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Abstract

The present study investigated the therapeutic effect of curcumin on bleomycin (BLM)-induced alterations in glycoprotein
components in the fibrotic lungs. Analysis of the bronchoalveolar lavage fluid (BALF) demonstrated increased fibronectin
content at 3, 5, 7, and 14 days after BLM administration. Similarly, lung tissue fibronectin content revealed a progressive
increase at various times (days 3, 5, 7, 14, and 28) during the development of lung fibrosis. In addition, alveolar macrophage
release of fibronectin was also elevated in BLM-treated rats. Analysis of carbohydrate moieties of glycoproteins revealed an
increase in total hexose, fucose, sialic acid and hexosamine levels at 7, 14, and 28 days after BLM treatment. Furthermore,
the activities of lung glycosidases such as N-acetyl-p-p-glucosaminidase, -glucosidase, 3-galactosidase, and p-fucosidase in
the fibrotic rats were elevated. Importantly, curcumin significantly inhibited the BLM-induced increases in BALF and lung
fibronectin levels. Treatment of BLM rats with curcumin dramatically suppressed alveolar macrophage release of fibronec-
tin. Curcumin also inhibited the increases in complex carbohydrates and glycosidases in the fibrotic lungs. These findings
suggest that BLM-induced lung fibrosis is associated with accumulation of glycoproteins, and curcumin has the ability to
suppress the enhanced deposition of glycoproteins in the fibrotic lung.
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Introduction is composed of collagens, elastin, proteoglycans, and non-
collagenous glycoproteins [2]. Together, these molecules
associate to form supramolecular complexes that surround

most cells in the body. Under normal conditions, these com-

Bleomycin (BLM)-induced lung injury is characterized by
the migration of blood-borne proinflammatory cells into the

alveolar space and the migration of fibroblasts at sites of
injury followed by parenchymal injury and fibrosis of the
alveolar structure [1]. Pathologic examinations of the fibrotic
lung demonstrate that the lesions are rich in extracellular
matrix (ECM) proteins within the interstitial and intralumi-
nal compartments of lung [2]. The lung connective tissue
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ponents are synthesized and destroyed under precise tempo-
ral and spatial patterns, resulting in the maintenance of nor-
mal lung structure and function. However, changes in ECM
composition and deposition occur in fibrotic lung diseases
[2]. Increased deposition of collagen has been demonstrated
in BLM-induced pulmonary fibrosis [3]. Increased amounts
of proteoglycans were also observed in fibrotic lungs [4-6].
However, there is little information on glycoproteins present
in lung structures and its role in lung fibrosis. Since glyco-
proteins possess a variety of biologic properties: maintain-
ing the structural stability of collagen fibrils [7], providing
structural support to organs, contributing to the viscosity
of tissue fluids, presence on cell surfaces and in the ECM,
antigenicity [8], delayed clearance from plasma, and resist-
ance to certain proteolytic enzymes [9], these properties may
nevertheless play a role in the pathogenesis of pulmonary
fibrosis. Further, their prominent position on the cell mem-
brane may permit glycoproteins to effectively participate in
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cell—cell and cell-extracellular matrix interaction, including
adhesion, migration, and immune recognition during lung
injury and repair in fibrosis.

Recent progress in therapies targeting tissue remodeling
in idiopathic pulmonary fibrosis (IPF) have only limited
efficacy, and these treatments often have devastating side
effects, and delay rather than reduce or reverse lung remode-
ling [10]. Therefore, new therapeutic approaches are needed,
and targeting the ECM proteins may be one such approach
[11-13]. Previous studies of the beneficial effects of cur-
cumin, a yellow curry pigment from turmeric (Curcuma
longa), have focused on the suppression of lung inflamma-
tion and cytokine release in bleomycin-induced lung injury
in rats [14]. Other studies have also demonstrated that cur-
cumin exhibits a variety of potent beneficial effects such as
antioxidant, anti-inflammatory, and anti-fibrotic [15-20].
These observations led us to postulate whether this protec-
tive activity of curcumin extends to modulation of ECM
turnover and deposition as well. The objective of the present
study was to characterize the nature of changes in glycopro-
tein metabolism during the development of BLM-induced
pulmonary fibrosis, and the therapeutic effect of curcumin
on BLM-induced alterations in glycoprotein metabolism.

