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Abstract

Our previous study has reported that nitric oxide (NO) exerts a protective role in immunologically liver-injured mice induced
by delayed-type hypersensitivity to picryl chloride. To explore the mechanism of the protection, we have now examined the
effect of NO on T cell adhesion and migration. First, we isolated hepatocytes and nonparenchymal cells from the liver-injured
mice and separated the nonparenchymal cells into Kupffer cell-enriched and lymphocyte-enriched populations. When these
hepatocytes or the fractions of nonparenchymal cells were co-cultured with spleen T cells of the liver-injured mice in a
Transwell system, the adhesive potential of the T cells was significantly inhibited in the presence of hepatocytes or the Kupffer
cell-enriched population but not the lymphocyte-enriched population of nonparenchymal cells. This effect was dependent on NO
production. The NO synthase inhibitor Ng-monomethyl-L-arginine (L-NMMA) could reverse this inhibition of cell adhesion and
also decrease NO production. To confirm this effect of NO on T cells, we further examined the role of exogenous or
endogenous NO on the adhesive activity of the Jurkat T cell line. As a result, the NO donor, S-nitroso-N-acetyl penicillamine
(SNAP) caused a dose-dependent inhibition of the adhesion of Jurkat T cells. Furthermore, the binding ability of Jurkat T cells
to collagen decreased gradually after co-incubation with macrophages stimulated by LPS+IFN-vy, an effect which correlated
well with the increasing NO level in the medium. Such opposite changes in cell adhesion and in NO production were also
markedly reversed by L-NMMA. Moreover, treatment with SNAP reduced adhesion, transmigration, matrix metalloproteinase-9
production and p1-integrin expression of spleen T cells of the liver-injured mice. Taken together, these findings suggest that NO
can function as a down-regulator of T cell mobility, which might be one of the mechanisms by which NO exerts its protective
effect in T cell-mediated liver injury.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction synthase, is involved in a variety of biological functions

[1]. In the immune system, NO not only acts in a toxic

Nitric oxide (NO), a reactive intermediate molecule
derived from molecular oxygen and the guanidino ni-
trogen of L-arginine in a reaction catalyzed by NO
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fashion, participating in host defense against tumors or
parasitic infections, but also functions as a regulatory
molecule of the immune response [2—4]. Administra-
tion of NO donors has shown to inhibit the progress of
Thl-type immune responses [5]. Mice lacking induc-
ible NO synthase developed stronger experimental au-
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toimmune encephalomyelitis responses [6]. In addition,
the high level of NO produced by activated macro-
phages or NO donors could inhibit the proliferation of
activated T cells [7], suppress the secretion of cytokines
[8] and counteract the apoptosis of myocardial cells [9].
All these findings suggested that NO might function as
an important immunosuppressive factor against T cell
immunity.

In T cell-mediated immune response such as
delayed-type hypersensitivity, which is characterized
by an infiltration of lymphocytes and macrophages, T
cells and macrophages could counter-regulate each
other’s function by the secretion of various cytokines
such as [FN-y, TNF-a and NO [10]. The co-existence
of T cells and macrophages in the same inflammatory
site makes it possible that macrophage-derived NO
served as a modulator of T cell mobility and infiltration
in vivo. It is well known that the infiltration of T cells to
the inflammatory site is crucial for the development of
T cell-mediated diseases and the suppression of T lym-
phocyte adhesion and migration may lead to an ame-
lioration of inflammation [11]. So, it is believed that the
NO-induced down-regulation of cell adhesion and mi-
gration might represent an important feedback to pre-
vent excessive immune responses, which would
otherwise result in serious and overwhelming inflam-
matory injury. In fact, the role of NO in suppressing
leukocyte mobility has been extensively reported in T
lymphocytes [12,13] and neutrophils [14,15].

Previously, we have established the liver-injury
model induced by a delayed-type hypersensitivity
(DTH) mechanism to picryl chloride, in which the
hepatocyte damage was caused by liver-infiltrating T
lymphocytes that migrate from peripheral lymphoid
organs into the tissue [16—-18]. We have also demon-
strated that a large amount of NO was produced in the
liver in the latter phase of the injury, and which then
protected the hepatocytes from the immunological dam-
age [19]. However, the detailed mechanism of this
protection by NO is still unknown. Given the impor-
tance of T cell mobility in DTH, we thus examined the
effect of NO on T cell adhesion and migration and its
relevance in the animal model of DTH liver injury in
this study.

