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Effect of mycophenolate mofetil on severity of nephritis and
nitric oxide production in lupus-prone MRL/Ipr mice
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Mycophenolate mofetil (MMF), an immunosuppressive drug commonly used in organ transplanta-
tion, is increasingly being used to treat autoimmune diseases including systemic lupus erythema-
tosus (SLE). Excessive production of nitric oxide (NO) by inducible nitric oxide synthase (iNOS)
has been implicated in the pathogenesis of lupus nephritis. We evaluated the effect of MMF on the
severity of nephritis and the production of NO in lupus-prone MRL/Ipr mice.

Eight-week-old female MRL/lpr mice (n=20) were treated with MMF (100 mg/kg/day) by
oral gavage for 12 weeks. Control mice (n=20) received vehicle on the same schedule. The mice
were killed after 12 weeks of treatment. Treatment with MMF significantly decreased the amount of
proteinuria, prolonged survival and reduced the histological severity of glomerulonephritis. Urinary
nitrite/nitrate excretion in the MMF-treated mice was significantly reduced during the first 8 weeks
of treatment. However, by the end of the 12 weeks’ treatment period, there was no significant
difference between vehicle and MMF-treated mice in terms of urinary nitrite/nitrate excretion,
intra-renal production of NO, expression of iNOS protein and induction of iNOS mRNA.

We conclude that MMF is effective in attenuating the severity of nephritis in MRL/Ipr mice. The
beneficial effects of MMF on lupus nephritis during the early phase of the disease might be partly
attributed to the inhibition of NO production. The inhibitory effect of MMF on NO production
diminishes as the disease progresses. MMF probably has additional, as yet undefined mode of

actions to fully account for its beneficial effects on lupus nephritis. Lupus (2002) 11, 411-418.
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Introduction

Mycophenolate mofetil (Cellcept® , MMF), a prodrug
of mycophenolic acid, is a lymphocyte selective anti-
proliferative agent, which acts by inhibiting inosine
monophosphate dehydrogenase (IMPDH), a key
enzyme in the de novo purine synthesis pathway.!
Mycophenolate mofetil is commonly used for the
prevention of acute rejection after organ transplanta-
tion.>~* In addition, it is increasingly being used to
treat various autoimmune diseases including systemic
lupus erythematosus (SLE). In murine models
of lupus nephritis, MMF has been shown to attenuate
the severity of glomerulonephritis and to improve
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survival.>~® The therapeutic effect of MMF on
human lupus nephritis has been demonstrated in a
recent clinical trial, which showed that combination of
MMF and prednisolone was as effective as a regimen
of cyclophosphamide and prednislolone for the treat-
ment of diffuse proliferative lupus nephritis.” How-
ever, the exact mechanism of action of MMF in the
treatment of lupus nephritis has not been completely
elucidated.

Nitric oxide (NO) is a labile gaseous free radical,
which plays an important role in a wide range of
physiological and pathological conditions.!®!! There
is increasing evidence to suggest that excessive pro-
duction of NO by the inducible isoform of nitric oxide
synthase (iNOS) plays an important role in the patho-
genesis of lupus nephritis.!? Increased iNOS expres-
sion and NO production have been demonstrated in
animal models of lupus nephritis.!> Suppression of
NO production by NOS inhibitor has been shown to
attenuate the severity of nephritis in lupus-prone
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mice.*!5 In patients with SLE, NO production was
found to correlate with lupus disease activity, espe-
cially nephritis.!®~!8 The detrimental effect of NO is
mainly mediated through the interaction of NO with
superoxide anion to form peroxynitrite, which induces
renal injury via direct oxidant injury and protein
tyrosine nitration.!?

Mycophenolate mofetil has been shown to suppress
cytokine-induced NO biosynthesis in vitro.?° We have
recently shown that MMF is capable of inhibiting NO
production in vivo after renal ischemia-reperfusion
injury.2! This raises the possibility that the beneficial
effects of MMF on lupus nephritis may be mediated
through the inhibition of NO production.

MRL/Ipr mice spontaneously develop an autoim-
mune disease that resembles human SLE and is
characterized by immune-complex mediated glomer-
ulonephritis, splenomegaly, lymphadenopathy and
autoantibody formation. These mice usually begin to
develop glomerulonephritis at age of around 12 weeks
and die of renal failure when they are 3 —6 months of
age.”?

