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Protective Effect of Crocodile Hemoglobin and Whole Blood
Against Hydrogen Peroxide-Induced Oxidative Damage
in Human Lung Fibroblasts (MRC-5) and Inflammation
in Mice

Santi Phosri,1,2 Nisachon Jangpromma,1,3 Rina Patramanon,1,2 Bunkerd Kongyingyoes,4

Pramote Mahakunakorn,5 and Sompong Klaynongsruang1,2,6

Abstract—A putative protective effect of cHb and cWb against H2O2-induced oxidative damage was
evaluated in detail using MRC-5 cells. In addition, the carrageenan (Carr)-induced mouse paw edema
model and the cotton pellet-induced granuloma model were employed to examine the in vivo anti-
inflammatory activity of cHb and cWb in mice. It was demonstrated that both cHb and cWb treatments
significantly increased cell viability and inhibited morphology alterations in MRC-5 cells exposed to
H2O2. Orally administered cHb and cWb significantly reduced Carr-induced paw edema volume and
cotton pellet-induced granuloma formation. Moreover, cHb and cWb decreased the expression levels of
important pro-inflammatory cytokines (IL-6, IL-1β, and TNF-α), while only cWbwas found to increase
the expression of the anti-inflammatory cytokine IL-10 significantly. Finally, the activity of antioxidant
enzymes (SOD, CAT, and GPx) in the liver improved after cHb and cWb treatment under acute and
chronic inflammation. Taken collectively, the results of this study suggest that both cHb and cWb protect
against hydrogen peroxide-induced damage in fibroblast cells. Moreover, cHb and cWb were found to
exhibit anti-inflammatory activity in both the acute and chronic stages of inflammation and appear to
enhance antioxidant enzyme activity and decrease lipid peroxidation in the livers of mice. Therefore, this
study indicates that cHb and cWb have great potential to be used in the development of dietary
supplements for the prevention of oxidative stress related to inflammatory disorders.
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INTRODUCTION

Inflammation is the result of a complex network of
biological immune responses to tissue injury or infection,
resulting in the secretion of a variety of pro-inflammatory
cytokines, such as interleukin-6 (IL-6), interleukin-1β (IL-
1β), and tumor necrosis factor-α (TNF-α). These cyto-
kines play an important role in acute and chronic inflam-
mation [1–3] and therefore have received considerable
attention in the target-driven development of anti-
inflammatory drugs. Although naturally occurring bioac-
tive compounds with anti-inflammatory properties repre-
sent a valuable and sustainable source for novel therapeutic
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agents against diseases related to inflammation, their dis-
covery requires reliable and generalizable models to assess
in vivo anti-inflammatory activity. In this context, both
Carr-induced mouse paw edema and cotton pellet-
induced granuloma formation in mice have been recog-
nized as suitable models for the in vivo evaluation of
potential anti-inflammatory drugs. While the Carr model
can be used to assay acute inflammatory states, the cotton
pellet model induces chronic inflammation, including the
infiltration of phagocytes, the formation of free radicals,
and the release of inflammatory mediators [4].

A variety of reactive oxygen species (ROS), such as
the superoxide anion (O2

·−) and hydrogen peroxide (H2O2)
and reactive nitrogen species (RNS), including nitric oxide
(NO·) and peroxynitrite (ONOO−), are produced during
normal physiological processes and assume specific roles
in the regulation of cellular function. However, the
overproduction of ROS and RNS due to exogenous
stimuli and alterations in endogenous metabolism can
cause a disturbance in redox homeostasis, leading to
severe oxidative damage to lipids, proteins, and DNA [5].
During inflammation, high levels of free radicals and
radical precursors, such as superoxide, hydrogen
peroxide, and nitric oxide, are generated in cells,
necessitating efficient cellular defense mechanisms to
lower the level of free radicals and to minimize oxidative
damage to the cells. Important constituents of this
antioxidant defense are the superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GPx)
enzymes, which act as highly efficient scavengers of su-
peroxide ions and hydrogen peroxide. Moreover, these
enzymes prevent the formation of hydroxyl radicals, thus
increasing the protection of cellular components from ox-
idative damage [2, 6]. Recently, several studies have fo-
cused on the role of natural products in the inhibition of
inflammation-induced oxidative stress [2, 7, 8].

The Siamese crocodile (Crocodylus siamensis) is a
critically endangered freshwater crocodile species that was
originally distributed widely throughout parts of South-
East Asia, including Thailand. Like other crocodilians
populating aquatic habitats, C. siamensis is expected to
be highly prone to opportunistic bacterial infection. How-
ever, severe adverse effects resulting from pathogenic in-
fection are rather uncommon, suggesting that this species
developed a remarkably effective innate immune system as
part of its evolutionary adaptation. Consequently, several
studies have focused on investigating the specific biologi-
cal properties of C. siamensis blood related to immune
function, revealing its pronounced antibacterial [9–14]

and antioxidant activity [12, 15–17]. Recently, Phosri
et al. [17] reported that C. siamensis blood components
(crude leukocyte extract, hemoglobin, and plasma) exert
potent anti-inflammatory activity by suppressing NO and
IL-6 in a RAW264.7 cell model. However, the mechanistic
details of the observed anti-inflammatory effects in vivo
remain speculative due to the lack of experimental evi-
dence. Therefore, the present study aimed to utilize estab-
lished animal models of both acute and chronic inflamma-
tion, in addition to detecting malondialdehyde (MDA)
levels in the liver and TNF-α, IL-6, IL-1β, and IL-10
levels in the serum of mice subjected to either paw edema
or granuloma to elucidate the impact of C. siamensis blood
components on different aspects of the overall inflamma-
tory process. In addition, the SOD, CAT, and GPx activities
in the livers of mice were determined to gain further insight
into the relationship between the anti-inflammatory activ-
ity of crocodile hemoglobin (cHb) and whole blood (cWb)
and antioxidant enzyme activity.

MATERIALS AND METHODS

Materials

Dulbecco’s modified Eagle’s medium (DMEM), L-
glutamine, fetal bovine serum (FBS), and penicillin/
streptomycin were purchased from Lonza (Walkersville,
MD, USA); trypsin-EDTAwas purchased fromMediatech
(Manassas, VA, USA), and H2O2, λ-carrageenan (Carr),
indomethacin (Indo), prednisolone (Pred); and other chem-
ical reagents were purchased from Sigma–Aldrich Chem-
ical Co. (St. Louis, MO, USA). C. siamensis blood was
obtained from Sriracha Moda Farm, Chon Buri, Thailand.