2. Material and methods
2.1. Animals
Female BALB/c mice (SPF), aged 6-8 weeks (18-22 g),

were obtained from the Laboratory Animal Center of Shanghai
(Shanghai, China). They were maintained with free access to

pellet food (Jiangsu Cooperation Medicial and Pharmaceutical
Company, Nanjing, China) and water in plastic cages at 21 + 2
°C and kept on a 12 h light/dark cycle. Animal welfare and
experimental procedures were carried out strictly in accordance
with the guide for the care and use of laboratory animals
(National Research Council of USA, 1996) and the related
ethical regulations of our university. All efforts were made to
minimize suffering and to reduce the number of animals used.

2.2. Cell line

Human leukemia Jurkat cell line was maintained in RPMI
1640 medium supplemented with 100 U/mL of penicillin, 100
ug/mL of streptomycin and 10% fetal calf serum (FCS) under
a humidified 5% (v/v) CO, atmosphere at 37 °C.

2.3. Drugs and reagents

Picryl chloride (PCl, Tokyo Kasei Industry, Tokyo, Japan);
collagenase (182 U/mg) (Wako Pure Chemical Industries Ltd.,
Osaka, Japan); type I collagen (Collaborative Biomedical
Products, USA); bovine serum albumin (BSA, sigma); phorbol
12,13-dibutyrate (PDBu, Wako Pure Chemical Industries Ltd.,
Japan); S-nitroso-N-acetyl penicillamine (SNAP, RBI Re-
search Biochemicals International, Natick, MA); Ng-mono-
methyl-L-arginine (L-NMMA, ABR Affinity Bioreagents,
Golden, CO); lipopolysaccharide (LPS, from FE. coli,
Sigma); RPMI 1640 (Gibco, BRL); thioglycollate (Sigma);
recombinant mouse IFN-y (Peprotech, USA); M-MLV Re-
verse Transcriptase (Promega, USA), acrylamide and bis-
acrylamide (Shanghai Sangon Biotechnical Ltd. Co., Shanghai,
China); 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2 H-tetrazo-
lium bromide (MTT, Sigma); gelatin and Coomassie brilliant
blue R-250 (Sigma); crystal violet (Shanghai Yuanhang
reagent factory, Shanghai, China); mouse T cell enrichment
column (R&D system, USA); Transwell cell co-culture cham-
ber (Costar Corp., MA); Polyvinyl pyrrolidone-free (PVPF)
filter (Nucleopore Corp, CA); anti-mouse CD3-FITC (Biole-
gend, USA), anti-mouse CDI11b-FITC, anti-mouse CD29
(Integrin B1 chain) monoclonal antibody and PE-conjugated
goat-anti-rat Ig antibody (BD Pharmingen); 96-well culture
plates (Nunclon).

2.4. Liver injury evoked by PCl-induced DTH (PCI-DTH)

Mice were sensitized twice by painting 0.1 mL of 1% PCl
in ethanol on the skin of their abdomens over an interval of 5
days. Five days after the 2nd sensitization, they were injected
with 10 pL of 0.2% PCl in olive oil into the liver. Liver injury
was triggered and reached a peak at 12—18 h after the antigen
challenge as shown in our previous report [16]. The initial
studies demonstrated that olive oil used as the vehicle did not
cause liver damage in the used dosage. Two controls, olive oil
challenge to PCl-sensitized mice and PCI challenge to naive
mice, were also used and no damage was observed. Spleen T
cells at 6 h and liver nonparenchymal cells and hepatocytes at
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0 and 24 h after the challenge were isolated for further culture
in vitro.

2.5. Cell preparation

2.5.1. Spleen T cells
Spleen was removed under sterile conditions from PCI-
DTH liver-injured mice 6 h after antigen challenge and the
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cells were dissociated in 5 mL RPMI 1640 medium contain-
ing 10% FCS. After centrifugation at 200 g for 5 min, 0.17 M
Tris (hydroxymethyl aminomethane)-0.75% NH4Cl solution
was added to remove erythrocytes. After washing twice with
RPMI 1640 medium, the cells were found to be about 98%
viable, as estimated by trypan blue exclusion. T cells were
purified with a mouse T cell enrichment column according to
the instruction of the kit so that about 88% lymphocytes were
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Fig. 1. Representative flow cytometric results of purified spleen T cells (A) and fractions of the nonparenchymal cells (B). After purification using
the mouse T cell enrichment column, about 88% of lymphocytes were CD3-positive T cells. In some cases, the nonparenchymal cells were separated
into two fractions. Then, Fraction A was confirmed to be about 88—94% of Kupffer cells and Fraction B was the lymphocyte-enriched population
with 70-78% of CD3" T cells. The figures shown here are the representatives of three different experiments.
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CD3-positive T cells as assessed by flow cytometric analysis
(Fig. 1A).

