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First published March 8, 2007; doi:10.1152/ajpgi.00209.2006.—En-
hanced production of collagen is central to fibrotic disorders such as
hepatic cirrhosis and pulmonary fibrosis. We describe a sensitive,
quantitative, and high-throughput technique for measuring hepatic
collagen synthesis in vivo through metabolic labeling with heavy
water (2H,0). Rats and mice received 2H,O in drinking water for up
to 35 days. Deuterium incorporation into collagen-bound amino acids
(AA) alanine and hydroxyproline (OHP) was measured by gas chro-
matography-mass spectrometry. A threefold stimulation of collagen
fractional synthesis was observed under the maximum dosage of
carbon tetrachloride (CCly; 1.67 ml/kg). Deuterium enrichment was
systematically 20% higher in AA from monomeric collagen relative to
dimeric collagen, consistent with slower turnover of the latter. Ad-
ministration of 1% griseofulvin to mice resulted in a significant,
threefold increase in liver collagen synthesis, observable within 12
days and consistent with predicted interstrain differences (C57/B16J >
BALB/c). Deuterium enrichments of OHP from total liver proteins
correlated well with alanine or OHP from isolated collagen. Fibro-
genesis subsided after withdrawal of CCl, exposure and was reduced
to various degrees by coadministration of interferon-v, rosiglitazone,
atorvastatin, or enalapril. Changes in isotopically measured collagen
synthesis correlated with, but were more sensitive and reproducible
than, standard histological staining (trichrome) for fibrosis. In sum-
mary, liver collagen synthesis can be measured sensitively and with
high precision over a short time period, without radioactivity, thereby
providing a relatively high-throughput in vivo strategy for rapidly
measuring profibrotic activities of suspected hepatotoxicants and
antifibrotic activities of drug candidates.

fibrogenesis; hydroxyproline; in vivo; strain differences

THE TRANSIENT ACCUMULATION of collagen in tissues is a normal
feature of wound repair (35). Fibrosis, the pathological buildup
of extracellular matrix proteins, stems from prolonged tissue
injury, such as from chronic exposure to toxicants, irritants, or
mechanical stress, as well as infection, inflammation, or oxi-
dative stress. Fibrosis may ultimately result in organ failure (6,
35, 34).

The hepatic stellate cell (HSC) is the primary source of
collagen in liver (14) and becomes rapidly activated by cyto-
kines at the onset of wound response (36). HSC activation is an
active focus of drug intervention studies for liver fibrosis.
Certain cytokines, such as interferon-y (IFN-vy), and peroxi-
some proliferator-activated receptor-y (PPARYy) agonists, such

as rosiglitazone, are capable of reducing experimental fibrosis
(2, 15).

Although the complex mechanisms of wound repair and
fibrosis are increasingly well understood, effective antifibrotic
treatments are lacking (6). One problem is that sensitive
markers of fibrogenesis have not been available. Biochemical
measurement or histological staining of collagen content suf-
fers from important limitations, since liver collagen accumu-
lation typically occurs over a long time frame and exhibits
considerable variability among animals. Even in experimental
models, large groups of animals must be treated for weeks or
months to assess the efficacy of various interventions.

This problem of insensitive outcome metrics is common in
conditions characterized by large, relatively slow-turnover
pools (9, 21). Drug-induced alterations in collagen production
or degradation may be masked by the large background of
collagen that is present in tissue. As discussed elsewhere by
Hellerstein and colleagues (18, 40), a solution to this problem
exists, in principle, through the measurement of the dynamics
(i.e., the synthesis rate) of collagen, rather than its pool size.
Small differences in the rate of addition of newly synthesized
collagen molecules can be observed immediately and with
great sensitivity, independently of the pool size or turnover rate
of collagen that is already present.

We describe a stable isotope/mass spectrometric technique
utilizing heavy water (*H,0) labeling for measuring the syn-
thesis rate of tissue collagen in vivo. The heavy water labeling
approach is extremely sensitive and reproducible for measure-
ments of the kinetics of slow-turnover proteins like collagen (9,
40). The method involves brief treatment regimens, modest to
moderate doses of toxicant, and small numbers of animals. We
corroborate previous observations regarding the influence of
intermolecular cross-linking on collagen turnover and show the
fibrogenic response to toxicant exposure to be quantitatively
dependent on strain, species, concentration, and time. The
technique has high analytic reproducibility. Finally, suppres-
sion of fibrogenesis by known antifibrotic agents and test
compounds is shown to be reproducible and more sensitive
than static metrics of collagen content, thus offering the po-
tential for efficient new applications in drug discovery.

MATERIALS AND METHODS

Materials. Collagen standards and collagen antibodies were ob-
tained from Rockland Immunochemicals (Gilbertsville, PA). ?H,O
was obtained from Spectra Stable Isotopes (Columbia, MD). Mouse
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recombinant IFN-y was obtained from United States Biological
(Swampscott, MA). Rosiglitazone was obtained from GlaxoSmith-
Kline (Research Triangle Park, NC). Ketoconazole was obtained from
Chimes Pharmacy (Berkeley, CA). Enalapril and atorvastatin were
obtained from Pfizer (New York, NY). Other reagents were obtained
from Sigma Chemical (St. Louis, MO), unless otherwise specified.

Animals and protocols. Sprague-Dawley (SD) rats (200-300 g;
Simonsen Labs, Gilroy, CA), C57/Bl6] mice (16-18 g; Jackson
Laboratories, Bar Harbor, ME), and 129X1/SVJ, BALB/c, and Swiss
Webster (CW) mice (Charles River Laboratories) were used for these
studies. All animals were housed in specific pathogen-free vivariums
with controlled light-dark cycle, temperature, and humidity. Cages,
bedding, food, and water were autoclaved before use. Housing was in
groups of five mice per cage or two rats per cage. Rats and mice were
housed in separate rooms. Unless otherwise stated, all feeding was ad
libitum with Purina rodent chow. All studies received prior institu-
tional approval.

