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Retinitis pigmentosa (RP) is a group of diseases in which a
mutation leads to rod cell death. Hundreds of different
mutations that lead to RP have been identified. The
mechanism of rod cell death is likely to vary depending
upon the mutation. Some mutations in genes that are
differentially expressed in rod photoreceptors cause protein
misfolding and endoplasmic reticulum stress leading to rod
cell death (Hwa et al. 1999; Illing et al. 2002; Aherne et al.
2004; Tam and Moritz 2006). Other proposed mechanisms
include continuous activation of phototransduction, abnormal
cellular transport, or instability of inner or outer segments
because of dysfunction of structural proteins (Liu et al. 2003;
Chen et al. 2006; Krebs et al. 2010). As the regeneration of
rhodopsin depends upon the retinoid cycle through which all-
trans retinal is converted back to 11-cis-retinal which binds
with opsin, dysfunctions in phototransduction can result in
abnormalities in the retinoid cycle and vice versa. Disruption
of the retinoid cycle causes elevated levels of highly reactive
retinoids, such as all-trans retinal, which are toxic. In fact,

excessive and/or prolonged light stimulation in normal
animals leads to photoreceptor degeneration from accumu-
lation of all-trans retinal (Maeda et al. 2009). The hetero-
geneity in the mechanism of rod cell death in RP suggests
that any one particular treatment is likely to apply only to a
small subgroup of patients that share the same mechanism.

However, it is not the death of rods that is debilitating in
patients with RP, but rather the death of cones that inevitably
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Abstract

Two constituents of bile, bilirubin and tauroursodeoxycholic

acid (TUDCA), have antioxidant activity. However, bilirubin

can also cause damage to some neurons and glial cells,

particularly immature neurons. In this study, we tested the

effects of bilirubin and TUDCA in two models in which oxi-

dative stress contributes to photoreceptor cell death, pro-

longed light exposure and rd10+/+ mice. In albino BALB/c

mice, intraperitoneal injection of 5 mg/kg of bilirubin or

500 mg/kg of TUDCA prior to exposure to 5000 lux of white

light for 8 h significantly reduced loss of rod and cone function

assessed by electroretinograms. Both treatments also re-

duced light-induced accumulation of superoxide radicals in the

outer retina, rod cell death assessed by outer nuclear layer

thickness, and disruption of cone inner and outer segments. In

rd10+/+ mice, intraperitoneal injections of 5 or 50 mg/kg of

bilirubin or 500 mg/kg of TUDCA every 3 days starting at

postnatal day (P) 6, caused significant preservation of cone

cell number and cone function at P50. Rods were not pro-

tected at P50, but both bilirubin and TUDCA provided modest

preservation of outer nuclear layer thickness and rod function

at P30. These data suggest that correlation of serum bilirubin

levels with rate of vision loss in patients with retinitis pig-

mentosa could provide a useful strategy to test the hypothesis

that cones die from oxidative damage in patients with retinitis

pigmentosa. If proof-of-concept is established, manipulation

of bilirubin levels and administration of TUDCA could be tes-

ted in interventional trials.
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follows rod cell death. Loss of rods decreases function in dim
illumination but not normal illumination, whereas loss of
cones leads to constriction of the visual fields and eventual
blindness. Rods make up the majority of cells in the outer
retina, roughly 98% in mice and 92% in humans, but the
percentage varies considerably based upon the position
within the retina (Curcio et al. 1993). Rods are metabolically
active cells that consume the vast majority of oxygen
delivered to the outer retina. After rods die, oxygen delivery
is unchanged, but oxygen consumption is greatly reduced
resulting in a large increase in oxygen in the outer retina (Yu
et al. 2000). The increase in oxygen results in generation of
reactive oxygen species (ROS) from stimulation of NADPH
oxidase and probably also from run off from the electron
transport chain, resulting in progressive oxidative damage
and death of cones (Shen et al. 2005; Komeima et al. 2006;
Usui et al. 2009a). Oxidative damage contributes to cone cell
death in several models of RP with different underlying
pathogenic mutations (Komeima et al. 2007) and thus may
be applicable in all patients with RP. Thus, development of
new treatments that effectively protect photoreceptors from
oxidative stress is a high priority. Such treatments may also
provide benefit in patients with age-related macular degen-
eration, because antioxidant vitamins reduce the risk of
progression from intermediate to advanced forms of the
disease (Age-Related Eye Disease Study Research Group
2001).