The aim of this study was to determine the effect of
MMF on the severity of glomerulonephritis and the
production of NO in the lupus prone MRL/Ipr mice.

Materials and methods

Animals

MRL/Ipr (MRL/Ipr/Ipr) mice were purchased from
the Jackson Laboratory (Bar Harbor, ME, USA). The
mice were maintained in animal colony of the Labora-
tory Animal Unit of the University of Hong Kong
under standard conditions. All experiments conformed
to approved animal care protocols.

Drug

Mycophenolate mofetil was obtained in powder form
as a gift from Hoffmann-La Roche Inc. A suspension
of MMF in carboxymethyl-cellulose (CMC) in saline
vehicle was prepared fresh daily before use. The MMF
suspension was well sonicated before administration.

Treatment protocols

Eight-week-old female MRL/Ipr mice were treated
with MMF (100 mg/kg/day) in CMC vehicle by oral
gavage (n=20). Control mice received equal volume
of CMC vehicle alone on the same schedule (n = 20).
The total duration of treatment was 12 weeks (from
the age of 8 weeks to 20 weeks). The mice did not
display signs of glomerulonephritis at the start of the
treatment. Twenty-four-hour urinary collection was

performed at weeks 4, 8 and 12 after the commence-
ment of treatment to determine the amount of protei-
nuria and urinary nitrite/nitrate excretion. The mice
were sacrificed after 12 weeks of treatment (at the age
of 20 weeks). After sacrifice, the left and right kidneys
were harvested for histological, immunohistochem-
ical, electron paramagnetic resonance (EPR) and
semi-quantitative gene expression studies.

Assessment of disease activity

Urinary protein excretion was assessed by collection
of 24 h urine samples in metabolic cages at week 4, 8
and 12 after the initiation of treatment. Urinary
protein concentration was determined by colorimetric
assay and was expressed as milligrams per mouse per
24 h.

For histological assessment of the severity of glo-
merulonephritis, kidney tissue fragments obtained at
the time of death (20 weeks of age) were embedded in
paraffin. Four-micrometer sections were stained with
haematoxylin and eosin. The kidney sections were
coded and then examined by a single pathologist who
was blinded to the treatment groups. The histological
changes for mesangial proliferation, leukocytes in the
glomeruli, hyaline deposition and interstitial infiltra-
tion of inflammatory cells were evaluated in a semi-
quantitative fashion by a scoring system from 0O to
34+ (0=no changes; 1+ =mild; 2-+ =moderate;
and 3+ =severe). Crescent formation was graded
from 0 to 54+ (0=no crescent; 1+ = <20%,
24+ =20-39%, 3+ =40-59%, 4+ =60-79%,
5+ =80-100% of the glomeruli in the sample
being affected). At least 50 glomeruli were examined
for each sample.

Urinary nitrite/nitrate excretion

Measurement of urinary concentration of total nitrites
and nitrates was performed by chemiluminescence
using a NO analyzer (Sievers 280, USA) according
to previously described methodology.>®> The proce-
dure is briefly described as follows. Urinary samples
were deproteinized by zinc sulfate and the super-
natants after deproteinization were collected for
further analysis. Assay of urinary nitrites and nitrates
were then carried out according to the NO analyzer
manufacturer’s instructions. Vanadium (III) chloride
was used as the reducing agent in the system. A
sodium nitrate (100 mM) solution (NaNO3) was pre-
pared and diluted to various concentrations for the
calibration test. Ten microliters of a standard concen-
tration of NaNOs was injected into the radical purger,
which was linked to the NO analyser, to obtain the
calibration curve and the peak area for each standard
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concentration was measured. Deproteinized urinary
samples were then injected and the NO concentrations
measured after correction for background noise.

Immunohistochemical staining for iNOS

Paraffin-embedded kidney sections (4pum) were
dewaxed, rehydrated and incubated in TBS (0.05M
Tris—HCL, 0.15M NaCl, pH 7.4) for 5min. The
sections were then treated with peroxidase block
(DAKO EnVision+ System, Denmark) for 30 min.
After rinsing in TBS, the sections were incubated with
primary mouse monoclonal antibodies in a dilution of
1:400 for iNOS (Transduction Laboratories) at 4°C
overnight. After being rinsed with TBS, the sections
were incubated with peroxidase labeled polymer con-
jugated to goat anti-rabbit immunoglobulins (DAKO
EnVision+ System, Denmark) for 30 min. Finally,
the sections were rinsed and incubated with Liquid
DAB +  substrate-chromogen solution (DAKO
EnVision+ System, Denmark) for 15 min. The sec-
tions were coded and examined by the same pathol-
ogist in a single-blinded fashion. The intensity of the
glomerular staining for iNOS from 50 glomeruli in
each mouse kidney was graded on a scale of 0—4 4.