Crocodile Blood Samples

Crocodile blood was collected from the supraverte-
bral branch of the internal jugular vein using a sterile
syringe and kept in 15-mL conical screw cap tubes con-
taining 0.08 g EDTA. The blood was kept on ice until the
erythrocytes settled to the bottom of the tubes, while the
plasma formed the top layer and the leukocytes were
enriched in the interphase layer. The red blood cell
(RBC) suspension was collected from the bottom layer
for the extraction of hemoglobin [12]. Whole blood sam-
ples (cWb) containing all blood components, including
RBCs, white blood cells, and plasma, were lyophilized
before storing at −70 °C until use [9–17].
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Cell Culture

Human lung fibroblast cells (MRC-5) were cultured
in DMEM containing 10 % heat-inactivated FBS, 1 %
penicillin-streptomycin solution, and 5 % L-glutamine.
Cells were maintained in an incubator at 37 °C, 5 % CO2

with 90 % relative humidity. Cells were subcultured every
3 days using trypsin (0.05 %) to detach and separate the
cells to form a single-cell suspension.

Cell Viability Assay

The viability of MRC-5 cells was evaluated using
the modified sulforhodamine B (SRB) assay method of
Vichai and Kirtikara [18]. Briefly, the suspended cells
were seeded in 96-well plates at a density of 5 × 103

cells/well and incubated for 24 h prior to the experi-
ment. The cells in the first group were incubated with
defined concentrations of cHb and cWb (6.25, 12.5, 25,
and 50 μg/mL) for 24 h. In the second group, cells were
initially treated with predetermined concentrations of
cHb and cWb for 1 h. Afterward, the cells were ex-
posed to 500 μM H2O2 for 24 h. The cells in both
groups were fixed with 100 μL cold 20 % trichloro-
acetic acid (TCA) for 30 min at 4 °C, after which the
plate was washed with running tap water four times and
dried at room temperature. Then, the cells were stained
with 100 μL of 0.4 % SRB in 1 % acetic acid for
30 min. Stained cells were washed with 1 % acetic acid
four times, and the plates were air-dried until no mois-
ture was visible. Protein-bound dye was solubilized
with 200 μL/well of 10 mM Tris base (pH 10) and
shaken for 20 min. The optical density of the solubi-
lized dye solution was measured at 531 nm with a
Perkin Elmer 2030 multilabel reader.

Antioxidant Activity Assessment Using Microscopy

MRC-5 cells (1 × 105 cells/well) were seeded in a
6-well plate for 24 h, followed by pretreatment with
defined concentrations of hemoglobin and whole blood
(6.25, 12.5, 25, and 50 μg/mL) for 1 h. Then, the cells
were exposed to 500 μM H2O2 for 24 h. After incuba-
tion, the medium was removed, and the cells were
rinsed with PBS. Cells were fixed with methanol/
acetic acid (3:1) for 15 min before staining with
0.5 % crystal violet for 25 min. The plate was washed
with distilled water and left to dry at room temperature.
The images were recorded using a phase contrast
inverted microscope (Zeiss Axiovert 25, Germany).

Animals

Male ICR mice (6–8 weeks old) were obtained from
the National Laboratory Animal Center of Mahidol Uni-
versity, Salaya, Nakorn Pathom, Thailand. The animals
were housed in an environmentally controlled room (tem-
perature 22 ± 1 °C; relative humidity 55 ± 5 %; 12-h dark–
light cycle) and given food and water ad libitum. All
procedures in this study complied with the Guide for the
Care and Use of Laboratory Animals and were approved
by the ethics committee of the Institutional Animal Care
and Use Committee (IACUC) of Khon Kaen University,
Khon Kaen, Thailand (AEKKU 14/2556).

Carrageenan-Induced Mouse Paw Edema

The Carr-induced hind paw edema model was used
for the determination of anti-inflammatory activity [19].
After a 2-week adaptation period, male ICR mice (18–
25 g) were randomly assigned to eight groups (n = 6),
including control, indomethacin (positive control), three
cHb-treated groups, and three cWb-treated groups. The
animals received deionized water orally, indomethacin at
a dose of 10 mg/kg, 62.5, 125, or 250 mg/kg cHb or 62.5,
125, or 250 mg/kg cWb. One hour after treatment, 20 μL
of 1 % Carr solution was injected subplantarly into the left
hind paw of eachmouse to induce edema. The paw volume
was measured at 1-, 2-, and 3-h intervals after Carr injec-
tion using a plethysmometer (model 7159, Ugo Basile,
Varese, Italy). The inhibitory activity was calculated using
the following formula.

Percentage inhibition

¼ Vt–Voð Þcontrol– Vt–Voð Þtreated= Vt–Voð Þcontrol � 100

Vt volume of paw after Carr injection
Vo volume of paw before Carr injection

After complete measurement of the swollen paw vol-
umes, the animals were anesthetized with carbon dioxide
and oxygen. Blood samples were withdrawn from the
abdominal aorta and centrifuged at ×1000g for 5 min.
Serum samples were removed and stored at −70 °C until
the determination of IL-6, IL-1β, TNF-α, and IL-10 levels.
Likewise, the liver was rinsed in ice-cold normal saline,
immediately placed in three volumes of cold normal saline
and stored at −70 °C for the MDA and antioxidant enzyme
(CAT, SOD, and GPx) activity assays.
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Cotton Pellet-Induced Granuloma in Mice

This assay was performed according to the method of
Winter and Porter [20]. The mice were divided into five
groups of six animals each. Each animal was anesthetized,
and its fur was shaved. Then, a sterile pre-weighed cotton
pellet (10 ± 1 mg) was inserted into the axillary region of
each mouse through a single needle incision. cWb (62.5,
125, and 250 mg/kg) and the standard prednisolone (5 mg/
kg) were administered orally to the respective groups of
animals for seven consecutive days from the day of cotton
pellet implantation. On the 8th day, the animals were
anesthetized with carbon dioxide and oxygen; the cotton
pellets were carefully removed and cleaned of extraneous
tissue. The pellets were dried at 60 °C, weighed, and
compared with those from the control group.

