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ABSTRACT
Hyperforin (Hyp), a polyphenol-derivative of St. John’s wort
(Hypericum perforatum), has emerged as key player not only in
the antidepressant activity of the plant but also as an inhibitor
of bacteria lymphocyte and tumor cell proliferation, and matrix
proteinases. We tested whether as well as inhibiting leukocyte
elastase (LE) activity, Hyp might be effective in containing both
polymorphonuclear neutrophil (PMN) leukocyte recruitment
and unfavorable eventual tissue responses. The results show
that, without affecting in vitro human PMN viability and chemokine-receptor expression, Hyp (as stable dicyclohexylammonium salt) was able to inhibit in a dose-dependent manner their
chemotaxis and chemoinvasion (IC50 ⫽ 1 M for both); this

St. John’s wort (Hypericum perforatum) extracts are a rich
source of unique natural products, and prenylated acylphloroglucinol hyperforin (Hyp) has emerged as key player in the
antidepressant activity of the plant (Barnes et al., 2001).
However, it also exerts remarkable antibiotic activity against
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effect was associated with a reduced expression of the adhesion molecule CD11b by formyl-Met-Leu-Phe-stimulated neutrophils and block of LE-triggered activation of the gelatinase
matrix metalloproteinase-9. PMN-triggered angiogenesis is
also blocked by both local injection and daily i.p. administration
of the Hyp salt in an interleukin-8-induced murine model. Furthermore, i.p. treatment with Hyp reduces acute PMN recruitment and enhances resolution in a pulmonary bleomycin-induced inflammation model, significantly reducing consequent
fibrosis. These results indicate that Hyp is a powerful antiinflammatory compound with therapeutic potential, and they
elucidate mechanistic keys.

tant Staphylococcus aureus (Schempp et al., 1999), and it has
an antiproliferative effect in vitro in phytohemagglutininstimulated blood lymphocytes (Schempp et al., 2000) as well
as in several tumor cell lines, where it also inhibits proliferation in vivo (Schempp et al., 2002).
The pharmacokinetics of Hyp has been thoroughly investigated, and it has revealed that the compound is bioavailable upon oral ingestion, with antidepressive therapeutic
doses of St. John’s wort leading to serum levels of 0.45 M
(Biber et al., 1998). We have demonstrated that at this concentration Hyp is a good inhibitor of leukocyte elastase (LE),
exerts strong inhibition of in vitro tumor cell chemoinvasion,
and in vivo produces remarkable reduction of neovascularization, size of experimental colon carcinoma metastases,
and inflammatory tumor infiltration (Donà et al., 2004). The

ABBREVIATIONS: Hyp, hyperforin; LE, leukocyte elastase; PMN, polymorphonuclear leukocyte; ECM, extracellular matrix; MMP, matrix metalloproteinase; Hyp-DCHA, dicyclohexylammonium salt of hyperforin; DMSO, dimethyl sulfoxide; fMLF, N-formyl-Met-Leu-Phe; BM, basement
membrane; DMEM, Dulbecco’s modified Eagle’s medium; MFI, mean fluorescence intensity; IL, interleukin; PBS, phosphate-buffered saline; BAL,
bronchoalveolar lavage; H&E, hematoxylin and eosin; MP, mean percentage.
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Materials and Methods
Materials. The stable and crystalline dicyclohexylammonium salt
of hyperforin, used in all experiments (Hyp-DCHA in Fig. 1), was
prepared by Prof. G. Appendino (University of Piemonte Orientale,
Novara, Italy) according to the method described in patent PCT WO
99/41220 (Chatterjee et al., 1999). Hyp-DCHA was solubilized 10
mM in DMSO, and the dilutions used never exceeded 1% DMSO final
concentration (DMSO was also included in appropriate controls