2.5.2. Liver nonparenchymal cells and hepatocytes

Liver nonparenchymal cells and hepatocytes were isolated
from liver-injured mice at 0 and 24 h by the modified two-step
perfusion method [17]. In brief, the livers of the mice were
first perfused in situ via the portal vein with Ca®* and Mg*"
free Hank’s balanced salt solution (HBSS) supplemented with
0.5 mM EGTA and 25 mM HEPES at 37 °C until the blood in
the organ was completely removed. Then, the buffer was
replaced with 0.1% collagenase solution in HBSS (containing
4 mM CaCl, and 0.8 mM MgSQO,). After a few minutes of
perfusion, the liver was excised rapidly from the body cavity
and dispersed into cold HBSS. The cell suspension generated
was filtered through a 100 gauze mesh. By differential cen-
trifugation at 50 g for 2 min, parenchymal cells were recov-
ered in the cell pellet. After washing twice to remove dead
cells and debris, the hepatocytes were resuspended in RPMI
1640 medium containing 10% fetal calf serum (FCS) and
found to be 85% to 92% viable by trypan blue dye exclusion.
The supernatant obtained after isolating the above parenchy-
mal cells was used for preparation of nonparenchymal cells by
centrifugation at 300 g for 10 min. In some cases, the non-
parenchymal cell suspensions were overlaid on Percoll gradi-
ent solutions consisting of 25%, 50% and 80% Percoll and
then centrifuged at 600 g for 20 min. The resulting layers
which appeared between 25% and 50% or between 50% and
80% of Percoll were named as Fraction A and Fraction B,
respectively. Then, Fraction A was confirmed to be about 88—
94% of Kupffer cells and Fraction B was the lymphocyte-
enriched populations with 70-78% of CD3" T cells as
assessed by flow cytometric assay (Fig. 1B). Cells in the
different layers were collected and washed three times with
RPMI 1640 medium. The viability of cells in either of the
layers was more than 98%. The hepatocytes, nonparenchymal
cells and their fractions were used immediately for culture.

2.5.3. Murine macrophages

Macrophages were harvested by peritoneal lavage from
mice 3 days after i.p. injection with 1 mL of sterile 3%
thioglycollate. The cells were washed and resuspended in
RPMI 1640 medium supplemented with 10% FCS and seeded
in 24-well plates at a final concentration of 2 x 10° cells per
well. Following 4-h incubation at 37 °C, nonadherent cells
were removed by washing and adherent monolayers were used
for further culture [20].

2.6. Transwell cell co-culture system

Transwell cell culture chambers (Costar 3422, Cambridge,
MA) were used as previously reported [18]. Polyvinyl pyrro-
lidone-free filters with a 3 um pore size were attached to the
bottom of the chamber. They were then placed as the inside
compartment on the 24-well plate (Falcon 3847, Becton
Dickinson) to form a Transwell cell co-culture system. Jurkat

cells (1 x 10°/well) or spleen T cells (5 x 10%/well) were seed-
ed in the inside compartment, and the nonparenchymal cells
and its fractions (2 x 10%well), hepatocytes (2 X 10°/well), or
macrophages (2 x 10°/well) were added in the outside com-
partment. The medium could freely permeate between the two
compartments.

2.7. Nitrite determination

NO release from the cells was measured as nitrite accu-
mulation in the medium using a standard Griess reaction [21].
Briefly, 100 pL of supernatant was incubated with an equal
volume of Griess reagent (a combination of equal amounts of
0.2% naphthyl ethlenediamine dihydrochloride in water and
2% sulfanilamide in 5% H;PO,) at room temperature for 10
min. Then, absorbance at 540 nm was measured by an ELISA
reader (Sunrise Remote/Touch Screen, TECAN, Austria) and
nitrite concentrations were calculated by a NaNO, standard
curve.

2.8. Adhesion assay

Adhesion assay was performed according to the report
[22] with some modifications. Briefly, a flat-bottom 96-well
microplate was coated with 50 puL solution containing type I
collagen (50 pg/mL) and left at 4 °C overnight. Nonspecific
binding sites were blocked with 0.2% BSA for 2 h at room
temperature followed by washing three times with phosphate
buffer solution. The cells were suspended in RPMI 1640
medium and spleen T cells (5 % 10%) or Jurkat cells (1 x 10°)
were added to each well. The cells were incubated at 37 °C
for 1 h with or without PDBu (100 ng/mL) and the non-
adherent cells were removed by washing three times with
RPMI 1640 medium. Then, cells were fixed with methanol/
acetone (1:1) and stained with 0.5% crystal violet in 20%
methanol. Unbound dye was removed in tap water and the
plate was dried in air. Bound dye was extracted with 1%
SDS. The absorbance of the samples was measured at 592
nm. The wells which were fixed and stained without previ-
ous washing were regarded as the absorbance of the total
cells. The results were expressed as the mean percentage of
total cells from triplicate wells and the experiments were
repeated three times. Spleen cells from control animals were
subjected to the same assay procedures in parallel. Specific-
ity of cell adhesion assays was corroborated using BSA as
substratum.

