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Introduction

Summary

Peroxisome proliferator-activated receptor gamma (PPARy) agonists are
known to have many immunomodulatory effects. We have previously
shown that the PPARy agonist rosiglitazone is beneficial when used early
in prevention of disease in murine models of systemic lupus erythemato-
sus (SLE) and SLE-related atherosclerosis. In this report, we demonstrate
that another PPARy agonist, pioglitazone is also beneficial as a treatment
for early murine lupus, indicating that this is a class effect and not agent-
specific. We further attempt to define the ability of PPARy agonists to
ameliorate established or severe autoimmune disease using two mouse
models: the MRL.Ipr SLE model and the gld.apoE '~ model of accelerated
atherosclerosis and SLE. We demonstrate that, in contrast to the marked
amelioration of disease seen when PPARy agonist treatment was started
before disease onset, treatment with rosiglitazone after disease onset in
MRL.Ipr or gld.apoE ™'~ mice had minimal beneficial effect on the devel-
opment of the autoimmune phenotype; however, rosiglitazone treatment
remained highly effective at reducing lupus-associated atherosclerosis in
gld.apoE™’~ mice after disease onset or when mice were maintained on a
high cholesterol Western diet. These results suggest that beneficial effects
of PPARy agonists on the development of autoimmunity might be limited
to the early stages of disease, but that atherosclerosis, a major cause of
death in SLE patients, may be ameliorated even in established or severe
disease.
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different mouse models of SLE and SLE-associated ath-
erosclerosis.® Venegas-Pont et al.” showed that rosiglitaz-

Systemic lupus erythematosus (SLE) is a chronic inflam- one

matory autoimmune disease that results from a complex
and incompletely understood interaction between diverse
genetic and environmental factors.? Non-specific immu-
nosuppressants are used to lessen disease activity, but
treatment is not always effective and is often complicated
by drug-related adverse events.

Thiazolidinediones are peroxisome proliferator-acti-
vated receptor y (PPARy) agonists that have been used
clinically for treating type 2 diabetes because of their ability
to enhance insulin sensitivity. More recently, it has been
recognized that PPARy agonists also possess anti-inflamma-
tory and immunomodulatory properties.”” Recent studies
have evaluated the effects of PPARy agonists on inflamma-
tory diseases such as SLE. We found that the PPARy ago-
nist rosiglitazone reduced disease progression in two
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treatment is reno-protective and  decreases
hypertension in the NZBWF1 lupus-prone mouse strain.
It is important to note that this study was designed to
begin treatment before overt nephritis onset in mice
showing no evidence of proteinuria. Similarly, a second
PPARy agonist, pioglitazone, was shown to ameliorate
renal inflammation as well as improve endothelial func-
tion and insulin sensitivity in 10-week-old pre-nephritic
NZBWF1 mice.'"” Macrophage-specific deletion of PPARy
leads to anti-nuclear antibody (ANA) production and glo-
merulonephritis.'' More recently, a small cohort of
human SLE patients received a 4-week pioglizatone treat-
ment in a randomized, double-blind clinical trial. The
results showed that pioglitazone reduced C-reactive pro-
tein, increased high-density lipoprotein cholesterol levels,
and improved insulin sensitivity, suggesting a beneficial
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effect on markers of cardiovascular disease risk associated
with SLE.' Like the animal studies, these patients were in
clinical remission with no apparent active renal disease at
the start of pioglitazone treatment. Taken together, these
data suggest that thiazolidinediones are an important class
of drugs to study as possible therapeutics for human SLE.

In the current study, we expanded on our previous ros-
iglitazone study® by treating murine lupus with pioglitaz-
one to determine if the beneficial effects of PPARy
agonists are generalizable as a class. In addition, we used
mouse models of SLE to assess whether the PPARy ago-
nist rosiglitazone would ameliorate disease parameters if
treatment was started either after the onset of disease or
early in mice with more severe disease. The gld.apoE '~
mouse is deficient in both Fas ligand and apolipoprotein
E and develops a lupus-like autoimmune disease and
accelerated atherosclerosis.'” This models the higher inci-
dence of accelerated atherosclerosis observed in human
lupus patients that is associated with increased morbidity
and mortality due to cardiovascular events such as stroke
or myocardial infarction.'* The MRL.Ipr mouse is a well-
established model that develops a lupus-like disease char-
acterized by ANA accumulation and lupus nephritis. Our
previous study showing beneficial effects of rosiglitazone
via an adiponectin-dependent mechanism,® used an
MRL.Ipr strain that was subsequently reported by Jackson
Laboratories (Bar Harbor, ME) to have a progressive loss
of phenotype resulting in a ‘mild’ lupus-like disease. The
original MRL.Ipr strain was subsequently re-derived by
Jackson Laboratories from cryopreserved embryo archives,
and exhibits the original ‘severe’ lupus phenotype in
females.'” Therefore, for this current study, we refer to
both the ‘mild’ and ‘severe’ lines of MRL.[pr mice in
addition to the gld.apoE™'~ model. We present data to
determine whether the effects of PPARy agonists on mur-
ine lupus are agent-specific or generalizable to PPARy ag-
onists as a class, and to determine if the beneficial effects
of rosiglitazone are limited to early or mild disease.