without Hyp-DCHA), except in the in vivo experiments where 150 l
i.p. injections contained 10% DMSO (see below).
Cytochalasin B and formyl-Met-Leu-Phe (fMLF) were from SigmaAldrich (St. Louis, MO), fetal calf serum was from Biochrom (Berlin,
Germany), basement membrane (BM) matrix (Matrigel) was from
Becton Dickinson (Bedford, MA), polyvinylpyrrolidone-free polycarbonate filters were from Millipore (Billerica, MA), Ficoll-Paque Plus
(⬍0.12 enzyme unit/ml) was from Amersham Biosciences (Milan,
Italy), and okadaic acid was from Calbiochem (Darmstadt, Germany). Fluorescein isothiocyanate-conjugated anti-CXCR1, -CXCR2,
-CXCR3, -CCR3, -CCR5, and -CCR7 antibodies and phycoerythrinconjugated anti-CXCR4, -CXCR6, -CCR1, -CCR2, and -CCR6
antibodies were from R&D Systems (Minneapolis, MN). Fluorescein
isothiocyanate-conjugated anti-CD11a, -CD18, and phycoerythrinconjugated anti-CD62L, -CD11b were from Becton Dickinson
(Sunnyvale, CA). All of the other reagents, if not specified, were
purchased from Sigma-Aldrich.
Neutrophil Isolation. Human PMNs were isolated, ⬎96% pure,
from buffy coats of healthy donors, as described previously (Dri et al.,
1999).
MMP-9 Activation. PMNs in serum-free medium (Dulbecco’s
modified Eagle’s medium; DMEM) were preincubated 15 min with or
without micromolar Hyp-DCHA, activated by fMLF/cytochalasin,
and incubated 4 h at 37°C. The conditioned medium was then analyzed by gelatin zymography, as follows. Unheated samples were
electrophoresed in 0.1% gelatin-containing 6% polyacrylamide, in
presence of SDS. After electrophoresis, the gels were washed twice
for 30 min with 2.5% Triton X-100 and then incubated overnight at
37°C in Tris buffer (50 mM Tris-HCl, 200 mM NaCl, and 10 mM
CaCl2, pH 7.4). The gels were then stained with 30% methanol/10%
acetic acid containing 0.5% Coomassie Brilliant Blue R-250, and they
were destained in the same solution without dye. Clear bands of
gelatinolysis on the blue background were quantitated using an
image analyzer system with Gel-Doc 2000 and QuantityOne software (Bio-Rad, Hercules, CA).
PMN Chemotaxis and Chemoinvasion. Human PMN response
to 10⫺7 M fMLF or 50 ng/ml IL-8 was measured by seeding 2 ⫻ 106
cells, in serum-free medium with or without Hyp-DCHA, onto the top
compartment of 8-mm-diameter Boyden chambers; 5-m pore-size
filters, uncoated or coated with gelatin (chemotaxis) or Matrigel
(chemoinvasion), were separating the bottom compartment filled
with medium containing one (or none) of the above-mentioned chemoattractants; after 40 or 120 min at 37°C, respectively, migrated
cells were collected and counted under a microscope (Benelli et al.,
2000).
PMNs were also seeded (5 ⫻ 105) onto 96-well plates, incubated in
5% CO2, air at 37°C in 90 l of DMEM without phenol red and fetal
calf serum, and with or without Hyp-DCHA. After 4 and 20 h, the
viability was determined by CellTiter 96¨ colorimetric assay (Promega, Madison, WI), which measures the conversion of a tetrazolium
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Fig. 1. Molecular structure of the
prenylated acylphloroglucinol dicyclohexylammonium salt, Hyp-DCHA,
used in this investigation.
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latter finding, and the recently reported modulation of immune inflammatory responses in intestine and liver (Zhou et
al., 2004), led us to investigate in more detail the effects of
Hyp on the major cellular component of the inflammatory
compartment—the polymorphonuclear neutrophil (PMN)
leukocytes—and on their lytic capabilities.
PMNs are the major source of LE, and they act both intracellularly to kill engulfed pathogens and extracellularly as
mediator of coagulation, immune responses, and wound debridement (Sternlicht and Werb, 1999). Because LE has the
potential to degrade some structural proteins of the extracellular matrix (ECM), such as elastin, fibronectin, and collagens, excess LE activity has been involved in several pathological conditions leading to impairment of ECM
organization, including rheumatoid arthritis, emphysema,
cystic fibrosis (Sternlicht and Werb, 1999), and tumor progression (Balkwill and Mantovani, 2001). LE also activates
the proenzymatic form of matrix metalloproteinase (MMP)-9
(Sternlicht and Werb, 1999) massively released by the PMNs
and instrumental to degradation of matrix components (Delclaux et al., 1996; Esparza et al., 2004).
Here, we tested whether the Hyp-triggered inhibition of
LE activity might advantageously develop into containment
of both PMN recruitment and any unfavorable downstream
tissue responses. Hyp, a mixture of interconverting tautomers, is prone to air oxidation, and it is unstable in most
organic solvents. Its stable and crystalline dicyclohexylammonium salt (Hyp-DCHA; Fig. 1) (Chatterjee et al., 1999;
Verotta et al., 2002) is a convenient storage form of the
natural product, already used in studies of antidepressant
activity in rats (Cervo et al., 2002) and antitumor invasion in
mice (Donà et al., 2004); thus, it was chosen for our investigation. Here, we show that Hyp-DCHA restrains PMN chemotaxis and chemoinvasion, and protects against inflammatory events taking place in animal models of angiogenesis
and bleomycin-induced lung fibrosis.
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were flushed three times with 200 l of ice-cold heparinized physiological saline solution using a 29-gauge needle. A smear of cells
collected in the combined lavage fluid from each animal was prepared with cytospin, and the cells were stained with May-Grunwald/
Giemsa. In total, 200 mononuclear phagocytes, PMNs, and lymphocytes were counted under the microscope, and the percentage of each
type was calculated.
Bleomycin-Induced Pulmonary Fibrosis. Three groups of
eight mice were treated with bleomycin-Hyp-DCHA as described
above. The experimental group was given i.p. injection of Hyp-DCHA
at 9:00 AM and 6:00 PM every day excluding Sunday, starting 3 days
before instillation. Thirty-one days after intratracheal instillation,
the mice were weighed, anesthetized, heparinized, and exsanguinated via the femoral artery. The heart and lungs were them removed en bloc. Lungs were fixed by intratracheal perfusion of 10%
formalin at a constant pressure of 25 cm H2O for 24 h. The lungs
were dissected away from the external vasculature and bronchi, and
they were sectioned parasagittally, superior to inferior, embedded in
paraffin, sectioned at 5 m, and stained with H&E and Heidenhain
trichrome. The inflammatory cell infiltration, interstitial fibrosis,
and alveolar cuboidalization were evaluated using a semiquantitative analysis with a percentage value of parenchyma involved. Heart,
liver, and kidney were also histologically processed to detect any
toxic pathological changes.
Fibrosis was also measured by computerized morphometry using
an image analyzer system, with Image-Pro Plus software, version 4.1
(Media Cybernetics, Inc., Silver Spring, MD) as described previously
(Donà et al., 2004). At least 10 fields at 20-fold magnification were
randomly measured selecting lung parenchyma and perivascular/
conducting airway structures in fibrotic areas. The analyses were
performed blind by an experienced pathologist (F.C.). Slides from the
three groups of mice were randomized, coded, and examined without
knowledge of the treatment. The experiment was repeated twice.
Measurement of Hyp Blood Level. For determination of Hyp
level, blood samples were obtained from mice 30 min after injection
of Hyp as described above (hematic peak) (Cervo et al., 2002), and
Hyp in the plasma was identified and quantified by high-performance liquid chromatography as reported previously (Brolis et al.,
1998; Donà et al., 2004).
Determination of Hydroxyproline. The hydroxyproline content of mouse lung was determined using standard methods (Christensen et al., 1999), with slight modifications. After rinsing with
PBS, the upper left lung lobe was defatted, dried, weighed, and
hydrolyzed 22 h at 110°C in 6 N HCl. Aliquots were then assayed by
adding chloramine T solution for 20 min, 3.15 M perchloric acid for
5 min, and Erlich’s reagent at 60°C for 20 min. Absorbance was
measured at 561 nm, and the amount of hydroxyproline was determined against a standard curve.
Statistics. Data are expressed as the means of three determinations for biochemical assays and six for migration and invasion (four
PMN donors separately). The results of the IL-8-triggered angiogenesis were analyzed using the Mann-Whitney U test. Comparisons of
BAL cell population and hydroxyproline content were conducted by
one-way analysis of variance, with significance set at p ⬍ 0.05. For
morphometric analysis of lung tissue, 10 fields from complete left
lung of each animal were examined, and the data of each group
averaged; comparisons were conducted by one-way analysis of variance, with significance set at p ⬍ 0.05.