2.9. Migration assay

Migration assay was performed according to the report
[23] with some modifications. Briefly, polyvinyl pyrrolidone-
free filters with a 3.0 um pore size were attached to the bottom
of a Transwell chamber and coated with 50 pL solution of
type I collagen (50 pg/mL) overnight at room temperature.
They were then placed on the 24-well plate to form a Trans-
well co-culture system. SNAP diluted in 1 mL medium at
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various concentrations, or medium alone, was added to the
lower chamber. T cells isolated from the liver injury model
were added to the upper chamber. After incubation for 8 h in
5% CO, at 37 °C, the inserts were removed and 50 uL of
MTT solution (50 pg/mL) were added to the lower chamber
for a further 4 h culture. The supernatant was aspirated
carefully and 200 pL of dimethylsulphoxide were added to
dissolve any precipitate. The absorbance was read at 540 nm.
The OD values represent the cell number that migrated from
the upper chamber into the lower chamber.

2.10. Gelatin zymography assay

Analysis by zymography on gelatin gel allows detection of
enzymatic activity of the secreted collagenases MMP-9 [24].
Briefly, spleen T cells isolated from various treated mice were
suspended in serum-free RPMI 1640 medium at a density of
5% 10°/well and incubated at 37 °C in 5% CO, for 24 h.
Spleen T cells from control animals were subjected to the
same assay procedures in parallel. Twenty microlitres of the
supernatants were mixed with 10 pL sample buffer (62.5 mM
Tris—HCI containing 10% glycerol, 0.00125% bromophenol
blue and 12% sodium dodecyl sulfate (SDS)) without reduc-
ing agent, and were subjected to SDS-PAGE in 5% polyacryl-
amide gels that were copolymerized with 2 mg/mL of gelatin
at 4 °C for 1 h. After electrophoresis, the gels were washed
twice in the rinsing buffer (50 mM Tris—HCI containing 2.5%
Triton X-100, 5 mM CaCl,, 1 uM ZnCl,, 0.05% NaN5) for 1
h at room temperature to remove SDS. Then, they were
incubated for 36 h at 37 °C in the incubation buffer (50
mM Tris—HCI containing 5 mM CaCl,, 1 uM ZnCl,, 0.05%
NaN3). The gels were stained with 0.1% Coomassie brilliant
blue R250 for 30 min, and destained for 8 h in a solution of
10% acetic acid and 10% isopropanol. The proteolytic activity
was evidenced as clear bands (zones of gelatin degradation)
against the blue background of stained gelatin.

2.11. Reverse transcriptase-polymerase chain reaction (RT-
PCR) [25]

Total RNA was extracted from spleen T cells using Tripure
reagent (Roche) as described by the manufacturer. Single-
stranded cDNA was synthesized from 2 pg of total RNA by
reverse transcription using 0.5 pg primer of oligo(dT);s.
Following cDNA synthesis, amplification was performed
using the following primers (Genebase, Shanghai, China):
beta-actin 5'-ACATCTGCTGGAAGGTGGAC and 3'-GGA-
CCCATGTACCACCATGG, MMP-9 5-CAGCCAACTA-
TGACCAGGAT and 3 -TATTTCTGCTGTATCTGCCGT.
PCR cycle conditions were: 94 °C for 30 s, 60 °C for 1
min, and 72 °C for 1 min for 30 cycles. After amplification,
PCR products were separated by electrophoresis on 1.5%
agarose gels and visualized by ethidium bromide dying. The
relative expressions were quantified densitometrically using
LabWorks 4.0 software, and calculated according to the ref-
erence bands of beta-actin.