Animals received up to 1.67 ml/kg CCl, in olive oil intraperitone-
ally twice per week for up to 35 days. Dietary griseofulvin (1% wt/wt
in AIN-93 diet; Research Diets, New Brunswick, NJ) was adminis-
tered to mice for 12 days. Mice received IFN-y at 50,000 U/day
intraperitoneally. Dietary rosiglitazone (0.053 g/4,057 kcal in AIN-
93M diet) was administered to CW mice for 14 days. Vitamin E was
administered in olive oil vehicle at a concentration of 250
mg-kg~'-day~!' (370 1U/kg) per os. Enalapril or atorvastatin were
given in drinking water vehicle at 20 mg-kg~'-day ! per os. Animals
were anesthetized with isoflurane. While under anesthesia, animals
were killed and blood was withdrawn by cardiac puncture followed by
severing of the diaphragm as performed previously (41).

A 2H»0-labeling protocol was performed as described previously
(26, 41, 10). Briefly, an initial priming dose of 99.8% *H,0 in 0.9%
NaCl was given via intraperitoneal injection to achieve ~5% body
water enrichment, followed by administration of 8% *H,O in drinking
water for up to 35 days. Rodents have previously been maintained on
chronic 2H»O intake at up to 30% enrichment in drinking water
without effects on growth, food intake, behavior, activity, or fertility
(22). Consistent with these reports, no adverse effects were observed
in animals receiving 8% 2H»O.

Sample preparation. Livers were excised and flash frozen in liquid
nitrogen. Frozen tissue was shattered by mortar and pestle. Approx-
imately 20 mg of tissue were then homogenized at 4°C with either a
Polytron model PT 10-35 tissue tearor or a MiniBeadbeater-96 (Bio-
spec, Bartlesville, OK) bead mill with 0.7-mm zirconium silica beads.
For bead mill homogenizations, samples were subjected to three
cycles of 40 s per cycle and placed on ice for 1 min between cycles.

For total protein isolation, homogenizations were performed in
pure, deionized water. Four volumes of acetone at —20°C were added
to 1 volume (450 pl) of the tissue homogenate. The material was
centrifuged at 15,000 g at 4°C for 15 min, and the resulting pellet was
washed by brief vortexing with 1 volume of 95% ethanol at —20°C.
After centrifugation, the supernatant was removed, and the pellet was
dried under vacuum.

Collagen extract was prepared by performing homogenizations in
450 wl of 100 mM NaOH. Under these conditions, collagen remains
insoluble whereas most other proteins are readily dissolved (32, 33).
After centrifugation at 7,000 g for 10 min at 4°C, the supernatant was
removed, and the pellet was briefly vortexed in 500 wl of H>O. After
centrifugation, the supernatant was removed, and the pellet was
dissolved in 5 pl of SDS-PAGE sample buffer containing 5% (vol/
vol) B-mercaptoethanol and 4 M urea (Bio-Rad, Hercules, CA). After
boiling for 3 min, the dissolved material was size-fractionated by
7.5% SDS-PAGE. With the use of standard techniques, proteins were
subsequently transferred onto polyvinylidene difluoride (PVDF). Pro-
tein bands representing monomeric and dimeric collagen were rou-
tinely identified by comigration with standards. Protein bands that
corresponded to collagen were cut from the resulting membrane after
the membrane was stained with brilliant blue R-250.

MEASUREMENT OF LIVER COLLAGEN SYNTHESIS BY 2H.O LABELING

Preparation of analytes for mass spectrometric analyses. Acetone-
precipitated total tissue protein or excised PVDF-bound proteins were
hydrolyzed by incubation in 6 N HCI at 110°C for 16 h as previously
described (28). Hydrolysates were dried under vacuum and then
suspended in 1 ml of 50% acetonitrile, 50 mM K,HPO,, pH 11.
Twenty microliters of pentafluorobenzyl bromide (Pierce) were
added, and the sealed mixture was incubated at 100°C for 1 h.
Derivatives were extracted into ethyl acetate, and the top, organic
layer was removed and dried by addition of solid Na>SO4 followed
by vacuum centrifugation. To acetylate the hydroxyl moiety of
hydroxyproline, we subsequently incubated samples with 50 wl of
methyl imidizole and 500 wl of acetic anhydride for 15 min at room
temperature. Alternatively, acetic anhydride was replaced with 100 .l
of N-methyl-N-(tert-butyldimethylsilyl)trifluoroacetamide (Pierce),
and the material was sealed and incubated at 100°C for 30 min. This
material was extracted in a biphasic system of water and petroleum
ether and subsequently dried with Na,SO4 and lyophilized before
analysis. Care was taken to remove all water, to prevent generation of
chromatographic contaminants. The method of analyte preparation
was adapted for use in a 96-well format by using a cyclic olefin
copolymer (COC/TOPAS) Multi-Tier plate (Biotech Solutions,
Mount Laurel, NJ) with 2-ml flat-bottom glass inserts and a poly(tet-
rafluoroethylene)-coated butyl molded mat. For this approach, organic
phases containing derivatized material were rendered anhydrous by
passing the organic phase over 1.85 g of anhydrous Na>SO,, placed in
each of the wells of a Whatman Unifilter GF/F deep-well filter plate.
Organic solvent and analyte that flowed through the Na,SOs were
collected and analyzed by gas chromatography-mass spectrometry
(GC-MS).

GC-MS analysis of derivatized amino acids. Using negative chem-
ical ionization (NCI), derivatized amino acids (AA) were analyzed on
a DB225 gas chromatograph column (9, 13). The starting temperature
was 100°C, increasing 10°C per minute to 220°C. The mass spec-
trometry used NCI with helium as the carrier gas and methane as the
reagent gas. For hydroxyproline (OHP), selected ion monitoring was
performed on mass-to-charge ratios of 352, 353, and 354, which are
the primary fragment ions for the most abundant isotopomers of the
pentafluorobenzyl-N,N-di(pentafluorobenzyl)acetylprolinate ~ deriva-
tive. Alternatively, selected ion monitoring was performed with the
mass-to-charge ratios of 445, 446, and 447 for the pentafluorobenzyl-
N,N-di(pentafluorobenzyl)-N-methyl-N-(tert-butyldimethylsilyl)
trifluoroacetylprolinate derivative. For alanine, the mass-to-charge
ratios of 448, 449, and 450 were monitored for the pentafluorobenzyl-
N,N-di(pentafluorobenzyl)alaninate derivative. In all cases, these
mass-to-charge ratios represented the primary daughter ions that
included all of the original hydrocarbon bonds from the given amino
acid. ?H enrichment was calculated as described previously (13).