An appealing therapeutic strategy is to utilize components
of the endogenous antioxidant defense system as they are
likely to be well-tolerated. Each tissue contains a group of
enzymes that detoxify reactive oxygen species, but it is
difficult to utilize enzymes as therapeutic agents. Some small
molecules that seem to play other roles in the body may also
be components of the antioxidant defense system. Bilirubin,
the end product of heme metabolism and uric acid, the end
product of purine metabolism, have antioxidant activity
(Stocker et al. 1987a,b). The evidence that bilirubin has a
physiological function as an antioxidant is particularly
strong. Elevated plasma bilirubin levels provide protection
in a number of disease processes in which oxidative stress
has been implicated (Ishizaka et al. 2001; Vitek et al. 2002;
Djousse et al. 2003; Novotny and Vitek 2003). Local
production of bilirubin through heme oxygenase (HO) 1 or
HO2 and biliverdin reductase also provides protection
against oxidative stress in some tissues (Llesuy and Tomaro
1994). In some neuronal populations, HO2 is particularly
important, because mice deficient in HO2 show increased
ischemia-induced damage in some brain regions (Dore et al.
1999a,b, 2000). Lipophilic bilirubin demonstrates greater
antioxidant activity for lipids than the endogenous glu-
tathione pathway, which preferentially protects proteins
(Sedlak 2009).

Like bilirubin, other constituents of bile, the bile acids, can
either be damaging or protective to cells. Most bile acids are

hydrophobic, very insoluble, and in high concentrations
cause damage to cell membranes. Obstruction of bile ducts or
liver diseases can result in elevated levels of bile acids,
cholestasis, which is damaging to the liver. Ursodeoxycholic
acid (UDCA), a minor (4%) constituent of bile, is hydro-
philic unlike other bile salts and when given as an oral
supplement, reduces liver damage in the setting of cholesta-
sis; it has been approved by the Federal Drug Administration
for patients with primary biliary cirrhosis (Lazaridis et al.
2001). While the exact mechanism of its protective effect for
liver cells is not known, it has been demonstrated that UDCA
reduces apoptosis induced by hydrophobic bile salts, possi-
bly by membrane stabilization and/or reducing mitochondrial
damage (Heuman and Bajaj 1994; Botla et al. 1995;
Rodrigues et al. 1998). Also, both UDCA and its taurine-
conjugated analog, TUDCA, have cytoprotective effects in a
number of animal models including models of retinal
degeneration (Boatright et al. 2006; Phillips et al. 2008). In
this study, we investigated the effects of bilirubin and
TUDCA on photoreceptor survival and function in a model
of excessive light exposure and a model of RP.

Materials and methods

Treatment with bilirubin IX-a or TUDCA
Mice were treated in accordance with the recommendations of the

Association for Research in Vision and Ophthalmology. In these

experiments, bilirubin IX-a was bound to human serum albumin

(HSA) prior to administration, because HSA is the physiologic

carrier for bilirubin and free bilirubin is not available to peripheral

tissues. Bilirubin IX-a was dissolved in 50 mM NaOH in distilled

water and incubated with HSA in a mass ratio of 1 : 140 to obtain

bilirubin bound to HSA. Litters of homozygous rd10+/+ trans-

genic mice or BALB/c mice were given subcutaneous injections of

bilirubin (5 mg/kg)/HSA (700 mg/kg) or TUDCA (500 mg/kg)

dissolved in 0.15 M NaHCO3. The control group for bilirubin-

treated mice was given injections of 700 mg/kg of HSA and the

control group for TUDCA-treated mice was given 0.15 M

NaHCO3.

