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by curcumin in the excision
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ABSTRACT
Fractionated irradiation (IR) before or after surgery of malignant tumours causes a high frequency of wound healing
complications. Our aim was to investigate the effect of curcumin (CUM) on the healing of deep excision wound
of mice exposed to fractionated IR by mimicking clinical conditions. A full-thickness dermal excision wound was
created on the shaved dorsum of mice that were orally administered or not with 100 mg of CUM per kilogram
body weight before partial body exposure to 10, 20 or 40 Gy given as 2 Gy/day for 5, 10 or 20 days. The wound
contraction was determined periodically by capturing video images of the wound from day 1 until complete healing
of wounds. Fractionated IR caused a dose-dependent delay in the wound contraction and prolonged wound healing
time, whereas CUM administration before fractionated IR caused a significant elevation in the wound contraction
and reduced mean wound healing time. Fractionated IR reduced the synthesis of collagen, deoxyribonucleic acid
(DNA) and nitric oxide (NO) at different post-IR times and treatment of mice with CUM before IR elevated the
synthesis of collagen, DNA and NO significantly. Histological examination showed a reduction in the collagen
deposition, fibroblast and vascular densities after fractionated IR, whereas CUM pre-treatment inhibited this decline
significantly. Our study shows that CUM pre-treatment accelerated healing of irradiated wound and could be a
substantial therapeutic strategy in the management of irradiated wounds.
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INTRODUCTION
Ionising radiations cause multiple negative
effects on healing of irradiated wounds lead-
ing to high incidence of complications in
patients receiving radiotherapy before or after
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surgery (1–3). The skin irradiation (IR) inhibitsKey Points

• the skin irradiation (IR) inhibits
inflammatory reactions, connec-
tive tissue proliferation, forma-
tion and maturation of gran-
ulation tissue, transcription of
collagen mRNAs, secretion of
collagen and neovascularisation
that are fundamental to wound
healing

• several endeavours have been
made to delineate the new
potential therapeutic options to
augment healing in this setting

inflammatory reactions, connective tissue pro-
liferation, formation and maturation of granu-
lation tissue, transcription of collagen mRNAs,
secretion of collagen and neovascularisation
that are fundamental to wound healing (4,5).
IR reduces replicative capacity of fibroblasts
leading to retardation in the formation of
collagen, delayed appearance of mature col-
lagen and reduction in the tensile strength
of the newly regenerated skin wound (6–10).
Several endeavours have been made to delin-
eate the new potential therapeutic options to
augment healing in this setting. Hydrogel and
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hydrocolloid gel dressings have been reported Key Points

• several growth factors and
antimicrobial agents have been
explored in animal models as
potential options to improve
wound healing in radiation-
damaged skin

• the use of dietary ingredients
in the reconstruction of irradi-
ated wounds is an attractive
proposition, because they are in
daily use, have wide acceptabil-
ity, better tolerance, do not have
reported side effects, economic
and can be safely manipulated
for human use

• CUM (curcumin) treatment has
been reported to accelerate
healing of excision wounds in
mice exposed to different doses
of γ radiation

• however, its effect after frac-
tionated IR has not been evalu-
ated

• this study was designed to study
the effect of CUM on the healing
of deep dermal excision wounds
in mice partially exposed to
different doses of fractionated
γ radiation delivered as 2
Gy/fraction

to abate wound discomfort and delayed wound
healing after IR (11). Phenytoin sodium has
been reported to accelerate fibroblast prolif-
eration and synthesis of collagen in irradiated
wounds (12). Supplemental vitamin A has been
found to prevent radiation-induced defects in
wound healing by enhancing the early inflam-
matory reaction during wound healing and
by increasing the recruitment of monocytes
and macrophages at the wound site (13). Our
earlier reports have shown that ascorbic acid
pre-treatment enhanced the healing of wounds
after IR in mice (8–10,14). Certain radioprotec-
tive compounds such as mercaptoethylamine,
serotonin and WR2721 have also been reported
to be useful in combined injuries (15). Sev-
eral growth factors and antimicrobial agents
have been explored in animal models as poten-
tial options to improve wound healing in
radiation-damaged skin (16–18).

Many potential therapies and prophylaxes
have been used for the management of irra-
diated wounds. However, little attention has
been paid to delineate regenerative response
of herbal products/dietary ingredients in the
irradiated wound, which emphasises a need for
continued research in the area of medical man-
agement of radiation casualties. The wounds
and subsequent wound healing abnormalities
cause a great physical and psychological dis-
comfort and trauma to affected patients. Their
treatment is extremely expensive and also leave
scars after complete healing of wounds. There-
fore, newer paradigms are required, which are
non toxic, economic and not only useful for
wound healing but also can augment gen-
eral immunity during radiotherapy. The use
of dietary ingredients in the reconstruction of
irradiated wounds is an attractive proposition,
because they are in daily use, have wide accept-
ability, better tolerance, do not have reported
side effects, economic and can be safely manip-
ulated for human use (19).

Curcumin (CUM) or diferuloylmethane
[1,7-bis (4-hydroxy-3-methoxy-phenyl) hepta-
1,6-diene-3,5-dione] (Figure 1) is one of the
most active principles derived from the
turmeric rhizome (family: Zingiberaceae),
which imparts a characteristic yellow colour
to curry powder, the turmeric (20). CUM
is widely used as a dietary pigment, and
as an Indian folk medicine for the treat-
ment of various illnesses including cough,
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O O
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Figure 1. Chemical structure of curcumin (CUM).

common cold and sore throat. Traditionally,
turmeric has been used to treat rheumatism,
body pain, skin diseases, intestinal worms,
diarrhoea, intermittent, fevers, hepatic disor-
ders, biliousness, urinary discharges, dyspep-
sia, inflammations, constipation, leucoderma,
amenorrhoea and colic. Turmeric has been
used as an emmenagogue, diuretic, carmina-
tive and applied externally against bruises,
pains, sprains, boils, swellings and skin dis-
eases (21,22). In China, it is used to treat angina
pectoris, stomachache, postpartum abdominal
pain and gallstones (23). This traditional Indian
medicine uses turmeric to treat biliary disor-
ders, anorexia, cough, diabetic wounds, hepatic
disorders, rheumatism and sinusitis. This non
nutritive phytochemical is pharmacologically
safe, considering that it has been consumed as
a dietary spice, at doses up to 100 mg/day, for
centuries (24). The recent reports indicate that
humans can tolerate a dose as high as 12 g/day
of CUM without toxic side effects (25), which
reaffirm its non toxic nature.