Mole percent excess (MPE) M+1 enrichment (EM,) and fractional
synthesis (f) were calculated as described below and as previously
described for alanine (9, 20, 21). The number (n) of exchanging
hydrogen atoms in OHP that were derived from body water was
calculated by mass isotopomer distribution analysis (MIDA) based on
the EM>/EM, ratio, as described previously (9, 10).

Identification of isolated proteins. PVDF-bound collagen standards
and rat liver isolates were analyzed for immunoreactivity using rabbit
anti-type I collagen antibodies (1:200,000 dilution) or anti-type III
collagen antibodies (1:100,000 dilution). A secondary mouse anti-
rabbit horseradish peroxidase-linked antibody was used at a dilution
of 1:10,000, and ECL Plus (Amersham Biosciences, Uppsala,
Sweden) was used to detect binding.After size fractionation by
SDS-PAGE, collagen bands were excised, subjected to trypsin
degradation, and submitted for peptide identification (AmProx,
Carlsbad, CA). Products of trypsin degradation were identified by
tandem mass spectrometry and matched to sequence information in
the SWISSPROT database.

Analysis of 2H,0 enrichment in body water. Measurement of 2H,O
enrichment in body water was carried out as previously described (9,
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26) using a Series 3000 cycloidal mass spectrometer (Monitor Instru-
ments, Cheswick, PA).

Histopathology. Saline-perfused liver tissue was fixed in 10%
formalin overnight and stored in 70% ethanol. The liver tissue was
processed through graded alcohols, cleared in xylene, and infiltrated
and embedded into paraffin. Two 4-pwm sections were cut; one
was stained with hematoxylin and eosin, and the other with Masson’s
trichrome. Images (3—4 per liver) were captured of the Masson’s
trichrome-stained sections by using a X2.5 objective with a Zeiss
Axiocam HR 42-RGB camera, converted to 24-RGB, and pieced
together in Adobe Photoshop. Compiled images were analyzed with
ImagePro-Plus v.5.1 with the use of a custom subroutine to extract the
total tissue area (red, blue, and purple colors on a white background)
and the areas of fibrosis (blue, blue-gray, and blue-purple). Color
segmentation was preset and applied to the images after filtering, with
adjustable selections to account for stain variation. The fibrotic area
divided by the tissue area yielded the fraction of fibrous tissue within
each liver. Resultant images representing the calculated fibrosis were
produced to demonstrate the algorithm accuracy.

Samples were also analyzed by Probetex (San Antonio, TX) and
scored for degree of fibrosis. Scoring was 0 to 4 with the following
descriptions: 0, absence of fibrosis; 1, increased subendothelial stain-
ing restricted to central vein and periportal areas; 2, fibrous portal
expansion; 3, bridging fibrosis; and 4, cirrhosis with loss of typical
lobular architecture. Twenty to forty lobules were assessed per each
tissue sample. In addition, slides were scored for necrosis, appearance
of inflammatory infiltration, and appearance of mitotic figures in five
fields at X20 magnification.

Statistics. Means and standard deviations (error bars) of treatment
groups (n = 3 or greater) were compared with Student’s 7-test for
statistical significance of pairwise comparisons. Analysis of variance
was used for assessing statistically significant differences among more
than two groups. Spearman nonparametric correlation served to test
similarity among groups. Statistical significance was defined as a P
value <0.05. Using SigmaPlot, we fitted f values to a single expo-
nential equation, f; = fmax X (I — e*), and goodness of fit was
evaluated using the calculated coefficient of determination (R?). Vari-
ation among replicates was used to calculate an average intra-assay
precision of total protein OHP 2H enrichment data. Replicate
groups of animals, three to five in number, were handled simulta-
neously with an identical treatment regimen. Coefficients of vari-
ation (CV) from each group were used to calculate the mean and
median intra-assay CV.

RESULTS

Model of deuterium incorporation into collagen-bound non-
essential AA, including OHP. After H,O labeling, tissue
collagen synthesis was measured based on incorporation of
deuterium into nonessential AA (alanine or OHP) bound to
tissue collagen. One approach was to recover the alanine or
OHP from isolated collagen; alternatively, OHP was recovered
from total tissue protein. The latter approach eliminates the
need for collagen isolation and measures turnover of the total
collagen pool in a tissue, rather than physically isolating the
particular collagen molecules. To properly interpret metabolic
incorporation of deuterium atoms from 2H,O into biosynthetic
end products, such as DNA, lipids, or proteins (9, 10, 25, 26,
37, 41), it is necessary to characterize the number of covalent
C-H bonds derived from tissue water in newly synthesized
molecules in vivo. Our group (9, 13) has previously discussed
the incorporation patterns of ?H,O into C—H bonds of nones-
sential AA such as alanine and glycine. Similarly, protein-
bound proline, and hence OHP, can derive from de novo
synthesis, diet, or reutilization of degraded tissue proteins (4).

G1697

Figure 1 depicts routes of deuterium incorporation into
alanine and proline via scavenging and biosynthetic path-
ways, followed by incorporation of either AA into collagen.
Posttranslational hydroxylation of roughly one-third of the
preprocollagen-bound proline residues produces OHP, an
abundant AA that is specific for collagen. Deuterium incor-
poration in OHP isolated from total tissue proteins may then
serve as a quantitative indicator of total collagen turnover in
the tissue.

Measurement of collagen fractional synthesis rates based on
collagen-alanine in rats and mice. Preparative SDS-PAGE of
collagen from rat liver tissue is shown in Fig. 2A. The lower-
most electrophoretic band from the rat liver preparation comi-
grated with the o2(I) band of collagen type I standard. Se-
quences of eight tryptic fragments corroborated the identity of
this protein (Table 1). Immunoblot analysis with anti-type I
and anti-type III collagen antibodies revealed cross-reactivity
with collagen standards and with the collagen type I band from
liver preparations, but there was no indication of collagen type
IIT presence in liver preparations (data not shown).