2.12. Flow cytometric analysis

Expression of adhesion molecules on the surface of T
lymphocytes was detected using flow cytometry. Purified T
cells were incubated with the NO donor SNAP at 37 °C for
8 h. Then, the cells were washed twice with cold PBS and
incubated with a certain concentration of B1l-integrin mono-
clonal antibody or suitable isotype control at 4 °C for 30
min. After centrifugation (300 g, 5 min) and removal of the
supernatant, cells were incubated with phycoreythrin (PE)-
conjugated secondary antibody (30 min, 4 °C in dark). The
cells were then fixed in 0.5 mL 1% paraformaldehyde (10
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Fig. 2. Production of NO and inhibition of spleen T cell adhesion to
type I collagen by nonparenchymal cells (NPC) and hepatocytes
(HC) from PCI-DTH liver-injured mice. NPC, their fractions and
HC were isolated from PCI-DTH liver-injured mice at 24 h after
antigen challenge (24 h) or from mice which had been formerly
twice sensitized but not challenged (0 h). Spleen T cells were
isolated and purified from the liver-injured mice at 6 h after antigen
challenge. Then, these cells were subjected to the Transwell system.
After incubation at 37 °C for 12 h, the production of NO in the
supernatant of the outer chamber was determined by the Griess
reaction (A). At the same time, spleen T cells were harvested and
transferred to type I collagen coated plates and cell adhesion
induced by PDBu was tested as described in Material and methods
(B). Data were expressed as the mean + s.d. of three separate experi-
ments and each assay was performed in triplicate sets. *P<0.05,
**P<0.01 vs 0 h.
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Fig. 3. NO synthase inhibitor L-NMMA reduced NO production (A)
and reversed the inhibition of spleen T cell adhesion (B) by 24 h Frac-
tion A of nonparenchymal cells (NPC) and hepatocytes (HC) in the
Transwell system. Fraction A of nonparenchymal cells and hepatocytes
were isolated at 24 h and seeded into the outer chamber in the presence
of L-NMMA. Spleen T cells isolated at 6 h were seeded into the inside
chamber of the Transwell system. After incubation at 37 °C for 12 h, T
cells were harvested and transferred to a collagen coated plate and cell
adhesion induced by PDBu was tested. At the same time, the production
of NO in the supernatant of the outer chamber was determined by the
Griess reaction. Data were expressed as the mean =+ s.d. of three sep-
arate experiments and each assay was performed in triplicate sets.
#P<0.05, "P<0.01 vs control for Fraction A of nonparenchymal
cells; ¥*P<0.05, **P<0.01 vs control for hepatocytes.

min, 4 °C) after washing twice with the PBS/0.1% BSA
buffer. Cells were analyzed on a FACSCalibur (Becton-
Dickinson). The fluorescence intensity of each cell was
compared with that of the isotype control.

2.13. Statistical analysis

Results were expressed as mean + s.d. of three indepen-
dent experiments and each experiment includes triplicate
sets. Results were statistically evaluated by Student’s ¢
test when only two value sets were compared, and one-
way ANOVA followed by Dunnett’s test when the data
involved three or more groups. P<0.05 was considered to
be significant.

3. Results

3.1. Both nonparenchymal cells and hepatocytes from PCI-
DTH liver-injured mice produced large amounts of NO and
caused inhibition of T cell adhesion that could be reversed by
L-NMMA

Nonparenchymal cells and hepatocytes were isolated
from PCI-DTH liver-injured mice at 0 or 24 h after antigen
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Fig. 4. Effect of NO donor SNAP on the viability and adhesion of
Jurkat cells. Jurkat cells were pretreated with various concentrations
of SNAP at 37 °C for 8 h. After the incubation, the supernatants were
collected to determine nitrite levels (A) and the cells were counted to
evaluate the viability (B). In addition, T cells were washed after the
pretreatment with SNAP and added to wells coated with type I
collagen and cell adhesion was determined (C). Data were expressed
as the mean =+ s.d. of three separate experiments and each assay was
performed in triplicate sets. “*P<0.01 vs medium; *P<0.05,
**#P<0.01 vs control.
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Fig. 5. Production of NO (A) and inhibition of the adhesion of Jurkat T
cells to type I collagen (B) by activated peritoneal macrophages in the
Transwell cell culture system. Macrophages were seeded into the outer
chamber in the presence of LPS (1 pg/mL)+IFN-y(200 U/mL) and
Jurkat cells were seeded into the inside chamber. After incubation at 37
°C for the indicated times, Jurkat cells were harvested and the cell
adhesion was tested. At the same time, the production of NO in the
supernatant of the outer chamber was determined by the Griess reac-
tion. Data were expressed as the mean =+ s.d. of three separated experi-
ments and each assay was performed in triplicate sets. “P<0.05,
##P<0.01 vs 0 h for NO production; *P <0.05 vs 0 h for cell adhesion.

