium bilirubinate (10—
60 um) were vortexed and allowed to incubate at 37°C for
15 min (in the dark). HPLC analysis was then conducted as
above and area under curve (AUC) integration was used to
calculate the concentration of unconjugated bilirubin in
samples. The extraction efficiency for the other bile pigments
was not tested because their affinity for plasma albumin is less
than that for unconjugated bilirubin. Unconjugated bilirubin
and biliverdin hydrochloride served as standards for admin-
istered bilirubin and biliverdin sodium salts. Bilirubin ditau-
rate served as an external standard for bilirubin mono and
diglucuronides in bile. Conjugated bilirubin standards can
also be obtained by extraction from bile (Spivak and Carey,
1985) or by methanolysis of conjugated bilirubins (Muraca
and Blanckaert, 1983), to improve stability, if necessary. All
samples were analysed within 1 week of collection. The limit
of detection for bile pigments approximated 40 nM. This
concentration was determined by interpolating the concen-
tration from a signal to noise ratio of >10, using peak height
integration.

Data analysis and statistical procedures
Plasma and biliary bile pigment concentrations were calcu-
lated via AUC integration of HPLC peaks. Total bile pigment
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excretion in bile was calculated by multiplying the bile
pigment concentrations in each sample by the volume of
excreted bile. Subtracting the total bile pigment excretion in
the vehicle administration groups from that in the treatment
groups approximated net bile pigment excretion (Gartner
etal., 1983). The peak (Cyex) and maximum (at theoretical
time 0; Cna) plasma bile pigment concentrations, the area
under the respective bile pigment concentration curves
(AUC;50), volume of distribution (Vy), distribution (t12,) and
elimination (t25) half-lives were calculated using Microsoft
Excel Macro’s supplied by the Foods and Drugs Administra-
tion. Bile pigment bioavailability was calculated by dividing
the AUC,s, for the i.p./intraduodenal groups by the AUC;s, of
the respective i.v. group, corrected for the different doses
administered.

Changes, over time (plasma bile pigment concentrations
and rates of total bile pigment excretion) were analysed using
one-way repeated-measures ANOVA (RM ANOVA) (Bonferroni
post hoc; Sigmastat, Ver. 3.10). If data sets lacked normal
distribution and/or equal variance, Friedman repeated-
measures ANOVA on ranks (Dunn'’s post hoc) determined which
concentration time points were different from baseline (time
0 min, f,). For significance of differences in circulating bile
pigment concentrations and bile pigment excretion rates
between treatment and vehicle groups f-tests or rank sum
t-tests were applied. One-way ANOVA or its equivalent non-
parametric procedure (Kruskal-Wallis ANOVA; Dunn'’s post hoc)
tested for differences in the relative excreted bile pigment
doses at 180 min. Data are presented as mean = SEM. A P <
0.05 was considered significant.

Results

Vehicle (control) groups

The administration of the vehicle only was performed in each
experimental model, i.v., i.p. and i.d., to assess the effect of
the different surgeries on bile pigment excretion and the
unconjugated bilirubin AUC over 180 min. Total bile
pigment excretion, over the experimental period, was lower
(P <0.05) in the i.v. vehicle group (210 *= 16 nmol) compared
to the i.d. without portal cannulation group (269 = 19 nmol),
i.d. with portal cannulation group (307 * 23 nmol) and i.p.
group (320 = 14 nmol). Total bile pigment excretion in the
i.v,, i.p. and i.d. treatment groups was corrected by subtract-
ing the total bile pigment excretion in the respective vehicle
group. No significant differences in the unconjugated biliru-
bin AUC existed between any of the vehicle groups. The value
from each control group was used to correct the respective
treatment group’s unconjugated bilirubin AUC. It was impor-
tant to apply this correction because the pigment is naturally
abundant in the circulation.

Intravenous administration

Sodium bilirubinate administration (1 mg; 2.7 mg-kg™' body
weight; same dose for all i.v. bile pigments) significantly
increased the systemic unconjugated bilirubin concentration
and this remained significantly elevated, versus O min (f), for
180 min (P =0.001; Figure 1A). Figure 1B shows the peak rate
of total bile pigment excretion (including bilirubin di-/mono-
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glucuronides and unconjugated bilirubin) after 10-15 min
and this remained elevated (vs. vehicle) until 120 min.

Sodium biliverdinate administration increased the biliver-
din and bilirubin concentration (Figure 1C, Table 1; P <
0.001). The rate of total bile pigment excretion increased
significantly (P < 0.001) after 5-10 min, peaked at 10-15 min
and remained elevated, versus t,, until 90 min and versus
vehicle administration, until 120 min (P < 0.05; Figure 1D).

Bilirubin ditaurate administration increased its systemic
concentration after 2 min (Figure 1E, Table 1). The rate of
total bile pigment excretion increased significantly (vs t;)
after 5 min and remained elevated until 15 min and 90 min
(vs tp and vehicle respectively; P < 0.05; Figure 1F). Additional
i.v. pharmacokinetic data for all pigments are presented in
Table 1.

Intraperitoneal administration

Sodium bilirubinate administration (1 mg; 2.7 mg-kg™' body
weight; same dose for all i.p. bile pigments) increased its
systemic concentration, peaking at 15 min (Table 1,
Figure 2A; P < 0.001). The concentration remained signifi-
cantly greater than at t, until 90 min (P < 0.05) and greater
compared to the vehicle group, until 180 min (Figure 2A; P =
0.004). The rate of total bile pigment excretion peaked at
15-30 min (Figure 2B) and remained elevated (vs vehicle)
there onwards (P < 0.016).

The systemic biliverdin concentration after sodium
biliverdinate administration peaked after 15 min (Figure 2C,
Table 1). Significant differences between the vehicle and
treatment groups’ bilirubin concentration existed from 15 to
150 min (P < 0.05). The plasma unconjugated bilirubin con-
centration in the treatment group peaked 60 min after
administration (Figure 2C) and was mirrored by increases in
the peak rate of total bile pigment excretion (60-90 min) that
remained elevated (P < 0.023; vs vehicle; Figure 2D) from 30
to 180 min.

Bilirubin ditaurate administration increased its systemic
concentration, peaking after 90 min (Figure 2E, Table 1).
Bilirubin ditaurate administration significantly increased the
rate of total bile pigment excretion, compared to t, (P =0.018;
RM ANOVA time effect) peaking after 30-60 min (P < 0.05) and
remained elevated (vs vehicle) after 120 min (P < 0.021). The
increased total bile pigment excretion was accompanied by a
marked increase in bilirubin ditaurate excretion (Figure 2F).
Additional i.p. pharmacokinetic data for all pigments are
presented in Table 1.