Fractional synthesis of liver collagen in normal mouse and
rat was measured during 3—4 wk of continuous ’H,0 admin-
istration, based on deuterium enrichments in collagen-bound
alanine. Label incorporation curves reached plateau values
(Fig. 2B). The exchangeable number of hydrogens in covalent
C-H bonds in alanine was determined by MIDA of the labeling
pattern in alanine to equal 4, i.e., representing complete equil-
ibration with tissue H»O, as shown previously (9, 13). By using
this value (n = 4) to calculate asymptotic enrichments, a
plateau of ~37% new collagen was reached in both species.
These results suggest the existence of a subpopulation of
collagen that is replaced at a much slower rate than the pool
undergoing label incorporation (19). The replacement rate
constant for the rapid turnover pool of collagen in mice
(129X1/SV]J strain) was roughly twice the rate in SD rats, 13.6
and 7.3% per day, respectively (Fig. 2B).

Correlation between enrichments of monomeric vs. dimeric
collagen. Preparative SDS-PAGE of mouse liver collagen
allowed separation of collagen variants by isoform and cross-
linking. A systematic difference was observed between mono-
meric type I collagen (roughly 20% more enriched) and
dimeric collagen from the same liver samples (Fig. 3). This
observation held for both collagen-bound alanine and collagen-
bound OHP. The systematically lower enrichment of dimeric
relative to monomeric collagen is in keeping with reports of
increased proteolytic susceptibility and thus more rapid turn-
over of monomeric collagen relative to cross-linked collagen
(1, 38, 42).

Fractional synthesis of collagen-bound alanine in rodents in
response to CCly. Hepatic fibrogenesis in response to CCly in
SD rats (Fig. 4) was first determined on the basis of label
incorporation into monomeric collagen-bound alanine. A sta-
tistically significant difference between the untreated and
CCly-treated groups was observed starting at 2 days and
continuing through termination of the study (day 28). In control
animals, the value for f was 35.6 = 6% new collagen after 28
days; this was surpassed at 14 days of CCly treatment at either
CCly dose (42.3 = 12.3% new collagen at 1 ml/kg and 47.6 =
7.6% new collagen at 1.67 ml/kg). After 28 days of CCly admin-
istration (1 ml/kg), 79.4 = 9.4% of collagen was newly synthe-
sized. Histopathological examination of tissues (Colorado Pathol-
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is incorporated from heavy water into amino acid residues of nascent fibrillar collagen. Alanine (Ala) exhibits

classically nonessential metabolism, arising biosynthetically from abundant metabolic precursors, in particular from the tricarboxylic acid cycle (TCAC),

phosphenolcarboxykinase (PEPCK), and transaminase activity (TA), yielding n

= 4 for incorporation of deuterium into C—H bonds. Proline and, hence,

hydroxyproline (OHP) are nonessential amino acids but exhibit a high degree of essentiality, being scavenged from systemic protein degradation and diet. This
results in 3 major isoptomers of OHP possibly coexisting in collagen: /) fully deuterated from biosynthesis, 2) singly deuterated, scavenged proline via reversible
§-1-pyrroline-5-carboxylate reductase, and 3) nondeuterated scavenged proline. The space-filling model of fibrillar trimeric collagen was adapted from Protein Data
Bank accession no. 1BKV. Each peptide chain is depicted in light gray, dark gray, or charcoal, and potential sites of deuterium substitution in Ala and OHP are depicted

in white.

ogy Services, Collbran, CO) revealed “minimal fibrosis” and
increased staining via Mason’s trichrome in 1 ml/kg CCly-treated
rats throughout the time course of treatment.

Asymptotic H enrichment of OHP. Enrichment of collagen-
bound alanine and OHP was determined concurrently from
untreated and 1.0 ml/kg CCly-treated SD rats. There was a
good correlation between these AA, with no observable change
in the relationship during CCly treatment (Fig. 5A). Average
values are plotted for EM,(OHP)/EM,(ALA) from each treat-
ment group (Fig. 5B). The correlation was very close (R*> =
0.813). Interestingly, OHP enrichments were well below the-
oretical maxima, indicating that many of the C—H bonds in
newly synthesized proteins had not incorporated deuterium
from 2H,O. Fractional synthesis values from collagen-OHP
and collagen-alanine were equivalent when asymptotic OHP
enrichments (A} ) of ~1.1 X body ?H,O enrichment were
used. This represents about 1.5 C—H bonds incorporating 2H in
new OHP. There is a theoretical maximum of six new hydro-
gen atoms in OHP (Fig. 1). Thus there appears to be a dilution
of prolyl-tRNA pools by preexisting (unlabeled) proline (Fig.

1), as reported previously in avian models (4). Importantly, the
mass isotopomeric pattern in OHP, which reflects the number
of exchanging hydrogens in those proline residues that did
in fact derive from de novo synthesis (10), was stable across
treatment groups. These MIDA calculations confirm that the
different treatments tested did not influence the number of
exchanging hydrogens in newly synthesized proline in
prolyl-tRNA.

Comparison among the three metrics of collagen synthesis.
Synthesis values were compared for alanine from isolated
collagen, OHP from isolated collagen, and OHP from total
tissue protein. It should be noted that kinetics for isolated
collagen and total protein OHP are not expected to be identical,
because the latter encompasses all collagens, whereas the
former specifically represented the monomeric type I collagen
that was isolated. CCls was administered to rats for 7-35 days,
but administration of 2H,O was limited to the final 7 days
preceding euthanasia. Administration of 1.0 ml/kg CCl4 to SD
rats resulted in a rapid increase in liver collagen synthesis (Fig.
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6), with significant differences (P < 0.05) relative to controls
by day 14 for collagen-alanine and collagen-OHP. Synthesis
based on total protein-OHP rose after 7 days and remained
elevated thereafter. After 35 days, all methods revealed ~70%
new collagen synthesized per week. According to a Spearman
rank order correlation, the following coefficients were ob-
served: 0.770 for collagen-alanine vs. collagen-OHP, 0.683 for
collagen-OHP vs. protein-OHP, and 0.618 for collagen-alanine
vs. protein-OHP (P < 0.001 in all cases). These results confirm
that deuterium incorporation into total tissue protein-OHP
represents a technically simpler approach that reflects changes
in deuterium incorporation into collagen-bound AA.