On the eighth day, blood samples were collected from
the abdominal aorta and centrifuged at ×1000g for 5 min.
The serum samples were removed and stored at −70 °C for
the determination of IL-6, IL-1β, TNF-α, and IL-10 levels.
Likewise, the liver was isolated and stored at −70 °C for the
determination of MDA and CAT, SOD, and GPx activity.

Measurement of IL-6, IL-1β, TNF-α, and IL-10 in
Serum

The serum levels of IL-6, IL-1β, TNF-α, and IL-10
were determined using a commercially available ELISA kit
(R&D, Minneapolis, MN, USA) according to the manu-
facturer’s instructions. IL-6, IL-1β, TNF-α, and IL-10
concentrations were determined from a standard curve.

Liver Protein Extraction

The livers were homogenized in cold 0.01 M PBS
(0.5 g sample per 2 mL 0.01 M PBS) with a hand homog-
enizer in an ice bath. The protein concentration in the
homogenized samples was determined according to the
Bradford method [21] and compared with bovine serum
albumin (BSA) as the standard.

Measurement of Catalase (CAT)

Catalase activity was assessed following the colori-
metric method of Goth [22]. Samples were diluted 20 times
in 0.01 M PBS, and 15 μL of diluted sample solution was
pipetted into a 96-well plate. Fifty microliters of 130 μM
hydrogen peroxide (H2O2) substrate and 35 μL of 60 mM
potassium phosphate buffer, pH 7.4, were added, and the
reaction plate was incubated at 37 °C for 1 min. Then,
65 μL of 32.4 mM ammonium molybdate was added to
stop the reaction. The yellow complex between H2O2 and

ammonium molybdate was measured at 405 nm. Catalase
activity was calculated with the following equation:

Catalase activity kU
.
L

� �

¼ Asample –Ablank sample

� �
= Acontrol –Ablank controlð Þ� �� 271

Asample contained sample, H2O2 substrate, and
ammonium molybdate.

Ablank sample contained sample and ammonium
molybdate.

Acontrol contained H2O2 substrate, ammonium
molybdate, and phosphate buffer.

Ablank control contained ammonium molybdate and
phosphate buffer.

Measurement of Superoxide Dismutase (SOD)

Superoxide dismutase activity was investigated
according to previously described methods [23, 24]. One
hundred microliters of liver homogenate was added to
60 μL chloroform and 100 μL ethanol and vortexed for
1 min. The mixture was centrifuged at ×13,000g and 4 °C
for 30min, and 12.5μL supernatant was pipetted into a 96-
well plate. Then, reaction mixture (107.5 μL) containing
3 mM xanthine, 0.6 mM ethylenediaminetetraacetic acid
(EDTA), 0.75 mM nitroblue tetrazolium (NBT), 400 mM
sodium carbonate (Na2CO3), and 1 g/L BSAwas added to
each well, followed by the addition of 20 μL of 8 U/mg
protein xanthine oxidase solution (17.5:2.5, v/v) and incu-
bation of the plate at 25 °C for 20 min. The reaction was
stopped by adding 20 μL of 0.8 mM copper chloride
(CuCl2). The absorbance was measured at 550 nm, and
the percentage of inhibition was calculated as follows.

% Inhibition ¼ Acontrol –Asample

� �
=Acontrol

� �� 100%

Acontrol contained deionized water.
Asample contained samples.

Measurement of Glutathione Peroxidase (GPx)

The glutathione peroxidase activity in the liver was
determined according to the method of Pinto and Bartley
[25], with some modifications. Briefly, the reaction mix-
ture containing 60 μL of liver homogenate, 12 μL of
50 mM phosphate buffer at pH 7.4, 12 μL of 0.4 mM
EDTA, and 2 μL of 0.1 mM sodium azide (NaN3) was
incubated at room temperature for 10 min. Then, 10 μL of
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50 mM reduced glutathione (GSH) and 2 μL of 150 mM
H2O2 were added. To stop the reaction, 160 μL of 5 %
sulfosalicylic acid was then added, and the mixture was
incubated at 4 °C for 10 min. The mixture was centrifuged
at ×1900g at room temperature for 30 min, the OD of the
supernatant was measured at 405 nm, and the GPx activity
was calculated as U/mg protein. One unit of GPx activity
was calculated from 1 μmol GSSG (oxidized glutathione)
formed per minute in the reaction at 30 °C and pH 7.4.

Measurement of Malondialdehyde (MDA)

The malondialdehyde level was determined using the
method of Ohkawa et al. [26], with some modifications.
Briefly, 100 μL of liver homogenate was mixed with
200 μL sodium dodecyl sulfate (SDS) (8.1 %, w/v),
1.5 mL acetic acid (20 %, w/v), 1.5 mL thiobarbituric acid
(TBA) (0.8 %,w/v), and 600 μL deionized water, followed
by incubation of the reaction mixture in a heated water bath
(95 °C) for 1 h. After the mixture was cooled to room
temperature, n-butanol and pyridine (15:1 v/v) were added,
and the mixture was vortexed. The mixture was centri-
fuged at ×1000g for 10 min, and the upper layer was
removed for colorimetric measurement at 532 nm. The
amount of MDA was calculated from a standard curve of
1, 1, 3, 3-tetramethoxypropane (TMP).

Statistical Analysis

The data are presented in as the mean ± SD. Differ-
ences between groups were analyzed with one-way analy-
sis of variance (ANOVA followed by Dunnett’s test). Sta-
tistical significance was accepted at P < 0.05.

RESULTS

Cell Viability

MRC-5 cells were treated with defined concentrations
of cHb and cWb (6.25, 12.5, 25, and 50 μg/mL) for 24 h to
evaluate potential toxic effects on the cells. However, cHb
and cWb did not display any cytotoxicity toward MRC-5
cells (Fig. 1a, b), while 500 μM H2O2 reduced the cell
viability to 69.37 %. Pretreatment of the cells with cHb and
cWb before H2O2 exposure significantly improved the cell
viability in a concentration-dependent manner. The results
show an increase in cell viability from 69.37 to 91.33 %,
91.54, 94.28, and 104.88 % at 6.25, 12.5, 25, and 50 μg/
mL cHb, respectively. For 6.25, 12.5, 25, and 50 μg/mL

cWb, the cell viability increased to 83.08, 84.74, 85.00,
and 90.03 %, respectively (Fig. 1c, d).