Methods
Experimental design

Healthy male Wistar rats weighing 325-350 g were obtained
from the animal house facilities of Central Leather Research
Institute, and allowed to acclimatize for one week before
experiments. The animals were housed in temperature and
humidity controlled cages with 12 h light/dark cycles and
had access to water and laboratory rat chow ad libitum.
All experiments were carried out according to the Guide
for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH Publication No.
86-23, revised 1996). The animal ethical committee of CLRI
approved the project proposal and experiments were con-
ducted following the rules of the ethical committee.

Rats were divided into four groups. The first group (SAL)
consisted of saline-instilled rats, which received a single
intratracheal (i.t.) dose of 0.4 ml of sterile physiological
saline. The second group (CUR) received 300 mg/kg of cur-
cumin. The third group (BLM) received a single i.t. dose of
bleomycin (0.75 U/100 g body weight in sterile physiologi-
cal saline). The final group (CUR +BLM) received 300 mg/
kg of curcumin 10 days before BLM and daily thereafter
throughout the experimental period (28-day period). Saline
and BLM were instilled to rats through the endotracheal
catheter (a non-toxic polyethylene tubing, inner diameter:
1.67 mm; outer diameter: 2.42 mm, length: 70 mm) using a
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sterile 1 ml syringe under sodium pentobarbital anesthesia
(35 mg/kg) followed by 3 ml of air to distribute the drugs
equally. Curcumin, prepared fresh every day, was suspended
in 1% gum acacia and administered by gastric intubation.
All animals received humane care during the experimental
time period.

Collection of bronchoalveolar lavage fluid (BALF)

Bronchoalveolar lavage was performed at days 3, 5, 7, 14,
and 28 post-BLM administration. Briefly, the animals were
anesthetized with an intraperitoneal dose of sodium pento-
barbital. A polyethylene catheter was placed in the trachea
and secured in place. Rats were exsanguinated via the
abdominal aorta, and an incision was made in the diaphragm
(to allow the lungs to expand during lavage procedures).
The lungs were lavaged 5 times with 5 ml/wash of calcium
and magnesium-free phosphate-buffered saline, pH 7.4, pre-
warmed at 37 °C. The BALF was centrifuged at 300xg for
10 min at 4 °C, and the cell-free supernatant was aliquoted
and stored at—70 °C.

Preparation of alveolar macrophage
(AM)-conditioned media

AM culture was performed as follows. Briefly, the BALF
from each rat was centrifuged, cells were separated from
the supernatant, and cell number and cell viability were
determined by hemocytometer and trypan blue exclusion,
respectively. Cell differentials were done on cytocentrifuge
preparations, which were fixed in methanol and stained with
Diff-Quik (Sigma, St. Louis, MO, USA), and they were
resuspended in RPMI-1640 media supplemented with 2 mM
glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin and
10% heat-inactivated fetal bovine serum (GIBCO, Grand
Island, NY, USA). The cells were seeded (1x 10® AM/ml)
to a 24-well tissue culture plate and allowed to adhere for
2 hat 37 °C in a humidified atmosphere in 95% O,:5% CO,,
after which, the non-adherent cells were removed by wash-
ing thrice with RPMI media. The AM-enriched monolay-
ers were incubated in fresh RPMI media for an additional
24 h. The macrophage-conditioned media was collected,
centrifuged, and the supernatants were stored in aliquots at
— 70 °C for fibronectin measurements.

To assess changes in glycoprotein metabolism during
early and late stages of bleomycin-induced lung injury, we
examined bronchoalveolar lavage fluid and alveolar mac-
rophage fibronectin levels, and lung glycosidase activities at
3,5, 7, 14, and 28 days post bleomycin instillation. However,
lung glycoprotein constituents were analyzed at 7, 14, and
28 days post bleomycin instillation.



Molecular and Cellular Biochemistry (2020) 469:159-167

161

Extraction of fibronectin from lung tissue

Fibronectin from lung tissue was extracted by the method
of Bray et al. [21]. Briefly, lung tissues (~0.5 g) were
homogenized in 50 mM sodium phosphate buffer, pH
6.0, containing 2 M urea, 2 mM phenylmethylsulfonyl-
fluoride, and 5 mg/ml of heparin. The homogenate was
stirred (using a magnetic stirrer) for 4 h and centrifuged at
8000 g for 20 min. and the clear supernatant was collected
and stored at — 20 °C.