Strain differences in mice for fibrogenic response to hepa-
totoxicants. To explore potential differences among mouse
strains for fibrogenesis, we conducted dose-response and time
course experiments, using two profibrotic agents and four
strains of mice (Fig. 7). 129X1/SVJ and CW mice received
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Fig. 2. Kinetics of collagen isolated from the liver tissue of mice and rats. A:
a representative preparative protein blot of collagens isolated from liver tissue.
Monomeric isotypes of type I collagen are indicated using standard nomen-
clature: isotype 1 is al(I), and isotype 2 is a2(I). Two dimeric collagens,
[a1(1)]2 and al(T)a2(I), and trimeric collagen, [al(I)]2a1(I), also are indi-
cated. B: fractional synthesis ( f) of monomeric collagen as measured in terms
of excess enrichment (EM;) in collagen-bound Ala. Reported values are
averages with n = 3 animals per data point, with standard deviation repre-
sented by error bars. Exponential curve fits yielded maximal fractional syn-
thesis values of 36 and 37% for rat and mouse, respectively, and rates of 7.3
and 13.6% per day for rat and mouse, respectively. The fitted curves yielded
R? = 0.928 and 0.990 for rat and mouse, respectively.

G1699

Table 1. Peptides identified by LC-MS-MS from trypsin
digestion of the putative a2(I) band of collagen,
isolated by preparative SDS-PAGE

Sequence MH+ BLAST Result
1 (R)P*GPIGPAGPR 933.9 Rat o2(I)
2 (R)GLPGADGRAGVMGP*P*GNR 1712.5 Rat a2(I)
3 (R)GPSGPQGIR 869.0 Rat o2(I)
4 (R)GPP*GAVGSP*GVNGAP*GEAGR 1752.4 Rat a2(I)
5 (R)\GAP*GPDGNNGAQGPP*GPQGVQGGK  2147.2 Rat o2(I)
6 (R)\GDGGPP*GM*TGFP*GAAGR 1549.7 Rat a2(I)
7 (R)TGPP*GP*SGITGPPGPPGAAGK 1803.9 Rat o2(I)
8 (K)GELGPVGNPGP*AGPAGPR 1616.5 Rat a2(I)

Asterisks indicate +16.00 amu modification of preceding amino acid.
Parentheses denote amino acid in the putative a2(I) (PI) position of the trypsin
cleavage site. LC-MS-MS, liquid chromotography-mass spectrometry-mass
spectrometry.

increasing doses of CCls. In 129X1/SVJ mice given 0, 0.25,
and 1 ml/kg CCly concurrently with 21 days of continuous
’H,0 intake, a significant increase in f in total protein-OHP
was observed only for the 1 ml/kg CCl4 treatment groups after
14 days (Fig. 7A) compared with controls.. In contrast, CW
mice exhibited (Fig. 7B) a significant increase in f at 7 days at
a lower dose of CCly (0.05 ml/kg; 21.6 = 6.6% in controls vs.
32.1 £ 2.9% in CCly-treated mice, P = 0.014), and the
fibrogenic response increased further with doses of CCly up to
0.3 ml/kg. The C57/Bl16J strain exhibited 1.7-fold higher syn-
thesis of collagen than the BALB/c strain (69.4 * 11.1 vs.
40.0 £ 11.0% new collagen, P = 0.013, Fig. 7C) in response
to griseofulvin in the diet.

Histopathological fibrosis and stable isotope-measured fi-
brogenesis after CCl, and toxicant withdrawal or therapeutic
interventions. The kinetics of reversal of CCls-induced fibro-
genesis was evaluated in CCly-treated CW mice. The regimens
tested were spontaneous recovery, IFN-y treatment, and treat-
ment with other putative antifibrotic agents. For these studies,
a 96-well plate format was used for rapid preparation of tissue
homogenates, hydrolysates, and amino acid derivatives, and
fibrogenesis was measured by deuterium incorporation into
total protein-bound OHP. The spontaneous recovery protocol

y = 0.8296x
R? = 0976

EM1 of collagen dimer (%)

0 1 2 3 4 5 [ 7 8 9 10
EM1 of collagen menomer (%)

Fig. 3. Dimeric collagen exhibits systematically lower enrichment than mo-
nomeric collagen from the same sample. Collagen was isolated from liver
tissue of 129X1/SVJ mice, and collagen-bound Ala or OHP were isolated.
Correlation between excess enrichments shows that monomeric collagen was
1.2-fold more enriched than dimeric collagen. By forcing a fit through the
origin, linear regression is shown for correlation between EM; of monomeric
vs. dimeric collagen-bound Ala (0, n = 7) or OHP (m, n = 17).
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Fig. 4. Relative to untreated control (m), a rise in collagen fractional synthesis
appeared after 2 days of 1.0 (@) and 1.67 ml/kg (») carbon tetrachloride (CCL4)
treatment in Sprague-Dawley (SD) rats. Average fractional synthesis was
derived from collagen-bound Ala. Error bars represent standard deviations in
each time and treatment combination (n = 3 animals per data point). Statistical
significance (P < 0.05, n = 3) was achieved between control and treated groups
at each time point as determined by Student’s #-test between vehicle and control
groups (data for vehicle-treated animals are also depicted in Fig. 2).

consisted of two doses of 0.5 ml/kg CCl, followed by admin-
istration of 2H,O after different periods of time (Fig. 84). The
’H,0 was administered during the final 7 days preceding
euthanasia. When measured 7 days after CCly was discontin-
ued, f was 34.9 + 4.8% new collagen per week (Fig. 8B). After
14 days, f had returned to normal (19.1 £ 2.9% new collagen
per week, P < 0.001 vs. day 7), and values remained low at
day 21 (Fig. 8B).

y = 0.4263x o

Collagen-OHP EM1 (%) X»

Collagen-ALA EM1 (%)

w
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06
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EM1(OHPY/EM1(ALA
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0.1

0.0

controls 0.3 ml/kg

Fig. 5. Relationship between EM;(Ala) and EM(OHP) of both control and
CCLs-treated SD rats. A: pairwise correlation between collagen-OHP EM; vs.
collagen-Ala EM; per each sample indicates a consistent relationship of
2.5-fold higher enrichment of Ala relative to OHP. Analysis of samples (n =
38) was performed with control (a), 0.3 (0), and 1.0 ml/kg () CCL4-treated
SD rats, with no indication of bias as a function of treatment. B: an alternative
representation of data from A, depicted as the average ratio of collagen-OHP
EM, to collagen-Ala EM,. No significant difference in this relationship was
observed among the 3 CCL4 treatment groups tested.