Materials and methods

Animals and drug treatment

Gld.apoE™'~ mice on a C57BL/6 background have been
previously described."> Two MRL.Ipr mouse strains were
purchased from Jackson Laboratories: #006825, developing
a ‘mild’ lupus phenotype, and #000485, developing a
‘severe’ lupus phenotype at an earlier age. The ‘mild’ phe-
notype, MRL/Mp]-Faslpr/2] (#006825), was reported to
have a progressive loss of phenotype described as an
approximate fivefold reduction in lymph node size, as well
as a threefold reduction in splenomegaly compared with
the ‘severe’ phenotype, MRL/MpJ-Faslpr/] (#000485). In
addition, survival was reported to be much longer than
expected in the ‘mild’ phenotype, compared with that

364

originally described in the ‘severe’ phenotype, in which
female mice have an average lifespan of 17 weeks
(http://jaxmice.jax.org/strain/000485.html).  Six-week-old
‘mild” MRL.Ipr mice received either normal diet or nor-
mal diet supplemented with pioglitazone (GlaxoSmithK-
line, Brentford, UK) at a dosage of 30 mg/kg per day for
a period of 12 weeks. Thirteen-week-old gld.apoE™'~ mice,
12-week-old ‘mild® MRL.I[pr mice and 6-week-old ‘severe’
MRL.Ipr mice received either normal diet or normal diet
supplemented with rosiglitazone (GlaxoSmithKline) at a
dosage of 10 mg/kg per day for a period of 12 weeks. The
dose of rosiglitazone and the total duration of treatment
were the same as we had used in our previous studies.®
Another cohort of gld.apoE™'~ mice received high-choles-
terol Western diet (Harlan-Teklad Special Diets #88137)
or Western diet supplemented with rosiglitazone starting
at 7 weeks of age at a dosage of 10 mg/kg per day for a
period of 12 weeks. All diets were designed and prepared
by Harlan Teklad for the purposes of these studies. Body
weight and food intake were assessed weekly. Study pro-
tocols were approved by the Institutional Animal Care
and Use Committee at Boston University School of
Medicine.

Tissue analysis and histology

After 12 weeks on the diet, mice were weighed and blood
was drawn by cardiac puncture. Sub-mandibular lymph
nodes and spleens were excised and weighed. Portions of
the kidneys from each mouse were either immediately
frozen in optimal cutting temperature compound or
fixed in 10% neutral-buffered formalin overnight and
processed for paraffin embedding. Paraffin blocks were
sectioned (7 pm thick) and slides were stained with hae-
matoxylin and eosin. Cross-sectional areas of at least 25
glomeruli were measured in each animal using com-
puter-assisted pixel counting (PHoTOosHor CS3; ADOBE).
Glomerular cell count was determined using the same
photographs of sections stained with haematoxylin and
eosin. The blue-stained nuclei in the glomerular tuft were
counted in at least 25 glomeruli per animal. For I1gG and
C3 immunofluorescence, frozen kidney tissue was sec-
tioned (7 pwm thick) and fixed with a chilled metha-
nol : acetone mixture. After blocking, samples were
incubated with anti-IgG (Sigma, St Louis, MO, #F-2883)
or anti-C3 (Cappel, #55500) used at a dilution of 1 : 150
or 1 : 100, respectively. Immunofluorescent images were
obtained using a Keyence microscope system. Slides were
examined blindly by two investigators.

Analysis of atherosclerotic lesion

The vasculature was perfused, removed, cleaned of adven-
titia, opened longitudinally and fixed in 10% neutral buf-
fered formalin for 24 hr. The extent of lesion area in the
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aorta was analysed as previously described."” Briefly, the
aortas were stained with Oil Red O and photographed
under a stereomicroscope with an Olympus imaging sys-
tem. Atherosclerotic lesions were quantified using ADOBE
PHotosHOP and are expressed as the amount of atheroscle-
rosis relative to total aortic area.

Serum measurements

Circulating ANA levels were measured by immunofluo-
rescence using HEp-2-coated slides (The Binding Site
Inc., San Diego, CA). Slides were incubated for 1 hr with
serial log-scale dilutions of mouse serum as previously
described,'® washed in PBS, and then incubated with
FITC-labelled goat anti-mouse IgG (whole molecule;
Sigma-Aldrich, St Louis, MO). Slides were viewed using
fluorescence microscopy. To detect autoantibodies that
have bound to dsDNA, diluted serum was incubated on
glass slides coated with Crithidia luciliae (Antibodies
Incorporated, Davis, CA)." Slides were visualized by fluo-
rescence microscopy after incubation with FITC-conju-
gated anti-mouse IgG, and fluorescence luminosity was
quantified using Apose Protosnop. Circulating adiponec-
tin levels were determined using a mouse adiponectin
ELISA (B-Bridge International, Cupertino, CA).