Intraduodenal administration

Sodium bilirubinate administration (10 mg; 27 mg-kg™' body
weight; same dose for all i.d. bile pigments) significantly
increased the systemic (P < 0.001) and portal (P < 0.009)
unconjugated bilirubin concentration from f, (Figure 3A),
both peaking at 15 min. Significant increases, versus f,, in the
systemic and portal unconjugated bilirubin concentration
existed from 15 to 60 min (Figure 3A) and from 15 to 30 min
(not denoted; Figure 3A), respectively (P < 0.05). The portal
concentration was greater than the systemic concentration
throughout the experimental period (P < 0.036, Figure 3A).
The systemic unconjugated bilirubin concentration was sig-
nificantly (P < 0.007) greater in the treatment group (vs
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Figure 1

Effects of i.v. treatment with sodium bilirubinate (A, B), sodium biliverdinate (C, D) and bilirubin ditaurate (E, F) on the plasma concentration (left
panels) of unconjugated bilirubin, biliverdin or bilirubin ditaurate; and rate of total bile pigment excretion (right panels; BDG, bilirubin
diglucuronide; BMG, bilirubin monoglucuronide; UCB, unconjugated bilirubin; BV, biliverdin; stacked columns). Data points in in (A, C, E) indicate
plasma concentrations at 0, 2, 5, 10, 15, 20, 30, 60, 90, 120, 180 min. *P < 0.05 versus to; #P < 0.05 treatment versus vehicle group (systemic
unconjugated bilirubin concentration or rate of total bile pigment excretion) at that time point.

British Journal of Pharmacology (2011) 164 1857-1870 1861



BJP AC Bulmer et al.

"3jeaneyp uignJijiq ‘Lyg ‘UIpIaAIg ‘Ad ‘uignaijiq pajebnfuodun ‘gon

sdnodb 3d1ysA ayy ul 9%8LHyNy uignuijiq pajebn(uodun snousbopus ay3 J0j Pa3a.I10d USaq Ssey uignaijiq palebnfuodun jo Aljiqge|ieAeolq syl #

‘dnoub 3p1yaA aandadsas ayy Ul uonaldxa Juswbid 3iq snousbopus ay) bundengns Aq Pa12a.10d usaq aAey sdnolb jJuswiieasy ay) ul uonaIdxd Juswbid 3)iq Aleljig,
‘INIS F uesw ale umoys eleq

LE0

€70

908
AR
YLy

86V
0s°L
144

+

+l

+

L9y

L¢°0

LT

L've

9'/C

'8¢

(4274

€/S
L'6¢

LS - 9ZY F 0SS TOLFCLL = - - - - (¥ = u) |eviod
€C - 0LL*8LZ 920 F 620 = - - - = (0L =u) d1w3ishs 149
¥'0 - 0¥l * 6l 870 F €£0 = - - - - (€ = u) |euog
L0 - €1'8 ¥ L6 600 F 620 = - - - = (6=u)dwRishks  Ag
0¢ - TO0F * 90§ 7£0 F 65T = - - - - (9 = u) |evod
ol - /vl ¥88L ¥L0FTS'L - - - - = (1 =u) dwsshs  9oN
(1-Bx-bw £7) Pl
L'g€g - 67/ F07CE L00F €TO = = = = = (9 =u) 14d
L'9L - 0CLF0€ ¥L'0F €90 - - - - - (F=u) Ad
0L - 00Z ¥ 0S¢ 070 F Z€'¢ = = = = = (§=u) 9dn
(,-B3-bw £°7) “d"l
- 1000 F SSO'0 €7l F896 /8L F€6l 96F+v/L9 L'SLFLY. LL'v+8CL LO0OFIL'L S6EFCL9 (9 =u) 14d
— €000 * 690°0 8€S F PSP /8S F S6S /LS9 F €/L6 SSTFEOL L£TFUS6 1TO0TF 64T €8l F 19C (£ =u) Ag
— 2000 * 000 OZL ¥ 696 8/'S T TSV 65/ /LvS €l +8L ¥L'L+9%9 S60F €56 869 F 89/ (£=u) 9dn
(,-B-bw £°7) Al

(61 PA (unueprl) (i) 1Y (ar ‘07)  (un) 9771 (_upu-pu) (,-unu-pyu) punodwo)
sy xeury fuoneurunp “uonnqusip

|

syuawibid 31q Jualayip jo uonessiuiwpe “pi pue d1 “A°l Jd)e suonenduId [euod pue d1WalsAs ayy Ul sialaweled diauodewIey

L olqeL

1862 British Journal of Pharmacology (2011) 164 1857-1870



Absorption and bioavailability of bile pigments

>
w

#

- BDG
[ 18MG
[_Jucs
5 -
T T T T T T I

0 30 60 90 120 150 180 15 30 60 90 120 150 180

—@— UCB - Treatment
—O— UCB - Control

0.5 4

Plasma concentration (uM)

0.3 +

Bile pigment excretion (nmol min-")

Time (min) Time (min)

@
O

—4— BV - Treatment T Il EBDG
. —@— UCB - Treatment R= [ BMmMG
s —~O— UCB - Control E B &V
= # SR [ ]uce
c £
h=] £
@ 1 — =
f
= 3]
o x
Qo [}
o 05 =
£ )
8 5
o 034 a
Q2
m
T T T T T T T
0 30 60 90 120 150 180 15 30 60 90 120 150 180
Time (min) Time (min)
3 8
—l— BRT - Treatment .I_"'- I B0G
—@— UCB - Treatment k= [ BMG
= q.d —O— UCB - Control £ B BRT
= o 6 [_]uce
= g:g% Q?H iQ:Q £ 4
2 =
® 034 =
£ 9
g 014 x
g E=
4]
@ S
S 0.03 I=)
o =4
o}
m
001 T T T T T T T
0 30 60 90 120 150 180 0 15 30 60 90 120 150 180
Time (min) Time (min)

Figure 2

Effects of i.p. treatment with sodium bilirubinate (A, B), sodium biliverdinate (C, D) and bilirubin ditaurate (E, F) on the plasma concentration (left
panels) of unconjugated bilirubin , biliverdin or bilirubin ditaurate; and rate of total bile pigment excretion (right panels; BDG, bilirubin
diglucuronide; BMG, bilirubin monoglucuronide; UCB, unconjugated bilirubin; BV, biliverdin; stacked columns). Data points in (A, C, E) indicate
plasma concentrations at 0, 15, 30, 60, 90, 120, 150, 180 min. *P < 0.05 versus t,; #P < 0.05 treatment versus vehicle group (systemic
unconjugated bilirubin concentration or rate of total bile pigment excretion) at that time point.
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Figure 3