1 mUkg
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100 A

mCol-ALA ®Col-OHP O Prot-OHP
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Fig. 6. Three metrics of liver collagen synthesis per week after continuous
exposure to CCL4. SD rats (n = 3) were treated for up to 35 days with 1 ml/kg
CCL4 and received 2H,O for the last 7 days of treatment. In each sample,
fractional synthesis of collagen was measured in collagen-bound Ala (Coll-
Ala), collagen-bound OHP (Coll-OHP), and protein-bound OHP (Prot-OHP).
In all cases, significance (P < 0.05) was reached at days 28 and 35 relative to
vehicle control. The 3 metrics yielded comparable results, through which there
was observed a statistically significant (P < 0.05), 2-fold rise in weekly
collagen fractional synthesis in treated groups vs. vehicle by day 14.

Treatment with IFN-y concurrently with CCly (Fig. 9A)
partially suppressed fibrogenic response, relative to CCly
alone, after 1 wk. Several other agents with hypothesized
antifibrotic actions were also tested. Administration of rosigli-
tazone produced a significant reduction in CCls-induced fibro-
genesis after 3 wk of coadministration, but not after 2 wk (Fig.
9B). Daily oral gavage of high doses of vitamin E did not
reduce, but nonsignificantly enhanced, the CCly-induced fibro-
genic response. Enalapril and atorvastatin exhibited statisti-
cally significant, although modest, suppression of CCls-in-
duced fibrogenesis after 3 wk of treatment (Fig. 10A). Histo-
pathology of the same tissues showed moderate fibrosis in the
CCly treatment group, with morphological characteristics of
late-term and/or subtoxic liver damage rather than acute tox-
icity (Fig. 10B and data not shown). Figure 10B shows fibrosis
scoring, demonstrating fibrosis in all groups of CCls-treated
mice but no significant differences in fibrosis scores among
groups that received cotreatment with antifibrotic compounds.
All antifibrotic treatment groups scored nonsignificantly lower
than CCly treatment alone, but none yielded statistical signif-
icance via a one-way ANOVA with Tukey’s follow-up. Figure
10C shows quantitative collagen-staining area from trichrome-
stained sections of liver, demonstrating fibrosis in all groups of
CCly-treated mice but no significant differences in fibrosis
among groups that received cotreatment with antifibrotic com-
pounds.

Interassay variability. Interassay variation for total OHP 2H
enrichment was calculated from three mouse liver total tissue
homogenates. Ten aliquots were processed from each homog-
enate to the level of free amino acids and then derivatized and
analyzed by GC-MS. Replicates from each homogenate had
similar EM, values with average standard deviations for the
three sets about 5.5% of the mean values, or an SD for absolute
EM, of 0.1-0.2 MPE (Fig. 11A). A single outlier was noted in
one group. Day-to-day variability was assessed from the same
samples by derivatizing a second aliquot from each of the
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Fig. 7. Time course and dose-response curves for CCL4 or griseofulvin
administration. Interstrain differences in hepatotoxicant-induced fibrogenesis
were readily observed through the measurement of total liver protein OHP
enrichment. A: chronic exposure of 129X1/SVJ mice to 0 (»), 0.25 (¢), and
1(m) ml/kg CCly4 produced a 1.5-fold difference in collagen fractional synthesis
after 14 days of 1 ml/kg CCls exposure, which achieved statistical significance
(3-fold increase, P = 0.005, n = 5) after 21 days. B: dose response in CW mice
yielded 1.5-, 1.8- and 2.2-fold increases in collagen synthesis after 1 wk of
exposure to 0.05, 0.1, and 0.3 ml/kg CCly, respectively (*P < 0.02, **P <
0.001, n = 6). C: C57/B16J mice had a greater response to griseofulvin than did
BALB/c mice after 12 days of exposure (¥*P = 0.002, **P = 0.013, n = 5).

original hydrolysates at a later date. Of these 30 repeated
samples, one had an EM,; value about 20% lower than the
original. The remaining samples, including the outlier noted
above, were all close to the initial values with an average
set-to-set variation of about 3% of the EM, value (Fig. 11B).

DISCUSSION

The primary objective of this work was to develop a sensi-
tive, relatively high-throughput method for rapidly evaluating
therapeutic agents and endogenous factors that modulate fibro-
genesis. A reliable and simple biomarker for assessing fibrosis
and antifibrogenic agents is a long-standing goal in this field (3,

G1701

35). Rapid and quantitative measurement of tissue collagen
synthesis in vivo is now possible through the use of 2H,O as a
metabolic label. We have demonstrated that deuterium incor-
poration in C—H bonds of AA from isolated collagen or in OHP
from total tissue protein reveals collagen synthesis rates and is
sensitive to differences in rodent strain, hepatotoxicant dose,
and drug treatment.