Spin-trapping EPR spectroscopy

Spin-trapping electron paramagnetic resonance (EPR)
spectroscopy is a well-established technique to mea-
sure in vivo production of NO, which has a very short
half-life, in various biological models.?>*>> We uti-
lized this technique to detect the intra-renal produc-
tion of NO in vivo in the MRL/Ipr mice as previously
described.?"> Briefly, two spin trapping agents,
diethyldithiocarbamate (DETC; 500mg/kg), intra-
peritoneally and iron sulfate (50mg/kg)/sodium
citrate (250mg/kg) subcutaneously were adminis-
tered to each mouse 20min prior to harvest of the
kidneys. These spin trapping agents served to trap the
NO produced in the kidney and form with it stable
paramagnetic mononitroysl complex, which can then
be detected by an EPR spectrometer. After harvest,
the whole left kidney from six mice in each group was
then sliced into small pieces, fitted into plastic EPR
tubes and snapped frozen in liquid nitrogen for EPR
analysis.

EPR spectra were measured using a Bruker
ER300E spectrometer. The EPR measuring conditions
were: 10 mW microwave power, 9.34 GHz microwave
frequency, 100kHz modulation frequency, 0.52mT
modulation amplitude, 10.24s time constant,
0.48mT/s sweep rate and 2.0x10* receiver gain.
The NO-Fe-DETC complex is characterized by a
triplet EPR signal with g, =2.035 and g;=2.02.
The size of the NO signal was obtained by measuring
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the height of the first peak of the standard triplet
waveform from the baseline.?!> It has been shown
that the concentration of NOFe (DETC) corresponds
directly to the height of the first peak of the standard
triplet waveform.>* We have verified this method by
showing that the height of the EPR signal has a linear
relationship with NO concentration up to at least
20 umol/1 using saturated NO solution.

RNA isolation

Total RNA from kidney specimen was isolated by
acid guanidinium thiocyanate — phenol—chloroform
extraction.?® The total RNA was air-dried and re-
suspended in diethyl pyrocarbonate-treated water.
The concentration of RNA was quantified by measur-
ing the absorbance at 260 nm. The quality of the RNA
was monitored by the optical density (OD) 260/280
ratio. The RNA was electrophoresed through formal-
dehyde agarose gel and the RNA integrity was ver-
ified by examination of the 28S and 18S ribosomal
RNA bands under ultraviolet irradiation after staining
with ethidium bromide.

Reverse transcription polymerase chain reaction
(RT-PCR)

RT-PCR was performed as previously described.?’
Briefly, 4 pug of total RNA was reverse-transcribed in
a final volume of 20 pl containing 10 mM dithiothrei-
tol, SO0mM Tris—HCI (pH 8.3), 7SmM KCI, 3 mM
MgCl,, 25mM dNTPs, 75 ng random hexamer, 40 U
RNase inhibitor (Promega, Madison, WI, USA) and
200U of Superscript II RNase H™ reverse transcrip-
tase (Gibco BRL, Grand Island, NY, USA). The
RNA sample was heat-denatured at 95°C before the
addition of reverse transcriptase and RNase inhibitor.
The reaction was incubated for 60min at 42°C.
PCR was performed in a 20ul reaction volume
containing 1pl of ¢cDNA, 10mM Tris—HCl (pH
8.3), 50mM KCl, 1.5mM MgCl, 200uM dNTPs,
1U of Ampli7ag gold DNA polymerase (Perkin
Elmer-Cetus, Foster City, CA, USA) and 0.8 uM, or
1.2uM of sense and antisense primers for f-actin
and iNOS, respectively. Samples were overlaid with
mineral oil, heated to 94°C for 10min, and then
amplified for 25 cycles (f-actin) or 37 cycles
(INOS) consisting of 45s denaturation at 94°C,
455 annealing at 63°C (f-actin) or at 58°C (iNOS)
and 5min extension at 72°C. The experimental
conditions and number of cycles of PCR were
predetermined to ensure that the amount of iNOS
and f-actin amplicons were within the linear range
of amplification. The sequences of the PCR sense and
antisense primers and the size of amplicons were as
follows:
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mRNA Sequences Size of amplicon