Effects of i.d. treatment with sodium bilirubinate (A, B), sodium biliverdinate (C, D) and bilirubin ditaurate (E, F) on the plasma concentration (left
panels) of unconjugated bilirubin, biliverdin or bilirubin ditaurate and the rate of total bile pigment excretion (right panels; BDG; bilirubin
diglucuronide, BMG; bilirubin monoglucuronide, UCB; unconjugated bilirubin; BV, biliverdin; stacked columns). Data points in panels (A, C, E)
indicate plasma concentrations at 0, 15, 30, 60, 90, 120, 150, 180 min. *P < 0.05 versus to; #P < 0.05 treatment versus vehicle group (systemic

unconjugated bilirubin concentration or rate of total bile pigment excretion) at that time point; “P < 0.05 portal versus systemic concentrations
in the treatment group.
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Figure 4

Cumulative biliary excretion of sodium bilirubinate, sodium biliver-
dinate and bilirubin ditaurate after i.v. (A), i.p. (B) and i.d. (C)
administration. For clarity, standard error bars on the cumulative
excreted dose data after i.p. bilirubin ditaurate administration (B)
have been omitted but were similar in magnitude to the other
compounds.

»
»

vehicle) from 15 to 90 min (Figure 3A). The rate of total
bile pigment excretion, versus %, increased significantly
(P < 0.001), peaking after 30-60 min, and remained elevated
until 90 min (P < 0.05; vs ty) and from 15 to 120 min (P <
0.036; Figure 3B; vs vehicle).

Sodium biliverdinate administration increased its sys-
temic and portal concentration that were at similar levels
after 15 min (P = 0.838; Figure 3C, Table 1). The systemic
unconjugated bilirubin concentration remained unchanged
in the treatment and vehicle groups (P = 0.653), as did the
rate of total bile pigment excretion (Figures 3D; P = 0.367).
Surprisingly, very little biliverdin remained in the intestine
after 180 min and three metabolites, absorbing in the 420-
450 nm wavelength band (Figure S3) were present. These
metabolites were also found in the plasma, bile and urine
(Figures S4-S6 respectively). To establish whether the bacte-
rial flora might be responsible for the biliverdin metabolism,
fresh duodenal washes were incubated with biliverdin for
180 min at 37°C. After 180 min the same three metabolites
were detected (Figure S7).

Bilirubin ditaurate administration increased its systemic
and portal concentration, peaking at 180 and 30 min, respec-
tively (Figure 3E, Table 1). The bilirubin ditaurate concentra-
tion was greater in the portal (vs systemic) circulation at 30
and 90 min (P < 0.038). The rate of bile pigment excretion,
versus t,, remained unchanged after i.d. bilirubin ditaurate
administration (P = 0.225 RM ANova). However, significant
increases versus the vehicle group (Figure 3F; P < 0.05) from
15 to 180 min were noted. Additional i.d. pharmacokinetic
data are presented in Table 1.

Comparative analysis

Intravenous administration. The cumulative excreted doses,
corrected for the excretion of bile pigments in the vehicle
administration group, are presented in Table 1 (see biliary
excretion) and Figure 4A. The cumulative excreted dose of
bilirubin ditaurate was significantly greater than for sodium
bilirubinate (P < 0.05) after 180 min.

Intraperitoneal administration. The i.p. bioavailability of
sodium bilirubinate was similar to that of biliverdin but was
less than that for bilirubin ditaurate (Table 1). Despite the
greater bioavailability of bilirubin ditaurate, no significant
differences in the cumulative excreted dose existed between
the tested compounds after 180 min (P = 0.592; Figure 4B).

Intraduodenal administration. The systemic and portal bio-
availabilities of bilirubin ditaurate were greater than for
unconjugated bilirubin; however, biliverdin bioavailability
remained very low. Table1 (see biliary excretion) and
Figure 4C show the cumulative excreted dose of the admin-
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istered compounds. After 180 min the relative excreted dose
of sodium bilirubinate and bilirubin ditaurate were signifi-
cantly (P < 0.05) greater than that for sodium biliverdinate.

Discussion and conclusions

A comprehensive pharmacokinetic analysis of exogenous bile
pigment administration in rats is presented here. Fach
pigment was clearly bioavailable from the peritoneal cavity;
however, only bilirubin and bilirubin ditaurate possessed
intestinal bioavailability. These data show enteral bilirubin
administration increases circulating concentrations, and may
provide systemic protection from inflammatory/oxidant
insults. Biliverdin metabolism, and absorption of these
metabolites, could explain the therapeutic efficacy of p.o.
biliverdin administration.

Intravenous administration

The plasma disappearance of unconjugated bilirubin, after
i.v. administration, has been well-documented in mammals
(Berk etal., 1969; Owens etal.,, 1977, Gollan etal., 1981;
Rothuizen etal., 1992). The volume of distribution
(0.070 L-kg") for unconjugated bilirubin, presented here,
agrees well with that in humans (0.068 L-kg™"), suggesting its
distribution into the extracellular compartment (Owens
etal.,, 1977). The volume of distribution for unconjugated
bilirubin and the low cumulative excreted dose is probably
due to its strong affinity for vascular proteins and extracellu-
lar albumin, which has a sojourn time of 9.6 h (Cohen et al.,
1961; Owens et al., 1977). The half-life of the bilirubin distri-
bution and elimination phases compare favourably with that
in the dog (Rothuizen et al., 1992). The kinetics of plasma
bilirubin ditaurate clearance agrees with that of exogenously
administered bilirubin glucuronides in rats (Lester and Klein,
1966).

Little information on the plasma clearance of biliverdin
after i.v. administration exists (Barrowman etal., 1976;
Gollan et al., 1977; Mora et al., 2003). The delivery of sodium
biliverdinate increased the unconjugated bilirubin concentra-
tion (Figure 1C) suggesting reduction of biliverdin in the
reticulo-endothelial system and builds upon previous find-
ings. (Gollan etal., 1977). Furthermore, our data showing
that bile pigment excretion, after i.v. biliverdin administra-
tion, peaked within 30 min and abated after 90 min agree
with previous findings in Wistar rats (Mora et al., 2003). Also,
in agreement with others (Barrowman et al.,, 1976; Gollan
etal., 1977), we showed that ~57% of the biliverdin dose was
excreted in the bile.