Results
Activation of MMP-9. Micromolar Hyp-DCHA, added to
PMNs 15 min before fMLF/cytochalasin-triggered activation,
produced dose-dependent inhibition of the MMP-9 activation
taking place over the after 4 h of incubation. The example
experiment in Fig. 2 shows a 49% reduction at 1 M Hyp
(lane 3), and 75% at 4 M (lane 4); this inhibition was
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compound “presumably by NADPH or NADH produced by dehydrogenase enzymes in metabolically active cells”.
PMN Cytofluorimetry. PMNs were suspended in 20 ml of
DMEM in a 50-ml Falcon tube rotated upside-down at 15 rpm for 1 h
at 37°C (during this treatment, the PMNs released most of their
proteolytic and oxidative load), and then they were resuspended in
DMEM and incubated for 40 min with or without 10⫺7 M fMLF, 0.3
or 3 M Hyp-DCHA, and fMLF plus Hyp-DCHA. Cells were centrifuged and incubated 30 min at 22°C with the appropriate antibody,
pelleted, and resuspended in PBS. The expression of chemokine
receptors or integrins was determined using monoclonal antibodies
against CXCR1, CXCR2, CXCR3, CXCR4, CXCR6, CCR1, CCR2,
CCR3, CCR5, CCR6, CCR7, CD62L, CD11a, CD11b, and CD18. The
effect of Hyp-DCHA was determined by overlaying the flow cytometry histograms of the untreated, fMLF-treated, and fMLF- plus
Hyp-DCHA-treated samples. Cells were scored using a FACSCalibur
analyzer (Becton Dickinson), and data were processed using Macintosh CellQuest software program (Becton Dickinson). For each
marker, the threshold of positivity was found beyond the nonspecific
binding observed in the presence of irrelevant control antibody.
Mean fluorescence intensity (MFI) values were obtained by subtracting the MFI of the isotype control from that of the positively stained
sample. The differences between the cell peaks were analyzed by the
Kolmogorov-Smirnov test, in accordance with the Macintosh
CellQuest software user’s guide (Becton Dickinson), with index of
similarity [D/s (n)] values ⬎10 considered significant.
Inflammation-Triggered Angiogenesis. The following in vivo
model of inflammatory angiogenesis was used (Benelli et al., 2002),
following approval by the Ethical Committee of the National Institute for Research on Cancer in Genova, Italy. IL-8 and heparin (50 ng
and 13 U/pellet, respectively) were added to liquid Matrigel at 4°C,
and 500 l of this Matrigel suspension was slowly injected s.c. into
the flank of C57BL6 mice. In vivo, the gel rapidly forms solid implants, and within a few hours, IL-8 recruits PMNs into the Matrigel,
which in 4 days become colonized by neoangiogenesis. Two different
protocols were used in duplicate experiment.
For one protocol, four groups of six mice received Hyp-DCHA only
once, premixed (1, 3, 9, or 27 M/pellet) with the Matrigel solution,
and six mice were used as control (without Hyp-DCHA). Four days
after injection, the gels were collected and weighed; most samples
were subjected to analysis of hemoglobin content as described previously (Lee and Downey, 2001); others were paraffin-embedded and
stained with hematoxylin and eosin for histological analysis or with
a rabbit polyclonal anti-myeloperoxidase antibody for histochemical
identification of PMNs.
In the second protocol, 14 mice were injected i.p. (Cervo et al.,
2002) with 1 mM Hyp-DCHA (in 150 l of PBS, 0.4% Tween 80, and
10% DMSO) at 9:30 AM and 6:30 PM every day, starting 24 h before
Matrigel injection. Twelve animals received injections of vehicle
only. Four days after injection, the gels were analyzed as described
above.
Bleomycin-Triggered Inflammation. Bleomycin was instilled
intratracheally in 16 male C57BL6 mice (17 g; Charles River, Lecco,
Italy) as described previously (Lee and Downey, 2001), following
approval by the Ethical Committee of the Medical School of Padova.
Bleomycin (1.25 U/ml in sterile PBS) was vortexed extensively before
each 100-l aliquot (5 U/kg) was used. The animals were anesthetized, and intratracheal instillation was performed slowly. A group of
eight mice was given i.p. injection of Hyp-DCHA as in the second
protocol used for angiogenesis, at 9:00 AM and 6:00 PM for 5 days,
starting 3 days before bleomycin instillation. The positive control
group of eight mice was treated with the bare vehicle solution. A
negative control group of eight mice was instilled with PBS alone.
Bronchoalveolar lavage (BAL) fluids were obtained from the lungs of
mice 2 days after instillation; this timing was chosen on the basis of
preliminary experiments showing that the increase of PMNs reaches
its maximum level after 2 to 3 days from instillation (Donà et al.,
2003). The mice were sacrificed by CO2 inhalation, and the lungs
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Fig. 2. Hyperforin (as Hyp-DCHA) dose-dependently prevents PMN
MMP-9 activation. Gelatin-zymography of medium conditioned 4 h by
fMLF/cytochalasin-activated PMNs shows a major band of pro-MMP-9
gelatinolytic activity and a lower minor band of MMP-9 activated form,
which (in PMN-conditioned medium) is typically diffused; 15-min preincubation of PMNs with M Hyp-DCHA prevents, in a dose-dependent
manner, the proteolytic processing of the zymogen to the activated form
(lanes 3 and 4). White numbers refer to the densitometric values of
MMP-9 activated form (compared with control 100%); example of triplicate experiments.