challenge and co-cultured with spleen T cells isolated from
the mice at 6 h after antigen challenge in a Transwell
system. The spleen T cells were confirmed to be about
88% of CD3" T cells (Fig. 1A), while Fractions A and B
of the nonparenchymal cells were confirmed to be about
88-94% of Kupffer cells and 70-78% of CD3* T cells,
respectively (Fig. 1B). The liver cells at 0 h did not influ-
ence the adhesion of spleen T cells. However, those at 24
h significantly inhibited spleen T cells adhesion to collagen.
At the same time, high levels of NO were observed in the
24 h liver cells, including total nonparenchymal cells, their
Fraction A and hepatocytes, while little NO was detected in
the 0 h cells. However, Fraction B of the nonparenchymal
cells did not inhibit the T cell adhesion and did not produce
NO (Fig. 2A and B). The NO synthase inhibitor L-NMMA
dose-dependently inhibited the production of NO but re-
stored the adhesion of spleen T cells suppressed by either
the Fraction A of nonparenchymal cells or hepatocytes at 24
h (Fig. 3).

3.2. NO donor SNAP inhibited the adhesion of Jurkat T cells
to collagen

SNAP, an NO donor, released NO spontaneously in solution
in a dose-dependent manner (Fig. 4A). It was noted that SNAP
had no cytotoxic effect on Jurkat T cells at the used concentra-
tions (Fig. 4B). Jurkat cells, a classic T cell line, were co-
cultured with various concentrations of SNAP for 8 h and the
cell attachment to type I collagen was triggered by the PKC
activator, PDBu. The result showed that the binding of T cells to
collagen stimulated by PDBu was suppressed in a dose-depen-
dent manner after treatment with the NO donor (Fig. 4C).

3.3. Activated macrophages inhibited the adhesion of co-
cultured Jurkat T cells to collagen and the NO synthase
inhibitor L-NMMA reversed the inhibition

In the Transwell co-culture system, peritoneal macro-
phages were added into the lower chamber in the presence
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Fig. 6. NO synthase inhibitor L-NMMA decreased NO production (A)
and reversed the inhibition of Jurkat T cell adhesion (B) by activated
peritoneal macrophages in the Transwell system. Macrophages
(2 X 10°Awell) were seeded into the outer chamber in the presence
of LPS (I pg/mL)+IFN-y (200 U/mL) or LPS+IFN-y+L-NMMA.
Jurkat cells were added to the inside chamber and incubated at 37 °C
for 24 h. Then, Jurkat cells were harvested and the cell adhesion was
tested. In addition, the production of NO in the supernatant of the
outer chamber was determined. Data were expressed as the
mean +s.d. of three separate experiments and each assay was per-
formed in triplicate sets. “P<0.05, #P<0.01 for NO production by
macrophages; *P <0.05, ¥**P<0.01 for adhesion of Jurkat T cells.
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of LPS+IFN-vy, and Jurkat T cells were seeded into the upper
chamber. After co-culture for 0, 6, 12, 18, 24 and 36 h,
respectively, NO production in the supernatant and the adhe-
sive ability of T cells were measured. As shown in Fig. 5A,
NO production in the medium increased rapidly after incuba-
tion and was near to maximum after 18 h. Correspondingly,
the adhesive capability to collagen of T cells decreased time-
dependently and reached significant inhibition after 18 h (Fig.
5B). Thus, we next examined the effect of 18 h co-culture and
the influence of the NO synthase inhibitor L-NMMA. When
only LPS+IFN-y or L-NMMA or medium alone was added
to the lower chamber, the NO level in the supernatant was
almost undetectable, and T cells in the upper chamber were
found to have a similar high adhesive ability. In this system, a
large amount of NO production was found to be due to the
addition of peritoneal macrophages and such production was
further increased in the co-presence of LPS+IFN-y (Fig. 6A).
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Meanwhile, the adhesive ability of T cells to collagen was
significantly inhibited compared with medium alone. The
presence of L-NMMA during the stimulation dose-dependent-
ly inhibited the production of NO and enhanced the adhesive
ability of T cells (Fig. 6B).

3.4. NO donor SNAP inhibited the adhesion, migration and
MMP-9 production of spleen T cells purified from PCI-DTH
liver-injured mice