The motivation for developing a kinetic measure of fibro-
genesis rate as a biomarker for assessing effects of drugs and
genes is that, in principle, kinetic methods have several advan-
tages over static measurements (18). First, changes in flux must
precede changes in concentration or composition. This in-
creases sensitivity and enables earlier detection of abnormali-
ties. Second, the magnitude of change in flux often exceeds
changes in concentration. Because biological systems typically
defend against changes in pool size, increases in flux in one
direction may be compensated by changes in the opposite
direction. In fibrotic states, for example, when pool size of
collagen is increased by an increase in collagen synthesis rate,
this may be accompanied by an increase in absolute degrada-
tion rate (5), which serves to partially dampen pool size
changes. Finally, small changes in rates of synthesis or break-
down can be sensitively detected, regardless of background
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Fig. 8. Fibrogenic rate of liver diminishes rapidly after withdrawal of hepa-
totoxicant, as measured by total liver protein OHP synthesis. A: dosage time
table of 0.5 ml/kg ip CCly (®) and ?H>O (horizontal bars) administration to CW
mice. This protocol was used to measure alterations in fibrogenic response as
a function of time after hepatotoxicant exposure (B). In B, collagen synthesis
is shown to return to normal (~20% per week) 14 days after initial exposure
(P < 0.001, n = 5) and to fall slightly more, on average, after 21 days.
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Fig. 9. Intervention in profibrotic liver injury indicates the efficacy of exper-
imental antifibrotic therapies. A: IFN-y (mouse recombinant, 50,000 U/dose
once daily for 7 days at 0.2 ml/kg ip) partially suppressed CCls-induced
fibrogenesis in CW mice (*P < 0.001 vs. vehicle, n = 5). B: after 14 days,
dietary rosiglitazone (Rosi) did not significantly reduce CCls-induced fibro-
genesis but did suppress fibrogenesis after 21 days (*P < 0.001, **P = 0.004
vs. control diet, n = 5 CW mice). Tocopherol (Vit E) administration to
CCly-treated CW mice did not reduce hepatic fibrogenesis but rather resulted
in a nonsignificant increase in hepatic fibrogenesis after 14 and 21 days,
relative to CCl4 treatment alone.

pool size, since only what is new is measured by isotopic
labeling (40, 18). When a large or slowly turning over back-
ground pool is present, kinetic measurements are therefore
much more sensitive to change than measures of pool size.!
This general principle is supported by the data presented.
Significant alterations in collagen synthesis were measurable
after only a few days of treatment.

OHP from total tissue protein proved to be the most useful
approach for measuring tissue fibrogenesis. Isolation of type I
collagen was not amenable to high throughput, in addition to
introducing potential bias by isolation of specific collagen
conformations (e.g., monomeric vs. dimeric collagen, Fig. 3).
Use of total protein OHP avoids potential biases and is capable
of much higher throughput. Investigators have used total pro-
tein OHP for decades as a measure of tissue collagen content,
because OHP is almost exclusively found in collagen (24).
Other proteins are known to contain small numbers of hy-
droxylated proline residues (23, 29, 30, 31), but these proteins
contribute negligibly to total protein OHP relative to collagen,
because collagen is both much more abundant than other
OHP-containing proteins and has a much higher OHP content
per molecule (11). The parallel kinetic behaviors of collagen-
bound alanine, collagen-bound OHP, and total protein OHP in
rat liver (Fig. 6) are consistent with this conclusion.

! A hypothetical example may help to make this point. If the liver contains
100 units of collagen at time 0, this may increase to 106 units after 1 wk in the
presence of a fibrogenic stimulus, whereas a successful therapy might reduce
this to 102 units. No assay of pool size can reliably distinguish between 106
and 102 units, but a kinetic assay (which measures “what is new”) can readily
distinguish between 6 and 2 newly synthesized units.

MEASUREMENT OF LIVER COLLAGEN SYNTHESIS BY 2H.O LABELING

Use of OHP to measure collagen synthesis required solution
of a technical issue, however. Correct interpretation of ’H
enrichment in OHP is potentially problematic, since proline
does not behave as a classically nonessential AA but has been
reported (4) to arise largely from scavenging pathways (reuti-
lization of proteolytically derived proline) in avian species.
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Fig. 10. After 21 days of H»O and the given treatment, fibrogenesis was more
informative than histological metrics of fibrosis. A: rosiglitazone (Rosi),
enalapril (Enal), or atorvastatin (Ator) reduced CCly-stimulated hepatic fibro-
genesis (*P < 0.05) to varying extents (**P < 0.05, Rosi vs. Ator). B:
pathology scoring for fibrotic index, as described in text. No significant
differences among treatment groups of animals receiving CCls were detected
by one-way ANOVA. C: collagen staining area in means (SD) in trichrome-
stained liver sections. No significant differences among treatment groups of
animals receiving CCly were detected by one-way ANOVA.
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A

Liver homogenate 1 Liver homogenate 2 Liver homogenate 3

Replicate Ave EM1 Replicate Ave EM1 Replicate Ave EM1
1 1.79% 1 2.40% 1 2.56%
2 1.62% 2 2.36% 2 2.62%
3 1.93% 3 2.23% 3 2.51%
4 1.86% 4 2.44% 4 2.43%
5 1.99% 5 2.41% 5 2.49%
6 1.81% 6 2.42% 6 2.51%
7 1.87% 7 2.38% 7 2.53%
8 1.90% 8 2.34% 8 2.51%
9 1.95% 9 2.26% 9 2.33%

10 1.15% 10 2.36% 10 1.95%

Average 1.79% Average 2.36% Average 2.45%

Std dev 0.25% Std dev 0.07% Std dev 0.19%

[If omit outlier sample 10]
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Fig. 11. Data reproducibility. A: 3 homogenates were made of mouse livers
from animals on different treatments, but all were given deuterated water for
3 wk. Each homogenate was split 10 ways, and the samples were hydrolyzed
to amino acids. Part of each hydrolysate was derivatized to allow analysis of
OHP by mass spectrometry. EM, values (mole percent excess, MPE) for the 10
replicates of each homogenate are listed. For homogenate 1, a revised average
was also calculated, omitting an outlying value (sample 10 is >2.5 standard
deviations from the mean). B: a second aliquot from each of the original 30
hydrolysates in A was derivatized and assayed at a later date. The 2 values for
each hydrolysate are plotted against each other.