Intraperitoneal administration

The results obtained after i.p. administration suggest that
unconjugated bilirubin diffuses through the peritoneum into
the circulation and increases hepatic bile pigment excretion
(Figure 2A,B). Biliverdin administration increased the circu-
lating biliverdin and unconjugated bilirubin concentration
and hepatic bile pigment excretion (Figure 2C,D). The vast
majority of excreted bile pigments were mono/diglucuronide
bilirubins, and not biliverdin. These observations suggest that
biliverdin is reduced within the peritoneal cavity (Figure S8)
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or when diffusing across the peritoneal membrane. Bilirubin
ditaurate administration increased its circulating concentra-
tion and hepatic excretion (Figure 2E,F). These findings, com-
bined with the cumulative excreted dose and bioavailability
data (Table 1; Figure 4B), demonstrate that i.p. bile pigment
administration has clear bioavailability, resulting in sustained
absorption for at least 3 h.

Intraperitoneal administration of bile pigments holds in
vivo therapeutic potential in multiple models of infection,
trauma and inflammation (Nakao et al., 2004; Wang et al.,
2004; Berberat et al., 2005; Overhaus et al., 2006). Adminis-
tration of 30 mg-kg™' body weight of unconjugated bilirubin,
in DMSO, has been shown to increase the resting levels of
~1.7 uM to 6.8 uM after 30 min in rats (Wang et al., 2004).
However, these results were probably compromised by the
toxic effects of vehicle DMSO administered (~0.5 mL). When
Vitek et al. (2005) administered a suspension of 40 mg-kg™!
unconjugated bilirubin to Wistar rats, daily for 7 days, the
total bilirubin concentrations increased from 0.8 to 102 uM.
Whereas in another study in Lewis rats, i.p. sodium biliver-
dinate (50 mg-kg™), increased the total bilirubin concentra-
tion from 0.7 to 18.3 uM after 30 min (Nakao et al., 2004).
Furthermore, administration of 40 mg-kg™" of biliverdin i.p.
twice in Gunn rats increased total serum bilirubin from 169
to 255 uM (Rice and Shapiro, 2006).

Intraduodenal administration

Investigations of i.d. bilirubin absorption were common 50
years ago (Lester et al., 1961; Lester, 1963; Lester and Klein,
1966) when intestinal absorption was estimated by quantify-
ing the proportion of an enterally administered radiolabelled
bilirubin dose, excreted in the bile. However, the absorption
of radiolabelled bilirubin into the portal and systemic circu-
lation was not quantifiable at this time (Lester, 1963; Lester
and Schmidt, 1963a). In the present study, the cumulative
excreted doses of unconjugated bilirubin and bilirubin ditau-
rate were similar after 3 h (Table 1). Previous studies show
that 2.5-28% of unconjugated bilirubin doses are excreted (as
unconjugated and conjugated bilirubins) after =72 h in rats
(Lester and Schmidt, 1963a; Gartner et al., 1983; Alonso et al.,
1991) and humans (Lester and Schmidt, 1963b). Approxi-
mately, 15% and 2% of radiolabelled unconjugated bilirubin
and bilirubin glucuronides, respectively, were excreted after
8 h in humans (Lester and Schmidt, 1963b). These data are
supported by the relatively poor absorptive flux of bilirubin
glucuronide in rats (Lester and Schmidt, 1963a).

In terms of therapeutic relevance, i.d. administration of
unconjugated bilirubin and bilirubin ditaurate increased
their portal and systemic concentrations. These data show
that enteral bilirubin administration can result in appreciable
absorption and thus provide a clinically relevant route of
administration for efficacy studies. Although the bioavailabil-
ity of unconjugated bilirubin was less than that for bilirubin
ditaurate, circulating concentrations of unconjugated biliru-
bin increased two and threefold in the systemic and portal
circulations respectively. The bioavailability result for uncon-
jugated bilirubin in particular is probably an underestimate of
its true value, due to its poor aqueous solubility. Strategies
aimed at improving bilirubin solubility, including co-
administration with bile salts, should facilitate unconjugated
bilirubin absorption and increase bioavailability further



(Brink et al., 1999). The substantial capacity for hepatic excre-
tion of bilirubin ditaurate is clear when observing its i.v.
clearance (Figure 1E) and rapid distribution and elimination
half-lives (Table 1) and also help to explain the modest cir-
culating concentrations after i.p. and i.d. administration.
(Figures 2E and 3E) Therefore, although the bioavailability of
bilirubin ditaurate was greatest, circulating concentrations
were quite low and would be less likely to impart efficacy.
These data show that 20-45% of the portal unconjugated
bilirubin concentration was extracted from the liver/
distributed throughout the vascular compartment and body.
These data build upon findings published by Gartner et al.
who showed that the first pass hepatic extraction of uncon-
jugated bilirubin approximated 33% (Gartner et al., 1997).

Very few studies have quantified bile pigment absorption,
using circulatory measures, after i.d. administration. After
administering unconjugated bilirubin to rats (2.9 or
5.4 mg-kg™"' in DMSO/intralipid), Kotal et al. (1996) reported
that the systemic total bilirubin concentration increased from
0.86 to 1.52-1.72 uM after 180 min. The authors also admin-
istered a mixed glucuronide solution (~8.4 mg-kg™') increas-
ing the systemic bilirubin concentration from 0.85 to 1.5 uM,
after 180 min. Concentrations from other time points and
whether the absorbed bilirubin remained in an unconjugated
or conjugated form were not reported. The data presented
here add significantly to the findings of previous i.d. admin-
istration studies and describe, with sufficient fidelity, the
absorption of different bile pigments into the portal circula-
tion. The use of HPLC also showed that the bilirubin com-
pounds are absorbed intact and that the individual pigment
concentrations were quantifiable. The remarkable bioavail-
ability of bilirubin ditaurate may be explained by its apparent
paracellular absorption, as noted in our previous study of bile
pigment in vitro intestinal permeability (Bulmer et al., 2008a).
Interestingly, when bilirubin ditaurate was administered i.d. a
small amount appeared to be deaminated and absorbed as
unconjugated bilirubin (Figure 3E). This conclusion is sup-
ported by elevated di- and mono-glucuronidated bilirubin in
bile (Figure 3F).

