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Abstract

Bilirubin, a by-product of heme degradation, has an important role in cellular protection.
Therefore, we speculated that bilirubin could be of potential therapeutic value in
wound healing. To validate the hypothesis, we used a full-thickness cutaneous wound
model in rats. Bilirubin (30 mg/kg) was administered intraperitoneally every day for
9 days. The surface area of the wound was measured on days 0, 2, 4, 7 and 10
after the creation of the wound. The granulation tissue was collected on day 10
post-wounding for analysing various parameters of wound healing. Bilirubin treatment
accelerated wound contraction and increased hydroxyproline and glucosamine contents.
mRNA expression of pro-inflammatory factors such as intercellular cell adhesion
molecule-1 (ICAM-1) and tumour necrosis factor-α (TNF-α) were down-regulated
and that of anti-inflammatory cytokine interleukin-10 (IL-10) was up-regulated. The
findings suggest that bilirubin could be a new agent for enhancing cutaneous wound
healing.

Introduction

Recently, there has been an upsurge in the research on stress
proteins expressed in response to stress and oxidant insult.
Heme oxygenase-1 (HO-1) is one of the stress proteins induced
by a multitude of stress factors including wounds. It is a
rate-limiting enzyme in the catabolism of heme, a process
that leads to the formation of equimolar amounts of effec-
tors such as biliverdin, carbon monoxide (CO) and free iron
(Fe2+) (1). Biliverdin formed in this reaction is rapidly con-
verted by biliverdin reductase to bilirubin (2,3). Recently, we
have shown that hemin, an HO-1 stimulant (4), and CO liber-
ated from carbon monoxide-releasing molecule (CO-RM) (5)
enhanced cutaneous wound healing in excision wound model
in rats.

The biological actions of bilirubin might be especially
relevant to the prevention of oxidant-mediated cell death (6,7).
Bilirubin at a low concentration scavenges reactive oxygen
species (ROS) in vitro, thereby reducing oxidant-mediated
cellular damage and attenuating oxidant stress in vivo
(8). The roles of biliverdin and bilirubin in counteract-
ing oxidative and nitrosative stress have been reviewed
extensively (9,10). Several recent articles have reported the

Key Messages

• bilirubin provides cellular protection; so, it could be of
use in wound healing

• bilirubin was intraperitoneally administered for 9 days in
wounded rats

• bilirubin treatment accelerated wound contraction, and
increased hydroxyproline and glucosamine contents

• mRNA expression of pro-inflammatory factors such as
intercellular cell adhesion molecule-1 (ICAM-1) and
tumour necrosis factor- α (TNF-α) were down-regulated
and that of anti-inflammatory cytokine interleukin-10
(IL-10) was up-regulated

• in conclusion, the results of this study provide evidence
for the pro-healing effect of bilirubin

anti-oxidant, anti-inflammatory and cytoprotective activities of
biliverdin and bilirubin (11–14). It is interesting to note that
in rats with cirrhosis of liver, wound healing was hampered
with the associated reduction in the level of hydroxyproline
and decrease in expression of vascular endothelial growth factor
(VEGF) (15).
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In view of the high levels of ROS, enhanced inflammatory
state and onslaught of apoptosis during the early phase of
cutaneous wound healing and the role of biliverdin/bilirubin,
summarised earlier, in protection against ROS, inflammation
and apoptosis, this study was proposed with the objective
of investigating the effects of intraperitoneally administered
bilirubin in cutaneous wound healing in rats.

Materials and methods

Animals, drug and solutions used

Healthy adult male Wistar rats (140–160 g) were procured from
the Laboratory Animal Resource Section, Indian Veterinary
Research Institute, Izatnagar (Uttar Pradesh), India. The ani-
mals were housed in polypropylene cages with free access to
standard feed and water in the Divisional animal house. The
experimental protocols involved in this study were approved
by the Institute Animal Ethics Committee, Indian Veterinary
Research Institute, Izatnagar, and conform to the guidelines
for the Care and Use of Laboratory Animals published by the
US National Institute of Health (NIH Publication No. 85-23,
revised 1996). Bilirubin (Sigma Chemicals, St. Louis, MO) was
solubilised in 0⋅1 M NaOH and pH was adjusted to 8⋅0 with
0⋅1 M HCl.

Wound model

The animals were anaesthetised with an intraperitoneal
(i.p.) injection of pentobarbitone sodium (50 mg/kg). A
2× 2 cm2 (∼400 mm2) open excision-type wound was cre-
ated to the depth of loose subcutaneous tissue. The animals,
after recovery from anaesthesia, were housed individually in
properly disinfected cages and divided into the following two
groups:

• Group I (six vehicle-treated rats): normal saline was
administered intraperitoneally once every day for
9 days.

