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A novel method for accurate collagen and biochemical
assessment of pulmonary tissue utilizing one animal
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Abstract: Aim: The purpose of this study was to develop an improved method for collagen and protein assessment of
fibrotic lungs while decreasing animal use. methods: 8-10 week old, male C57BL/6 mice were given a single intratra-
cheal instillation of crocidolite asbestos or control titanium dioxide. Lungs were collected on day 14 and dried as
whole lung, or homogenized in CHAPS buffer, for hydroxyproline analysis. Insoluble and salt-soluble collagen content
was also determined in lung homogenates using a modified Sirius red colorimetric 96-well plate assay. results: The
hydroxyproline assay showed significant increases in collagen content in the lungs of asbestos-treated mice. Identical
results were present between collagen content determined on dried whole lung or whole lung homogenates. The
Sirius red plate assay showed a significant increase in collagen content in lung homogenates however, this assay
grossly over-estimated the total amount of collagen and underestimated changes between control and fibrotic lungs.
conclusions: The proposed method provides accurate quantification of collagen content in whole lungs and additional
homogenate samples for biochemical analysis from a single animal. The Sirius-red colorimetric plate assay provides a
complementary method for determination of the relative changes in lung collagen but the values tend to overesti-
mate absolute values obtained by the gold standard hydroxyproline assay and underestimate the overall fibrotic

injury.
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Introduction

Collagen is the major structural protein of the
acellular matrix of the lung [1]. The most com-
mon method for evaluating tissue fibrosis/
collagen deposition is hydroxyproline quantifica-
tion [2]. Intratracheal instillation of fibrosis-
stimulating agents like Bleomycin [3, 4] and
asbestos [5], results in non-uniform disperse-
ment and heterogeneous fibrosis, similar to that
seen in human idiopathic pulmonary fibrosis
(IPF)[6, 7]. Currently the best practices for bio-
chemical and histological analysis of pulmonary
fibrosis require that both lungs be used for hy-
droxyproline assessment of fibrosis and a sec-
ond set of animals for biochemical and protein
assays to ensure accurate assessment of fibro-
sis as one lung may be more effected than the
other. This results in the need for large numbers
of animals for accurate fibrosis analysis and
additional biochemical analysis.

Tissues are composed of collagen types that

can be categorized in two biochemical groups:
1) acid soluble collagens and 2) neutral-salt
soluble or extractable collagens. Acid soluble
collagens are composed of mature fibers with
many intramolecular cross-links, while neutral-
salt soluble collagen is thought to be an imma-
ture precursor (with fewer cross-links) to mature
collagen [1, 8]. 4-Hydroxyproline is a major com-
ponent of collagen, comprising around 13.5% of
its amino acid composition[9]. The protein with
the next highest content is elastin at < 2% hy-
droxyproline[9]. The basis of hydroxyproline
quantification is that total collagen can be as-
sessed by acid hydralization of proteins followed
by measurement of hydroxyproline content. Only
1-5% of collagen in the adult lung is neutral salt
soluble[1], suggesting that harsher techniques
such as acid hydralization are required for accu-
rate assessment of total collagen burden.

The Sirius red stain was first described by Jun-
queira et al. in 1979[10] and is a dye that binds
to the [Gly-x-y] triple-helix structure found in all
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collagen fibers. This property of Sirius red stain
can be utilized to assess collagen in lung and
cardiac tissue sections under bright field and
polarized light [10, 11] and in cell culture [12,
13]. It has also been used as a colorometric
estimate of fibrosis in biochemical analysis Sir-
ius red dye extraction from thick sections of rat
liver compared to histological determination of
Sirius red staining and hydroxyproline quantifi-
cation [14]. However, the accuracy of this bio-
chemical approach, which lacks tissue dissocia-
tion and the polarization required to increase
the specificity of the signal, has not been di-
rectly compared to the gold standard hy-
droxyproline method to assess lung fibrosis and
collagen burden.