5-GGACTCCTATGTGGGTGACGAGG-3’
5-GGGAGAGCATAGCCCTCGTAGAT-3"
iNOS  5-AAGCTGCATGTGACATCGACCCGT-3
5-GCATCTGGTAGCCAGCGTACCGG-3".

f-actin 367bp

598 bp

Semi-quantitative measurement of iNOS mRNA

The iNOS mRNA was semi-quantified by normalizing
the differences occurring during reverse transcription
and PCR using a housekeeping gene, f-actin. After
amplification, 20 ul of each PCR reaction mixture
were electrophoresed through a 1.8% agarose gel
with ethidium bromide (0.5 pg/ml). The PCR pro-
ducts of f-actin and iNOS were electrophoresed in the
same gel to eliminate gel to gel variation. The gel
image was captured by video gel documentation
system (Bio-Rad Laboratories, Hercules, CA, USA)
under the same exposure and integration. The com-
puter image was analysed by IPLab gel software from
Signal Analytics Corporation (VA, USA) for quanti-
tation. The results were expressed as a ratio calculated
from the integrated signal of iNOS amplicon over that
of the f-actin amplicon.

Statistical analysis

Data were expressed as mean= s.d. Survival curves
were analysed by log-rank test. Statistical differences
between vehicle and MMF-treated groups were ana-
lysed using Mann—Whitney test. Statistical signifi-
cance was defined as a P-value < 0.05.

Results

Disease activity

Figure 1 shows the survival curves of vehicle and
MMF-treated mice. By the end of the treatment period

400 fzinzmrazssesnaneaes

60—

Survival %

40

207

T I I I I I 1
8 10 12 14 16 18 20
Age (weeks)
Figure 1 Survival rate: Survival rate of MRL/lpr mice treated with
vehicle or MMF for 12 weeks, starting from 8 weeks of age. At 20 weeks

of age, all the mice in the MMF-treated group were alive whereas 20% of
the mice in the vehicle-treated group had died (P =0.037).

(ie at the age of 20 weeks), 20% of the mice in the
vehicle-treated group had died. In contrast, all the
mice in the MMF-treated group were still alive and
the difference in survival between vehicle and MMF-
treated mice was statistically significant (P =0.037).

The amount of 24 h urinary protein excretion in
vehicle and MMF-treated mice during the treatment
period is shown in Figure 2. Treatment with MMF
significantly reduced the amount of proteinuria as
compared to treatment with vehicle throughout the
12 weeks’ treatment period. At 4 weeks, after the
commencement of treatment, the amount of protei-
nuria in the vehicle and MMF-treated mice was
8.4+ 1.6mg/day and 3.7+ 1.2mg/day respectively
(P <0.05). After 8 weeks of treatment, vehicle-treated
mice had developed massive proteinuria (31.1+13.6
vs 4.7+2.8mg/day in the MMF-treated mice,
P =0.005). By the end of the 12 weeks’ treatment
period, the amount of proteinuria in the vehicle-
treated mice remained at a high level
(37.34+ 14.1 mg/day). The amount of proteinuria in
the MMF-treated mice had increased substantially but
was still significantly less than that of the vehicle-
treated mice (10.5+ 17.3 mg/day, P=0.007).

Table 1 Effect of MMF treatment on the severity of
glomerulonephritis in MRL/lpr mice?®

Vehicle-treated ~MMF-treated  P-value

Mesangial cell proliferation 24+£051 1.68+£0.58 0.001
Hyaline deposition 1.53+£1.06 0.68+£0.85 0.016
Leukocyte in glomeruli 2.00£0.85 2.05+£0.97 0.66
Interstitial infiltration 0.93£0.96 0.74£0.93 0.55
Crescent 0.93+1.33 0.74+1.24 0.87