The oral and topical administration of CUM
has been reported to be effective in wound
repair of normal and diabetic wounds (20,26).
CUM has been reported to inhibit hydrogen
peroxide-induced oxidative damage in human
keratinocytes and fibroblasts (27). It has also
been reported to possess potent antiinflam-
matory, antioxidant, immunomodulatory and
anticancer activities (21). Recently, CUM treat-
ment has been reported to accelerate healing of
excision wounds in mice exposed to different
doses of γ radiation (28–30). However, its effect
after fractionated IR has not been evaluated.
Fractionated IR before or after surgery retards
the regenerative responses and impede heal-
ing of surgical wounds indicating a need for
the pharmacological agents that can counteract
the multiple negative effects of radiotherapy
on the wound-healing process. This implies
that studies need to be designed in suitable
preclinical models, which mimic the clinical
conditions. Therefore, this study was designed
to study the effect of CUM on the healing of
deep dermal excision wounds in mice partially
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exposed to different doses of fractionated γ

radiation delivered as 2 Gy/fraction.

MATERIALS AND METHODS
The animal care and handling were car-
ried out according to the guidelines issued
by the World Health Organization (Geneva,
Switzerland) and the Indian National Science
Academy (New Delhi, India). Eight- to ten-
week-old Swiss albino mice of both sexes (1:1
ratio) weighing 30–36 g were selected from
an inbred colony maintained under the con-
trolled conditions of temperature (23 ± 2◦C),
humidity (50 ± 5%) and light (14 and 10 hours
of light and dark, respectively). The animals
had free access to sterile food and water. The
food consisted of 50% cracked wheat, 40% Ben-
gal gram, 4% milk powder, 4% yeast powder,
0·75% sesame oil, 0·25% cod liver oil and 1%
salt. Four animals were housed in a sterile
polypropylene cage containing sterile paddy
husk (procured locally) as bedding throughout
the experiment. This study was approved by
the institutional animal ethical committee of
Kasturba Medical College, Manipal.

Chemicals
CUM (catalogue no: C1386), hydroxyproline
(catalogue no: H5534), chloramine-T (catalogue
no: C9887), deoxyribonucleic acid (DNA; cata-
logue no: D4522), diphenylamine (catalogue
no: D2385), N-(1-naphthyl)ethylenediamine
dihydrochloride (NEDD, catalogue no: N5889)
and sulphanilamide (catalogue no: S9251) were
procured from Sigma Chemical Co. (St Louis,
MO), whereas trichloroacetic acid (TCA, cat-
alogue no: 15213-5000) and ρ-dimethylamin
obenzaldehyde (catalogue no: 42363-0250)
were requisitioned from Across Organics
(Geel, Belgium). Ethanol (catalogue no: SIN
1170) was purchased from Hayman Ltd
(Witham, Essex, UK) and sterillium disinfec-
tant solution was procured from Bode Chemie
(Hamburg, Germany). Perchloric acid, diethyl
ether, formalin, sodium hydroxide, sodium
nitrite, phosphoric acid, hydrochloric acid and
sodium chloride were purchased from Ran-
baxy Fine Chemical (New Delhi, India).

Preparation of drug and mode
of administration
Because CUM is insoluble in water, its
required amount was suspended in 0·5%

carboxymethylcellulose (CMC) immediately
before use. The animals were administered
with 0·01 ml of CMC per kilogram body weight
or 100 mg of CUM per kilogram body weight
orally through an oral gavage.

Experimental protocol
The wound-healing potential of CUM was
studied by dividing the animals into the
following groups.

Carboxymethylcellulose + irradiation

The animals of this group received 0·01 ml 0·5%
CMC per kilogram body weight daily, consecu-
tively for 5, 10 and 20 days, respectively, before
exposure to 0, 10, 20 or 40 Gy of γ radiation (8).

Curcumin + irradiation

This group of animals was administered with
a single dose of 100 mg of CUM per kilogram
body weight once daily, consecutively for 5, 10
and 20 days, respectively, before exposure to 0,
10, 20 or 40 Gy of γ radiation (8).

A gap of 2 days was allowed for 20 and 40 Gy
IR before 6th or 12th administration of CMC or
CUM as the case may be.

Irradiation

One hour after each administration of CMC or
CUM, each animal was placed into a specially
designed well-ventilated acrylic restrainer and
the lower half of the animals (below the rib
cage) was exposed to 0 [sham irradiation (SIR)]
or 2 Gy once daily, delivered at a dose rate
of 1·35 Gy/min (10) from a 60Co Teletherapy
source (Theratron, Atomic Energy Agency,
Ottawa, ON, Canada). Treatments were given
once daily for 5, 10 or 20 days to a total dose of
10 Gy (a total of 5 fractions of 2 Gy each), 20 Gy
(a total of 10 fractions of 2 Gy each) or 40 Gy (a
total of 20 fractions of 2 Gy each), respectively.
A gap of two days was allowed between the
delivery of fifth and sixth fractions of radiation
for mice receiving a total dose of 20 and 40 Gy.

Production of full-thickness skin wound
The fur of the dorsum of each animal was
removed with a cordless electric mouse clip-
per (Wahl Clipper Corporation, Sterling, IL)
before exposure to last fraction of γ radiation
and a full-thickness skin wound was created on
the dorsum (below the rib cage) as described
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earlier within 1 hour after IR (8–10). Briefly, the
animals were anaesthetised using diethyl ether

Key Points

• Separate experiments were per-
formed to study wound con-
traction and mean wound heal-
ing time where animals were
treated with 100 mg/kg body
weight CUM before partial body
exposure to 2 Gy/day for 5,
10 or 20 days and monitored
daily until complete healing of
wounds.