maintained over the following 4 h at 37°C (data not shown).
When added at the time of PMN activation, Hyp-DCHA
failed to significantly restrain the proteolytic processing on
pro-MMP-9 (lane 2).
Chemotaxis and Chemoinvasion. The effect of HypDCHA on PMN migration toward the bacterial tripeptide
fMLF or IL-8 was measured by a modified Boyden chamber
assay. In both chemotaxis and chemoinvasion assays, PMNs
showed a 2-fold increase in migration to the chemoattractant
over nonstimulated controls, and the presence of M HypDCHA resulted in a down-modulatory effect (Fig. 3).
On gelatin-coated filters (chemotaxis), Hyp-DCHA downmodulated PMN chemotaxis, within the range of concentrations tested (0 – 4.5 M), with an IC50 ⫽ 1 M (Fig. 3A).
Parallel assays without gelatin gave similar dose-response
results, with an IC50 ⬍ 0.5 M (data not shown). Controls
with Hyp-DCHA in the bottom chamber excluded any possible chemotactic activity of the compound (data not shown).
On filters coated with basement membrane matrix Matrigel
(chemoinvasion), the invasive capacity of PMNs toward the
chemoattractant was restrained in a dose-dependent manner
by Hyp-DCHA, with an IC50 ⬍ 1 M (Fig. 3B). At this
concentration, the PMN short-term viability (4 and 20 h) was
not significantly affected (3 ⫾ 2%) by Hyp-DCHA, whereas it
was following 24 h over 10 M (37 ⫾ 5%).
PMN Receptors and Integrins. The exposure of chemokine receptors and integrins (see Materials and Methods) to
the cell surface was studied by cytofluorometry: all the antigens tested were generally down-modulated under the chemoattractant fMLF, at levels that were not modified by 40min exposure to noncytotoxic concentration of Hyp-DCHA
(Table 1). The same was found for the CD62L L-selectin
(example in Fig. 4A). In the same conditions, the CD18 integrin-component was unaffected by both fMLF and HypDCHA (Fig. 4B). In contrast, the CD11b integrin component
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Fig. 3. Hyp-DCHA inhibits both chemotaxis and chemoinvasion of PMNs.
The modified Boyden chamber assay shows that PMN chemotaxis
through gelatin (A) and chemoinvasion through Matrigel (B) toward
fMLF in the bottom chamber is restrained in a dose-dependent manner
by the Hyp-DCHA present in the top chamber, with an IC50 ⫽ 1 M.
Equivalent results were obtained using IL-8 as chemoattractant (data not
shown). Examples of triplicate experiments (45 min, A; 2 h, B); data are
average of quadruplicate measures ⫾ S.D.