Our observations with 2ZH,O-derived 2H labeling of OHP in
mammalian liver collagen parallel these findings. Comparison
of EM, in alanine and OHP isolated from the same protein
molecules (Fig. 5) demonstrates that the number of labeled
hydrogen atoms in alanine is ~2.5 times greater than in OHP.
Mass isotopomeric distributions in alanine, as well as asymp-
totic enrichments in alanine in fully turned over proteins (9,
13), consistently indicate complete labeling of C—H bonds (i.e.,
n = 4). The lower ?H enrichments in OHP therefore indicate
that most OHP did not derive from de novo synthesized proline
in the cell. On average, OHP behaves as though it contains
~1.5 C-H bonds incorporating deuterium. This value repre-
sents the combination of both the number of metabolically
exchangeable, stably bound C—H bonds (n) in de novo synthe-
sized proline and the dilution from unlabeled, reutilized proline
pools (Fig. 1). Clearly, in the normal rat HSC, as in avian
collagen synthesizing cells (4), the majority of proline-tRNA
used for collagen synthesis derives directly from proteolyti-
cally derived proline in the cell, rather than from proline that is
mixed in the rapidly synthesized, general cellular pool. Impor-
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tantly, CCly administration had no effect on the origins of local
proline pools in the tissue (Fig. 5) or on the number of
exchanging hydrogen atoms in de novo synthesized proline
molecules (based on MIDA calculations).

Another technical point relates to sample preparation. Use of
OHP as the final analyte allowed sample preparation to be
optimized for throughput and reproducibility. Tissue homoge-
nization, protein precipitation, hydrolysis, and derivatization
procedures were adapted for high-throughput, parallel process-
ing formats. The bead mill provided a means to homogenize
samples in lieu of the Polytron tissue homogenizer, permitting
parallel sample processing at this step and eliminating the
potential for sample cross-contamination. For all subsequent
sample handling steps, including protein precipitation and
hydrolysis, the Multi-Tier plate system in a 96-well format was
used. This allowed use of programmable, multichannel pipet-
tors for all liquid handling, reducing sample preparation time
considerably.

Strain- and species-dependent differences in response to
profibrotic hepatotoxicants were readily apparent. Among the
laboratory animals tested, the CW mouse exhibited the most
sensitive fibrogenic response to CCly treatment, followed by
the SD rat and the 129X1/SVJ mouse. Investigators have
previously reported differences between BALB/c and C57/
B16J mouse strains for response to the antifungal agent griseof-
ulvin (16). Our observations are consistent with this finding in
that dietary griseofulvin produced a 1.7-fold higher fibrogenic
response in C57/B16J mice than in BALB/c mice after 12 days
(Fig. 70).

The goal of developing an approach for rapid evaluation of
therapeutic or toxic agents is strongly supported by the results
reported presently. Two well-established inhibitors of HSC
activation, the cytokine IFN-y and the PPAR<y agonist rosigli-
tazone, showed significant activity against CCls-induced stim-
ulation of collagen synthesis after coadministration of either
compound. IFN-y produced significant inhibition of fibrogen-
esis after 1 wk, whereas rosiglitazone did not exert significant
effects until after 3 wk of continuous treatment (Figs. 9 and
10). We also tested an angiotensin-converting enzyme inhibi-
tor, enalapril, since this class has been reported to have anti-
fibrogenic actions in various tissues (17, 27). Enalapril signif-
icantly reduced collagen synthesis to a modest extent when
coadministered with CCly (Fig. 10). Another agent, the
hydroxyl-methyl-glutaryl-CoA reductase inhibitor atorvastatin,
also caused a modest (20%) reduction in collagen synthesis
when coadministered with CCly for 21 days. Statins have
previously been reported (12, 43) to reduce fibrogenesis by
inhibiting a key isoprenylation event in the small GTPase
RhoA and have been shown to reduce fibrogenic activity in
vivo in a guinea pig model of pulmonary fibrosis (39). Our
findings represent the first evidence that atorvastatin has in
vivo antifibrotic activity in liver. In contrast, high-dose vitamin
E administration did not reduce, and may even have increased,
CCly-induced collagen synthesis, perhaps by pro-oxidant ac-
tions at high doses (7, 8, 44).

Comparison of the kinetic measure (collagen synthesis) to a
standard static measure (histological trichrome staining of liver
slides for collagen content) confirmed the greater sensitivity
and reproducibility of the kinetic approach. CCly treatment for
21 days resulted in elevated histological scores and quantitative
collagen staining areas in all groups. No statistically significant
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differences among treatment groups were observed, however,
although rosiglitazone, enalapril, and atorvastatin all showed
nonsignificantly lower staining scores at 21 days. In contrast,
the results with 2H>O-measured collagen synthesis exhibited a
considerably lower standard deviation and were highly signif-
icant statistically for these therapeutic agents. A general cor-
relation between new collagen synthesis (f) and histological
score was observed (> = 0.3, P < 0.05) across all samples,
supporting a relationship between the kinetic measurement and
this standard biological index of fibrosis. Direct measurement
of collagen synthesis was clearly much more sensitive than
standard histological techniques, however, when screening for
therapeutic activity of antifibrotic agents.

The measured intra-assay and interassay CV values were
moderate. The analytic CV going from homogenized liver to
mass spectrometric results for OHP was in the range of 2-5%
(0.1-0.2 MPE). Biological variability was much higher, of
course, perhaps due in part to the fact that CW mice were
studied. Their outbred condition mimics expected interindi-
vidual differences in human populations. Assays of fibrogen-
esis yielded consistently reproducible differences in small
groups of animals after exposure to profibrotic toxicants and
antifibrotic drugs, however.

In future work, it will be worthwhile to consider factors that
may confound measurements of fibrogenesis. Diet, age, spe-
cies, strain, gender, source tissue, treatment regimens, and
different disease models all may influence fibrotic response as
well as the proper interpretation of alterations in fibrogenesis.
The isotopic distribution of 2H in OHP will need to be con-
firmed in various physiological states, along with comparisons
between fibrogenic response and classic metrics of fibrotic
disease (e.g., histopathology), to provide assurance that this
approach remains generally valid as an assay of collagen
dynamics.

In summary, a heavy water labeling technique has been
developed for sensitive measurement of hepatic fibrogenic
activity. OHP from total tissue proteins can be used and
exhibits consistent 2H incorporation from ?H,O in basal and
CCly-stimulated conditions, while allowing analysis with a
high-throughput, 96-well plate analytic format. This approach
is capable of detecting subtle differences in collagen synthesis
as a function of strain, dose, duration of exposure, and treat-
ment with antifibrogenic drugs. Accordingly, the approach
described presently may represent the basis for a rapid, sensi-
tive, and quantitative in vivo platform for evaluating hepatic
antifibrotic agents and investigating genes or endogenous fac-
tors that modulate fibrogenesis.
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