Antioxidant Activity Assessment Using Microscopy

To assess the protective effects of cHb and cWb
against H2O2-induced oxidative stress, H2O2-induced
changes in the morphology of MRC-5 cells were visual-
ized with microscopy. A visible difference in the control
group upon addition of H2O2 was the loss of typical
fibroblast appearance, as well as an overall change in cell
morphology. In contrast, pretreating cells with defined
concentrations of cHb and cWb before exposure to H2O2

effectively prevented cell morphology alterations. At each
concentration tested, significant attenuation of H2O2-in-
duced cytotoxicity was observed. These results indicate
that cHb and cWb treatment can prevent or at least alleviate
H2O2-induced cytotoxicity in MRC-5 cells (Figs. 2 and 3).

Carrageenan-Induced Mouse Paw Edema

The anti-inflammatory activity of cHb and cWb in
Carr-induced edema in the left hind paws of mice is sum-
marized in Table 1. A gradual increase in paw edema
volume in control mice (Carr-treated group) was observed
over a 3-h period. The control indomethacin (10 mg/kg)
could clearly inhibit the induction of hind paw edema
within 1, 2, and 3 h after injection of Carr (40.91, 53.85,
and 48.72 %, respectively). Upon treatment with cHb and
cWb, a significant decrease in paw edema volume was
observed in a dose-dependent manner. In the cHb group,
a marked reduction of hind paw edema was visible at a
dose of 125 mg/kg 1–3 h after treatment. Treatment with
the highest dose of cHb (250 mg/kg) led to a reduction in
edema volume by 31.82, 38.46, and 35.90 % after 1, 2, and
3 h, respectively. The group treated with cWb showed a
significant decrease in paw edema volume at all doses
(62.5, 125, 250 mg/kg) and all times (1, 2, 3 h). Maximal
decreases of 40.91, 42.31, and 41.03 % (at 1, 2, and 3 h,
respectively) relative to the Carr group were found in the
cWb group at a dose of 250 mg/kg.

Cotton Pellet-Induced Granuloma in Mice

The anti-inflammatory activity of cHb and cWb in the
cotton pellet-induced granuloma model of chronic inflam-
mation model in mice is shown in Table 2. cHb and cWb
treatment caused significant (P < 0.05) dose-dependent
decreases in the weight of wet and dry cotton pellets relative
to the control group (cotton pellet-induced inflammation
only). The granuloma in the control group of animals
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exhibited a 116.23 ± 7.64 mg wet weight and a 25.80 ±
1.36 mg dry weight. A considerable reduction in granuloma
weight to 32.48 % (wet weight) and 27.91 % (dry weight)
was obtained upon treatment with the highest cHb dose
(250 mg/kg). Similarly, the highest dose of cWb (250 mg/
kg) led to a reduction in granuloma weight to 33.62 % (wet
weight) and 30.62 % (dry weight). Prednisolone (5 mg/kg),
used as a reference, reduced granuloma formation by
46.27 % (wet weight) and 32.17 % (dry weight).

Effects of cHb and cWb on Pro-Inflammatory
Cytokines

Upon induction of Carr-induced acute inflammation,
a significant decrease in IL-6 production was observed for
all preparations compared to themedia controls (Fig. 4a, b).
The activity of cHb ranged from 24.09 to 51.10 % (936–
603 pg/mL) (Fig. 4a), and the cWb activity was between
21.90 and 70.51 % (963–364 pg/mL) (Fig. 4b) for the
doses of 62.5–250 mg/kg. Indomethacin (10 mg/kg) was

also found to inhibit IL-6 production by 49.72 % (620 pg/
mL). On the other hand, cHb and cWb did not decrease IL-
6 production in the cotton pellet-induced chronic inflam-
mation model (Fig. 4c, d).

Figure 5a shows that cHb significantly (P < 0.05)
inhibited the IL-1β level. Likewise, cWb could reduce
the IL-1β level in a dose-dependent manner, with the
highest observed inhibition of 27.96 % (3800 pg/mL)
relative to the Carr-only group occurring at a dose of
250 mg/kg (Fig. 5b). Regarding cotton pellet-induced
chronic inflammation, the inhibitory effect of cHb on IL-
1β production was 27.23 % (2,165 pg/mL) at the highest
concentration (Fig. 5c). cWb also significantly reduced the
IL-1β level (Fig. 5d).

As illustrated in Fig. 6a, b, cHb and cWb at the high-
est concentration decreased the production of TNF-α to
49.19 % (51.23 pg/mL) and 43.50 % (56.97 pg/mL),
respectively. In the positive control group, indomethacin
also inhibited the production of TNF-α to 50.00 %
(50.41 pg/mL) of that observed in the Carr model. When

Fig. 1. Effects of cHb and cWb on the viability of MRC-5 cells. Cells were pretreated with defined concentrations of cHb and cWb and/or H2O2 (500 μM),
and cell viability was assessed with the SRB assay. The data are expressed as the mean ± SD. ##P < 0.01; significant difference compared to the untreated
group. **P < 0.01, *P < 0.05; significant difference when compared to the H2O2-only group (one-way ANOVA followed by Dunnett’s test).
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cHb and cWb were administered in the granuloma forma-
tion experiments, cHb at doses of 62.5, 125, and 250 mg/
kg significantly inhibited TNF-α levels by 22.09 %
(67.38 pg/mL), 28.17 % (62.1 pg/mL), and 42.18 %

(50.00 pg/mL) (Fig. 6c), respectively, while cHb at doses
of 62.5, 125, and 250 mg/kg significantly inhibited TNF-α
levels by 38.70 % (53.01 pg/mL), 39.34 % (52.46 pg/mL),
and 40.05 % (51.84 pg/mL) (Fig. 6d), respectively.

Fig. 2. Inverted microscope images of MRC-5 fibroblast cells (×200) pretreated with defined concentrations of cHb. Cells (except control) were exposed to
500 μM H2O2 for 24 h.