was up-modulated by fMLF, but in the presence of HypDCHA this effect was clearly restrained (Fig. 4C).
PMN-Triggered Angiogenesis. Micromolar Hyp-DCHA
was effective in restraining IL-8-triggered angiogenesis in
the s.c. Matrigel-sponge murine model-system, under two
different administration protocols. When mixed with the Matrigel/IL-8 solution before s.c. injection, Hyp-DCHA exerted a
dose-dependent inhibition of angiogenesis, with almost complete suppression at 9 M (p ⫽ 0.02) (Fig. 5, A–C). When
injected i.p. twice per day with a dose already shown to be
effective in restraining tumor metastasis in mice (Donà et al.,
2004), Hyp-DCHA produced an 80% reduction of the angiogenesis (p ⫽ 0.0001) (Fig. 5, D–G). This dose did not result in
any appreciable side effect, except a nonaggressive increase
in the activity of treated mice (as in the next experiment).
Induced Pulmonary Fibrosis. Intraperitoneal administration of the same dose of Hyp-DCHA twice daily for 31
days, starting 3 days before bleomycin treatment, produced
some nonmarginal effects even before animal sacrifice: all
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TABLE 1
Modulation of chemokine receptors under fMLF and fMLF plus Hyp-DCHA (Hyp)
The expression of all the chemokine receptors was down-modulated or not influenced under fMLF compared with the basal condition, and the 40-min exposure to noncytotoxic
Hyp-DCHA concentration did not modify their expression levels (percentages of positive cells and MFI were determined by flow cytometry).
Marker

Treatment
Basal
fMLF
fMLF ⫹ Hyp

CXCR1

CXCR2

CXCR3

CXCR4

CXCR6

CCR1

CCR2

CCR3

CCR5

CCR6

CCR7

%

MFI

%

MFI

%

MFI

%

MFI

%

MFI

%

MFI

%

MFI

%

MFI

%

MFI

%

MFI

%

MFI

98
99
98

137
98
87

94
60
44

28
7
12

81
64
63

31
13
9

68
11
17

18
5
7

56
48
45

6
6
5

0
0
0

0
0
0

35
20
15

1
1
1

54
42
43

6
9
7

43
50
30

8
10
9

0
0
0

0
0
0

43
60
40

5
4
4

treated mice [(⫹)-Hyp-DCHA] seemed healthy and more active during the experiment, whereas of the eight positive
controls [(⫺)-Hyp-DCHA] two mice died after 8 to 10 days,
and six mice presented signs of dyspnea, ataxia, and characteristic fur changes the second week after treatment. A sim-