The aim of this study was to create a simplified
method for the accurate assessment of colla-
gen burden and biochemical analysis of pro-
teins in the lung during fibrosis using a single
mouse for all assays. We applied the Sirius red
staining assay principles and hydroxyproline
quantification principles to develop a processing
and analysis method that requires only a single
mouse to assess multiple aspects of fibrosis
and other biochemical parameters.

Methods
Animal experiments

Animal protocols were approved by the Univer-
sity of Pittsburgh IACUC. Wild-type C57BL/6,
males at 8 weeks of age, were randomized into
two groups of 10 mice each and administered a
single intratracheal injection of 0.14 mg croci-
dolite asbestos (NIEHS, Bethesda, MD) or 0.14
mg titanium dioxide (inert control particle,
sigma) in sterile saline, as previously described
[15-17]. Animals were euthanized on day 14
after treatment and lungs were collected for
processing. Both lungs of the first group of con-
trol- and asbestos-treated mice (n=5 per treat-
ment) were removed and dried at 110°C in
glass vacuoles for hydroxyproline analysis (see
below). For the second group of mice (n=5 per
treatment), the lungs were immediately ho-
mogenized in CHAPS homogenization buffer, as
described below.

Tissue processing

Both lungs were homogenized on ice in 3 ml of
CHAPS detergent buffer (50mmol/L Tris-HCI,
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pH7.4, 150 mM NaCl, 10 mM CHAPS) with pro-
tease inhibitors (10 mM Dichloro-isocoumarin,
3mM EDTA, and 100 mM E-64 (trans-
Epoxysuccinyl-leucylamido-[4-guanidino]
butane), Sigma). One half of the tissue homoge-
nate (1.5 ml) was placed in glass vacuoles for
hydroxyproline analysis. For the Sirius red assay,
100 ml was set-aside immediately after homog-
enization for analysis. The remaining homoge-
nate samples were rotated for 2 hours at 4°C,
followed by sonication and centrifugation, and
the supernatants were collected. 100 ml of this
supernatant was set aside for the Sirius red
plate assay. All samples were stored at -80°C
until further use.

Hydroxyproline analysis

All chemicals were purchased from Sigma-
Aldrich  (St. Louis, MO) or Thermo-Fisher
(Waltam, MA) unless otherwise noted. The hy-
droxyproline assay has been previously de-
scribed [2, 4, 18, 19]. The whole lung tissue
and one half the volume of the homogenized
samples (value later utilized in equation 1:C
below) were dried in glass vacuoles (Thermo-
Fisher) in a 110°C oven for 48 hours. Acid hy-
drolysis was completed by adding 2 ml of 6M
HCI to each sample. The vials were vacuumed
to remove oxygen, which was replaced with ni-
trogen gas, sealed and incubated under anoxic
conditions for 24 hours at 110°C. The vials
were broken open and the acid was allowed to
evaporate for 24 hours at 110°C. Each sample
was reconstituted with 2 ml of sterile PBS (See
equation 1: B, below), sealed with parafilm and
incubated for 1 hour in a 60°C water bath. Each
sample was centrifuged and the supernatants
were analyzed for hydroxyproline.