Fig. 3. Inverted microscope images of MRC-5 fibroblast cells (×200) pretreated with defined concentrations of cWb. Cells (except control) were exposed to
500 μM H2O2 for 24 h.
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Prednisolone (5 mg/kg) also significantly decreased the
TNF-α level by 38.70 % (53.01 pg/mL).

With regard to the level of the anti-inflammatory
factor IL-10, cHb did not cause a significant increase in
production, while indomethacin increased the IL-10
level by 44.97 % (6,480 pg/mL) relative to the Carr-
only group (Fig. 7a). Interestingly, cWb was found to
increase the serum levels of IL-10, with a maximum
activity of 89.53 % (8,472 pg/mL) at a dose of 250 mg/
kg, which is higher than that of the indomethacin group
in the Carr-induced inflammatory process (Fig. 7b).
cHb did not increase the level of the anti-inflammatory
factor IL-10 in the granuloma model (Fig. 7c), whereas
cWb significantly increased the IL-10 level by 51.88 %
(7260 pg/mL) at a dose of 250 mg/kg, which was
comparable to that observed in the prednisolone group
(57.74 %, 7540 pg/mL) (Fig. 7d).

Measurement of Catalase (CAT)

The activity of CAT in each test sample was
determined to examine the effect of cHb and cWb on
the antioxidant system. In the Carr model, treatment

with cHb resulted in a significant increase in CAT
activity at a dose of 250 mg/kg (6.25 ± 1.55 U/mg
protein). cWb concentrations ranging from 125 to
250 mg/kg increased CAT activity to 6.10 ± 0.27–
7.77 ± 1.37 U/mg protein (Table 3). Similar results
were obtained in the cotton pellet model, in which
cHb doses of 62.5–250 mg/kg could improve CAT
activity by 16.64 ± 1.04, 20.99 ± 2.67, and 24.72 ±
3.81 U/mg protein. Similarly, cWb (62.5–250 mg/kg)
significantly increased CAT activity to 20.34 ± 1.43 to
27.97 ± 1.09 U/mg protein in comparison to the cotton
group (Table 4).

Measurement of Superoxide Dismutase (SOD)

SOD activity in mouse liver homogenates was
measured to determine the effect of cHb and cWb on
the antioxidant system. cHb increased the activity of
SOD by 67.88 ± 4.63, 69.73 ± 5.06, and 71.49 ±
9.33 U/mg protein in the Carr group and 72.10 ±
5.11, 77.32 ± 2.00, and 83.64 ± 6.35 U/mg protein in
the cotton pellet model at a concentration range of
62.5–250 mg/kg (Table 3). However, cWb did not

Table 1. Effects of cHb and cWb on Carr-Induced Mouse Paw Edema

Treatment group Dose (mg/kg) Edema volume (mL) % inhibition

1 h 2 h 3 h 1 h 2 h 3 h

Control – 0.022 ± 0.0017 0.026 ± 0.0021 0.039 ± 0.0029 – – –
Indo 10 0.013 ± 0.0012*** 0.012 ± 0.0013*** 0.020 ± 0.0011*** 40.91 53.85 48.72
cHb 62.5 0.020 ± 0.0028 0.023 ± 0.0013* 0.032 ± 0.0015* 9.09 11.54 17.95
cHb 125 0.018 ± 0.0011* 0.018 ± 0.0011** 0.030 ± 0.0022* 18.18 30.77 23.08
cHb 250 0.015 ± 0.0019** 0.016 ± 0.0010*** 0.025 ± 0.0017** 31.82 38.46 35.90
cWb 62.5 0.018 ± 0.0017* 0.020 ± 0.0019** 0.033 ± 0.0006* 18.18 23.08 15.38
cWb 125 0.015 ± 0.0013* 0.017 ± 0.0006** 0.026 ± 0.0015** 31.82 34.62 33.33
cWb 250 0.013 ± 0.0010*** 0.015 ± 0.0010*** 0.023 ± 0.0015*** 40.91 42.31 41.03

Values are expressed as the mean ± SD (n = 6). * P < 0.05, ** P < 0.01, and *** P < 0.001; significant difference compared to the control (Carr-only) group

Table 2. Effects of cHb and cWb on Cotton Pellet-Induced Granuloma in Mice

Treatment group Dose (mg/kg) Wet weight of granuloma (mg) % inhibition Dry weight of granuloma (mg) % inhibition

Control – 116.23 ± 7.64 – 25.80 ± 1.36 –
Pred 5 62.45 ± 9.83*** 46.27 17.50 ± 0.30** 32.17
cHb 62.5 89.13 ± 9.62* 23.32 21.68 ± 2.67* 15.99
cHb 125 87.43 ± 4.20* 24.78 21.18 ± 1.00* 17.93
cHb 250 78.48 ± 9.35** 32.48 18.60 ± 5.37* 27.91
cWb 62.5 95.65 ± 4.60* 17.70 21.03 ± 2.00* 18.48
cWb 125 80.53 ± 5.43** 30.71 20.37 ± 2.43* 21.10
cWb 250 77.15 ± 3.18** 33.62 17.90 ± 2.40** 30.62

Values are expressed as the mean ± SD (n = 6). * P < 0.05, ** P < 0.01, and *** P < 0.001; significant difference compared to the control (cotton-only) group
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induce comparable SOD activity enhancement in the
Carr model. In the cotton pellet model, cWb (62.5,
125, and 250 mg/kg) significantly increased SOD ac-
tivity by 79.76 ± 3.67, 82.16 ± 3.01, and 88.61 ±
2.04 U/mg protein (Table 4).