Discussion
Inflammatory recruitment entails blood cell transit across
the BM underlying the vascular endothelium. An LE-triggered limited proteolysis may activate MMP-9, a gelatinase
abundantly secreted by PMNs in zymogen form (Sternlicht
and Werb, 1999), that contributes to the degradation of ECM
constituents in the area of infiltration, BM structural components included (Delclaux et al., 1996), opening up passageways for PMN extravasation.
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Fig. 4. Cytofluorimetric analysis with antibodies against CD62L, CD18
and CD11b of PMNs pretreated 40 min with 3 M Hyp-DCHA. The three
lines correspond to untreated, fMLF-treated, and fMLF/Hyp-DCHAtreated PMNs; the gray peak refers to the isotypic control. This example
of triplicate experiments shows that although Hyp-DCHA does not modify the profile of CD62L- (A) and CD18-positive (B) cells, the compound
down-modulates that of CD11b (C) in comparison with PMNs treated
with the chemoattractant fMLF alone, as confirmed by the unimodal
distribution with a statistically significant shift between the two histograms (D/s ⫽ 31.7; p ⫽ 0.001 according to Kolmogorov-Smirnov test). No
Hyp-DCHA-triggered modulation was found with any of the other tested
chemokine-receptors or integrins (see Materials and Methods for the
complete list).

ilar effect was found in a group of animals receiving HypDCHA starting with bleomycin treatment [without the 3-day
pretreatment (data not shown)].
The level of Hyp in the blood of treated mice was measured
at 30 min after i.p. injection, when the hematic peak is
reached (Cervo et al., 2002), and concentrations always ⬍1.2
M were registered (Donà et al., 2004). At the end of experiment, the (⫹)-Hyp-DCHA animals registered a weight gain
2.2 times higher than that of the (⫺)-Hyp-DCHA mice (from
17.0 to 20.0 g and 18.4 g, respectively; p ⬍ 0.01) and not
significantly different from untreated controls.
The potential protective effect of Hyp-DCHA on the bleomycin-induced pathology was thus studied by BAL analysis
and histological examination, The inflammatory cell population, examined in BALs obtained 2 days postbleomycin,
shows a significantly lower PMN percentage over the total
leukocytes in (⫹)-Hyp-DCHA animals than (⫺)-Hyp-DCHA
controls: the percentage of PMNs falls from 63% of BAL cells
without Hyp-DCHA treatment to 28% in animals receiving
this treatment, representing a relative decrease of 55%. The
difference between mice injected intratracheally with PBS
versus bleomycin, and bleomycin versus bleomycin plus i.p.
Hyp-DCHA, was significant with p ⫽ 0.0000 and 0.0003,
respectively (Fig. 6).
At 4 weeks, less extensive fibrosis was observed in treated
animals than in controls: mean percentage (MP) of lung
parenchyma involved 0 versus 13% (p ⬍ 0.02) (Fig. 7). The
severity of inflammation was significantly different (MP 11
versus 36%; p ⬍ 0.02), whereas no difference was observed
for the alveolar changes (cuboidalization) (MP 6 versus 19%;
p ⫽ N.S.).
To quantitatively determine fibrosis, hydroxyproline content in the lung was measured as a surrogate for lung collagen deposition. Four weeks after bleomycin instillation, the
values (mean ⫾ S.E.) were 15.26 ⫾ 0.39, 13.26 ⫾ 0.44, and
12.13 ⫾ 0.17 g/lobe in (⫺)-Hyp-DCHA, (⫹)-Hyp-DCHA, and
control animals, respectively, with p ⬍ 0.05 between the first
two groups and p ⬍ 0.01 between the first and the control. No
degenerative changes were observed in heart, liver, and kidney tissue.
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We now show that, in the presence of PMNs, micromolar
noncytotoxic Hyp-DCHA is efficacious in inhibiting MMP-9
activation. The marked inhibition of LE activity already reported by our group (Donà et al., 2004) substantiates the
reported potential of LE to activate MMP-9 in the short-term
during PMN recruitment (Delclaux et al., 1996; Sternlicht
and Werb, 1999; Esparza et al., 2004). Nevertheless, the
lower efficacy of Hyp-DCHA in inhibiting two other proteases
secreted by PMNs, cathepsin G (Donà et al., 2004) and protease-3 (data not shown), does not exclude the contribution of
other unidentified proteases to MMP-9 activation.
This biochemical evidence led us to suspect that, by hindering a proteolytic machinery, which may facilitate BM
penetration and locomotion (Rice and Weiss, 1990), HypDCHA might affect PMN chemotaxis and chemoinvasion.
And indeed, the in vitro capacity of human PMNs for migrating toward a chemotactic stimulus, through filters either
uncoated or coated with a nonbarrier gelatin matrix (chemotaxis) or with a reconstituted BM barrier (chemoinvasion),
was markedly restrained by noncytotoxic micromolar HypDCHA concentrations.
In the chemotaxis assay, gelatin does not represent an
obstacle to cell passage, and the restraint in locomotion may
involve impairment of chemotactic response and/or adhesion
molecules. The cytofluorimetric analysis, a method used to
confirm the down-modulatory effect exerted by the chemoattractant fMLF on several chemokine receptors and adhesion
molecules (Diaz-Gonzalez et al., 1995), revealed that in the
time span used for the chemotaxis assay (40 min), micromolar Hyp-DCHA did not modify the level of all the tested
chemokine receptors, or of the expression of CD62L, CD11a,
and CD18 adhesion molecules after fMLF priming. The only
molecule influenced by the compound was CD11b, which was
clearly down-modulated by M Hyp-DCHA (Fig. 4). Because