• In another set of experiments
biochemical profiles were stud-
ied in animals treated with CUM
before fractionated irradiation
to 0, 10, 20 or 40 Gy at various
post-IR days.

and the entire body was thoroughly cleaned
and decontaminated by wiping with steril-
lium (Bode Chemie) disinfectant solution. The
cleared dorsal surface of skin was marked with
a sterile circular (15-mm diameter) stainless
steel stencil. A full-thickness wound was cre-
ated by excising the full-thickness skin flap
in an aseptic environment using sterile scis-
sors and forceps. Each wounded animal was
housed in a separate sterile polypropylene cage
until the termination of experiments.

Wound contraction
Wound contraction was monitored by captur-
ing the video images of each full-thickness
wound with a charge-coupled device cam-
era connected to a computer (28–30). The first
image of each wound from different groups
was obtained on day 1 post-wounding, and
that day was considered as day 1. The subse-
quent images were captured on days 3, 6, 9, 12
and 15 post-wounding. The wound area was
calculated using Auto CAD R14 (Autodesk Inc,
San Rafael, CA) software. Ten animals were
used in each concurrent group for each radia-
tion dose, except 40 Gy, where a minimum of
14 animals was used to account for radiation-
related mortality, if any. A total number of 88
mice were used for this experiment.

Mean wound healing time
A separate experiment was performed to deter-
mine the mean wound healing time in mice
receiving CUM or not before exposure to dif-
ferent doses of fractionated γ radiation, where
grouping and other conditions were essentially
similar to that described above, except that all
the animals in each group were monitored
regularly until complete healing of wounds
and the day by which each wound healed
completely was recorded. Mean of all healed
wounds was calculated and expressed as mean
wound healing time in days. Ten animals were
used in each concurrent group for each radi-
ation dose, except 40 Gy radiation, where a
minimum of 14 animals was used to account for
radiation-related mortality, if any. A total num-
ber of 88 mice were used in this experiment.

Biochemical estimations
A separate set of experiments was carried
out to study the effect of CUM on various

biochemical profiles of irradiated wounds after
exposure to 0, 10, 20 or 40 Gy of fractionated
γ radiation. Grouping of animals and produc-
tion of wounds were essentially similar to that
described in the experimental protocol section.
Granulation tissues were collected from regen-
erating excision wound/s on days 4, 8 or 12
post-IR and stored at – 70◦C until analysis. Six
animals were used for each radiation dose in
each concurrent group at each interval and a
minimum of 144 animals was used for various
estimations listed in the following sections.

Collagen

As an indication of total collagen content,
hydroxyproline concentration was determined
as described earlier (31). The weighed granu-
lation tissues were hydrolysed in 6 N HCl for
3 hours at 130◦C, neutralised to pH 7 with 2·5
N NaOH and diluted with Milli-Q water. The
diluted solution was mixed with chloramine-T
reagent and incubated for 20 minutes at room
temperature. Thereafter, freshly prepared
ρ-dimethylaminobenzaldehyde (Ehrlich’s re-
agent) solution was added and incubated for
15 minutes at 60◦C. The absorbance of each
sample was measured at 550 nm using a double
beam ultraviolet (UV)-visible spectrophotome-
ter (Shimadzu UV-260, Shimadzu Corporation,
Tokyo, Japan). The amount of hydroxyproline
was determined by comparing with the stan-
dard curve. Total collagen from hydroxypro-
line analysis was determined by multiplying
with a factor of 6·94 (32). Collagen content of
granulation tissues has been expressed as mil-
ligram per gram dry tissue weight.

Deoxyribonucleic acid

Estimation of DNA gives an indication of cell
proliferation and was measured by homogenis-
ing the dry granulation tissues in 5% TCA
followed by centrifugation. The pellets were
washed with 10% TCA, resuspended in 5%
TCA and incubated at 90◦C for 15 minutes. The
contents were centrifuged again and the resul-
tant supernatant was used for the estimation of
DNA by the method of Burton (33). The DNA
was hydrolysed with 60% perchloric acid at
80◦C for 20 minutes followed by the addition of
Burton’s diphenylamine reagent and overnight
incubation at room temperature. Thereafter,
95% ethanol was added and absorbance was
read at 600 nm using a double beam UV-visible
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spectrophotometer. The amount of DNA was
determined by comparing with the stan-
dard curve and has been expressed as mil-
ligram/gram dry tissue weight.

Nitric oxide

The stable end products of nitric oxide
(NO) biosynthesis were measured by esti-
mating nitrite levels in the granulation tis-
sue of wounds. The granulation tissues were
homogenised in hypotonic saline and cen-
trifuged. Nitrite concentrations were deter-
mined with Griess reagent (34). Briefly, the
supernatant was mixed with freshly prepared
Griess reagent (0·1% NEDD, 1% sulphanil-
amide and 5% phosphoric acid in a 1:1:1
ratio), incubated at 37◦C for 30 minutes and
the absorbance was recorded at 543 nm using
a double beam UV-visible spectrophotome-
ter. Sodium nitrite was used as standard.
Nitrite levels have been expressed in terms
of μM/100 mg dry tissue weight.

Histological studies
A separate experiment was conducted to eval-
uate the histological alterations during wound
healing after exposure to 0, 10, 20 or 40 Gy
fractionated γ radiation. Grouping of animals
and production of wounds were carried out as
already described above. The cross-sectional
full-thickness skin biopsies from each group
were collected on days 4, 8 and 12 post-IR.
The samples were fixed in 10% buffered for-
malin, passed through different grades of alco-
hol to ensure complete dehydration and were
embedded in paraffin wax. Medial sections
were cut (5 μm) perpendicular to the surface,
starting from the centre of the wound and
stained with haematoxylin and eosin. Tissue
sections were assessed in a blinded fashion
under transmitted light microscope (Photomi-
croscope III; Carl Zeiss, Oberkochen, Germany)
using a planimeter for fibroblast proliferation,
neovascularisation and collagen deposition.
For collagen deposition studies, faintest traces
of staining reaction, hyalinisation and irreg-
ular arrangement of collagen bundles were
considered as +, whereas the most intense
reaction and compactly arranged collagen bun-
dles were considered as +++. Two areas in
each section were counted for neovascularisa-
tion and fibroblast proliferation. The elongated
spindle-shaped cells with purple nuclei and

pink cytoplasm were identified as fibroblasts
and scored. Blood vessels that were conspicu-
ous with haematoxylin and eosin stains were
scored for vascular repopulation studies. Four
animals were used in each concurrent group at
each interval for each radiation dose and a min-
imum of 128 animals was used for histological
investigations.