Measurement of Glutathione Peroxidase (GPx)

The GPx activity in the liver homogenate of Carr-
induced mice after treatment with cHb and cWb is shown
in Table 3. cHb significantly increased GPx activity in a
dose-independent manner. In a similar fashion, cWb at
concentrations of 62.5, 125, 250 mg/kg could improve
the activity of GPx by 5.61 ± 0.50, 5.77 ± 0.16, and 6.15
± 0.15 U/mg protein, respectively. In the cotton pellet
model, cHb over a concentration range of 62.5–250 mg/
kg increased GPx activity from 5.06 ± 0.46 to 6.71 ±
0.74 U/mg protein (Table 4). cWb showed a dose-
dependent effect on GPx activity (6.51 ± 1.72–8.11 ±

0.45 U/mg protein), albeit to a lesser extent than prednis-
olone (8.78 ± 1.41 U/mg protein) (Table 4).

Measurement of Malondialdehyde (MDA)

The MDA level was elevated in the Carr control
group with respect to the normal control group. The groups
treated with cHb at concentrations of 62.5, 125, and
250 mg/kg exhibited significantly decreased levels of
MDA at 0.70 ± 0.09–0.61 ± 0.08 μM/mg protein. The
cWb-treated group also featured a significantly decreased
MDA level of 0.69 ± 0.07–0.58 ± 0.14 μM/mg protein
(Table 3). In the cotton pellet model, the MDA level
dropped significantly upon cHb treatment (62.5–250 mg/
kg) to 0.80 ± 0.10–0.74 ± 0.19 μM/mg protein. Likewise,
cWb treatment resulted in an analogous reduction in the
MDA level to 0.68 ± 0.10–0.63 ± 0.15 μM/mg protein.
The standard prednisolone, on the other hand, was not
found to influence the MDA level significantly (Table 4).

Fig. 4. Effects of cHb and cWb on IL-6 levels in Carr-induced mouse paw edema (a, b) and cotton pellet-induced granuloma in mice (c, d). Each experiment
was conducted in triplicate. The data are expressed as the mean ± SD. ###P < 0.001; significant difference compared to the normal control group. ***P < 0.001,
**P < 0.01, *P < 0.05; significant difference when compared to the Carr-only or cotton-only group (one-way ANOVA followed by Dunnett’s test).
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DISCUSSION

In a previous study, we demonstrated that crocodile
blood (hemoglobin, crude leukocyte extract, and plasma)
displays significant free radical scavenging activity and
anti-inflammatory effects via inhibiting the release of in-
flammatory mediators and cytokines in RAW 264.7 mac-
rophage cells. Based on these results, the focus of the
present study was set on exploring the in vivo anti-
inflammatory effects of hemoglobin and whole blood from
C. siamensis.

H2O2-induced oxidative damage to MRC-5 cells was
used to determine the antioxidant activity of cHb and cWb.
Hydrogen peroxide is a comparatively stable ROS and can
freely diffuse through cell membranes, where it readily
damages various cellular components. Furthermore, H2O2

is a known precursor of other, more reactive ROS, such as
the hydroxyl radical, via Fenton’s reaction. It can also

induce the formation of RNS, including nitric oxide
(NO·) and peroxynitrite (ONOO−) ions [5]. Free radicals
originating from H2O2 and radical chain reactions during
lipid peroxidation are most likely involved in the oxidative
damage and death of MRC-5 cells. In normal cell metab-
olism, free radicals and other reactive oxygen species are
quenched by antioxidants in the cell. However, when the
cellular redox balance is disrupted under oxidative stress,
excess radicals can readily modify amino acid side chains
and cause proteins to denature and aggregate. Along with
the oxidation of the cell membrane, these processes lead to
the loss of cell integrity, toxin build-up, and ultimately, the
death of the cell [27, 28]. In this study, direct evidence for a
protective effect of cHb and cWb against H2O2-induced
toxicity in MRC-5 cells was found with the observed
improvement in cell viability. Similarly, intact human red
blood cells were shown to be efficient scavengers of H2O2

[29]. In addition to improved cell viability, cHb and cWb

Fig. 5. Effects of cHb and cWb on IL-1β levels in Carr-induced mouse paw edema (a, b) and cotton pellet-induced granuloma in mice (c, d). Each experiment
was conducted in triplicate. Each value is presented as the mean ± SD. ###P < 0.001; significant difference compared to the normal control group. ***P < 0.001,
**P < 0.01, *P < 0.05; significant difference when compared to the Carr-only or cotton-only group (one-way ANOVA followed by Dunnett’s test).
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were also found to preserve the morphology of MRC-5
cells against changes induced by exposure to H2O2. This
effect is presumed to be attributed to the neutralization of
free radicals by cHb and cWb.

The in vivo anti-inflammatory activity ofC. siamensis
blood in the acute and chronic phases was evaluated using
two representative animal models, i.e., Carr-induced
mouse paw edema and cotton pellet-induced granuloma
in mice. The Carr-induced paw edema model is a well-
known and widely used method to assess the anti-
inflammatory activity of test agents in the acute stage of
inflammation [8]. The progressive formation of hind paw
edema induced by Carr injection can be divided into two
phases: The first phase is characterized by the release of
histamine, serotonin, and bradykin in during the first hour.
Later, the second phase (2–3 h) is linked to neutrophil
infiltration and the production of neutrophil-derived free
radicals (hydrogen peroxide, superoxide, and hydroxyl
radicals) [2], as well as the creation of pro-inflammatory

cytokines such as IL-1β and TNF-α. cHb and cWb
showed a significant inhibitory effect on paw edema vol-
ume during the first and second phases of inflammation.

The cotton pellet-induced granuloma model is
widely used for the screening of anti-inflammatory sub-
stances in chronic inflammation associated with the
transudative, exudative, and proliferative components
of the chronic stage. During cotton pellet implantation,
the surrounding fluid absorbed by the pellet significantly
influences the wet and dry weight of the pellet, which
relates to the formation of granulomatous tissue [30, 31].
The chronic inflammatory process leads to the release of
numerous pro-inflammatory cytokines, such as IL-6, IL-
1β, and TNF-α [32]. cHb and cWb at 250 mg/kg were
found to significantly inhibit the formation of cotton
pellet-induced granuloma, similar to the potent anti-
inflammatory agent prednisolone. These data provide
strong evidence for the anti-inflammatory activity of
cHb and cWb in the chronic phase of inflammation.