both CD11a and CD18 expression was found to be unchanged, it is reasonable to hypothesize that the accompanying changes in CD11c levels would account for the maintenance of normal surface amounts of CD18, because it is
known that this latter molecule does not exist as a monomer.
In this regard, the important issue that derives from our
observation surely warrants further investigation. Nevertheless, because CD11b is an adhesion molecule involved in
stable attachment of PMNs to endothelial cells and in their
extravasation (Luscinskas et al., 1995; Lynam et al., 1998),
the down-modulation of this molecule under Hyp-DCHA
might be implicated in the inhibition of neutrophil recruitment to inflammation sites.
The reconstituted BM (Matrigel) used in the chemoinvasion assay is a substrate used to mimic the physiological
barrier underlying the vascular endothelium that PMNs
must cross to extravasate. Our data clearly demonstrate that
micromolar Hyp-DCHA blocks the LE-triggered activation of
MMP-9 (Sternlicht and Werb, 1999), a gelatinase instrumental to BM traversal (Delclaux et al., 1996, Garbisa et al.,
1999) and crucial in the development of fibrosis (Okuma et
al., 2004, Corbel et al., 2002). This effect might also contribute to the registered inhibition of PMN invasion under a
chemoattractant.
Hyp-DCHA could thus be proposed as an exogenous substitute for direct replacement of ␣1-protease inhibitor, the
endogenous inhibitor most involved in balancing elastolytic
burst in inflamed lungs (Sartor et al., 2002). This compound
certainly exerts an inhibition superior to a variety of natural
and synthetic LE inhibitors: its IC50 value is in fact one
fourth that reported for the microbial elastatinal (Umezawa,
1976), and 1/5 to 1/20 that of some substituted cephalosporins, ␤-lactams and trifluoro-methyl ketones, these latter
recently suggested for the treatment of diseases character-
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Fig. 5. Hyp-DCHA inhibits PMN-triggered angiogenesis,
either when administered once in situ mixed with Matrigel (A–C) or injected daily i.p. (D–G). The histograms (A
and D) show the levels of vascularization (⫾ S.E.) into the
Matrigel sponges (examples in B and E) after 5 days from
s.c. injection. Micrographs of the corresponding sponges
stained with H&E (C and F) or anti-myeloperoxidase (G)
antibody are shown. ⴱ, p ⬍ 0.02 (A) and p ⬍ 0.0001 (D)
versus control.
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ized by neutrophil and LE involvement (Pacholok et al.,
1995).
These initial mechanistic insights encouraged us to investigate whether the effects registered in vitro translate efficaciously in vivo in the restraint of inflammatory cell recruitment. The first approach used a recently optimized model in
which the inflammatory infiltrate is responsible for induction
of the angiogenic process, in that neutrophil depletion abrogated the angiogenic response induced by CXCR2 ligands
(Benelli et al., 2000). Using IL-8 as chemoattractant, we were
able to induce a rapid and intense infiltration of neutrophils
into Matrigel plugs in mice, accompanied by angiogenesis.
Neutrophil recruitment was strongly inhibited both when
Hyp-DCHA was injected premixed with the Matrigel plug
(only once) and also when it was i.p. injected daily. This in
vivo restraint of PMN recruitment is consistent with the in
vitro chemotaxis and chemoinvasion results.
The inhibitory effect of Hyp-DCHA on neutrophil migration, in turn, apparently blocks the recruitment of vascular
cells in vivo, because angiogenesis was weak or absent in
Hyp-DCHA-treated animals. Although a direct effect of the
compound on endothelial cells cannot be excluded (as recently reported on Matrigel model; Quiney et al., 2006), the
blocking of neutrophil recruitment is paralleled by inhibition
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Fig. 6. Daily i.p. Hyp-DCHA restrains PMN recruitment into the lungs of
bleomycin-injured mice. A, histogram shows the absolute cell counts
(mean of eight mice/group) of three types of inflammatory cells recovered
with BAL 2 days after intratracheal injection of PBS, bleomycin, or
bleomycin- plus i.p. Hyp-DCHA. ⴱ versus ⴱⴱ, p ⫽ 0.0000; ⴱⴱ versus ⴱⴱⴱ,
p ⫽ 0.0003. B, different inflammatory population is documented by example micrographs of the BAL total cell population from the three experimental groups; May-Grunwald/Giemsa staining.