ANALYSIS OF DATA
Statistical significance between the treatments
was determined using one-way analysis of
variance and Bonferroni’s post hoc test was
applied for multiple comparisons wherever
necessary. The Solo 4 Statistical Package
(BMDP Statistical Software Inc, Los Angeles,
CA) was used for data analysis. All data are
expressed as mean ± standard error of the
mean.

RESULTS
Wound contraction
Progression of healing of excision wounds
can be assessed by periodic computation of
wound contraction. The area of each wound
at a specific time has been expressed as the
percentage of its original size on day 1. The
mean corresponding area of wound for each
group was plotted as a function of days
after wounding. Wound contraction acceler-
ated with time and a steady contraction of
excision wound was observed in both the
CMC + SIR and CUM + SIR (0 Gy) groups
(Figure 2). A maximum wound contraction
was observed during days 6–12 post-IR in
both CMC and CUM + SIR groups. CUM treat-
ment resulted in a significant but a number
of administration-dependent enhancements of
wound contraction at all post-IR times when
compared with CMC + SIR group (Figure 2).
Furthermore, CMC + SIR group showed for-
mation of scab, whereas scab formation was
relatively less in CUM + SIR group.

The exposure of mice to various doses
of fractionated γ radiation resulted in a
dose-dependent delay in wound contraction
(Figure 2D). Exposure of animals to 10 Gy,
delayed the wound contraction at days 6 (P <

0·025) and 9 (P < 0·032) post-IR (Figure 2A)
accompanied by an early formation of scab
in wound when compared with CMC + SIR
group. The wound contraction between
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Figure 2. Effect of curcumin (CUM) treatment on contraction of excision wound in the skin of mice exposed to different doses of
fractionated γ radiation: (A) 10 Gy; (B) 20 Gy; (C) 40 Gy; and (D) dose–response curve.

CMC + IR (20 Gy) and CMC + SIR group was
significantly greater on days 3 (P < 0·01), 6
(P < 0·006), 9 (P < 0·002), 12 (P < 0·006) and
15 (P < 0·013) post-IR (Figure 2B). Exposure of
animals to 40 Gy significantly delayed wound
contraction at all the post-IR days (Figure 2C)
and the scab formation was quite thick when
compared with the CMC + SIR group.

CUM treatment before exposure to 10 Gy
IR resulted in a significant reduction in
the radiation-induced delay in contraction of
wounds at days 3 (P < 0·03), 6 (P < 0·03), 9 (P <

0·04) and 12 (P < 0·05) post-IR (Figure 2A) and
reduced the scab formation as a result scab was
thin when compared with CMC + IR group.
Administration of CUM before 20 Gy caused a
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significant rise in wound contraction on days 3
(P < 0·05), 6 (P < 0·05) and 9 (P < 0·05) post-IR
when compared with the concurrent CMC + IR
group (Figure 2B). A further increase in IR dose
up to 40 Gy after CUM treatment resulted in a
significant elevation in the wound contraction
in CUM + IR group only at days 6 (P < 0·05)
and 9 (P < 0·05) post-IR when compared with
CMC + IR group (Figure 2C).

Mean wound healing time
The excision wounds completely healed
by days 18 ± 0·45 post-IR in CMC + SIR
group, whereas treatment of mice with
CUM for 5, 10 or 20 days before SIR
resulted in a significant and number of CUM
administration-dependent reduction in the
mean wound healing time in the CUM + SIR
group (Figure 3). Exposure of mice to differ-
ent doses of fractionated γ radiation resulted
in a dose-dependent prolongation in the
complete closure of wounds and a mean
wound healing time of 20 ± 0·55, 23 ± 0·7
and 29·4 ± 1·5 days post-IR was recorded for
10, 20 and 40 Gy, respectively, in CMC + IR
group (Figure 3). Treatment of mice with
100 mg/kg of CUM before exposure to various
doses of fractionated γ radiation inhibited the

radiation-induced delay in healing of excision
wounds as a result there was a significant
(P < 0·05) reduction in mean wound healing
time in the animals exposed to 10 and 20 Gy.
A mean wound healing time of 18·6 ± 0·46,
21 ± 0·53 and 28·8 ± 1·03 days was observed
for 10, 20 and 40 Gy, respectively, in CUM + IR
group (Figure 3).

Biochemical estimations
Collagen

Hydroxyproline content is an index of collagen
and is a measure of synthesis of newly formed
collagen. Estimation of hydroxyproline content
showed the greatest synthesis of collagen
in CMC or CUM + SIR groups on day 8
post-IR; thereafter, the status of neocollagen
synthesis remained unaltered in these groups
for 5, 10 and 20 administrations of CMC or
CUM. IR of animals to 10, 20 and 40 Gy
resulted in a significant but dose-dependent
decline in the collagen synthesis at all post-
IR times (Figure 4). The collagen synthesis
decreased significantly on days 4 (P < 0·002), 8
(P < 0·0003) and 12 (P < 0·004) post-IR in the
granulation tissues of wounds produced after
40 Gy in CMC + IR group when compared
with the CMC + SIR group. Despite this
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Figure 3. Effect of curcumin (CUM) treatment on the progression of wound closure with time in mice exposed to various doses of
fractionated γ radiation. P values when CUM groups are compared with carboxymethylcellulose (CMC) groups.
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Figure 4. Effect of curcumin (CUM) treatment on biosynthesis of collagen in the excision wound of mice exposed to various doses
of fractionated γ radiation. P values when CUM groups are compared with carboxymethylcellulose (CMC) groups.

reduction in collagen synthesis, a maximum
synthesis of collagen was observed on day
8 post-IR in the CMC + IR group; thereafter,
collagen synthesis declined and a nadir was
reached on day 12 post-IR. A similar pattern
of collagen synthesis was seen in CUM + IR
group, except that the treatment of mice with
100 mg/kg CUM before exposure to various
doses of fractionated γ radiation caused a
significant rise in the collagen synthesis when
compared with the concurrent CMC + IR
group (Figure 4). Pre-treatment of mice with
CUM before exposure to various doses of
fractionated radiation could not restore the
level of collagen to normal even by day 12
post-IR for 20 and 40 Gy IR in CUM + IR group
(Figure 4).