Fibronectin analysis

Rat fibronectin analyses were determined by ELISA
according to method of Gomez-Lechon and Castell [22].
In brief, cell-free BALF, lung tissue supernatants, and
AM-conditioned media were diluted with sodium bicar-
bonate buffer (50 mM, pH 9.6), and 100 pl of either
diluted samples or standards were added to the appropri-
ate wells in a 96-well microtiter plate. Standards consisted
of rat plasma fibronectin in the range of 100-1000 ng/ml,
whereas diluent buffer served as controls. The samples
were incubated for 1 h at 37 °C in a humidified chamber.
At the end of incubation, the wells were washed with PBS
containing 0.1% Tween 20 (PBS-T) and incubated with
goat anti-rat fibronectin (Calbiochem, San Diego, CA,
USA) for I h at 37 °C. The plate was washed three times
with PBS-T and incubated with rabbit anti-goat IgG con-
jugated with peroxidase for 1 h at 37 °C. Finally, the plate
was washed three times with PBS-T, and the color was
developed by adding O-phenylenediamine (0.1 mg/ml in
citrate—phosphate buffer, pH 5.0) and 0.003% H,0,. The
plate was incubated for 30 min at 37 °C, and the reaction
was stopped by the addition of 4 N H,SO,. The optical
density was read at 492 nm, and the fibronectin was quan-
titated from the standard curve.

Extraction and estimation of lung glycoproteins

After lung lavage was performed, lungs were dissected,
rinsed in ice-cold 0.15 M sodium chloride to remove blood
and non-pulmonary tissues, weighed and finely minced with
scissors. Lungs were homogenized in 0.15 M sodium chlo-
ride using a Polytron homogenizer in the cold room at 4 °C.
The homogenates were kept for shaking in a mechanical
shaker at 4 °C for 48 h and then allowed to settle for 3 h at
4 °C. Supernatants were separated and stored and the resi-
due was re-extracted with 0.15 M sodium chloride. Pooled
supernatants were then dialyzed against 0.15 M sodium
chloride for 48 h at 4 °C and used for the estimation of salt
soluble carbohydrate constituents of glycoproteins.

Estimation of hexosamine

Hexosamine content in lung tissue was determined follow-
ing the procedure of Boas et al. [23]. Since neutral sugars
are present in the tissue homogenates, hexosamines were
separated from neutral sugars by adsorption and elution
from ion-exchange resin (Dowex 50-X 4, 200-400 mesh,
H* form). Prior to the separation of hexosamines from ion-
exchange columns, hexosamines were liberated by acid for
8 h in sealed tubes by keeping them in a boiling water bath.
The acid from the hydrolysate was completely removed in
a rotary evaporator at 50 °C prior to placing the samples on
ion-exchange column. The ion-exchange resin was washed,
prior to use, with 2 N sodium hydroxide followed by dis-
tilled water, 3 N hydrochloric acid, distilled water and finally
transferred into the column. The sample was loaded on to
the top of the column and washed with distilled water to
remove unwanted materials. Hexosamines were then eluted
from the column with 2 N hydrochloric acid and the elute
was collected, evaporated to dryness at 50 °C in a rotary
evaporator. Thus the residue obtained free from acid was
dissolved in known amount of water. About 1 ml of this solu-
tion was mixed with 1 ml of acetylacetone (2% solution in
1 N sodium carbonate) in a screw- capped tube and placed in
a boiling water bath for 45 min. After cooling the tubes in a
water bath at room temperature, 2.5 ml of ethanol was added
and mixed thoroughly. To this 1 ml of Ehrlich’s reagent
(2.67% solution w/v of p-dimethylaminobenzaldehyde in
1:1 mixture of ethanol and concentrated hydrochloric acid)
was added, mixed thoroughly and made up to 10 ml with
ethanol. The readings were recorded at 530 nm using Shi-
madzu UV-260 spectrophotometer. Readings were taken for
both water blank and glucosamine standard simultaneously.