Light-induced retinal degeneration model
One day and again 1 h prior to light exposure (5000 lux for 8 h), 4-

to 6-week-old female albino BALB/c mice were given an injection

of bilirubin, HSA, TUDCA, or NaHCO3. Female mice were used for

these experiments because they are less aggressive resulting in fewer

injuries from fighting, but there is no scientific reason to exclude

males. Solutions were prepared immediately prior to injections and

pH was adjusted to 7.4. After 8 h of light exposure, mice were dark

adapted for 18 h and then scotopic and photopic electroretinograms

(ERGs) were performed (Day 1 ERGs). Mice were then housed

under normal cyclic lighting conditions (light 12 h/dark 12 h). On

day 7, scotopic and photopic ERGs were repeated and mice were

killed to measure outer nuclear layer (ONL) thickness or cone

density. Some mice received an injection of hydroethidine prior to

death to assess superoxide radicals in the retina.
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Rd10 model of retinal degeneration
Rd10+/+ mice were purchased from Jackson Labs (Bar Harbor, ME,

USA) and were maintained on a C57BL/6 background. Starting at

postnatal day (P) 6, both males and females were given subcuta-

neous injections of 5 mg/kg of bilirubin, 500 mg/kg of TUDCA, or

their respective control injections every 3 days. At P30, scotopic

and photopic ERGs were done and some mice were killed to

measure ONL thickness. At P50, ERGs were done and mice were

killed to measure ONL thickness or cone density.

Assessment of superoxide radicals with hydroethidine
The in situ production of superoxide radicals was evaluated using

hydroethidine as previously described (Komeima et al. 2008).

Superoxide radicals convert hydroethidine to ethidium, which

binds DNA and emits red fluorescence at approximately 600 nm.

Briefly, two intraperitoneal (i.p.) injections of 20 mg/kg of

hydroethidine (Invitrogen, Carlsbad, CA, USA) were administered

30 min apart and mice were kept in the dark for 18 h and then

killed. Eyes were removed and 10 lm frozen sections were fixed

in 4% paraformaldehyde for 20 min at 23�C, rinsed with

phosphate-buffered saline (PBS), and counter-stained for 5 min

at 23�C with the nuclear dye Hoechst 33258 (1 : 10 000; Sigma,

St. Louis, MO, USA). Slides were rinsed in PBS, and then

examined by fluorescence microscopy (excitation: 543 nm,

emission > 590 nm) with a Zeiss LSM 510 META confocal

microscope using a Zeiss Plan-Apochromat 20·/0.75NA objective

lens (Carl Zeiss, Oberkochen, Germany). All images were

acquired in the frame scan mode with the same exposure time.

The excitation wavelength was set at 405 nm for visualization of

Hoechst.

Measurement of cone cell density
Cone density was measured as previously described (Komeima et al.
2006; Usui et al. 2009b). Briefly, each mouse was killed, and eyes

were removed and fixed in 4% paraformaldehyde overnight at 4�C.
After washing with PBS, the cornea, iris, and lens were removed. A

small cut was made at 12:00 h for orientation and after four radial

cuts, equidistant around the circumference, the entire retina was

carefully dissected from the eye cup and any adherent retinal

pigmented epithelium was removed. Retinas were placed in PBS

containing 1% Tween 20 (Promega Corporation, Madison, WI, USA)

for 30 min at 23�C, incubated for 1 h at 23�C in 1 : 200 rhodamine-

conjugated peanut agglutinin (Vector Laboratories, Burlingame, CA,

USA) in PBS containing 1% Tween 20. The retinas were rinsed three

times for 10 min in PBS containing 1% Tween 20, given a final rinse

in PBS and flat-mounted. The retinas were examined with a Zeiss

LSM 510META confocal microscope with a Zeiss Plan-Apochromat

20·/0.75NA objective lens for high magnification using an excitation

wavelength of 543 nm to detect rhodamine fluorescence. Images

were acquired in the frame scan mode. Cone cells were counted using

high magnification images within four 0.0529 mm2 bins located

1.0 mm superior, inferior, temporal, and nasal from the center of the

optic nerve. The investigator was masked with respect to experi-

mental group.