Deoxyribonucleic acid

The increase in DNA contents of treated
wounds indicates hyperplasia of cells. There
was a rapid rise in DNA content up to day 8
post-IR in both SIR groups (Figure 5). Exposure
of animals to various doses of fractionated
γ radiation significantly reduced the DNA
contents at all post-IR times in CMC + IR
group, whereas CUM treatment before IR

resulted in a significant escalation in the DNA
contents at days 4, 8 and 12 post-IR in CUM +
IR group, except for 40 Gy, where this rise was
significant on 8 days post-IR only (Figure 5).

Nitric oxide
End product of NO synthesis, the nitrite was
elevated at day 4 post-IR in the granulation
tissue and the level of nitrite decreased sub-
stantially in both SIR groups (Figure 6). IR of
animals to various doses of fractionated γ radi-
ation considerably decreased nitrite contents
in the granulation tissue at all post-IR times
(Figure 6), which was significantly (P < 0·05)
less on all post-IR days in CMC + IR group
when compared with the CMC + SIR group.
Treatment of mice with CUM before exposure
to different doses of γ radiation resulted in
a significant rise in the nitrite synthesis at all
post-IR times for 10 and 20 Gy IR, whereas
this rise in nitrite content was significant only
on eight days post-IR for 40 Gy exposure in
CUM + IR group (Figure 6).

Histological studies
Histological evaluation of wound biopsies at
various post-IR times showed that CUM treat-
ment alone did not alter the histology picture of
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Figure 5. Effect of curcumin (CUM) treatment on biosynthesis of deoxyribonucleic acid (DNA) in the excision wound of mice
exposed to various doses of fractionated γ radiation. P values when CUM groups are compared with carboxymethylcellulose (CMC)
groups.

regenerating wound except that it increased the
collagen deposition, fibroblast and vasculature
densities when compared with the SIR non
drug-treated controls (Figures 7–9). Exposure
of mice to different doses of fractionated γ radi-
ation caused degeneration and hyalinisation of
collagen bundles that were more prominent at
20 and 40 Gy IR. Isolated ‘fragments’ of colla-
gen surrounded by empty spaces that did not
bind the stain could be seen at higher radi-
ation doses. Pre-treatment of irradiated mice
with CUM caused an increase and restoration
of collagen bundles. Fractionated IR decreased
the density of fibroblasts (Figure 7) and blood
vessels (Figure 8) in a dose-dependent man-
ner when compared with CMC + SIR group.
Large, unusual and stellate cells or ‘radiation
fibroblast’ were discernible in the dermis at
higher radiation doses, especially at 20 and
40 Gy. Variation in the epidermal thickness
was also evident with increasing radiation
dose. Likewise, irregularly shaped blood ves-
sels were seen after exposure to different doses
of radiation in the CMC + IR group. Treat-
ment of mice with CUM protected against

the radiation-induced damage to fibroblastsKey Points

• introduction of pre- or post-
operative radiotherapy as an
adjuvant treatment to surgery
has been reported to increase
wound healing complications

• however, investigations on
the modulation of radiation-
induced delay in wound repair
by means of conventional
wound care therapies are so
infrequent that management
policies must be derived in part
from different but analogous
clinical situations and/or from
studies in the experimental ani-
mals

and vasculature as showed by an increase
in the density of fibroblasts and vasculature
(Figures 7–9). However, normal histological
picture was not restored.

DISCUSSION
The process by which wounds heal has been
the subject of research for several centuries
and various factors have been implicated
in retarding an organism’s ability to heal.
Introduction of pre- or postoperative radio-
therapy as an adjuvant treatment to surgery
has been reported to increase wound heal-
ing complications (1–2). However, investiga-
tions on the modulation of radiation-induced
delay in wound repair by means of conven-
tional wound care therapies are so infrequent
that management policies must be derived
in part from different but analogous clin-
ical situations and/or from studies in the
experimental animals. Moreover, to combat
against increasing health care costs, it is impor-
tant that the health care professional has an
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Figure 6. Effect of curcumin (CUM) treatment on biosynthesis of nitrite in the excision wound of mice exposed to various doses of
fractionated γ radiation. P values when CUM groups are compared with carboxymethylcellulose (CMC) groups.
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Figure 7. Effect of curcumin (CUM) on fibroblast density of wounded mice exposed to various doses of fractionated γ radiation.

adequate understanding of the role of natural
products or their active principles in the heal-

Key Points

• moreover, to combat against
increasing health care costs, it is
important that the health care
professional has an adequate
understanding of the role of
natural products or their active
principles in the healing of
irradiated wounds

ing of irradiated wounds. There is also a

need for a multifunctional pharmacological
agent that conforms to all criteria of an
optimal radioprotector including effectiveness,
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Figure 8. Effect of curcumin (CUM) on vasculature density of wounded mice exposed to various doses of fractionated γ radiation.

Figure 9. Histological picture of wound biopsy on day 6 post-irradiation (IR) of mice treated with 100 mg/kg body weight of curcumin
(CUM) before exposure to 10 Gy fractionated γ radiation delivered as 2 Gy/fraction for five days. Upper left: carboxymethylcellulose
(CMC) + sham-irradiation (SIR) group; upper right: CUM + SIR; lower left: CMC + IR; and lower right: CUM + IR group.

toxicity, availability, wider biological functions
and tolerance. The use of herbal radioprotec-
tors/antioxidants to overcome negative effects
of ionising radiation by targeting reactive oxy-
gen species could be a prudent therapeutic

strategy to improve healing of irradiated

Key Points

• the use of herbal radioprotec-
tors/antioxidants to overcome
negative effects of ionising radi-
ation by targeting reactive oxy-
gen species could be a prudent
therapeutic strategy to improve
healing of irradiated wounds

wounds. CUM, an important active principle
of turmeric and a widely used spice has been
reported to promote wound healing in vari-
ous wound models (26,35,36). Furthermore, it
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has been found to be a good antioxidant (37) Key Points

• the progression of wound heal-
ing can be judged by the peri-
odic assessment of contraction
of excision wounds

• treatment of mice with 100
mg/kg body weight of CUM
before exposure to different
doses of fractionated radiation
resulted in an enhancement of
wound healing as is evident
by a greater degree of wound
contraction and reduction in
mean wound healing time

• CUM inhibited the radiation-
induced decrease in collagen
synthesis at all post-IR days

• likewise, CUM has been
reported to elevate collagen
synthesis in mice after acute
whole- and hemi-body IR

• CUM has been reported to
abate the radiation induced
decline in the DNA synthesis
after whole- or hemi-body IR

and radioprotective agent (38). Therefore, an
attempt has been made to explore the useful-
ness of CUM treatment in deep dermal excision
wound of mice exposed to various doses of
fractionated γ radiation.