Fucose analysis

Lung fucose content was measured by the method of Dis-
che and Shettles [24]. Aliquots of tissue homogenate (1 ml)
was added to 4.5 ml of cold-sulfuric acid reagent (a mixture
of 6 volume of concentrated sulfuric acid and 1 volume of
distilled water, and mixed vigorously). The samples were
brought to room temperature by placing them under tap
water and then placed in a vigorously boiling water bath
(sample tubes were capped) for 3 min and cooled to room
temperature under tap water. Then 0.1 ml of cysteine rea-
gent (3% w/v, cysteine hydrochloride in water) was added
with immediate mixing and the intensity of the color
was determined at 396 nm and at 427 nm in a Shimadzu
spectrophotometer. Blanks were prepared with water and
unknown samples were determined from the standard curve
constructed with fucose. Fucose content was determined by
subtracting the absorbance difference of the sample between
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396 and 427 nm without cysteine from the absorbance of the
same sample between 396 and 427 nm with cysteine.

Sialic acid analysis

Lung sialic acid content was measured using thiobarbituric
acid (TBA) as described by Warren [25]. Lung homogenates
were hydrolyzed with 0.1 N sulfuric acid at 80 °C for 1 h
in a sealed tube. Aliquots containing 2—18 mg of sialic acid
in a sample (0.2 ml) were mixed with 0.1 ml of periodate
solution (sodium metaperiodate, 0.2 M, in 9 M phosphoric
acid) and kept at room temperature for 20 min. One ml of
the arsenite solution (sodium arsenite, 10% in a solution of
0.5 M sodium sulfate—0.1 N sulfuric acid) was added. The
samples were shaken until the yellow-brown color disap-
peared. Then 3 ml of the TBA reagent (TBA, 0.6% in 0.5 M
sodium sulfate) was added and the contents were mixed
thoroughly. The sample tubes were capped and heated in a
vigorously boiling water bath for 15 min and cooled under
tap water for 5 min. Then 4.3 ml of cyclohexanone was
added and mixed vigorously to extract the red color into the
organic phase and then centrifuged for 3 min at 1000xg. The
clear top organic phase was transferred to a cuvette and the
absorbance was measured at 549 nm in a Shimadzu UV-260
spectrophotometer. Blanks were prepared with water. Stand-
ard curve was constructed using N-acetylneuraminic acid.

Total hexose analysis

Lung content of total hexose was measured following the
protocol of Dubois et al. [26] using phenol as the specific
organic color-developing reagent. To 2 ml of an aqueous
solution containing 10-70 pg of sugar, 0.05 ml of the phe-
nol reagent (80% by weight was prepared by adding 20 g of
distilled water to 80 g redistilled phenol) was added. Then
5 ml of concentrated sulfuric acid was added rapidly and the
sample was brought to room temperature. The intensity of
the color was measured at 490 nm using Shimadzu spectro-
photometer. Blanks were prepared by substituting distilled
water for the sugar solution. The amount of sugar was esti-
mated from the standard curve constructed with glucose.

Assay of N-acetyl-B-p-glucosaminidase (NAG)

The NAG activity in BALF was measured by the method of
Moore and Morris [27]. Known aliquots of the lung homoge-
nates were added to 0.5 ml of incubation buffer containing
2 mM p-nitrophenyl-p-N-acetylglucosaminide (dissolved in
0.1 M citrate buffer, pH 4.5). At the end of incubation, reac-
tion was stopped by the addition of 4 ml of 0.2 M glycine-
sodium hydroxide buffer, pH 11.7 containing 2 M sodium
dodecyl sulfate and the contents were centrifuged. To the
supernatants, 0.5 M sodium hydroxide was added and the
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absorbance was measured at 410 nm. The activity of NAG
is expressed as pM p-nitrophenol liberated/h/ mg protein.

Assay of B-glucosidase and B-galactosidase

Lung tissue p-glucosidase and p-galactosidase levels were
measured following the method of Conchie et al. [28].
Except for the differences in substrates used viz. p-nitro-
phenyl B-p-glucoside for B-glucosidase and p-nitrophenyl
B-p-galactoside for B-galactosidase and the buffer viz.
0.2 M phosphate-0.1 M citrate buffer (pH 5.0), the assay
method was essentially the same as that of N-acetyl-p-
D-glucosaminidase assay. The enzyme activities were
expressed as pM p-nitrophenol liberated/h/100 mg protein.