• Group II (six bilirubin-treated rats): bilirubin was admin-
istered at a dose of 30 mg/kg (16) body weight intraperi-
toneally once every day for 9 days.

Photography of wound contraction on different days

Photographs of the wound area in both groups of rats were
captured on days 0, 2, 4, 7 and 10.

Wound contraction measurements

The surface area of the wound was measured by tracing its
contours using a transparent paper on days 0, 2, 4, 7 and 10
after the creation of the wound. The area (mm2) within the
boundaries of each tracing was determined planimetrically.
The percentage wound contraction was derived by using the
following mathematical expression:

Percentage wound contraction

=
0-day wound area – unhealed wound area

0-day wound area
× 100

Biochemical and other parameters

Granulation tissue removed on day 10 after the creation of the
wound, was used to analyse the biochemical parameters of heal-
ing, namely, hydroxyproline (17) and glucosamine (18), mRNA
expression and cytokine levels. The total RNA was extracted
using the QIAGEN RNeasy Mini-extraction kit (QIAGEN Ltd.,
Valencia, CA) as per the manufacturer’s instructions. cDNA
synthesis was carried out by using moloney murine leukaemia
virus reverse transcriptase (M-MLV RT). Gene expression
was determined using the real-time polymerase chain reac-
tion (PCR) technique. β-actin was used as house-keeping gene.
The published primer sequences specific for rat interleukin-10
(IL-10), tumour necrosis factor-α (TNF-α), intercellular cell
adhesion molecule-1 (ICAM-1) and β-actin were employed
(Table 1).

Real-time PCR reactions were conducted on a Stratagene
Q-Cycler and analysed using Mx3000P software, with SYBR
Green as the reference dye. To ascertain the specificity of the
amplified product, dissociation curves were generated at tem-
peratures of 55–95∘C. The results were expressed in terms of
threshold cycle (CT) values. To estimate the relative change
in gene expression, the 2−ΔΔCT method was used (19). This
method enabled us to estimate the fold change in gene expres-
sion as ‘fold change= 2−ΔΔCT where ΔΔCT = (CT of target
gene−CT of β-actin) treatment− (CT of target gene−CT of
β-actin) control.

ELISA assay for IL-10 and TNF-𝛂

The supernatant protein lysate of granulation tissue was col-
lected for enzyme-linked immunosorbent assay (ELISA) assay
of IL-10 and TNF-α, which was conducted as per the manu-
facturer’s instructions (eBioscience Inc., San Diego, CA, Cata-
logue Nos. 88-7340-22-TNF-α and 88-7104-22-IL-10).

Statistical analysis

Results are expressed as mean± standard error of mean (SEM)
with n equal to number of replicates. The statistical signif-
icance of the difference between the experimental and con-
trol values was analysed by applying the unpaired t-test using
the GraphPad Prism v4⋅03 software program (San Diego,
CA). A value of P< 0⋅05 was considered to be statistically
significant.

Results

Bilirubin treatment did not produce any observable untoward
effect in rats.

Effect of bilirubin on wound contraction in rats

(% values)

The representative photographs of the wound area of control
and bilirubin-treated rats on days 0, 2, 4, 7 and 10 are presented
in Figure 1. It is evident from the photographs and percent-
age wound contraction data in Table 2 that percentage con-
traction of wounds in bilirubin-treated rats was significantly
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Table 1 Primers used

Serial Number Gene primer Sequences Annealing temperature (∘C)

1 β-actin F 5′-AGTGTGACGTTGACATCCGT-3′ R 5′-GACTCATCGTACTCCTGCTT-3′ 52
2 ICAM-1 F 5′-AGGTATCCATCCATCCCACA-3′ R 5′-GCCACAGTTCTCAAAGCACA-3′ 50
3 TNF-α F 5′-ATGAGCACAGAAAGCATGATCC-3′ R 5′-GAAGATGATCTGAGTGTG-3′ 50
4 IL-10 F 5′-CCTGCTCTTACTGGCTGGAC-3′ R 5′-TGTCCAGCTGGTCCTTCTTT-3 52

ICAM-1, intercellular cell adhesion molecule-1; IL-10, interleukin-10; TNF-α, tumour necrosis factor-α.