“The histological changes for mesangial proliferation, hyaline deposition,
leukocytes in the glomeruli and interstitial infiltration of inflammatory
cells were scored semi-quantitatively on a 0-3+ scale. Crescent
formation was graded on a scale of 0—5+. Eight-week-old female
MRL/lIpr mice (n=40) were treated for 12 weeks with vehicle or MMF
(100mg/kg/day). Values are means =+ s.d.
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Figure 2 Proteinuria: Effect of MMF treatment on 24-hour urinary
protein excretion in MRL/lpr mice (in mg/mouse/24 hours). Data were
shown as mean + S.D., n = 16-20. A significant decrease in the amount of
proteinuria in mice treated with MMF was observed throughout the
treatment period. *P < 0.05, **P < 0.005 versus vehicle-treated mice.
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Figure 3 Renal histology: Representative photomicrographs of glomeruli
from MRL/lpr mice treated with vehicle or MMF for 12 weeks. There was
marked mesangial proliferation and hyaline deposition in the vehicle-treated
mice (A). Treatment with MMF resulted in a significant reduction in
mesangial proliferation and hyaline deposition (B). (magnification x400)

Renal histology

The effect of MMF on the histological severity of
glomerulonephritis after 12 weeks of treatment is
shown in Table 1 and Figure 3. Treatment with
MMF significantly reduced the amount of mesangial
cell proliferation (score: 1.68£0.58 vs 2.4£0.51 for
vehicle-treated mice; P =0.001) and hyaline deposi-
tion in the glomeruli (score: 0.68£0.85 vs 1.53£1.06
for vehicle-treated mice; P =0.016). The severity of
leukocyte infiltration in the glomeruli, interstitial
infiltration of inflammatory cells and crescent forma-
tion were similar between the two treatment groups.

Urinary nitrite/nitrate excretion

Figure 4 shows the effect of MMF treatment on
urinary nitrite/nitrate  excretion. Treatment with
MMF significantly reduced the amount of urinary
nitrite /nitrate excretion as compared to treatment
with  vehicle after 4 weeks (5.3+1.2 s
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Figure 4 Urinary nitrite/nitrate excretion: Urinary nitrite/nitrate
excretion of MRL/Ipr mice treated with vehicle or MMF, expressed as
micromoles per mouse per 24 hours. Data were shown as mean=+S.D.,
n=16-20. Treatment with MMF significantly reduced the amount of
urinary nitrite excretion during the first 8 weeks of treatment. *P < 0.05,
**P < 0.005 versus vehicle-treated mice.

7.8+ 1.0 umol/l, P <0.05) and 8 weeks (4.2+2.0 vs
9.5+ 2.5umol/l, P <0.005) of treatment. However,
by the end of the 12 weeks’ treatment period, the
difference in urinary nitrite/nitrate excretion between
vehicle and MMF-treated mice was not statistically
significant (9.1+4.3 vs 7.5+2.9 umol/1, P =0.41).

NO production in the kidney

The in vivo production of NO in the kidney tissues of
the mice after 12 weeks of treatment (i.e. at the age
of 20 weeks when they were sacrificed), as assessed
by EPR spectroscopy is shown in Figure 5. The
relative amplitudes of the NO-Fe-DETC EPR spectra
of the two experimental groups did not differ signifi-
cantly (P=0.3).

(4]
(=]
J

[ vehicle

Size of NO signal (arbitrary units)

Figure 5 Intra-renal NO production: Relative amplitude of the NO-
Fe-DETC signal in the kidney from MRL/Ipr mice treated with vehicle or
MMEF for 12 weeks. Data were shown as the mean =+ S.D., n = 6. There was
no statistically significant difference in the size of the NO signal between
vehicle and MMF-treated mice.

415

Downloaded from lup.sagepub.com at PENNSYLVANIA STATE UNIV on May 9, 2016


http://lup.sagepub.com/

Effect of MMVF on nephritis and NO production in VRL/Ipr mice
S Luied.

416

g
3
|

Il Vehicle
] MMF

N
(=)
1

-
[$,]
1

-
o
1

o
)]
1

iNOS amplicon / Bactin amplicon
(arbitrary units)

i 4— INOS 598bp
weas € p-actin 366bp

Figure 6 Intra-renal expression of iNOS mRNA: Effect of 12 weeks’
of vehicle of MMF treatment on iNOS mRNA expression in the kidneys of
MRL/Ipr mice was assessed by semi-quantitative RT-PCR. The amount of
iNOS mRNA present in the kidney tissue was expressed as a ratio
calculated from the integrated signal of the iNOS amplicon over that of
the f-actin amplicon. Data were shown as the mean+ S.D., n = 16-20. The
difference is iNOS mRNA expression in the 2 treatment groups was not
statistically significant.