B-fucosidase assay

The activity of lung p-fucosidase was assayed by the method
of Bosmann and Hemsworth [29]. Known aliquots of lung
homogenate were incubated with 6 pM of substrate (p-nitro-
phenyl B-N-fucopyranoside, final volume was 1.025 ml,
0.05 M citrate adjusted to pH 4.3) for 1 h at 37 °C. The
reaction was terminated by the addition of 2 ml of 0.4 M gly-
cine-sodium hydroxide buffer, pH 10.5. The reaction mixture
was centrifuged at 5000xg for 10 min, and the absorbance
of the released p-nitrophenol in the supernatant measured
at 410 nm. Enzyme activity was calculated from a standard
curve and p-nitrophenol served as the standard. Results are
expressed as pM p-nitrophenol liberated/h/100 mg protein.

Chemicals

Tissue culture media and reagents were purchased from
HiMedia Laboratories, Mumbai, India, and GIBCO, Grand
Island, NY, USA. Unless otherwise stated most of the rea-
gents and chemicals were purchased from Sigma chemicals,
St Louis, MO, USA. All other reagents were of analytical
grade and commercially available.

Statistical analysis

Results are expressed as mean =+ standard deviation of
six separate experiments. Statistical treatment of data
was accomplished using a one-way analysis of variance
(ANOVA) for multiple comparisons followed by post hoc
Bonferroni test (Graphpad Prism, version 3.01).

Results

Fibronectin levels in BALF and lung tissue of normal and
fibrotic rats were examined by ELISA, and the results
are summarized in Fig. 1a and b. There were significant
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Fig. 1 Protective effects of curcumin on bleomycin-induced
changes in fibronectin in BALF (a) and lung tissue (b). Results are
mean+S.D. of six rats in each group. *Significantly (p<0.001)
higher than all groups; Ysignificantly (p <0.001) lower than bleomy-
cin rats

(p <0.001) increases in fibronectin concentrations in the
BALF and lungs of fibrotic rats compared with that of con-
trol groups. BALF fibronectin showed a 2.8-fold increase
at day 3, a 5.5-fold increase at day 5, a 13-fold increase at
day 7, and a 2.5-fold increase at day 14 after BLM instil-
lation. However, fibronectin content in the BALF returned
to control levels at day 28 post-BLM injections. Similarly,
lung fibronectin revealed a 1.8-fold increase at day 3, a 2.6-
fold increase at day 5, a 3.5-fold increase at day 7, a 2.0-
fold increase at day 14, and a 1.5-fold increase at day 28
after BLM administration. Interestingly, curcumin inhibited
BLM-induced increases in the BALF and lung fibronectin
levels. As shown in Fig. 2, there was a dramatic increase in
AM fibronectin release at various times during the devel-
opment of BLM-induced pulmonary fibrosis. The marked
increase in AM fibronectin release induced by BLM was
abrogated by curcumin.

BLM-induced lung injury is characterized by increased
production of collagen [3] and proteoglycans [5]. To deter-
mine if BLM-induced pulmonary damage is associated with
increases in complex carbohydrates, lung levels of total hex-
ose (Fig. 3a), sialic acid (Fig. 3b), fucose (Fig. 4a), and hex-
osamine (Fig. 4b) were measured. The results showed that
there were significant (p <0.001) increases in the composi-
tion of various complex carbohydrates of fibrotic lungs at
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Fig.2 Protective effects of curcumin on bleomycin-induced changes
in alveolar macrophage fibronectin release. Results are mean+S.D.
of six rats in each group. *Significantly (p <0.001) higher than all
groups; Ysignificantly (p <0.001) lower than bleomycin rats

days 7, 14, and 28 after BLM administration when compared
to control rats. The time course studies demonstrated that
fibrotic lungs contained higher amounts of glycoproteins at
14 days compared to 7 and 28 days after BLM administra-
tion. Treatment of BLM rats with curcumin significantly
(»<0.001) abrogated BLM-induced increases in lung com-
plex carbohydrates.