Wound contraction can be defined as the
centripetal movement of the edges of a full-
thickness wound to facilitate closure of the
defect (39). Wound contraction is the culmina-
tion of various processes that set in immedi-
ately after wounding including inflammation,
proliferation and migration of fibroblasts into
the wound bed (40). The progression of wound
healing can be judged by the periodic assess-
ment of contraction of excision wounds. The
exposure of mice to different doses of fraction-
ated γ radiation delayed wound contraction
in a dose-dependent manner and the longest
delay was observed for 40 Gy IR. A similar
delay in wound contraction after exposure to γ

radiation has been observed earlier, indicating
that IR alters the local conditions of wound,
which hampers wound repair (2,8,10,14,41).
Treatment of mice with 100 mg/kg body
weight of CUM before exposure to different
doses of fractionated radiation resulted in an
enhancement of wound healing as is evident
by a greater degree of wound contraction and
reduction in mean wound healing time. As far
as authors are aware, CUM has not been used
to treat wound injury after fractionated IR.
However, CUM has been reported to acceler-
ate the healing of wounds after acute whole- or
hemi-body IR (30–32). Ascorbic acid has been
shown to enhance the healing of wounds after
fractionated IR (8) as well as after whole- or
hemi-body exposure in mice earlier (9,10,14).
Similarly, vitamin A supplementation has been
reported to reduce the radiation-induced delay
in wound healing (13). Vitamin E treatment
has also been reported to normalise the wound
breaking strength after preoperative IR (42).

Collagen plays a pivotal role in the heal-
ing of wounds, as it is a principal component
of connective tissues, which provides a struc-
tural framework, strength and milieu for the
regenerating tissue. Collagen is produced by
fibroblasts and it assists the wound in gain-
ing tensile strength during wound repair (43).
IR of animals caused a significant reduction
in collagen synthesis, as is evident from the
estimation of hydroxyproline contents in the
granulation tissue. A progressive destruction

of the native collagen fibrils has been reported
after exposure to different doses of γ rays (44).
A similar effect has been observed earlier in
mice exposed to whole-body, hemi-body and
fractionated IR (8,14,29,30). CUM inhibited the
radiation-induced decrease in collagen synthe-
sis at all post-IR days. Likewise, CUM has been
reported to elevate collagen synthesis in mice
after acute whole- and hemi-body IR (29,30).
Similarly, ascorbic acid has been reported to
increase the collagen synthesis in the gran-
ulation tissue of wounded mice exposed to
different doses of γ radiation including frac-
tionated IR earlier (8–10). The increase in col-
lagen on day 4 post-IR may be due to the
migration of fibroblasts on day 3 in the extra-
cellular matrix (ECM) in the wound bed and
their rapid proliferation leading to a maximum
collagen synthesis by day 8 post-IR (40). By the
end of seven days, there will be enough deposi-
tion of ECM and the fibroblasts get transformed
into the myofibroblasts that are responsible for
contraction of the wound that may be the rea-
son of decline in collagen contents at 12 day
post-IR and increased wound contraction. The
reduced collagen contents in the CMC + IR
group may be due to the killing of fibroblasts
by ionising radiations that led to alleviation in
collagen synthesis. This is supported by histo-
logical evaluation, where IR reduced fibroblast
density significantly.

The increase in DNA contents in the wounds
indicates a rise in the cell proliferation. The frac-
tionated IR decreased DNA contents, whereas
CUM treatment significantly increased DNA
contents at days 4 and 8 post-IR. Similarly,
CUM has been reported to abate the radiation-
induced decline in the DNA synthesis after
whole- or hemi-body IR (29,30). Likewise,
ascorbic acid has been reported to increase
the collagen synthesis in the granulation tissue
of wounded mice exposed to whole- or hemi-
body IR (10,14). Wound repair results from a
series of well-orchestrated cellular and bio-
chemical events, including increased synthesis
of the bioregulatory molecule NO. Most evi-
dences suggest that adequate rate of NO pro-
duction promotes processes central to wound
healing such as inflammation, angiogenesis,
fibroblast synthetic function, epithelial cell pro-
liferation, regulation of collagen formation and
wound contraction in distinct ways (45,46).
Inflammation is an early event during wound
repair and regeneration and levels of nitrite,
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a stable end product of NO synthesis,
are elevated early and transiently in fluid
obtained from sponges implanted in subcu-
taneous wounds (47). A similar trend has been
observed in the granulation tissues of unirradi-
ated mice. However, exposure of mice to differ-
ent doses of fractionated γ radiation reduced
NO synthesis in a dose-dependent manner,
which explains the delay in the repair of irra-
diated wound because of inhibition of inflam-
matory response. Earlier, IR has been reported
to reduce the NO synthesis in the granulation
tissue of wounded mice (10,14,29,30). The NO
increase is essential to initiate the inflamma-
tory reaction in wound microenvironment as it
helps in the repair and regeneration of wounds.
The decrease in NO expression has been cor-
related with radiation-induced impairment in
wound healing (48,49). CUM treatment caused
a significant rise in NO synthesis after frac-
tionated IR, which may have stimulated the
inflammatory phase and thus helped in the
early repair and regeneration of wounds after
fractionated IR. Earlier studies have shown
that CUM increases the NO production in
wounded mice after whole- and hemi-body
IR (29,30). Likewise, ascorbic acid has been
found to abate the radiation-induced decline in
the NO synthesis in wounded mice after whole-
or hemi-body IR resulting in the early repair
and regeneration of irradiated wound (10,14).