INOS expression in the kidneys

After 12 weeks of treatment, in both the vehicle and
the MMF-treated mice, positive staining for iNOS
protein was observed in the glomerular mesangium,
the tubular cells and the cellular crescents. There was
no statistically significant difference in the intensity of
iNOS staining between the two groups of mice (score:
2.3+0.77 vs 2.56£0.51 for vehicle-treated mice;
P=NYS).

iNOS mRNA expression in the kidney

The effect of MMF treatment on the expression of
iNOS mRNA in the kidney tissue after 12 weeks of
treatment was studied by semi-quantitative RT-PCR.
The amount of iNOS mRNA present in the kidney
tissue was expressed as a ratio calculated from the
integrated signal of the iNOS amplicon over that of
the f-actin amplicon. A statistically significant differ-
ence in iNOS mRNA expression in the kidney tissues
of mice treated with vehicle or MMF was not
observed (Figure 6).

Discussion

This study shows that in MRL/Ipr mice, treatment
with MMF for 12 weeks, starting from 8 weeks of age,
significantly prolonged survival, reduced the amount
of proteinuria and decreased the histological severity
of glomerulonephritis. Moreover, we found that MMF

treatment significantly reduced urinary excretion of
NO metabolites during the first 8 weeks of treatment.
However, by the end of the 12 weeks’ treatment
period, we did not observe a significant difference
between mice treated with vehicle or MMF in terms of
urinary excretion of NO metabolites, intra-renal gen-
eration of NO, expression of iNOS protein and induc-
tion of iNOS mRNA.

Our data confirms the results of previous studies
that in lupus-prone MRL/Ipr mice, MMF is effective
in attenuating the severity of nephritis when adminis-
tered as a preventive treatment.>® However, in this
murine model of lupus nephritis, MMF treatment
could not completely prevent the development of
nephritis. In addition, when MMF was given to
MRL/Ipr mice with established glomerulonephritis,
it was not effective in inducing disease remission.®
These observations indicate that MMF treatment
alone is only partially effective in suppressing disease
activity in these lupus-prone mice. This is not entirely
unexpected as multiple immunological and inflamma-
tory pathways are likely to be involved in the patho-
genesis of nephritis in these mice, and not all of these
pathways are affected by MMF. Combination therapy
of MMF and other immunosuppressive or anti-inflam-
matory agents with different modes of action might
therefore confer better control of disease activity. This
is supported by a recent study in which combination
of MMF and a cyclooxygenase-2 inhibitor was found
to be significantly more effective than either agent
alone in ameliorating murine lupus nephritis.?®

Although the beneficial effects of MMF on disease
activity in murine models of lupus nephritis have been
established by several studies, including ours, the exact
mechanism of action of MMF in the attenuation of lupus
activity remains incompletely understood. It has been
shown that treatment with MMF decreased the deposi-
tion of immunoglobulin and C3 in the glomeruli of
MRL/Ipr mice.® As MMF is a lymphocyte-selective
anti-proliferative agent, one would expect a parallel
reduction in the production of autoantibodies in these
mice. However, a significant effect of MMF on autoanti-
body formation and lymphocyte proliferation in vivo
was not observed and it was suggested that the reduction
of glomerular immunoglobulin deposition in the MMF-
treated mice was due to decreased binding of immune
complex in the glomerular capillary wall rather than an
absolute decrease in immune complex formation.®

Another possible mechanism of action of MMF in
attenuating lupus activity may be mediated through
the inhibition of NO production. It has been recog-
nized that iNOS generated NO plays a significant role
in the pathogenesis of lupus nephritis'>!3 and that
inhibition of iNOS activity reduces the severity of
murine lupus nephritis.!*!> Mycophenolate mofetil
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has been shown to inhibit NO formation both in
vitro® and in vivo.?! In this study, we found that
mice treated with MMF had significantly reduced
urinary nitrite/nitrate excretion during the first 8
weeks of treatment, which was paralleled by a sig-
nificant reduction of proteinuria. It has been shown in
an animal model of nephrotoxic nephritis that urinary
nitrite excretion correlates well with renal NO produc-
tion.?® Our observation thus provides indirect evi-
dence that MMF treatment reduces the production of
NO in the kidney of these lupus-prone mice. It is
therefore plausible to postulate that the protective
effect of MMF on disease activity in the MRL/Ipr
mice during the first 8 weeks of treatment is due, at
least partly, to the inhibitory effect of MMF on NO
generation. Our postulation would be further strength-
ened if we had corresponding data on the intra-renal
production of NO and expression of iNOS of the mice
during the first 8 weeks of treatment. However, such
analysis had not been performed by virtue of the
original design of the study.