Figure 1 Representative photographs showing wound clo-
sure of control, and bilirubin-treated [30 mg/kg, intraperi-
toneally (i.p.) once daily for 9 days] rats on days 0, 2, 4, 7
and 10.

greater (P< 0⋅01 on day 4 and P< 0⋅001 on days 7 and 10)
as compared with that in vehicle-treated rats, on respective
days.

Effects of bilirubin on hydroxyproline and glucosamine

contents of the granulation tissue of excision wounds

in rats

The effects of bilirubin treatment on the hydroxyproline and
glucosamine contents in the granulation tissue of excision
wounds in rats are summarised in Table 3. Bilirubin treatment
resulted in a marked (P< 0⋅01) increase in hydroxyproline con-
tent, as compared with the control group of rats. Glucosamine
content of the granulation tissue of excision wounds in response
to bilirubin treatment was also significantly (P< 0⋅01) higher
than that in vehicle-treated rats.

Effects of bilirubin on the relative expression of ICAM-1,

TNF-𝛂 and IL-10 mRNA in the granulation tissue

of excision wounds in rats

The relative expression of ICAM-1, TNF-α and IL-10 mRNA
in response to bilirubin treatment, as compared with the control
group has been presented in Figure 2. Evidently, bilirubin

treatment decreased the ICAM-1 expression significantly
(P< 0⋅01), as compared with the control group. Similarly,
bilirubin treatment reduced the relative expression of TNF-α
mRNA significantly (P< 0⋅01) compared with the control
group. Contrary to this, the relative expression of IL-10 mRNA
expression in granulation tissue was more pronounced in the
bilirubin-treated group (2⋅147± 0⋅35-fold change over the
control group).

Effects of bilirubin on the TNF-𝛂 and IL-10 cytokine

levels in the granulation tissue of excision wounds

in rats

The levels of TNF-α and IL-10 cytokines in the granulation
tissue assayed by a standard protocol of ELISA are presented
in the Table 3. There was significant (P< 0⋅01) reduction in
the level of TNF-α in the granulation tissue of bilirubin-treated
rats (64⋅66± 3⋅28 pg/mg of protein), as compared with the
control group (145⋅14± 2⋅25 pg/mg of protein). Conversely,
there was a significant (P< 0⋅01) increase in the of IL-10
cytokine level in the granulation tissue of the bilirubin-treated
group (1485⋅28± 57⋅26 pg/mg of protein) in comparison with
the control group (872⋅04± 35⋅86 pg/mg of protein).

Table 2 Effect of bilirubin (30 mg/kg, i.p. once every day for 9 days) on wound contraction in rats (% values)*

Percentage wound contraction on different days

Treatment 2 4 7 10

Control 5⋅45±1⋅21 10⋅25±1⋅58 43⋅11±4⋅28 75⋅73±1⋅88
Bilirubin 11⋅98±0⋅66 20⋅395±0⋅89** 59⋅75±1⋅42*** 86⋅17±1⋅22***

i.p., intraperitoneal.
*n=6. **P < 0⋅01, ***P <0⋅001, as compared with control respective days.
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Table 3 Effect of bilirubin (30 mg/kg, i.p. once daily for 9 days) on the hydroxyproline and glucosamine contents and IL-10 and TNF-α cytokines’ protein
in the granulation tissue of excision wounds in rats on day 10 post-wounding*

Treatment Hydroxyproline mg/g tissue Glucosamine mg/g tissue IL-10 cytokine pg/mg of protein TNF-α cytokine pg/mg of protein

Control 9⋅75±0⋅56 4⋅78±0⋅45 872⋅04±35⋅86 145⋅14±2⋅25
Bilirubin 17⋅10±0⋅86** 7⋅73±0⋅39** 1485⋅28±57⋅26** 64⋅66±3⋅28**

IL-10, interleukin-10; i.p., intraperitoneal; TNF-α, tumour necrosis factor-α.
*n=5. **P <0⋅01, as compared with control.

Figure 2 Effect of bilirubin [30 mg/kg, intraperitoneally (i.p.) once daily
for 9 days] on interleukin-10 (IL-10), tumour necrosis factor-α (TNF-α) and
intercellular cell adhesion molecule-1 (ICAM-1) mRNA expression in the
granulation tissue excised on day 10 after wound creation. Values are
depicted as mean± standard error of mean (SEM), n=6. **P <0⋅01, as
compared with control.