The results of this study also reveal that there is a sig-
nificant (p <0.001) increase in the activities of enzymes
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Fig. 3 Protective effects of curcumin on bleomycin-induced changes
in total hexose (a) and sialic acid (b) in lung tissues. Results are
mean+S.D. of six rats in each group. *Significantly (p<0.001)
higher than all groups; Ssignificantly (p <0.001) lower than bleomy-
cin rats. Tsignificantly (p <0.05) higher than control groups
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Fig.4 Protective effects of curcumin on bleomycin-induced

changes in fucose (a) and hexosamine (b) in lung tissues. Results
are mean=+S.D. of six rats in each group. *Significantly (p <0.001)
higher than all groups; Ssignificantly (p <0.001) lower than bleomy-
cin rats. "Significantly (p <0.05) higher than control groups

involved in the metabolism of complex carbohydrates.
In BLM rats, the levels of N-acetyl-p-p-glucosaminidase
(Fig. 5a), p-glucosidase (Fig. 5b), f-galactosidase (Fig. 6a),
and B-fucosidase (Fig. 6b) were progressively increased
from day 3 to day 14 after BLM administration, whereas
curcumin treatment ameliorated the BLM-induced increases
in these enzymes in fibrotic lungs.

Discussion

The major findings of the present study were (i) fibronectin
levels in both the BALF and lung were significantly elevated
in BLM rats in comparison with control groups, (ii) alveolar
macrophage release of fibronectin was higher in BLM rats,
(iii) the composition of glycoproteins and the activities of
enzymes involved in the metabolism of glycoproteins were
increased in BLM-lungs compared to normal lungs, and (iv)
curcumin inhibited BLM-induced increases in glycoprotein
metabolism.

BLM-induced inflammatory response, a crucial part
in the initiation and progression of lung fibrosis, is char-
acterized by activation of inflammatory cells, including
macrophages, elevated production of inflammatory media-
tors, cytokines, and growth factors. Alveolar macrophages

@ Springer

[0}
8 18 a . ©SAL
2 2 =CUR
Es S o BLM
235 ¥ CUR+BLM
N
S5 o
52<
ocsg
a3
225
O~ QO
(8] =
7
Z
DAY3 DAY5 DAY7 DAY14 DAY 28
BSAL
£ 20 BCUR
_©° * EBLM
o a
92515 L OCUR+BLM
C c &
S 8—0
8ES 10
U'EZ
S T Cc
223
[0
uig 5
<
]
0

DAY 3

DAY 5 DAY 7 DAY 14 DAY 28

Fig.5 Protective effects of curcumin on bleomycin-induced changes
in a N-acetyl-p-p-glucosaminidase and b p-glucosidase in lung tis-
sue. Results are mean+S.D. of six rats in each group. *Significantly
(p<0.001) higher than all groups; Ysignificantly (p<0.001) lower
than bleomycin rats. 'significantly (p<0.05) higher than control
groups

have been strongly implicated in orchestrating the pulmo-
nary inflammatory response, and increased synthesis of
fibronectin by AM is a part of the inflammatory activity in
interstitial lung diseases [30]. Therefore, increased levels
of fibronectin in the BALF and lung tissue may result from
an exaggerated production of fibronectin by alveolar mac-
rophage in the fibrotic lungs. Consistent with this possibil-
ity, upregulation of macrophage production of fibronectin
was observed in BLM rats when compared to controls. The
present results on BALF fibronectin content are consistent
with the results of Hernnas et al. [31], who reported a sim-
ilar increase in BALF fibronectin levels in BLM-induced
pulmonary fibrosis in the rat; however, AM fibronectin
release was not addressed in their study. Pathologic accu-
mulations of fibronectin have also been demonstrated in a
wide variety of lung diseases, including pulmonary fibro-
sis [32]. Increased AM fibronectin release has also been
demonstrated in dust-induced interstitial lung disease in
rats [33], and in rats exposed to cadmium chloride [34].
Increased expression of fibronectin may have pathologi-
cal implications in the development of pulmonary fibrosis
[35]. Fibronectin, a 440 kD large (dimmer) glycoprotein,
is chemotactic for fibroblasts, endothelial cells and mono-
cytes [36, 37] in the injured lung tissue, and is capable
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Fig.6 Protective effects of curcumin on bleomycin-induced changes
in a P-galactosidase and b B-fucosidase in lung tissue. Results are
mean+S.D. of six rats in each group. *Significantly (p<0.001)
higher than all groups; Ssignificantly (p <0.001) lower than bleomy-
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of interacting with a variety of cell types and the ECM
[38], and acting together with other growth factors, it can
stimulate fibroblast to proliferate [39, 40], resulting in
local accumulation of collagen. Thus, persistent increases
in AM fibronectin release could influence excessive tissue
repair and scar formation.