Spleen T cells were purified from the liver-injured mice at
6 h after challenge and treated with SNAP for 8 h in vitro. The
ability of the cells to adhere to collagen and to migrate
through collagen-coated membranes was then examined. As
shown in Fig. 7A and B, both adhesion and migration of
spleen T cells were dose-dependently inhibited by SNAP.
Moreover, SNAP dose-dependently inhibited MMP-9 activity
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Fig. 7. Effect of NO donor SNAP on the adhesion (A) of, migration (B) of, and MMP-9 expression (C) and production (D) by spleen T cells purified
from PCI-DTH liver-injured mice. Six hours after antigen challenge, spleen T cells were purified by mouse T cell enrichment columns and
pretreated with various concentration of SNAP at 37 °C for 8 h. One part of the T cells was added to the inside chamber of the Transwell system for
the migration assay and the remainder was transferred to a type I collagen coated plate for the adhesion assay. In addition, spleen T cells that had
been pretreated with SNAP for 8 h were washed twice and incubated at 37 °C for 24 h. Then, the supernatant was used for the zymography assay
and total RNA was extracted from the cells and used for RT-PCR. The bands of MMP-9 were semi-quantified densitometrically using LabWorks 4.0
software. The figure shown here is the representative of three different experiments. Naive: T cells from naive mice, Control: T cells from PCI-DTH
liver-injured mice. Data were expressed as the mean = s.d. of three separated experiments and each assay was performed in triplicate sets. *P <0.05,

**P<0.01 vs control.
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Fig. 8. Effect of NO donor SNAP on the Rl-integrin expression of
spleen T cells purified from PCI-DTH liver-injured mice. Six hours
after antigen challenge, spleen cells were isolated from the liver-
injured mice and T cells were purified. After incubation with SNAP
for 8 h, T cells were washed twice and B1-integrin expression was
measured by flow cytometry. A. A representative histogram is shown.
B. The results are expressed as mean + s.d. of three different experi-
ments. Naive: T cells from naive mice, Control: T cells from PCI-DTH
liver-injured mice. *P<0.05, **P<0.01 vs control.

in spleen T cells purified from PCI-DTH liver-injured mice at
6 h after antigen challenge at both the transcription (Fig. 7C)
and translation (Fig. 7D) levels. It was noted that SNAP did
not show any cytotoxicity to T cells when incubated at 37 °C
for 8 h (data not shown).

3.5. NO donor SNAP decreased the expression of f1-integrin
on spleen T cells purified from PCI-DTH liver-injured mice

Spleen T cells were purified from the liver-injured mice at
6 h after the challenge and treated with SNAP for 8 h in vitro.
The expression of Bl-integrin was then measured by flow
cytometry. As shown in Fig. 8, SNAP significantly decreased
B1-integrin expression on the spleen T cells in a dose-depen-
dent manner.

4. Discussion

We have previously reported that NO might play a
protective role in PCI-DTH liver-injured mice and dem-
onstrated that NO produced by nonparenchymal cells
and hepatocytes in the latter phase could alleviate the
hepatocyte damage caused by infiltrating T lympho-
cytes from peripheral lymphoid organs [17-19]. How-
ever, the detailed mechanisms for the NO protection are
still poorly understood. In the present study, we exam-

ined the effect of NO in the inflammatory site on
peripheral T lymphocyte mobility in the PCI-DTH
liver-injured mice to elucidate the protective role of
NO. A Transwell system was used to evaluate the effect
of NO released from nonparenchymal cells and hepa-
tocytes on the adhesive activity of peripheral spleen T
lymphocytes. Both nonparenchymal cells and hepato-
cytes at 24 h were found to produce higher levels of NO
than those at 0 h. Meanwhile, the adhesive capacity of
the spleen T cells at 6 h after the challenge, at which
time-point we have previously demonstrated that T cells
exhibit a strong mobility, and subsequently infiltrate
into the liver [17,18], was significantly inhibited
when co-cultured with nonparenchymal cells and hepa-
tocytes at 24 h but not with those at 0 h in the Transwell
system (Fig. 2B). The NO synthase inhibitor L-NMMA
inhibited the production of NO by nonparenchymal
cells and hepatocytes at 24 h in a concentration-depen-
dent manner and also reversed the suppression of
spleen T cells adhesion (Fig. 3). Because the nonpar-
enchymal cell population includes a variety of cell
types, we further separated the nonparenchymal cells
into two populations, a Kupffer cell-enriched popula-
tion (Fraction A) and a lymphocyte-enriched population
(Fraction B) to clarify which component of the nonpar-
enchymal cells plays the major role inhibiting T cell
adhesion. Compared with the inhibition on the cell
binding activity of total nonparenchymal cells at 24 h,
Fraction A significantly decreased the adhesion where-
as Fraction B did not show any inhibitory effect. On the
other hand, Fraction A at 24 h produced more NO than
total nonparenchymal cells, while Fraction B produced
very little NO (Fig. 2). These data suggested that
Kupffer cell-derived NO from 24 h nonparenchymal
cells acted as the major force to down-regulate T cell
adhesion, while the lymphocyte population in the non-
parenchymal cells hardly produced any NO and did not
have such a function. Moreover, nonparenchymal cells
and hepatocytes from PCI-DTH liver-injured mice have
also been demonstrated to produce more NO upon Thl
cytokines stimulation in vitro [18]. Recently, growing
evidence indicates that NO may serve as an important
modulator of lymphocyte mobility including adhesion
and migration [2,3,12,13,26]. These results implied that
NO produced in the latter course of liver injury has the
capacity of inhibiting peripheral T cell adhesion, while
this adhesion to extracellular matrices such as collagen
is crucial for T cells to infiltrate into the inflammatory
locus in the DTH reaction [11].