Measurement of ONL thickness
Rd10+/+ mice were randomized to treatment with bilirubin,

TUDCA, or their respective controls (HSA or NaHCO3) every

3 days starting at P6. At P30 or P50, mice were killed, eyes were

removed, the 12:00 position was marked, and 10 lm frozen serial

sections were cut parallel to the 12:00 to 6:00 meridian through the

optic nerve and stained with hematoxylin and eosin. The thickness

of the ONL was measured by image analysis at three locations (I1,

I2, and I3) between the inferior border of the retina at 6:00 and the

optic nerve and at three locations (S1, S2, and S3) between the

superior border of the retina at 12:00 as previously described

(Komeima et al. 2007).

Recording of ERGs
An Espion ERG Diagnosys machine (Diagnosys LLC, Littleton,

MA, USA) was used to record ERGs as previously described

(Okoye et al. 2003; Komeima et al. 2006, 2007; Ueno et al.
2008; Usui et al. 2009b). The mice were anesthetized with an i.p.

injection of ketamine hydrochloride (100 mg/kg) and xylazine

(5 mg/kg). Pupils were dilated with Midrin P containing 0.5%

tropicamide and 0.5% phenylephrine, hydrochloride (Santen

Pharmaceutical Co., Osaka, Japan). The mice were placed on a

pad heated to 39�C, and platinum loop electrodes were placed on

each cornea after application of Gonioscopic prism solution

(Alcon Labs, Fort Worth, TX, USA). A reference electrode was

placed subcutaneously in the anterior scalp between the eyes and

a ground electrode was inserted into the tail. The head of the

mouse was held in a standardized position in a Ganzfeld bowl

illuminator that ensured equal illumination of the eyes. Record-

ings for both eyes were made simultaneously with electrical

impedance balanced. Low background photopic ERGs were

recorded at 1.48 log (cdÆs/m2) under a background of 10 cd/m2.

Sixty photopic measurements were taken and the average value

was recorded.

Statistical analysis
Statistical comparisons were done using unpaired Student’s t-test or
two-way analysis of variance (ANOVA) with Bonferroni correction for

multiple comparisons.

Results

BALB/c mice treated with bilirubin or TUDCA showed
significant resistance to light toxicity
Exposure of albino BALB/c mice to intense light for 8 h
causes photoreceptor degeneration because of oxidative
damage (Noell and Albrecht 1971; Li et al. 1985; Tanito
et al. 2002). One day after light exposure, there was a marked
reduction in rod photoreceptor function measured by scotopic
a- and b-wave amplitudes and cone photoreceptor function
measured by photopic b-wave amplitudes in untreated BALB/
c mice (Fig. 1). Compared to mice treated with the respective
vehicles (HSA or NaHCO3), mice treated with 5 mg/kg of
bilirubin or 500 mg/kg of TUDCA had significantly greater
mean scotopic a- and b-wave amplitudes, and photopic
b-wave amplitudes. The reduction in retinal function was
even greater 7 days after light exposure and was partially
prevented by treatment with bilirubin or TUDCA.
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(a)

(b)

(c)

Fig. 1 Bilirubin and TUDCA reduce loss of

retinal function because of constant light

exposure in BALB/c mice. BALB/c mice

were given subcutaneous injections of

5 mg/kg of bilirubin, 500 mg/kg of TUDCA,

or corresponding vehicle 24 and 1 h before

constant exposure to 5000 lux of white light

for 8 h and then returned to a 12 h/12 h

normal intensity light/dark cycle. Some mice

were not exposed to constant light to serve

as controls. Scotopic and photopic elect-

roretinograms (ERGs) were done 1 and

7 days after light exposure. The bars show

mean (± SEM) scotopic a-wave (a) and b-

wave (b) amplitudes recorded after a flash

intensity of 25 cdÆs/m2 and mean (± SEM)

photopic b-wave amplitudes (c) recorded

after a flash intensity of 25 cdÆs/m2 with a

background light intensity of 30 cdÆs/m2.