Discussion

The process of wound repairs involves a critical balance
between stimulatory and inhibitory mediators, which is vital
for cellular proliferation, extracellular matrix deposition and
remodelling to achieve early and quick healing following injury.
In this study, there was a significantly rapid closure of the
wound in bilirubin-treated rats, with a marked increase in glu-
cosamine and hydroxyproline contents. In addition, there was
a marked decrease in the expression of ICAM-1 and TNF-α
mRNA and an increase in IL-10 mRNA, with a concomitant
decrease in TNF-α and increase in IL-10 levels.

In wound contraction, there is centripetal movement of the
edges of a full-thickness wound to facilitate closure of the
defect (20). The transformation of fibroblasts to the myofi-
broblast phenotype has been reported to be essential for the
contraction of wounds (21,22). Owing to the cellular protec-
tion conferred by HO-1 and its by-product such as bilirubin
against oxidant insult and apoptosis, it is likely that there could
be an increase in the proliferation of fibroblasts with biliru-
bin treatment. In this study, increased proliferation of fibrob-
lasts might have caused an increase in myofibroblasts, which
would be responsible for improving wound contraction in the
bilirubin-treated rats .

Inflammation is an acute response following injury, which
causes a coordinated influx of neutrophils to the wound
area. Through their characteristic ‘respiratory burst’ activity,
neutrophils produce free radicals (23). Expression of adhe-
sion molecules such as ICAM-1 and vascular-cell adhesion
molecule (V-CAM) is increased by >100-fold within hours
of tissue damage to facilitate the migration of leucocytes to
the site (24). The healing process has been reported to inhibit
expression of pro-inflammatory cytokines and to stimulate
anti-inflammatory cytokines (1). We analysed the expression
of mRNA of pro-inflammatory cytokines TNF-α and adhesion
molecule, ICAM-1 and anti-inflammatory cytokine, IL-10 to
determine the effects of bilirubin on the inflammatory process.
In this study, the bilirubin-treated group showed markedly low
levels of expression of mRNA of pro-inflammatory (ICAM-1
and TNF-α) and high levels of anti-inflammatory (IL-10)
cytokine, as compared with the control group, thus indicating a
pro-healing effect of bilirubin. The levels of anti-inflammatory
cytokine, IL-10 and pro-inflammatory cytokine, TNF-α
assessed by ELISA substantiated a pro-healing trend in
response to bilirubin. Furthermore, the anti-inflammatory
role of bilirubin has been supported by the reduction in NO
production in bilirubin-treated rats (16). Recently, bilirubin
has been shown to possess antioxidant and anti-inflammatory
properties (14). In vivo bilirubin acts as a strong antioxidant
and can protect cells from a 10 000-fold increase in oxidative
stress generated by hydrogen peroxide and in the process is
oxidised to biliverdin, which is recycled back to bilirubin
by biliverdin reductase (25). It has also been reported as a
powerful immunomodulator and suppressant of experimental
autoimmune encephalomyelitis (26).

The proliferating dermal fibroblasts deposit large amounts
of extracellular matrix (ground substance) containing collagen,
fibronectin and proteoglycans (27). Healing depends largely on
the regulated biosynthesis and deposition of new collagen and
their subsequent maturation (28). Hydroxyproline constitutes
a major portion of the collagen protein while glucosamine is
an essential moiety of proteoglycans. In one study in rats with
cirrhosis of liver, wound healing was hampered with a concomi-
tant reduction in the level of hydroxyproline and expression of
VEGF (15). The observed enhanced levels of hydroxyproline
and glucosamine in granulation tissue in the bilirubin-treated
rats in our study could be attributed to a better proliferation of
fibroblasts and deposition of extracellular matrix.

Nevertheless, there are reports that support the role of
biliverdin/bilirubin in wound healing; for example, treatment
with biliverdin/bilirubin has been reported to hasten corneal
wound injury in HO-2 null mice (11,12,24). Biliverdin treat-
ment per se has been found to improve the survivability of
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rat cardiac allografts by reducing leucocyte infiltration and
inhibiting T-cell proliferation (29). Moreover, HO-1-derived
bilirubin has a cytoprotective role in the cardiovascular
system (30).

In conclusion, the results of this study suggest that biliru-
bin possesses significant pro-healing potential in cutaneous
wounds, as is evidenced by an early and quick wound closure, a
pro-healing modulation of pro-inflammatory/anti-inflammatory
cytokines and adhesion molecule and an improvement in
the quantity of extracellular matrix in the granulation tis-
sue. Further studies on the time-dependent effects of biliru-
bin on various growth factors, cytokines, cells and matrix, and
immunohistochemical and histological evaluation of the granu-
lation/healing tissue are needed to mechanistically explore the
wound healing potential of bilirubin.
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