Fig. 6. Effects of cHb and blood on TNF-α level in Carr-induced mouse paw edema (a, b) and cotton pellet-induced granuloma in mice (c, d). The experiment
was conducted in triplicate. The data are presented as the mean ± SD. ###P < 0.001; significant difference compared to the normal control group. ***P < 0.001,
**P < 0.01, *P < 0.05; significant difference when compared to the Carr-only or cotton-only group (one-way ANOVA followed by Dunnett’s test).
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During the acute and chronic inflammatory pro-
cesses, a variety of pro-inflammatory mediators, espe-
cially nitric oxide (NO), prostaglandin E2 (PGE2), and
several pro-inflammatory cytokines (IL-6, IL-1β, TNF-

α), are produced by macrophages [2, 33]. As shown in
our results, cHb and cWb inhibit the release of pro-
inflammatory cytokines, in particular, IL-6, IL-1β,
TNF-α, whereas only cWb was found to increase the

Fig. 7. Effects of cHb and blood on IL-10 level in Carr-induced mouse paw edema (a, b) and cotton pellet-induced granuloma in mice (c, d). Each experiment
was conducted in triplicate. The data are expressed as the mean ± SD. ###P < 0.001; significant difference compared to the normal control group. ***P < 0.001,
**P < 0.01, *P < 0.05; significant difference when compared to the Carr-only or cotton-only group (one-way ANOVA followed by Dunnett’s test).

Table 3. Effects of cHb and cHb on Liver Antioxidant Enzyme Levels and Lipid Peroxidation in the Carr-Induced Mouse Paw Edema Model

Treatment group Dose (mg/kg) CAT (U/mg protein) SOD (U/mg protein) GPx (U/mg protein) MDA (μM/mg protein)

Control – 9.88 ± 1.00 74.04 ± 6.92 5.80 ± 1.67 0.67 ± 0.15
Carr – 5.13 ± 0.40## 58.14 ± 4.35## 4.01 ± 0.18## 1.02 ± 0.07##

Indo 10 10.12 ± 0.82** 73.29 ± 6.02** 5.68 ± 0.86** 0.66 ± 0.09**

cHb 62.5 5.04 ± 2.48 67.88 ± 4.63* 5.19 ± 0.54* 0.70 ± 0.09*

cHb 125 4.52 ± 1.52 69.73 ± 5.06* 6.70 ± 0.40*** 0.65 ± 0.23**

cHb 250 6.25 ± 1.55* 71.49 ± 9.33** 5.80 ± 0.27** 0.61 ± 0.08***

cWb 62.5 4.07 ± 1.80 57.20 ± 2.64 5.61 ± 0.50** 0.69 ± 0.07**

cWb 125 6.10 ± 0.27* 61.81 ± 7.01 5.77 ± 0.16** 0.59 ± 0.06***

cWb 250 7.77 ± 1.37* 63.83 ± 1.61 6.15 ± 0.15*** 0.58 ± 0.14***

Each value is presented as the mean ± SD (n = 6). ## P < 0.01; significant difference compared with the normal control group. * P < 0.05, ** P < 0.01, and
*** P < 0.001; significant difference compared with the Carr-only group

216 Phosri, Jangpromma, Patramanon, Kongyingyoes, Mahakunakorn, and Klaynongsruang



level of the anti-inflammatory cytokine IL-10 [34].
cHb and cWb were also found to exhibit anti-
inflammatory effects in the cotton pellet model by
reducing IL-1β and TNF-α levels, while only cWb
enhanced the expression of the anti-inflammatory cy-
tokine IL-10. cHb and cWb, however, did not cause a
significant decrease in the IL-6 level in the chronic
stage. Based on these observations, the in vivo anti-
inflammatory properties of cHb and cWb are likely to
be attributed to a complex molecular mechanism that
effectively suppresses the production of the pro-
inflammatory cytokines IL-6, IL-1β, and TNF-α and
simultaneously elevates the level of the anti-
inflammatory cytokine IL-10. The pronounced anti-
inflammatory effects of cHb, which has also been
observed for hemoglobins of other species, including
humans [35], rats [36], and sheep [37], are presumably
caused by strong inhibition of the production of NO
[36]. In the case of cWb, IL-10-mediated heme
oxygenase-1 (HO-1) [38], an antioxidant enzyme
found in various cells, especially in leukocytes [39,
40] is assumed to play a crucial role in the observed
anti-inflammatory effect. HO-1 mediates the transfor-
mation of heme into carbon monoxide (CO) and bili-
verdin, which is subsequently converted to bilirubin, a
known potent antioxidant. Both CO and bilirubin have
potent anti-inflammatory activity and can decrease the
release of inflammatory mediators, such as NO and IL-
6, and the LPS-mediated stimulation of the nuclear
transcription factor NF-κB [41, 42]. In crocodile
genera such as the American alligator (Alligator mis-
sissippiensis), ubiquitination in leukocytes has been
reported to serve several functions in cellular process-
es, such as the control of apoptosis, the immune re-
sponse , an t igen process ing , and espec ia l ly,

inflammation [43]. Moreover, the anti-inflammatory
mechanism of plasma involves the inhibition of NO,
which is released during inflammatory processes. This
function is related to the anti-inflammatory effect of
activated protein C (APC), with Esmon [44] revealing
the ability of this protein to inhibit the synthesis of NF-
κB components and to suppress inflammatory cytokine
production through NF-κB.

In the inflammatory response, the overproduction
of reactive oxygen species (ROS) is evidently linked
with pathophysiological processes leading to cellular
damage. ROS generated during inflammation are
known to initiate lipid peroxidation and cause the
inactivation of antioxidant enzymes by free radicals
[45]. Lipid peroxides represent one of the major end-
products of the attack of free radicals on cell mem-
branes, which results in the release of oxidative dam-
age biomarkers such as malondialdehyde (MDA) [46].
Our results demonstrate that cHb and cWb cause a
significant decrease in MDA formation in both the
Carr and the cotton pellet model, whereas the standard
prednisolone did not alter the level of MDA. This is in
excellent agreement with the results of Kirimi et al.
[47], who reported that although prednisolone is suit-
able for treating the clinical and pathological effects of
inflammation, it is either incapable of reducing oxida-
tive stress effectively or induces oxidative stress itself
with increasing doses [48]. In the present study, a
significant decrease in MDA level upon cHb or cWb
treatment was observed, presumably due to the antiox-
idant properties of plasma proteins in the blood
reported elsewhere [49].