To confirm such an inhibitory effect of NO, in the
next experiment, we used exogenous and endogenous
production of NO to validate its role in the adhesive
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activity of Jurkat cells, a well-known T cell line. The in
vitro treatment of Jurkat T cells with SNAP, which
releases NO spontaneously in solution, caused a dose-
dependent inhibition of cell adhesion to collagen (Fig.
4C). This result suggested that exogenous NO in this
case could down-regulate the adhesive ability of T
lymphocytes. Furthermore, to confirm the physiologic
significance of this result, the effects of macrophage-
derived NO, which is the main NO source in the
immune response [27], on the adhesion of Jurkat T
cells were examined in the Transwell co-culture system.
As shown in Fig. 5, the collagen-binding ability of T
cells in the upper chamber negatively correlated with
the level of NO in the medium. That is to say, as NO
production rose, the cell attachment to collagen trig-
gered by PDBu decreased. Similarly, the cell adhesion
was gradually recovered from the suppressed state with
the decreased NO production by the NO synthase in-
hibitor L-NMMA (Fig. 6B). Macrophages are known to
produce large amount of NO wupon activation by
LPS+IFN-y [28]. It was also reported that lymphocytes
themselves could produce a certain level of NO under
appropriate stimulation [29]. However, NO observed in
our work seemed unlikely to derive from T cells be-
cause NO was almost undetectable when macrophages
were absent (Fig. 6A). Moreover, the possibility that the
used reagents themselves caused inhibition of cell at-
tachment could also be ruled out based on the fact that
cell adhesion was unaffected when LPS+IFN-y or L-
NMMA was added alone to the lower chamber (Fig.
6B). All these findings suggested that NO produced by
macrophages inhibited T cell adhesion. Therefore, it is
reasonable to conclude that the suppression of T cell
infiltration and mobility might underlie, at least in part,
the protective effect of NO in PCI-DTH liver-injured
mice. This supposition was further confirmed by the
observation that the NO donor SNAP could inhibit the
adhesion and transmigration (Fig. 7A and B), MMP-9
message RNA expression and protein activity (Fig. 7C
and D) of peripheral T lymphocytes freshly purified at 6
h from the liver-injured mice in a dose-dependent man-
ner. This result suggests that NO could down-regulate
peripheral T lymphocyte mobility and infiltration into
the liver and that this inhibition accounts for the ame-
lioration of the liver injury.

Recent data indicate that the recruitment and infil-
tration of T lymphocytes in inflammation is regulated
by the intricate interplay of adhesion and chemokine
receptors [30]. Among them, integrin—collagen interac-
tions are therefore of considerable importance in the
pathogenesis of various inflammatory disorders. Cell
adhesion to collagens is mediated by the integrins a1B1

and o2p1, both of which bind a range of collagens
including types I, IV and VI [31,32]. In the next
experiment, therefore, we observed the effect of NO
on the Bl-integrin expression to elucidate its inhibito-
ry function on cell adhesion to collagen. Flow cyto-
metric data revealed that SNAP significantly down-
regulated B1-integrin expression on activated periph-
eral spleen T cells after 8 h of culture (Fig. 8). This
finding suggests that NO may inhibit T cell mobility
in PCI-DTH liver-injured mice by down-regulating the
R1-integrin expression.

In summary, all the above findings suggested the
involvement of NO in the regulation of T lymphocyte
adhesion and migration in PCI-DTH liver-injured mice,
which might be one of the mechanisms by which NO
exerts its protective role in the liver injury. Overpro-
duction of NO has been implicated in the process of
many liver diseases or hepatic inflammation in both
patients and animal models, including sepsis [14],
endotoxemia [33], ischemia reperfusion [34] and liver
regeneration [35]. Moreover, the protective role of NO
was observed after partial hepatectomy [36], in the liver
transplant [37] and carbon tetrachloride-induced liver
damage [38]. Our present work may provide a new
reference with regard to the mechanism of this protec-
tion and the therapeutic use of NO donors and NO
synthase inhibitors.
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