Compared to their corresponding vehicle

(HSA or NaHCO3) controls, mice treated

with bilirubin or TUDCA had significantly

higher scotopic a-wave (a), scotopic b-wave

(b), and photopic b-wave amplitudes at 1

and 7 days after light exposure. *p < 0.05

by unpaired Student’s t-test for difference

between treated mice exposed to light tox-

icity and the respective vehicle-treated

control exposed to light toxicity.
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The ONL contains only the nuclei of rods and cones
and therefore the thickness of the ONL provides an
assessment of the number of photoreceptors at that
location in the retina. As cones comprise only one row
of nuclei and the remainder of the ONL is comprised of
rods, thinning of the ONL is essentially an indication of
rod cell death, but as the ONL thickness varies at different
locations in the retina, comparisons between mice must be
done at identical locations. Seven days after exposure to
bright light (5000 lux) for 8 h, the mean ONL thickness
was significantly greater in six different locations of the
retina in mice treated every 3 days with 5 mg/kg of
bilirubin or 500 mg/kg of TUDCA compared to mice

treated with the corresponding vehicle (HSA or NaHCO3)
or untreated mice (Fig. 2a). Representative sections from
the S1 location for each of the treatment groups is shown
in Fig. 2(b) and illustrates that compared to retinas from
the three different control groups, those from bilirubin- or
TUDCA-treated mice showed thicker ONLs and better
tissue preservation. BALB/c mice injected with 5 mg/kg of
bilirubin or 500 mg/kg of TUDCA and not exposed to
light (n = 4 for each) showed no difference in ONL
thickness or appearance of the retina compared to
untreated mice (data not shown). In light exposed mice,
cone cell density was not significantly different in
untreated, control mice compared to those treated with

(a)

(b)

(c)

(d)
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bilirubin or TUDCA (n = 3 for each, data not shown), but
untreated mice showed loss of cone outer segments and
flattening of inner segments (Fig. 2c, left panel), while
mice treated with bilirubin (middle panel) or TUDCA
(right panel) showed preservation of cone inner and outer
segments (arrows).

In the presence of superoxide radicals, hydroethidine is
converted to ethidium which binds DNA and fluoresces.
After i.p. injection of hydroethidine, there was no fluores-
cence in the retina of mice that were not exposed to bright
light, but there was intense fluorescence in the photoreceptors
of mice 7 days after exposure to bright light indicating the
presence of many more superoxide radicals (Fig. 2d). The
fluorescence was eliminated in light-exposed mice treated
with bilirubin or TUDCA indicating effective scavenging of
superoxide radicals.

Treatment with bilirubin or TUDCA slows cone
photoreceptor death in rd10+/+ mice
In rd10+/+ mice, a missense mutation in exon 7 of the Pde6b
gene results in rod photoreceptor cell death between P18 and
P30 (Chang et al. 2002, 2007; Gargini et al. 2007). Once
there is substantial reduction in the number of rods, cones
and remaining rods undergo progressive oxidative damage,
which accelerates the death of the remaining rods and causes
cone cell death over several weeks (Komeima et al. 2007).
Rd10+/+ mice were given subcutaneous injections of 5 mg/
kg of bilirubin or 500 mg/kg of TUDCA every 3 days
starting at postnatal day (P) 6. At P30, mean scotopic a- and
b-wave amplitudes, and photopic b-wave amplitudes were
significantly greater in mice that had been treated with
bilirubin or TUDCA compared to mice treated with the
corresponding vehicle (Fig. 3). At P50, scotopic ERGs were

extinguished in all mice indicating complete loss of rod cell
function (data not shown). Compared to untreated rd10+/+
mice, those treated with 5 mg/kg of bilirubin or 500 mg/kg
of TUDCA every 3 days had greater preservation of cone
cell function as indicated by mean low background [1.0 log
(cdÆs/m2)] photopic b-wave amplitudes that were 2- to 3-fold
higher (Fig. 3b, p = 0.037; p = 0.029, respectively).