Unexpectedly, biliverdin was poorly absorbed from the
intestine. Bacterial (metabolism in vivo/in vitro duodenal
washes) and/or cellular metabolism (similar metabolism
profile, however, of minor effect within the peritoneum) may
have accounted for this phenomenon. However, it should be
noted that these hypotheses are purely speculative and
further investigations are warranted to answer these ques-
tions. It should be noted that biliverdin is essentially resis-
tant to modification by bilirubin reducing bacteria,
Clostridium perfringens (Vitek et al., 2006). Therefore, epithe-
lial metabolism would seem a likely source of biliverdin
metabolism. The results suggest that biliverdin was metabo-
lized to three compounds that, based upon their spectral
profiles, could possess rubinoid structure (absorbing at 420-
450 nm) and suggest reduction or cleavage of biliverdin’s
C10 bridge. These compounds were subsequently absorbed
into the circulation and excreted in to the bile (two com-
pounds absorbing at 450 nm) or the urine (a single com-
pound absorbing at 420 nm). Further characterization of
these compounds is necessary and may reveal their structure
to be that of dipyrroles (420 nm) or oxidized/reduced prod-
ucts of bilirubin (450 nm; McDonagh, 1979). These findings

Absorption and bioavailability of bile pigments

are of great interest as p.o. biliverdin administration protects
from inflammation/complement activation (Nakagami et al.,
1993). Our findings show that intestinal biliverdin metabo-
lism reduces its bioavailability; however, serendipitously
show that metabolized products are potently absorbed and
may be responsible for protection seen after p.o. biliverdin
administration (Nakagami et al., 1993).

Importantly, the bile duct was permanently cannulated in
this study, completely interrupting the enterohepatic circula-
tion of bile pigments in vivo. Therefore, circulating bile
pigment concentrations, after administration, may be greater
in conditions of uninterrupted biliary flow.

Bile pigments physicochemical properties, particularly of
unconjugated bilirubin, should be carefully considered when
evaluating the results of this study. Biliverdin and bilirubin
ditaurate’s pKas approximate 4-6 (Lightner et al., 1996) and
1.5 (Ostrow, 1986) respectively. Estimates of unconjugated
bilirubin’s pKa vary widely from 4 to 9 (Hahm et al., 1992;
Boiadjiev et al., 2004) and most recent estimates suggest the
pKa of unconjugated bilirubin’s two carboxyl groups equal
8.12 and 8.44 (Ostrow and Mukerjee, 2007). At the pH of
solutions employed in this study (7.4-8.5) biliverdin and
bilirubin ditaurate were ionized, water soluble and therefore,
potentially absorbable. However, in the i.v. and i.p. solutions
(pH ~7.4) unconjugated bilirubin existed (after dissociating
from its salt), predominantly in its diacid form in addition to
smaller amounts of mono/dianion. The diacid form has a low
aqueous solubility (Mukerjee et al., 2002), and tends to aggre-
gate (Brodersen, 1979; Zucker et al., 1999), promoting its dif-
fusion from administered solutions into lipid membranes,
allowing it to be transferred (in an ionized state) to circulat-
ing albumin/intercellular proteins. Even at a pH of 8.0-8.5 (as
in the i.d. solution) it is possible that some unconjugated
bilirubin existed as bilirubin diacid (albeit much less than at
pH 7.4). The ionization state of the bile pigments would
clearly have affected their bioavailability. When comparing
routes of administration, however, it must be acknowledged
that pH probably affected the relative bioavailability values,
particularly of unconjugated bilirubin, due to the effects on
ionization state and diffusibility of the molecule. Unfortu-
nately, poor bilirubin solubility and pH-dependent ioniza-
tion, both hindering absorption across lipid membranes, are
inherent limitations when studying this compound. Clearly,
the formation of unconjugated bilirubin visible/microscopic
aggregates in the intestine/peritoneum would probably have
hindered absorption and therefore, i.d. and i.p. bioavailabili-
ties may have been underestimated. However, the formation
of these aggregates occurs slowly (Bonnett ef al., 1976) and
therefore, we are confident that this allowed for the various
bilirubin species to be absorbed, particularly in the first
30 min, when greatest absorption was recorded. No precipi-
tate was observed in the peritoneal cavities of animals admin-
istered sodium bilirubinate i.p.; however, this does not
exclude the possibility of microscopic aggregates having
formed. We hypothesize that after administration, unconju-
gated bilirubin (mono/dianion) would avidly bind to
albumin in the peritoneal fluid (Barber efal., 1990) and
(diacid) the lipid membrane of the peritoneum. A slightly
basic peritoneal pH would then facilitate shuttling of uncon-
jugated bilirubin, via diffusion, from albumin to lipid mem-
branes (Zucker et al., 1995; Kamisako et al., 2000).
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Exploring the effects of co-administration of bile pig-
ments with excipients was not an aim of this study. However,
administering unconjugated bilirubin (in its dianionic form)
i.d. with bile salts (Ostrow et al., 1988; Rege et al., 1988), may
result in a different pharmacokinetic profile and an improved
bioavailability, while making use of the micellar shuttle
across the intestinal epithelium. Administering bilirubin in
this manner would be possible up to a dose of ~10.5 mg-mL"
in 50 mM taurocholate (pH 9.3; Nakama et al., 1979; Wosie-
witz and Schroebler, 1979).

Further limitations of our study include the effects of
anaesthetics on hepatic bilirubin uridine diphosphate glucu-
ronosyl transferase. However, the effects of barbiturates and
ketamine on bile pigment excretion are minimal over 3 h
(Gourley etal., 1985). Permanently anaesthetizing the
animals allowed for regular sampling of portal blood, which
strengthened the experimental design and novelty of the
results. We used a greater i.d. bile pigment dose versus i.v. and
i.p. administration to maximize the likelihood of detecting
bile pigments in the plasma and, like others, administered
non-radiolabelled bile pigments (Gartner et al., 1983; Kotal
etal.,, 1996). The synthesis and administration of radiola-
belled bilirubin (Howe etal., 1970) may further assist in
quantifying bile pigment bioavailability and biodistribution.
The use of HPLC discriminated between different bile pig-
ments and had a low limit of detection (~40 nM).

This study describes complete plasma absorption/
clearance and hepatic excretion profiles after i.v., i.p. and i.d.
administration of bile pigments. After i.p. administration
these pigments are clearly bioavailable and show a sustained
elevation in plasma concentrations. Unconjugated bilirubin
and bilirubin ditaurate were also absorbed from the intestine
and provide a justification for p.o. administration studies in
models of inflammatory and traumatic pathology.