Curcumin inhibition of AM fibronectin release and
reduced accumulation of fibronectin in the BALF and
fibrotic lung reflects a decrease in the activity of inflamma-
tory cells in BLM-treated rats. Curcumin-mediated inhibi-
tion of BLM-induced inflammation is also evident by the
decrease in BALF biomarkers and reduction in total cell
counts in the BALF [14]. Thus, curcumin suppression of
fibronectin expression in BLM-injured lungs may prevent
recruitment of cells to sites of tissue injury and inflamma-
tion, and inhibit cell attachment to ECM proteins, local cell
proliferation and collagen accumulation. The remarkable
reduction of fibronectin levels in curcumin-treated BLM
rats may be due to a reduction in local production by AM. It
is also possible that curcumin may inhibit fibronectin pro-
duction by fibroblasts [41] and epithelial cells [42], leading
to reduced accumulation of fibronectin in the injured lung.
Decreased levels of fibronectin in the BALF and lung tis-
sue reflect the ability of curcumin to inhibit both the early
inflammatory and the late fibrotic phase in BLM-injured
lungs.

The results of this study also demonstrate that the levels
of various complex carbohydrates in lung structures were
higher in fibrotic rats when compared with control rats.
Although one study [43] has shown an increase in hexosa-
mine content in BLM-injured rat lungs, there is no informa-
tion in the literature about changes in other carbohydrates in
BLM-induced fibrotic lungs. Interestingly, the present study
observed increases in total hexose, fucose and sialic acid,
and hexosamine contents of fibrotic lungs. The data also sug-
gest that the levels of complex carbohydrates changed mark-
edly with the development of pulmonary fibrosis. The peak
increase in the levels of these sugars was evident at day 14
after BLM compared to day 7 or day 28. These results sug-
gest that metabolism of glycoproteins is a dynamic process,
changing during the course of lung fibrosis. Increased levels
of various complex carbohydrates have also been demon-
strated in cyclophosphamide-induced lung fibrosis [44], in
inflammatory conditions [45, 46], malignancy [47], in lung
cancers [48] and in hepatic fibrosis [49]

The increase in glycoproteins is probably due to increased
turnover, as the levels of various glycosidases were also
increased in fibrotic lungs. BLM administration resulted in
a time-dependent increase in lung glycosidase activities: the
maximal increase in various glycosidases was observed at
day 7 after BLM administration; however, the activities of
these enzymes were comparable to normal levels at day 28
post-BLM injection. Increased levels of BALF N-acetyl-f-
D-glucosaminidase activity were also seen in BLM rats, sug-
gesting that these enzymes are produced in large amounts by
BLM-activated inflammatory cells. Similar increases in lung
lavage fluid glycosidases have been reported in smoking
baboons [50]. BLM-induced inflammatory responses have
the potential to destroy pulmonary tissue through alveolar
macrophage release of lysosomal glycosidases. Given its
presence on cell surfaces and in the ECM, structural degra-
dation of glycoproteins and proteoglycans by glycosidases
could contribute to pulmonary inflammation through the
release of matrix bound proinflammatory cytokines and
growth factors [51, 52]. Thus, abnormal accumulation of
complex carbohydrates in fibrotic lungs may result not only
from changes in synthesis but also in degradation.

The present results also demonstrate that curcumin was
not only able to inhibit fibronectin accumulation but can also
prevent increases in complex carbohydrates and glycosidases
in BLM-treated rats. Curcumin-mediated decrease in gly-
cosidases in fibrotic lungs is consistent with its anti-inflam-
matory activity [53, 54]. Interestingly, curcumin has been
reported to reduce the release of lysosomal glycosidases in
myocardial infarction [54]. Curcumin inhibition of lysoso-
mal enzyme secretion may be due its membrane-stabilizing
properties [55, 56]. Inhibition of BLM-induced inflamma-
tion by curcumin is sufficient to suppress elaboration of
inflammatory mediators and proteolytic enzymes. Thus,
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curcumin-mediated reduction in glycosidases could prevent
structural degradation of glycoproteins and proteoglycans,
thereby attenuating pulmonary inflammation through inhibi-
tion of release of matrix bound proinflammatory cytokines
and growth factors, which in turn could prevent ECM syn-
thesis and deposition.
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