In addition to the mechanisms discussed above,
free radicals can also cause cell damage by inactivating
several crucial antioxidant enzymes, such as SOD,

Table 4. Effects of cHb and cHb on Liver Antioxidant Enzyme Levels and Lipid Peroxidation in the Cotton Pellet-Induced Granuloma Model in Mice

Treatment group Dose (mg/kg) CAT (U/mg protein) SOD (U/mg protein) GPx (U/mg protein) MDA (μM/mg protein)

Control – 25.15 ± 1.75 89.03 ± 0.50 6.81 ± 3.09 0.71 ± 0.15
Cotton – 10.37 ± 0.85## 68.19 ± 5.10## 4.44 ± 1.02## 1.24 ± 0.14##

Pred 5 25.69 ± 4.45** 85.47 ± 6.94** 8.78 ± 1.41*** 1.29 ± 0.20
cHb 62.5 16.64 ± 1.04* 72.10 ± 5.11 5.06 ± 0.46* 0.80 ± 0.10*

cHb 125 20.99 ± 2.67* 77.32 ± 2.00* 5.10 ± 1.04* 0.75 ± 0.08**

cHb 250 24.72 ± 3.81** 83.64 ± 6.35** 6.71 ± 0.74** 0.74 ± 0.19**

cWb 62.5 20.34 ± 1.43* 79.76 ± 3.67* 6.51 ± 1.72* 1.14 ± 0.28
cWb 125 20.37 ± 2.67* 82.16 ± 3.01** 7.11 ± 3.12** 0.68 ± 0.10**

cWb 250 27.97 ± 1.09** 88.61 ± 2.04** 8.11 ± 0.45*** 0.63 ± 0.15***

Each value is presented as the mean ± SD (n = 6). ## P < 0.01; significant difference compared with the normal control group. * P < 0.05, ** P < 0.01, and
*** P < 0.001; significant difference compared with the cotton-only group
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CAT, and GPx, all of which play an essential role in
protecting cells from the damage caused by specific
free radicals. SOD is an important enzyme found in all
living cells that can protect cells against the harmful
effects of free superoxide (O2

·−) radicals. By
alternately adding or removing an electron from the
superoxide molecules it encounters, it converts O2

·−

into one of two less damaging species: either
molecular oxygen (O2) or hydrogen peroxide (H2O2).
CAT is an essential enzyme found abundantly in cells
and catalyzes the decomposition of H2O2 to oxygen
and water. In a similar fashion, GPx catalyzes the
detoxification of peroxides and hydroperoxides,
including H2O2, to water, comprising an integral part
of the cellular antioxidant defense mechanism [50].
The overproduction of reactive oxygen species (ROS)
and reactive nitrogen species (RNS) in Carr-induced
acute and cotton pellet-induced chronic inflammation
results in an imbalance of antioxidant enzymes in cells
[51, 52]. Our study shows that cHb greatly supports the
recovery of CAT, SOD, and GPx activity in both the
Carr and cotton pellet model. A significant contribu-
tion to the overall antioxidant capacity of cHb is
expected to arise from thiol groups, which are easily
oxidized to form disulfides or higher oxides under
physiological conditions. This is underlined by the
observation that β93Cys in human hemoglobin seems
to play an essential role in the red blood cell antioxi-
dant network [53]. More evidence for the importance
of thiol groups in antioxidant defense was found in the
occurrence of high plasma levels of organic disulfides,
which are formed by oxidation and subsequent dimer-
ization of thiol-containing proteins, during episodes of
oxidative stress [54, 55]. Owing to their comparatively
large cysteine content, the hemoglobins of several spe-
cies in the crocodilian group have been reported to
reduce ROS and RNS toxicity [56]. In light of these
facts, it is plausible that the antioxidant activity of cHb
observed in the present study originates from the abun-
dance of thiol groups and other antioxidative amino
acid residues in its primary structure [12]. Furthermore,
a number of biologically active organic thiols and
thioe thers , inc luding glu ta th ione (GSH), N-
acetylcysteine (NAC), captopril (CAP), homocysteine
(HCYS), and cysteine (CYS), also show strong antiox-
idant activity, which may confer additional protective
effects against oxidative damage [57]. Apart from the
sulfur-containing Cys and Met residues, the antioxidant
activity of cHb is presumed to involve certain other
amino acids, i.e., His, Tyr, Trp, Phe, and Asp. The

antioxidant properties of peptides containing His and
Tyr may involve the ability to chelate and deactivate
reactive metal species and bind lipid peroxide radicals
via the imidazole ring in His, as well as effective
hydrogen donation by the hydroxyl group in Tyr [12].
Similarly, Asp may contribute to the overall antioxi-
dant activity by donating its acidic hydrogen atoms
near neutral pH. Furthermore, the sulfhydryl group of
Cys may act as a strong reducing agent; hence, a
contribution to the reduction of ferric iron produced
by oxidation appears plausible. In a similar way, Trp
and Phe were shown to benefit H2O2-scavenging ac-
tivity, which is attributed to the susceptibility of the
aromatic side chain to oxidation [58]. Investigation of
the effect of cWb on the enzymatic antioxidant system
using the Carr model revealed an improvement in the
catalytic activity of CAT and GPx only, whereas CAT,
SOD, and GPx activity was enhanced in the cotton
model. These effects may be traced back to specific
blood components, including two specific peptides
with the amino acid sequences TDVLGLPAK
(912.5 Da) and DPNAALPAGPR (1,148.6 Da) in the
crude leukocyte extract of C. siamensis, which display
antioxidant activity in the DPPH assay [16]. Moreover,
the antioxidant properties of plasma might be related to
albumin, which constitutes the most abundant protein
in plasma and may confer antioxidant activity through
the presence of a cysteine thiol group (Cys34) [59].

CONCLUSION

In summary, the collected data suggest that the potent
in vivo anti-inflammatory activity of cHb and cWb is
attributed to an inhibitory effect on lipid peroxidation
(MDA formation) and augmentation of the antioxidant
activity of the protective enzymes SOD, CAT, and GPx.
Treatment with cHb or cWb was directly associated with a
significant reduction in paw edema volume and granuloma
formation via decreases in pro-inflammatory cytokine lev-
els (IL-6, IL-1β, and TNF-α). In addition, cHb and cWb
were found to enhance the release of the anti-inflammatory
cytokine IL-10 in both the Carr-induced paw edema and
cotton pellet-induced granuloma formation models in
mice. Taken collectively, the results of the present study
thus underline the potential usefulness of cHb and cWb and
may serve as a starting point in the development of croc-
odile blood-derived health supplements for the prevention
and treatment of acute and chronic inflammation.
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