At P30, compared to untreated rd10+/+ mice, those
treated with 5 mg/kg of bilirubin showed a significantly
thicker ONL in four of six locations, and those treated with
500 mg/kg of TUDCA showed a significantly thicker ONL
in three of six locations. At P50, retinal flat mounts stained
with rhodamine-labeled peanut agglutinin, showed fairly
well-preserved cone densities in rd10+/+ mice treated with
500 mg/kg of TUDCA, 5 mg/kg of bilirubin, or 50 mg/kg of
bilirubin, compared to untreated mice (Fig. 4b). Image
analysis confirmed that mice treated with TUDCA or either
dose of bilirubin had significantly higher cone density in all
four quadrants of the retina than untreated mice (Fig. 4c).

Discussion

There is substantial evidence indicating that bilirubin func-
tions as part of the endogenous antioxidant defense system
and elevated serum levels protect vascular endothelial cells
from oxidative stress and reduce the risk of atherosclerosis
(Ishizaka et al. 2001; Vitek et al. 2002; Djousse et al. 2003;
Novotny and Vitek 2003). The effects in the nervous system
are more complex. Increased serum bilirubin levels protect
distinct populations of neurons from ischemia-reperfusion
injury, but some neurons are susceptible to bilirubin-induced
damage and elevation of serum bilirubin in infants, partic-
ularly when conditions do not favor albumin binding, can

Fig. 2 Bilirubin and TUDCA reduce rod cell death, loss of cone outer

segments, and accumulation of superoxide radicals after constant

light exposure in BALB/c mice. Twenty-four and again 1 h prior to 8 h

of constant exposure to 5000 lux of white light, BALB/c mice were

given subcutaneous injections of bilirubin (5 mg/kg) or TUDCA

(500 mg/kg), or no injections and then returned to a 12 h/12 h normal

intensity light/dark cycle. For comparison, dim-light control mice were

given each of the above treatments or no treatment and maintained in

normal cyclic light. After 7 days some mice were killed and eyes were

used for measurement of outer nuclear layer thickness (ONL) on

serial ocular sections or retinas were dissected intact and stained with

rhodamine-labeled peanut agglutinin (PNA) to visualize cones. Other

mice were given two intraperitoneal injections of hydroethidine

(20 mg/kg) 30 min apart 18 h prior to death so that superoxide radi-

cals could be visualized in ocular sections. (a) The points show mean

(± SEM) ONL thickness at three locations (I1, I2, and I3) between the

inferior border of the retina at 6:00 (I0) and the optic nerve (ON) and

at three locations (S1, S2, and S3) between the superior border of the

retina at 12:00 (S0) and the ON. At all six locations, the mean ONL

thickness was significantly greater for bilirubin-treated or TUDCA-

treated mice compared to respective vehicle-treated (HSA or NaH-

CO3) mice (*p < 0.05; **p < 0.01 by unpaired Student’s t-test for dif-

ference from respective vehicle-treated control). There was no

difference among dim-light controls including mice treated with bili-

rubin or TUDCA for which data are not shown. (b) Representative

sections from the S1 location show thinning of the ONL and vacuoles

in the inner retina of light-exposed mice given no treatment or treated

with human serum albumin (HSA) or NaHCO3. In contrast light-ex-

posed mice treated with bilirubin or TUDCA showed thick ONLs and

less disruption of the retina. (c) Fluorescence microscopy of retinal flat

mounts 0.5 mm superior to the optic nerve showed loss of outer

segments and flattening of inner segments of cones in untreated light-

exposed mice, whereas inner and outer segments were preserved in

bilirubin- and TUDCA-treated mice. Observations were made in three

mice from each group and these images are representative. (d)