Acknowledgements

AB is a 2001 Centenary Scholarship Recipient (Australian
Commonwealth Government). The authors acknowledge Dr
Russell Addison, Dr Karine Mardon, Mr Tyson Moore and
Michael Morgan for their assistance and Prof. Anthony
McDonagh for his methodological advice. Biopharma Pty Ltd
provided the unconjugated bilirubin for this project.

Conflict of interest

ACB was provided with a stipend from BioPharma Pty Ltd
during the course of his PhD studies (2004-2007).

References

Alonso EM, Whitington PF, Whitington SH, Rivard WA, Given G
(1991). Enterohepatic circulation of nonconjugated bilirubin in rats
fed with human milk. J Pediatr 118: 425-430.

Barber BJ, Schultz TJ], Randlett DL (1990). Comparative analysis of
protein content in rat mesenteric tissue, peritoneal fluid, and
plasma. Am ] Physiol 258: G714-G718.

1868 British Journal of Pharmacology (2011) 164 1857-1870

Barrowman JA, Bonnett R, Bray PJ (1976). Metabolism of biliverdin.
Biliary excretion of bile pigments after intravenous injection of
biliverdin isomers. Biochim Biophys Acta 444: 333-337.

Berberat PO, A-Rahim YI, Yamashita K, Warny MM, Csizmadia E,
Robson SC et al. (2005). Heme oxygenase-1-generated biliverdin
ameliorates experimental murine colitis. Inflamm Bowel Dis 11:
350-359.

Berk PD, Howe RB, Bloomer JR, Berlin NI (1969). Studies of
bilirubin kinetics in normal adults. J Clin Invest 48: 2176-2190.

Bernhard K, Ritzel G, Steiner KU (1954). The biological importance
of bile pigments. Bilirubin and biliverdin as antioxidants for
vitamin A and essential fatty acids. Helv Chim Acta 37: 306-313.

Boiadjiev SE, Watters K, Wolf S, Lai BN, Welch WH, McDonagh AF
et al. (2004). pKa and aggregation of bilirubin: titrimetric and
ultracentrifugation studies on water-soluble pegylated conjugates of
bilirubin and fatty acids. Biochemistry 43: 15617-15632.

Bonnett R, Davies JE, Hursthouse MB (1976). Structure of bilirubin.
Nature 262: 327-328.

Brink MA, Slors JF, Keulemans YC, Mok KS, De Waart DR,
Carey MC et al. (1999). Enterohepatic cycling of bilirubin: a
putative mechanism for pigment gallstone formation in ileal
Crohn’s disease. Gastroenterology 116: 1420-1427.

Brodersen R (1979). Bilirubin. Solubility and interaction with
albumin and phospholipid. ] Biol Chem 254: 2364-2369.

Bulmer AC, Blanchfield JT, Coombes JS, Toth I (2008a). In vitro
permeability and stability of bile pigments and the effects of
hydrophilic and lipophilic modification of biliverdin. Bioorg Med
Chem 16: 3616-3625.

Bulmer AC, Blanchfield JT, Toth I, Fassett RG, Coombes JS (2008b).
Improved resistance to serum oxidation in Gilbert’s syndrome: a
mechanism for cardiovascular protection. Atherosclerosis 199:
390-396.

Bulmer AC, Ried K, Wagner K-H (2008c¢). The anti-mutagenic
properties of bile pigments. Mutat Res 658: 28-41.

Ceran C, Sonmez K, Turkyllmaz Z, Demirogullarl B, Dursun A,
Duzgun E et al. (2001). Effect of bilirubin in ischemia/reperfusion
injury on rat small intestine. ] Pediatr Surg 36: 1764-1767.

Cohen S, Freeman T, McFarlane A (1961). Metabolism of
I-131-labelled human albumin. Clin Sci 20: 161-170.

Frei B, Stocker R, Ames BN (1988). Antioxidant defenses and lipid
peroxidation in human blood plasma. Proc Natl Acad Sci U S A 85:
9748-9752.

Gartner LM, Lee KS, Moscioni AD (1983). Effect of milk feeding on
intestinal bilirubin absorption in the rat. J Pediatr 103: 464-471.

Gartner U, Goeser T, Wolkoft AW (1997). Effect of fasting on the
uptake of bilirubin and sulfobromophthalein by the isolated
perfused rat liver. Gastroenterology 113: 1707-1713.

Gollan J, Hammaker L, Licko V, Schmid R (1981). Bilirubin kinetics
in intact rats and isolated perfused liver. Evidence for hepatic
deconjugation of bilirubin glucuronides. J Clin Invest 67:
1003-1015.

Gollan JL, McDonagh AF, Schmidt R (1977). Biliverdin IX alpha: a
new probe of hepatic bilirubin metabolism. Gastroenterology 72:
1186.

Gourley GR, Mogilevsky W, Arend RA, Siegel FL, Odell GB (1985).
Effects of anesthetic agents on bile pigment excretion in the rat.
Hepatology 5: 610-614.



Hahm JS, Ostrow JD, Mukerjee P, Celic L (1992). Ionization and
self-association of unconjugated bilirubin, determined by rapid
solvent partition from chloroform, with further studies of bilirubin
solubility. J Lipid Res 33: 1123-1137.

Hammerman C, Goldschmidt D, Caplan MS, Kaplan M,

Bromiker R, Eidelman Al et al. (2002). Protective effect of bilirubin
in ischemia-reperfusion injury in the rat intestine. J Pediatr
Gastroenterol Nutr 35: 344-349.

Howe RB, Berk PD, Bloomer JR, Berlin NI (1970). Preparation and
properties of specifically labeled radiochemically stable
3H-bilirubin. J Lab Clin Med 75: 499-502.

Kamisako T, Kobayashi Y, Takeuchi K, Ishihara T, Higuchi K,
Tanaka Y et al. (2000). Recent advances in bilirubin metabolism
research: the molecular mechanism of hepatocyte bilirubin
transport and its clinical relevance. J Gastroenterol 35: 659-664.

Kotal P, Vitek L, Fevery J (1996). Fasting-related hyperbilirubinemia
in rats: the effect of decreased intestinal motility. Gastroenterology
111: 217-223.

Lester R (1963). Intestinal absorption of bilirubin. Ann N Y Acad Sci
111: 290-294.

Lester R, Klein PD (1966). Bile pigment excretion: a comparison of
the biliary excretion of bilirubin and bilirubin derivatives. ] Clin
Invest 45: 1839-1846.

Lester R, Schmidt R (1963a). Intestinal absorption of bile pigments
I: the enterohepatic circulation of bilirubin in the rat. ] Clin Invest
42: 736-746.