Histological observations support the de-
crease in collagen content in irradiated
wounds, where a decline in collagen deposition
has been observed. This is further supported
by a decrease in the proliferation of fibroblasts,
which are responsible for collagen synthesis.
Ionising radiation has been reported to impede
wound fibroblast proliferation, neovasculari-
sation and collagen deposition (8,14,29,30,50).
Similarly, total- and hemi-body IR decreased
cellular influx, vascularisation and collagen
deposition in mice (7,29,30). The decrease
in fibroblast proliferation and vascularisa-
tion is in accord with earlier reports, where
a similar decrease in fibroblast prolifera-
tion, retardation of collagen maturation and
overall delay in wound repair has been
reported (7,8,15,29,30,50,51). Cell culture stud-
ies of fibroblasts exposed to ionising radiation
have also shown that irradiated fibroblasts
have a significantly prolonged generation time
when compared with normal fibroblasts (6).
Pre-treatment of mice with CUM improved

collagen deposition, reduced hyalinisation andKey Points

• CUM treatment caused a sig-
nificant rise in NO synthesis
after fractionated IR, which may
have stimulated the inflamma-
tory phase and thus helped in
the early repair and regenera-
tion of wounds after fraction-
ated IR

• ionising radiation has been
reported to impede wound
fibroblast proliferation, neovas-
cularisation and collagen depo-
sition

• similarly, total- and hemi-body
IR decreased cellular influx,
vascularisation and collagen
deposition in mice

• CUM has been reported to
increase collagen deposition
and to improve overall his-
tological picture in artificially
wounded animals and also in
irradiated wounds

• these studies suggest a require-
ment of radiation-sensitive
bone marrow-derived cells in
tissue repair and regeneration

increased vascularity and fibroblast density
in the CUM + IR group. CUM has been
reported to increase collagen deposition and
to improve overall histological picture in arti-
ficially wounded animals (26,35,36) and also in
irradiated wounds (29,30).

The response of normal tissues to radiation
can be viewed as two concurrent ongoing and
interacting processes. The first has many fea-
tures in common with the healing of traumatic
wounds, perturbed by the radiation treatment.
The second is a set of transient or permanent
alterations of cellular and extracellular com-
ponents within the irradiated volume, which
may be responsible for the progression of injury
over a period of time. In contrast to physical
trauma, fractionated radiation therapy pro-
duces a series of repeated insults to tissues with
the delivery of each fraction of radiation dose.
Moreover, normal tissue responses are also
influenced by rate of dose accumulation and
with repetitive radiation exposure many cellu-
lar and molecular responses will be substan-
tially exacerbated, suppressed or substantially
altered when compared with single radiation
exposure or traumatic injury. The detrimental
consequences of ionising radiation on wound
healing are multifaceted as it causes direct
cytotoxic effects on various cellular/molecular
components of wound repair and indirectly
through the production of a burst of free
radicals, which rearranges tissue components
immediately, causing DNA damage and also
altering proteins, lipids, carbohydrates and
other complex molecules involved in tis-
sue repair and regeneration. Injuries that are
benign by themselves may become lethal when
combined even with relatively small doses of
radiation. Ionising radiation has been reported
to cause severe damage to vital tissues, espe-
cially those with a high rate of cell division such
as the haematopoietic system (13,52). The loss
of significant numbers of bone marrow cells can
lead to an immunosuppressed state in which
the individuals become highly susceptible to
bacterial infections leading to complications
in the healing of wounds. Shielding of bone
marrow during acute whole-body X-IR has
been reported to lower mortality and increase
the closure of open-dorsal skin wounds of
rats (53). These studies suggest a requirement
of radiation-sensitive bone marrow-derived
cells in tissue repair and regeneration. Other
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possibility includes a delay in fixation of the Key Points

• the accelerated wound healing
in this investigation by CUM
may not be due a single
mechanism but could be due to
the interplay of several putative
mechanisms

• the potent oxidative stress and
lipid peroxidation induced by
wound injury and IR may be
neutralised by CUM resulting in
the early healing of irradiated
wounds in this study

• CUM has been reported to
scavenge-free radicals, increase
antioxidant status, inhibit lipid
peroxidation, elevate GST,
GSHpx, SOD, GSH and sul-
phydryl groups and heal the
wounds faster

• the molecular mechanisms of
action of CUM are fairly worked
out, which may have also played
a key role in enhancing the
healing of irradiated wounds

• CUM pre-treatment may have
blocked the radiation and
wound injury-induced transcrip-
tional activation of NF-κB
resulting in the accelerated
healing of wounds without
adversely affecting the required
inflammatory process for wound
healing

• IR adversely affects the expres-
sion of PPAR and upregluation
of PPAR by CUM may have also
contributed to early closure of
irradiated wounds as PPAR is
essential for cell proliferation
and wound repair

wound edges to underlying tissues, which
may be due to lack of fibroblast proliferation
and decrease in fibroblast synthetic function
in the granulation bed. The contraction of
open-excision wounds has been found to be
a function of contractile fibroblasts, known
as myofibroblasts (54). Recently, importance
of bone marrow in wound healing has been
reaffirmed as it has been found to contribute
non inflammatory cells including fibroblast-
like cells and keratinocytes apart from the
inflammatory cells, which play a pivotal role
in the repair and regeneration of wound (55).
IR is known to impair wound healing in skin
through its cytotoxic effect on fibroblasts. This
impairment in wound repair may be due to the
delay in the progression of cells through the
cell cycle induced by radiation (6,56). Radiation
may have adverse effect on fibroblasts through
bone marrow depression, because some fibrob-
lasts of the normal subcutaneous connective
tissue, participating in wound healing have
been shown to originate from the bone mar-
row (57,58). The recent studies suggest that
vascular cell progenitors are resident in bone
marrow and contribute to blood vessel forma-
tion during tissue repair and in other patholog-
ical conditions (59,60). A similar effect cannot
be ruled out in this study because long bones of
hind limbs were irradiated during the fraction-
ated IR. Furthermore, radiation-induced cyto-
toxicity is mediated through the production of
oxygen-derived free radicals. The overproduc-
tion of reactive oxygen species is the main cause
of oxidative stress that induces detrimental
cytotoxic effects, causing delayed wound heal-
ing (61). The peroxisome proliferator-activated
receptor (PPAR) is upregulated during wound
repair and regeneration. The retardation in
wound healing after IR may be due to sup-
pression of PPAR expression. The IR has been
reported to reduce the expression of PPAR (62).