Eighteen hours after injection of hydroethidine, there was strong flu-

orescence indicating the presence of superoxide radicals in the outer

retina of untreated light-exposed mice, but none in the retinas of bil-

irubin- or TUDCA-treated light-exposed mice or mice that were not

exposed to constant light (no light).
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cause permanent damage to the basal ganglia, a disease state
called kernicterus (Ostrow et al. 2004; Wennberg et al.
2006). In this study, we have demonstrated that retinal
photoreceptors, a highly specialized type of neuron, are
protected against the damaging effects of excessive light
stimulation by systemic injections of bilirubin with HSA.
Excessive light stimulation increases levels of all-trans
retinal which is highly reactive and readily generates ROS.
Light damage can be reduced by directly targeting all-trans
retinal (Maeda et al. 2009) or by providing antioxidants that

scavenge the ROS that are generated (Li et al. 1985; Tanito
et al. 2002). Bilirubin acts to reduce the number of
superoxide radicals in light-exposed retinas. Injections of 5
or 50 mg/kg of bilirubin every 3 days significantly reduced
cone cell death in the rd10+/+ model of RP as has been seen
with other antioxidants (Komeima et al. 2006, 2007). Doses
of bilirubin higher than 50 mg/kg caused hair loss and could
not be continued, but did not cause evidence of retinal
damage. Thus, increased serum levels of bilirubin protect
rods and cones from oxidative damage.

(a)

(b)

Fig. 3 Bilirubin and TUDCA slowed the decline of photoreceptor

function in rd10+/+ mice. Rd10+/+ mice were given subcutaneous

injections of bilirubin (5 mg/kg) or its HSA vehicle, TUDCA (500 mg/

kg) or its NaHCO3 vehicle, or no injection every 3 days starting at

postnatal day (P) 6. Scotopic and photopic electroretinograms (ERGs)