Lester R, Schmidt R (1963b). Intestinal absorption of bile pigments
II: bilirubin absorption in man. N Engl ] Med 269: 178-182.

Lester R, Ostrow JD, Schmid R (1961). Enterohepatic circulation of
bilirubin. Nature 192: 372.

Lightner DA, Holmes DL, McDonagh AF (1996). On the acid
dissociation constants of bilirubin and biliverdin. pKa values from
13C NMR spectroscopy. ] Biol Chem 271: 2397-240S5.

McCarty MF (2007). ‘latrogenic Gilbert syndrome’-a strategy for
reducing vascular and cancer risk by increasing plasma
unconjugated bilirubin. Med Hypotheses 69: 974-994.

McDonagh AF (1979). Bile pigments: bilatrienes and
5,15-biladienes. In: Dolphin D (ed.). The Porphyrins, Vol. VI.
Academic Press: New York.

McDonagh AF, Lightner DA, Kar AK, Norona WS (2002).
Hepatobiliary excretion of biliverdin isomers and C10-substituted
biliverdins in Mrp2-deficient (TR(-)) rats. Biochem Biophys Res
Commun 293: 1077-1083.

McGeary RP, Szyczew AJ, Toth I (2003). Biological properties and
therapeutic potential of bilirubin. Mini Rev Med Chem 3: 253-256.

Mora ME, Bari SE, Awruch J, Delfino JM (2003). On how the
conformation of biliverdins influences their reduction to bilirubins:
a biological and molecular modeling study. Bioorg Med Chem 11:
4661-4672.

Mukerjee P, Ostrow JD, Tiribelli C (2002). Low solubility of
unconjugated bilirubin in dimethylsulfoxide-water systems:
implications for pKa determinations. BMC Biochem 3: 17.

Muraca M, Blanckaert N (1983). Liquid-chromatographic assay and
identification of mono- and diester conjugates of bilirubin in
normal serum. Clin Chem 29: 1767-1771.

Nakagami T, Toyomura K, Kinoshita T, Morisawa S (1993). A
beneficial role of bile pigments as an endogenous tissue protector:
anti-complement effects of biliverdin and conjugated bilirubin.
Biochim Biophys Acta 1158: 189-193.

Absorption and bioavailability of bile pigments

Nakama T, Furusawa T, Itoh H, Hisadome T (1979). Correlation of
cholesterol and bilirubin solubilization in bile salt solution.
Gastroenterol Jpn 6: 565-572.

Nakao A, Otterbein LE, Overhaus M, Sarady JK, Tsung A,

Kimizuka K ef al. (2004). Biliverdin protects the functional integrity
of a transplanted syngeneic small bowel. Gastroenterology 127:
595-606.

Ostrow JD (1986). Bile Pigments and Jaundice, Vol. IV. Marcel
Dekker, Inc.: New York.

Ostrow JD, Mukerjee P (2007). Revalidation and rationale for high
pKa values of unconjugated bilirubin. BMC Biochem 8: 7.

Ostrow JD, Celic L, Mukerjee P (1988). Molecular and micellar
associations in the pH-dependent stable and metastable dissolution
of unconjugated bilirubin by bile salts. J Lipid Res 29: 335-348.

Otterbein LE, Soares MP, Yamashita K, Bach FH (2003). Heme
oxygenase-1: unleashing the protective properties of heme. Trends
Immunol 24: 449-455.

Overhaus M, Moore BA, Barbato JE, Behrendt FF, Doering JG,
Bauer AJ (2006). Biliverdin protects against polymicrobial sepsis by
modulating inflammatory mediators. Am ] Physiol Gastrointest
Liver Physiol 290: G695-G703.

Owens D, Jones EA, Carson ER (1977). Studies on the kinetics of
unconjugated [14C]bilirubin metabolism in normal subjects and
patients with compensated cirrhosis. Clin Sci Mol Med 52:
555-570.

Rege RV, Webster CC, Ostrow JD (1988). Interactions of
unconjugated bilirubin with bile salts. J Lipid Res 29: 1289-1296.

Rice AC, Shapiro SM (2006). Biliverdin-induced brainstem auditory
evoked potential abnormalities in the jaundiced Gunn rat. Brain
Res 1107: 215-221.

Rothuizen J, van den Brom WE, Fevery J (1992). The origins and
kinetics of bilirubin in healthy dogs, in comparison with man. J
Hepatol 15: 25-34.

Scott JR, Chin BY, Bilban MH, Otterbein LE (2007). Restoring
HOmeostasis: is heme oxygenase-1 ready for the clinic? Trends
Pharmacol Sci 28: 200-20S5.

Spivak W, Carey MC (1985). Reverse-phase HPLC separation,
quantification and preparation of bilirubin and its conjugates from
native bile. Quantitative analysis of the intact tetrapyrroles based
on HPLC of their ethyl anthranilate azo derivatives. Biochem J 225:
787-805.

Stocker R, Yamamoto Y, McDonagh AF, Glazer AN, Ames BN
(1987). Bilirubin is an antioxidant of possible physiological
importance. Science 235: 1043-1046.

Vitek L, Carey MC (2003). Enterohepatic cycling of bilirubin as a
cause of ‘black’ pigment gallstones in adult life. Eur J Clin Invest
33: 799-810.

Vitek L, Kotal P, Jirsa M, Malina J, Cerna M, Chmelar D et al.
(2000). Intestinal colonization leading to fecal urobilinoid excretion
may play a role in the pathogenesis of neonatal jaundice. ] Pediatr
Gastroenterol Nutr 30: 294-298.

Vitek L, Muchova L, Zelenka J, Zadinova M, Malina ] (2005). The
effect of zinc salts on serum bilirubin levels in hyperbilirubinemic
rats. J Pediatr Gastroenterol Nutr 40: 135-140.

Vitek L, Majer F, Muchova L, Zelenka ], Jiraskova A, Branny P et al.
(2006). Identification of bilirubin reduction products formed by
Clostridium perfringens isolated from human neonatal fecal flora. J
Chromatogr B Analyt Technol Biomed Life Sci 833: 149-157.

British Journal of Pharmacology (2011) 164 1857-1870 1869



AC Bulmer et al.

Wang WW, Smith DL, Zucker SD (2004). Bilirubin inhibits iNOS
expression and NO production in response to endotoxin in rats.
Hepatology 40: 424-433.

Wosiewitz U, Schroebler S (1979). Solubilization of unconjugated
bilirubin by bile salts. Experientia 35: 717-718.