The exact mechanism whereby MMF suppresses NO
production in vivo has not been completely elucidated.
Previous studies have suggested that MMF might
reduce NO production via the inhibition of the bio-
synthesis of tetrahydrobiopterin, an essential co-factor
of NOS.?° We have recently shown in a mouse model of
ischemia-reperfusion injury that MMF reduces the
production of NO directly by suppressing the induction
of iNOS at the transcription level.?! The induction of
iNOS is dependent on the transcription factor NFxB,
which is inducible by various pro-inflammatory
cytokines, such as tumor necrosis factor, interleukin-1
and interferon-y. Although MMF does not have a direct
effect on cytokine production on a per cell basis, ! it may
limit the total amount of cytokine produced by limiting
clonal expansion of the triggered lymphocytes.>® This
effect may also contribute to the overall reduction in
NO production. It thus appears that the suppression
of NO production is a specific effect of MMF rather
than a non-specific effect related to the inhibition of
inflammation.

Our findings that MMF did not reduce the genera-
tion of NO and the induction of iNOS by the end of
the 12 weeks’ treatment period indicate that MMF is
unable to persistently suppress the generation of NO
in the MRL/Ipr mice. As the disease progresses, the
inhibitory effect of MMF on NO production becomes
diminished. It is worthwhile to note that the disease
activity of the MMF-treated mice had increased sub-
stantially towards the end of the treatment period,
although it was still significantly less than that of the
vehicle-treated mice. The reason for the loss of
inhibitory effect of MMF on NO production with
time is not clear. One possible explanation is that as
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the lupus nephritis progresses, alternative pathways in
the generation of NO that are not suppressed by MMF
might become activated, thus leading to the enhanced
production of NO. It is worth noting that the MRL/Ipr
model of lupus is in general more refractory to treat-
ment than other murine models such as the NZB/NZW
mice.' It would be interesting to see if the suppressive
effect of MMF on NO production might be more
marked and persistent in the latter model.

The continued suppression of disease activity by
MMF in the MRL/lpr mice despite a lack of effect on
NO generation by the end of the treatment period,
suggests that MMF probably has other modes of
action in suppressing lupus activity. Mycophenolate
mofetil has been shown to inhibit the glycosylation of
adhesion molecules such as selections through deple-
tion of guanosine nucleotides, thereby preventing the
adhesion molecules from proper functioning.?!
Altered function of the adhesion molecules might in
turn reduce the recruitment of lymphocytes, neutro-
phils and monocytes to the site of inflammation. In
animal model of renal transplantation, it has been
shown that MMF inhibits the upregulation of adhesion
molecules and reduces the recruitment of inflamma-
tory cells to the allograft.3> Mycophenolate mofetil
has also been shown to suppress perivascular T cell
infiltration in the kidneys of MRL/lpr mice.3? Never-
theless, the contribution of altered adhesion molecule
function to the immunosuppressive effect of MMF in
lupus nephritis remains to be confirmed.

The suppression of mesangial cell proliferation by
MMF might also contribute to its beneficial effect on
lupus nephritis. Mesangial cells have been recognized
as an active player of glomerulonephritis.?* In experi-
mental model of mesangial proliferative glomerulone-
phritis, there are both in vitro and in vivo evidence to
show that MMF has a direct inhibitory effect on
mesangial cell proliferation. In our study, we have
also observed a significant reduction in mesangial cell
proliferation in the MMF-treated mice, raising the
possibility that the beneficial effect of MMF may be
mediated partly through inhibition of mesangial cell
proliferation.

In conclusion, MMF is effective in attenuating dis-
ease activity in the MRL/Ipr mouse model of lupus
nephritis. In this model, the beneficial effects of MMF
on lupus disease activity during the early phase of
the disease might be attributed partly to a reduced
production of NO. However, as the disease progresses,
the effect of MMF on NO production diminishes. It
appears that our current knowledge on the mechanism
of action of MMF could not adequately explain the
beneficial effects of MMF on lupus nephritis. We
speculate that additional mechanisms of action might
exist to fully explain the beneficial effects of MMF on
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lupus activity in this model. Further studies are
warranted to uncover these mechanisms of action.
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