were performed at P30 and P50. The bars show mean (± SEM) ERG

amplitudes. (a) At P30, scotopic a-wave amplitudes were significantly

higher for bilirubin (n = 10) compared to its vehicle (n = 8) at the three

highest stimulus intensities and TUDCA (n = 6) was significantly

higher at the two highest stimulus intensities compared to its vehicle

(n = 6). Scotopic b-wave amplitudes show a significant difference for

bilirubin compared to its vehicle at the five highest stimulus intensities

and TUDCA compared to its vehicle at two of the highest stimulus

intensities. Photopic b-wave amplitudes at P30 show a significant

difference for bilirubin compared to its vehicle at the two highest

stimulus intensities and TUDCA compared to its vehicle at the highest

stimulus intensity. There was no statistically significant difference

between the bilirubin-treated mice and the TUDCA-treated mice at any

stimulus intensity. There was no significant difference between any of

the three control groups (HSA, NaHCO3, and no injection) at any

stimulus intensity. *p < 0.05 by unpaired Student’s t-test for difference

between treated mice and their respective vehicle-treated control

group. (b) Photopic b-wave ERGs with low background light (10 cdÆs/

m2) at P50 show a significant difference for rd10+/+ mice injected with

either bilirubin (n = 8), or TUDCA (n = 6), compared to rd10+/+ control

mice (n = 4) that received no injection. Representative wave forms are

shown (inset) for the non-injected, bilirubin-treated, and TUDCA-

treated rd10+/+ mice. There was no significant difference between the

HSA or NaHCO3 vehicle-treated rd10+/+ mice compared to the

rd10+/+ mice that received no injection. *p < 0.05 for difference from

untreated control by ANOVA with Bonferroni correction for multiple

comparisons.
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Tauroursodeoxycholic acid is another constituent of bile
that has previously been shown to provide benefit from
excessive light exposure in models of RP (Boatright et al.
2006; Phillips et al. 2008). We have confirmed those findings
and have demonstrated that TUDCA acts by reducing
oxidative stress. Although high doses of TUDCA are
required, the effects are similar to those seen with bilirubin.
For both bilirubin and TUDCA, the predominant effect in
rd10+/+ mice is to preserve cone cell function and structure;
the effect on rod survival is modest and transient. This is
consistent with effects of other antioxidants (Komeima et al.
2007; Usui et al. 2009a) and suggests that other mechanisms
in addition to oxidative stress play a major role in rod cell
death in rd10 mice, but it is a major factor leading to the
demise of cones.

The antioxidant-induced reduction of cone cell death in
models of RP suggests that an optimized antioxidant
formulation could provide benefit in patients with RP and a
clinical trial should be considered. However, design of such a
trial is difficult because of variable rates of progression
among RP patients, even those with the same mutation,
presumably because of differences in genetic background

and environmental exposures. Considering the variability and
the relatively slow rate of progression in most patients, a very
large study with a 2- or 3-year endpoint would be required to
have a chance of identifying a treatment benefit. However,
our findings suggest an alternative strategy to test the
hypothesis that cones die from oxidative damage in patients
with RP before embarking on an expensive and long
interventional trial. Approximately 3–17% of the population
(depending upon ethnicity) have Gilbert’s syndrome in which
there is modest elevation of serum bilirubin because of a
mutation in the promoter region of uridine diphosphate
glucuronosyltransferase the gene product of which is
involved in conjugation of bilirubin facilitating its excretion
from the body (Fertrin et al. 2002). Bilirubin in serum is
non-covalently bound to HSA which functions as its
physiologic carrier, analogous to our experimental paradigm
in which HSA was given in combination with albumin.
Patients with Gilbert’s syndrome show protection against
diseases in which oxidative stress is involved (Vitek et al.
2002; Novotny and Vitek 2003; Bulmer et al. 2008;
Schwertner and Vitek 2008). As it is a relatively common
condition, it may be possible to determine if patients with RP

(a)

(b)

(c)

Fig. 4 Bilirubin and TUDCA slow rod and

cone cell death in rd10+/+ mice. Rd10+/+

mice were given subcutaneous injections of

5 or 50 mg/kg of bilirubin in vehicle con-

taining human serum albumin (HSA) as a

carrier or HSA alone or 500 mg/kg TUDCA

or its vehicle (NaHCO3) every 3 days

starting at postnatal day (P) 6. (a) At P30,

outer nuclear layer (ONL) thickness was

measured at 6 locations in each as de-

scribed in the legend to Fig. 2 and Methods.

Compared to their corresponding vehicle

controls (HSA or NaHCO3), the mean

(± SEM) ONL thickness was significantly

greater in three of six locations in bilirubin-

treated mice and in four of six locations in

TUDCA-treated mice. At P50, cone density

was measured on peanut agglutinin-stained

retinal flat mounts as described in Methods.

(b and c) Compared to untreated mice,

those treated with TUDCA or either of the

two doses of bilirubin showed significantly

greater mean (± SEM) cone density in each

of the four quadrants of the retina.

*p < 0.05; **p < 0.01 for difference from

untreated control by ANOVA with Bonferroni

correction for multiple comparisons.
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and Gilbert’s syndrome have slower disease progression than
a cohort of RP patients that are similar but have normal
serum bilirubin levels. If there is an inverse correlation
between serum bilirubin levels and progression of disease in
patients with RP, this would increase motivation for an
interventional trial, and provide an important baseline feature
that should be stratified. The implications regarding the
findings with TUDCA are also important. It is inexpensive,
well tolerated, and may have a similar safety profile as the
United States Food and Drug Administration approved non-
taurine-conjugated analog UDCA. Therefore, TUDCA is a
good candidate for inclusion in an antioxidant test regimen.
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