Zucker SD, Goessling W, Gollan JL (1995). Kinetics of bilirubin
transfer between serum albumin and membrane vesicles. Insight
into the mechanism of organic anion delivery to the hepatocyte
plasma membrane. ] Biol Chem 270: 1074-1081.

Zucker SD, Goessling W, Hoppin AG (1999). Unconjugated bilirubin
exhibits spontaneous diffusion through model lipid bilayers and
native hepatocyte membranes. ] Biol Chem 274: 10852-10862.

Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Chromatograms showing the composition of sup-
plied and sodium salt preparations of bile pigments. Chro-
matograms (A; 450 nm) of unconjugated bilirubin (green)
and bilirubin disodium salt (blue). Chromatograms (B;
375 nm) of biliverdin hydrochloride (blue) and biliverdin
disodium salt (green). Variability in the height of curves
(<10%) is likely attributed to inherent inaccuracies in weigh-
ing small amounts of bile pigments (<3 mg) on analytical
scales. Little, if any, impurities were detected (240-650 nm) in
either bile pigment sodium salt preparation.

Figure S2 Validation chromatograms showing the elution of
bilirubin ditaurate in DMSO/mobile phase [bilirubin ditau-
rate (BRT) ] (A), BRT added to plasma (B) and BRT added to
bile (C; bile in green; BRT added to bile in blue). BRT RT:
4.5 min @ 450 nm. Unconjugated bilirubin (UCB) (D; UCB in
DMSO/mobile phase in green; UCB in plasma in blue), UCB
in bile (E) UCB RT: 15.6 min @ 450 nm. Biliverdin (BV) (F; BV
in DMSO/mobile phase in blue; small BV peak in bile in
green), BV in plasma (G) BV RT: 6.15 min @ 375 nm.
Figure $3 HPLC chromatogram of the intestinal contents
(450 nm) 180 min after i.d. vehicle (solid line) or sodium
biliverdinate (dotted line) administration. I, III and 1V, sus-
pected metabolites of biliverdin; II, normal elution time of
biliverdin; V, the normal elution time for unconjugated
bilirubin. Absorbance spectra for compounds: I, Amax =
423 nm, RT 4.5 min; II, example absorbance spectrum of
biliverdin, Amax = 375 nm, RT 5.9 min; III, Amax = 420-450,
RT 6.7 min; IV, Amax = 450 nm, RT 9.7 min; example absor-
bance spectrum of unconjugated bilirubin, V, Amax =
450 nm, RT 15.5 min.

Figure S4 HPLC chromatogram of the plasma (450 nm)
180 min after i.d. vehicle (solid line) or sodium biliverdinate
(dotted line) administration. I, III and IV, suspected metabo-
lites of biliverdin; II, normal elution time for biliverdin; V,
unconjugated bilirubin. Absorbance spectra for compounds:
I, \Amax = 423 nm, RT 4.5 min; III, Amax = 420-450, RT
6.7 min; IV, Amax = 450 nm, RT 9.7 min; V, unconjugated
bilirubin, Amax = 450 nm, RT 15.5 min.

Figure S5 HPLC chromatogram of the bile (450 nm)
180 min after i.d. vehicle (solid line) or sodium biliverdinate
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(dotted line) administration. IV suspected metabolite of
biliverdin. Absorbance spectra for compounds: IV, Amax =
450 nm, RT 9.7 min. Note that the retention time (9.7 min)
and Amax of IV are similar to that found in the intestinal
wash (Figure S8; IV) and plasma (Figure S9; 1V).

Figure S6 HPLC chromatogram of the urine (450 nm)
180 min after i.d. vehicle (solid line) or sodium biliverdinate
(dotted line) administration. Absorbance spectra for com-
pounds: I: polar metabolite; note that the retention time
(4.5 min) and Amax of I are similar to that found in the
intestinal wash (Figure S8; I) and plasma (Figure S9; I).
Figure S7 Chromatogram showing the appearance of the
metabolites (I, III and IV) in fresh intestinal washes from
Wistar rats after 15 (solid line) and 180 (dotted line) min of
co-incubation with sodium biliverdinate (450 nm). Absor-
bance spectra for compounds found in the dotted chromato-
gram: I, Amax = 423 nm, RT 4.5 min; II, biliverdin, Amax
375 nm, RT 5.9 min; III, Amax = 450 (arrow), RT 6.8 min
(peak contains residual biliverdin A 375 nm); IV, Amax =
450 nm, RT 9.8 min; V, absorbance spectrum of unconju-
gated bilirubin (an example of similar magnitude to IV is
presented for comparison), Amax = 450 nm, RT 15.5 min.
Note that the retention times and Amax of the metabolites I,
III and IV are similar to those found in the intestinal wash
180 min after i.d. administration of biliverdin in vivo
(Figure S8).

Figure S8 Chromatogram showing the appearance of the
metabolites (I, III and IV) in peritoneal fluid in Wistar rats
180 min after delivery of biliverdin (solid line; 450 nm).
Absorbance spectra for compounds found in the chromato-
gram: I, Amax = 423 nm, RT 4.5 min; II, biliverdin (BV),
Amax = 375 nm, RT 5.9 min; III, Amax = 450, RT 6.8 min; IV,
Amax = 450 nm, RT 9.8 min. Note that the retention times
and Amax of the metabolites I, IIl and IV are similar (although
much lower in concentration) to those found in the intestinal
wash 180 min after i.d. administration of biliverdin in vivo
(Figure S8).

Figure S9 HPLC chromatogram of the plasma (450 nm)
180 min after i.p. sodium biliverdinate administration. III
and IV, suspected metabolites of biliverdin, absorbance
spectra for compounds: III, Amax = 420-450, RT 6.7 min; 1V,
Amax = 450 nm, RT 9.7 min.

Figure $S10 HPLC chromatogram of the bile (450 nm)
180 min after i.p. sodium biliverdinate administration. IV,
suspected metabolite of biliverdin. Absorbance spectra for
compounds: IV, Amax = 450 nm, RT 9.7 min. Note that the
retention time (9.7 min) and Amax of IV are similar to that
found in the peritoneal fluid (Figure S10; IV) and plasma
(Figure S11; IV).

Figure $11 HPLC chromatogram of the urine (450 nm)
180 min after i.p. sodium biliverdinate administration.
Absorbance spectra for compounds: I: polar metabolite; note
that the retention time (4.5 min) and Amax of I are similar to
that found in the peritoneal fluid (Figure S10; I).
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