of the angiogenic response, as observed in our previous report
(Dona et al., 2003). These data indicate Hyp-DCHA as a
suitable drug for inhibiting inflammatory angiogenesis, and
in turn some severe pathologies such as cancer (Neri and
Bicknell, 2005) and pulmonary fibrosis (Burdick et al., 2005),
in which angiogenesis may be involved in the development
and progression.
A second approach made use of an inflammation-triggered
pulmonary fibrosis model system. Chronic inflammation of
the alveolar space is thought to mediate the development of
pulmonary fibrosis in most interstitial lung disorders; lung
damage favors fibroblast proliferation and extracellular matrix remodeling, resulting in irreversible distortion of the
lung’s architecture (Selman et al., 2001). Intratracheal bleomycin challenge represents a model of acute lymphocytedependent lung injury resulting in areas of patchy and
chronic inflammation, with release of proteolytic activities
and production of cytokines, chemokines, and growth factors
that mediate the eventual subpleural, peribronchiolar, and
perivascular deposition of extracellular matrix and scar tissue formation that are characteristic of pulmonary fibrosis
(Keane et al., 1999). The relationship between inflammation
and fibrosis is not clear. Moreover, protection from induced
pulmonary fibrosis in chemoattractant chemokine receptor
knockout mice (CCR2⫺/⫺) was shown to be independent of
the magnitude or composition of the inflammatory infiltrate
(Moore et al., 2001). More recently, it has also been shown
that CCR2 deficiency may improve the outcome of this disease by regulating inflammatory infiltration and macrophage-derived MMP-2 and MMP-9 production (Okuma et al.,
2004).
Here, the BAL cell population of Hyp-DCHA-treated mice
had a significantly lower percentage of PMNs (less than half
that of untreated animals) 2 days after the bleomycin injury,
at the time when the majority of the extravasated cell population is represented by PMNs (Kimura et al., 2006). Furthermore, histological staining and image analysis of lungs
after 4 weeks have clearly shown that both the inflammatory
cell infiltration and the patchy fibrosis were significantly
reduced in animals given i.p. Hyp-DCHA. Moreover, although the former was reduced by 70% (Fig. 7, 1), the latter
was inhibited even more (Fig. 7, 3). Quantitative determination of hydroxyproline (a marker of collagenous proteins)
indeed revealed a reduction of more than 60% of collagen
deposition, but the less pronounced result— compared with
automated image analysis—may in part originate from the
increased lung mass due to the inflammatory infiltrate,
which, mostly in the untreated mice, lowers the estimated
collagen relative content. This reduction was nevertheless
statistically significant, despite bleomycin inoculation commonly resulting in a patchy distribution of the injury, and
only a single lobe per mouse was analyzed. The efficacy of the
treatment with Hyp-DCHA in containing the lung damage
was paralleled by a regular weight gain of the animals.
The lung damage induced by bleomycin is rapid in onset,
accompanied by early inflammation (Kimura et al., 2006),
and followed by a complex process of repair at the site of
injury. Our model took into consideration both the early
inflammatory response (2 days) and the late fibrotic stage (28
days) of the bleomycin-induced lung injury, and the results
show that hyperforin reduces both the early and late inflammatory responses as well as the fibrotic late stage. How much
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Fig. 7. Daily i.p. Hyp-DCHA protects mice from inflammation-triggered pulmonary fibrosis. Foci of inflammatory infiltration (A and B; H&E), cuboidalization of epithelial cells (arrows in B), and
peribronchial and interstitial fibrosis (blue-green in
C; Heidenhain trichrome) are clearly visible in example lungs of bleomycin-treated mice, whereas reduced or normal parenchyma is seen in bleomycin
plus Hyp-DCHA-treated animals after 4 weeks (D
and E: H&E; F: Heidenhain trichrome). All histologies are at 25⫻ magnification. Image analysis quantitation confirms the reduction of bleomycin-induced
phlogosis (histogram 1), cuboidalization (histogram
2), and fibrosis (histogram 3) in bleomycin- plus Hyptreated mice. Each column represents the mean of
eight fields per two sections per animal of each
group.
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the latter is due to the down-modulation of other cells (such
as endothelial cells, as recently reported; Pacholok et al.,
1995; Martinez-Poveda et al., 2005; Schempp et al., 2005) is
yet to be determined. Certainly, this safe vegetable secondary metabolite is a good inhibitor of one of the most aggressive PMN proteases (LE) and may be effective in the treatment of individuals exposed to risk of excessive or chronic
inflammation.
Recurrent inflammation is considered a causative step of
tumoral transformation in some types of tissue, and inflammatory infiltration of the primary mass is common (Balkwill
and Mantovani, 2001). Whether and to what extent the inhibition exerted by Hyp-DCHA on LE-triggered activation of
MMP-9 —also instrumental in cancer invasion—successfully
contributes to checking tumor metastatic aggressiveness
(Donà et al., 2004) is under investigation.
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