The accelerated wound healing in this inves-
tigation by CUM may not be due to a single
mechanism but could be due to the inter-
play of several putative mechanisms. CUM has
a polyphenolic and beta-diketone functional
groups and therefore acts as strong antiox-
idant and inhibits lipid peroxidation (37,63).
The potent oxidative stress and lipid peroxida-
tion induced by wound injury and IR may be
neutralised by CUM resulting in the early heal-
ing of irradiated wounds in this study. CUM

has been reported to scavenge-free radicals,
increase antioxidant status, inhibit lipid peroxi-
dation, elevate glutathione-s-transferase (GST),
glutathione peroxidase (GSHpx), superox-
ide dismutase (SOD), glutathione (GSH) and
sulphydryl groups and heal the wounds
faster (37,63–65). A similar increase in antioxi-
dants and inhibition of lipid peroxidation has
been observed in this study after fractionated
IR of mouse skin (data not shown). Numer-
ous studies indicate the beneficial effects of
CUM on wound healing through changes
in cell regeneration and collagen synthe-
sis (26,35,36). An increased collagen synthesis
in this study also supports this contention.
Similarly, increased synthesis of DNA and
NO contents may also have been responsi-
ble for the accelerated healing of irradiated
wounds in CUM pre-treated groups. Degra-
dation of fibrin deposited immediately after
injury is essential for migration, cell prolifer-
ation and adhesion of various cells into the
wound bed for proper wound repair. CUM
treatment may have activated fibrinolyis by
upregulating urokinase plasminogen activator
mRNA and subsequently augmented healing
of irradiated wound (66). The molecular mech-
anisms of action of CUM are fairly worked
out, which may have also played a key role in
enhancing the healing of irradiated wounds.
Ionising radiation has been reported to induce
COX-II protein and upregulate COX-II mRNA
and inhibition of radiation-induced COX-II and
COX-II mRNA by CUM may have contributed
in enhancing the repair and regeneration of
irradiated wounds (67–69). The wounding and
IR elicit proinflammatory response by tran-
scriptional activation of NF-κB (70,71). There-
fore, CUM pre-treatment may have blocked the
radiation and wound injury-induced transcrip-
tional activation of NF-κB resulting in the accel-
erated healing of wounds without adversely
affecting the required inflammatory process for
wound healing. In fact, CUM has been reported
to abrogate the transcriptional activation of
NF-κB in a number of studies (68,72). The fact
that treatment of keratinocytes with pyrro-
lidine dithiocarbamate before HeNe IR was
found to abrogate laser and wounding-induced
NF-κB activation (73) supports this con-
tention. IR adversely affects the expression of
PPAR (62) and upregluation of PPAR by CUM
may have also contributed to early closure of
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irradiated wounds as PPAR is essential for cell
proliferation and wound repair (74,75).

Most of the animal models of radiation-
impaired wound healing involve IR of the
whole animal or a localised flap of skin with
single large doses of radiation, making it dif-
ficult to apply data to human beings, where
the treatment is usually given with multiple
smaller doses of radiation over an extended
period of time. This study has used deep exci-
sion wound model, which is of great clinical
relevance, because regimen similar to clinical
radiotherapeutic treatment has been used to
study the effect of fractionated radiation on
wound repair and explore the application of
CUM in this setting. This study shows that
treatment of CUM once daily before exposure
to fractionated γ radiation accelerates wound
healing in mice, as is evident from accelera-
tion in the contraction of wound, reduction in
mean wound healing time. The early closure of
wound by CUM may be due to increased syn-
thesis of collagen, DNA and NO, enhanced pro-
liferation of fibroblasts, increased vasculature
into the wound bed and reduction in oxidative
stress. The accelerated wound repair by CUM
may be due to reduction in radiation-induced
oxidative stress, upregulation of urokinase
plasminogen activator mRNA, downregula-
tion of nuclear transcription factor NF-κB,
COX-II and upregulation of another nuclear
factor PPAR. Observations suggest that strate-
gies to manipulate pathophysiological envi-
ronment of irradiated wounds by CUM are
likely to be of an outstanding significance in
radiation-impaired healing of wounds. Addi-
tional studies will be purposeful towards better
understanding of the molecular mechanism of
action of CUM in initiating and supporting
the cascade of tissue repair and regenerative
processes in irradiated wounds.
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Key Points

• this study has used deep exci-
sion wound model, which is of
great clinical relevance, because
regimen similar to clinical radio-
therapeutic treatment has been
used to study the effect of frac-
tionated radiation on wound
repair and explore the appli-
cation of CUM in this setting

• this study shows that treat-
ment of CUM once daily before
exposure to fractionated γ radi-
ation accelerates wound heal-
ing in mice, as is evident from
acceleration in the contraction
of wound, reduction in mean
wound healing time

• the early closure of wound by
CUM may be due to increased
synthesis of collagen, DNA and
NO, enhanced proliferation of
fibroblasts, increased vascula-
ture into the wound bed and
reduction in oxidative stress

• the accelerated wound repair
by CUM may be due to reduc-
tion in radiation-induced oxida-
tive stress, upregulation of
urokinase plasminogen activa-
tor mRNA, down regulation of
nuclear transcription factor NF-
κB, COX-II and upregulation of
another nuclear factor PPAR

• observations suggest that
strategies to manipulate patho-
physiological environment of
irradiated wounds by CUM are
likely to be of an outstand-
ing significance in radiation-
impaired healing of wounds

• additional studies will be pur-
poseful towards better under-
standing of the molecular mech-
anism of action of CUM in
initiating and supporting the
cascade of tissue repair and
regenerative processes in irra-
diated wounds
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