4-hydroxy-L-proline standards, ranging from 0-5
mg/ml hydroxyproline, were created from a 10
mg/ml hydroxyproline stock solution. All of the
standards and sample dilutions (1:40 for whole
lung samples and 1:20 for homogenate sam-
ples) were created using PBS as the diluent in a
final volume of 1ml. Both the standards and the
processed tissue samples were incubated with
0.5 ml of chloramine-T solution (50mM
chloramine-T, 30% v/v Ethylene glycol mono-
methyl ether, 50% (v/v) hydroxyproline buffer
(0.26M citric acid, 1.46M sodium acetate,
0.85M sodium hydroxide, 1.2% v/v glacial ace-
tic acid), distilled H20 for the remaining volume)
for 20 minutes at room temperature, followed
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by 0.5ml of 3.15M perchloric acid for 5 minutes
at room temperature. Samples were mixed well
after each addition. P-dimethylamino-
benzaldehyde solution (1.34M p-dimethylamino-
benzaldehyde dissolved in Ethylene glycol
monomethyl ether) was added to each (0.5ml)
and incubated for 20 minutes at 60°C for color
development. The standards and samples were
read in a 96-well plate at 557nm on a spectro-
photometer (SpectraMax plus, Molecular De-
vices, Sunnyvale, CA) with results reported as
mg hydroxyproline/ml (See equation 1: A, be-
low). To determine the total hydroxyproline
(equation 2: D) and collagen per total lung
(equation 2: X), the following calculations were
completed:

Equation 1: Calculation for mg hydroxyproline
per total lung:
AxBxC—->D
Ax2mlx2 —->D

A = 96-well plate raw data (mg hydroxyproline/
ml); B = Hydroxyproline sample volume in PBS
(2 ml); C = One half the lung homogenate dried
for hydroxyproline; D = mg hydroxyproline/total
lung.

Equation 2: Conversion to Total collagen per
total lung;:

Dx13.5=X
D = mg hydroxyproline / total lung; Collagen
conversion factor = 13.5; X = mg collagen /
total lung.

Neuman et al. reported that approximately
13.5% of collagen is composed of hy-
droxyproline [9], thus this value was used as the
conversion factor.

Sirius red colorimetric plate assay

The Sirius red 96-well plate assay was modified
from similar assays described for cell culture
supernatants [13]. Collagen | (Sigma) was used
for the collagen standard control. The collagen
standards ranged from 20-200mg collagen | /
well and dilution were made in PBS for a total
well volume of 0.15ml. 10ml of sample (value
utilized in equation 3: B) and 140ml of PBS was
added to each well in triplicate. Samples were
collected immediately after lung homogeniza-
tion (containing salt soluble and acid soluble
collagens) and after centrifugation (containing
only salt soluble collagens).

The plate was dried overnight at 37 °C and sub-
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sequently washed three times with distilled wa-
ter (200ml/well). To each well, 150 ml of 0.1%
Sirius red stain (Direct Red 80, Sigma) in satu-
rated picric acid was added and the wells were
incubated for 1 hour at room temperature on a
rocker. The plate was washed four times with
acidified water (200ml/well, 5% acetic acid) and
incubated with 150ml 0.1 M NaOH for 30 min-
utes at room temperature on a rocker. The con-
tents of each well were transferred to a new 96-
well plate to avoid any background from dried
samples and read on a spectrophotometer at
550 nm. The standards were fit to a 4-
parameter curve, R2= 0.99. The spectropho-
tometer data out was mg collagen for each sam-
ple (see equation 3: A). 10 ml of each sample
was assayed in the Sirius red assay. Conversion
calculations were completed to adjust the value
for the initial volume that both lungs were ho-
mogenized in, 3 ml.

Equation 3: To calculate the total collagen per
total lung:
A+B=(C)xD=X
A +0.010ml = (C)x 3ml =X

A = Sirius red plate raw data (mg collagen); B =
Volume of lung homogenate assayed; C = mg
collagen / ml; D = Initial volume used for lung
homogenization (see the tissue processing
method section); X = mg collagen / total lung.

Statistical analysis

Mean concentrations and all other quantitative
data (mean + SEM) were assessed for signifi-
cance using a 2-way ANOVA followed by Bon-
ferroni’s post-test using Graphpad Prism soft-
ware (Graphpad, San Diego, CA). Significance
was achieved by a p-value < 0.05. Sample
sizes (n) are indicated in the Figure legends.

Results

The determination of collagen burden in the
lung, when using intratracheal injury models, is
challenged by the necessity to assay both lungs
in order to get an accurate assessment of fibro-
sis. This requires significantly more animals to
be utilized so that fibrosis and biochemical
analyses can be done (Figure 1A). The sche-
matic of Figure 1B shows that modifications to
the experimental design and tissue processing
can maintain the integrity and accuracy of a
study, while allowing for additional analysis so
that the number of animals required is markedly
reduced.

Int J Clin Exp Pathol 2011;4(4):349-355
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Figure 1. Experimental Schematic A) This
schematic represents the traditional experi-
mental design to assay for fibrosis in the
lungs. Group 1: Both lungs are utilized for
hydroxyproline quantification. Group 2: A
second set of animals is required to attain
tissue homogenates for biochemical as-
says. B) This schematic represents the new
method for fibrosis evaluation. Group 1:
The lungs of one set of animals are ho-
mogenized in neutral salt buffer with prote-
ase inhibitors. One half of the volume is
dried for hydroxyproline quantification and
100ml is reserved for the Sirius red assay

Fibrosis Analysis ;
y Cesr?{,‘,'fff;;‘i,’l,n for acid soluble and salt soluble collagens.
The remaining volume is rotated and centri-
P otein fuged to attain a protein fraction for bio-
Protein for | Hydroxy- Sirius Red chemical assays. This fraction can also be
Biochemical proline Fibrosis Assay applied to the Sirius red assay to determine
Analysis I ! } salt-soluble collagen.
Insolubl Centri-
Total &snaslgé]olueble fugation
Collagen collagen i
Salt-
soluble
collagen
only

Accurate Determination of Fibrosis Burden with
decreased animal numbers

To determine if comparable hydroxyproline
analysis can be completed on one half of the
volume of total lung homogenates, we com-
pared hydroxyproline data from mice treated
with intratracheal asbestos or control titanium
dioxide (TiO2). For group 1, both lungs were
dried for hydroxyproline, while for group 2, both
lungs were homogenized and one half the vol-
ume was dried for hydroxyproline analysis. Both
processing methods showed that asbestos
causes a greater than three-fold increase in
hydroxyproline in the lungs (*p<0.05 compared
to TiO2 controls, Figure 2A). Homogenization of
both lungs prior to the assay did not compro-
mise the accuracy of the analysis. In addition,
no difference was seen between the tissue
processing methods when data was converted
to total collagen per total lung (Figure 2B).

Analysis of salt-soluble collagens by a Sirius
Red Colorimetric plate assay

Lung homogenate samples were also analyzed
for collagen using a modified Sirius red colori-
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metric 96-well plate assay with a 4-parameter fit
collagen-l standard curve (Figure 3A). The Sirius
red assay also showed a significant increase in
collagen content in asbestos-treated lung sam-
ples containing both insoluble and soluble colla-
gens (Figure 3B, *p<0.05). However, the magni-
tude of the increase in collagen between control
and fibrotic lungs was markedly lower in this
assay (25% increase) compared to the hy-
droxyproline assay (300% increase). After ho-
mogenization of both lungs, the homogenate
samples were centrifuged with only salt-soluble
collagens remaining. The Sirius red assay was
able detect a trend towards increased soluble
collagens however, with much variability in the
results (Figure 3C). In addition, the absolute
values of collagen per total lung are very similar
between Figure 3B and 3C, when the values for
insoluble and soluble collagen (Figure 3B)
should be much greater.

Discussion
The lung provides a unique challenge for fibro-
sis investigations, in that many stimuli for fibro-

sis are administered intratracheally and create
a heterogeneic pattern of injury in the lung.

Int J Clin Exp Pathol 2011;4(4):349-355
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Figure 2. Comparison of hydroxyproline quantification
of collagen in whole lung tissue and whole lung ho-
mogenates. A) Hydroxyproline quantification (mg/
total lung), n=5 mice per group per treatment.
*p<0.05. B) Total collagen (mg collagen /total lung)
determined using a 13.5 conversion factor (see
methods), n=5 mice per group per treatment.
*p<0.05. All data was analyzed by 2-way ANOVA with
Bonferroni post-test

Evaluating only one lung for fibrosis or protein
analysis likely introduces sampling error, as one
lung may contain more fibrosis than the other.
This study presents a simplified method of
evaluating lung fibrosis that eliminates this er-
ror and provides additional information about
insoluble collagen (mature fibers) and soluble
collagen burdens (immature, newly synthesized
fibers). Additionally, proteomic analysis can be
performed on the remaining 1.5 ml of lung ho-
mogenate.

Homogenization of both lungs and then sam-
pling only a portion of the homogenate, prior to
the hydroxyproline assay results in comparable
data to performing hydroxyproline analysis on
whole lungs (Figure 2). The amounts of collagen
determined for the TiO2-treated mice through
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Figure 3. Sirius red plate assay for neutral-salt solu-
ble collagens in whole lung homogenates. A) Sirius
red collagen quantification in homogenate samples
contain insoluble and salt-soluble collagens (prior to
sample centrifugation). *p<0.05, Student’s t-test. B)
Collagen quantification of homogenate samples with
only salt-soluble collagens. C) Collagen-I standard
curve for the Sirius red colorimetric plate assay with
a 4-parameter non-linear curve fit (Graphpad Prism).
The coefficient for the curve is R2 = 0.99.

this assay are very close to previous reports
suggesting that the lung of a normal 20-g
mouse contains approximately 1.2 mg of colla-
gen (~15-20% of the dry lung weight). This data
suggests that this method provides equivalent
results and efficiency allowing sampling from a
single mouse. This homogenization method
could be utilized to quantify fibrosis in other
tissues where protein homogenates are also
needed.

Sirius red staining of collagen has been used for
many years. The present colorimetric plate as-
say allows for rapid assessment of collagen con-
tent. One major problem with the Sirius red as-
say is that it appears to over-estimate the
amount of collagen in a sample. Only 1-5% of
collagen in the adult lung is believed to be salt
soluble [1]. The assay utilizes only a small frac-
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tion of the original sample (10ml of a an original
samples volume of 3 ml) and small variations
inherent to the staining procedure are amplified
with subsequent calculations to determine the
total collagen content. This data suggests that
the Sirius red plate assay may be an over-
estimate of the true collagen burden of the lung.
However, the assay does provide information
about the relative changes of immature precur-
sor collagen during fibrosis development. In
addition, this assay under-estimates the relative
increase in fibrosis between control and injured
animals, further suggesting that there is non-
specific binding of the Sirius red dye to non-
collagen proteins. Thus, the use of the Sirius red
assay may not reflect significant changes in
fibrosis that would be seen with the hy-
droxyproline assay.

There are several important advantages to this
new method: 1) Only one mouse is required to
attain fibrosis and protein/biochemical data
compared to twice the number of animals with
the previous method. 2) The homogenized tis-
sue samples require less drying time during the
hydroxyproline assay, which can shorten the
procedure by 24 hours. 3) The assay provides
an accurate quantification of total lung hy-
droxyproline and collagen through analysis of
both lungs, not a single lung or lobe. 4) The Sir-
ius red colorimetric plate assay can be utilized
as a complementary assay to evaluate the rela-
tive changes in salt-soluble collagens, which are
the precursors to mature collagen. One disad-
vantage to the new procedure is that is requires
careful homogenization of tissues in identical
volumes to ensure that error is not introduced
through this step.

In summary, we provide an improved method
for the assessment of collagen and biochemical
analysis from a single mouse. This allows for a
significant reduction in the number of animals
used while producing accurate data on the fi-
brotic environment of the lung. Additionally, this
homogenization technique would likely work for
other pulmonary disease models, in which injury
is induced by intratracheal instillation of a stim-
uli and which require multiple methods of lung
tissue analysis.
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