Statistical analysis

Results are shown as the mean = SEM. Differences
between groups were determined by Student’s ¢-test. Results
were considered statistically significant for P < 0-05.

Results

Treatment of mild lupus with the PPARy agonist
pioglitazone ameliorates disease

To expand on our previous data and confirm that the
therapeutic effects of rosiglitazone are applicable to

Table 1. Body weight and food intake

Thiazolidinediones and SLE

PPARy agonists as a class, we tested the effect of pioglit-
azone on disease manifestations in ‘mild’ MRL.Ipr mice.
No statistically significant difference was observed in body
weight or food intake regardless of treatment (Table 1).
PPARy agonists induce adiponectin production and we
have used this previously as a marker for adequate PPARy
agonist ingestion.>'® As expected, serum adiponectin lev-
els were increased after 12 weeks on a normal diet in the
MRL.Ipr mice taking pioglitazone (Fig. la). Although no
significant change in spleen weight was observed
(Fig. 1b), treatment with pioglitazone significantly
decreased lymphadenopathy (Fig. 1c), serum ANA titre
(Fig. 1d) and anti-dsDNA antibody levels (Fig. le). Kid-
ney disease was assessed by quantification of glomerular
tuft size and glomerular cell number, both of which were
significantly decreased by pioglitazone treatment (Fig. 1f,
g). In addition, treatment with pioglitazone decreases IgG
deposition, and complement C3 deposition within the
glomeruli (Fig. 1h).

MRL.Ipr mice with established disease do not respond
to rosiglitazone if treatment is started after disease
onset

Having demonstrated efficacy of both pioglitazone and
rosiglitazone in the ‘mild’ MRL.IJpr model when treatment
is started before disease onset (Fig. 1 and ref. 8), we
sought to determine if treatment would still be beneficial
in established disease. This portion of the study was per-
formed using the ‘mild® MRL.Ipr phenotype. We previ-
ously demonstrated beneficial effects of rosiglitazone on
ameliorating disease in MRL.[pr mice when treatment
began at 6 weeks of age.® Here, we administered rosiglit-
azone to 12-week-old mice displaying detectable ANA ti-
tres. As expected, circulating adiponectin levels were
significantly increased in the rosiglitazone-treated group
compared with untreated mice indicating that the mice
ingested sufficient rosiglitazone to induce PPARy-respon-
sive gene expression (Fig. 2a). No statistically significant

Model Disease state Diet/treatment Body weight (g) Food intake (g/mouse per day)
MRL-Ipr — ‘mild’ Early Normal chow 456 £ 1-73 4-31 + 1-02
NC/Pio. 483 £ 1-21 396 + 0-87
MRL-Ipr — ‘mild’ Established Normal chow 43.5 £ 2:11 4-27 £ 045
NC/Rosi. 48-1 £+ 1-03 4-73 £+ 0-69
MRL-Ipr — ‘severe’ Severe Normal chow 39:6 £ 1-30 3-81 + 072
NC/Rosi. 40-0 £ 1-23 3:96 £ 0-65
gld.apoE ™"~ Established Normal chow 393 + 144 3.89 + 091
NC/Rosi. 36-5 £ 0-62 3.77 £ 0-56
gld.apoE™"~ Severe Western diet 321 £ 213 3-24 £ 0-83
WD/Rosi. 347 £ 1:99 3-39 £+ 0-64

NC, normal chow; Pio., Pioglitazone; Rosi., rosiglitazone; WD, Western diet.
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Figure 1. ‘Mild’ phenotype MRL.Ipr mice treated with pioglitazone before disease onset have less severe disease. MRL.Ipr female mice were main-

tained on a normal diet (# = 13) or normal diet supplemented with 30 mg/kg per day pioglitazone (n = 15) for 12 weeks starting at 6 weeks of

age (baseline) and then disease parameters were measured (end-point; 18 weeks of age). (a) Circulating levels of adiponectin were quantified by

ELISA. (b) Spleen and (c) sub-mandibular lymph nodes were harvested and weighed. (d) Serum anti-nuclear antibody (ANA) titre was deter-

mined by HEp2 immunofluorescence. ANA titre index is a log scale of staining intensity.'® () Circulating levels of anti-dsDNA antibodies were

examined by analysis of serial serum dilutions on Crithidia luciliae. Intensity of fluorescence is reported as arbitrary units (au). Kidney sections

stained with haematoxylin and eosin (H&E; 40x) were used to quantify (f) glomerular tuft area and (g) glomerular cell count. (h) Representative

photomicrographs of kidney sections stained with H&E, and for IgG and complement C3 deposition. **P < 0-01; ***P < 0-001.

difference was observed in body weight or food intake
regardless of treatment (Table 1). Splenomegaly, charac-
teristic of MRL.Ipr mice, was not significantly altered;
however, lymphadenopathy was lessened by rosiglitazone
administration (Fig. 2b). Anti-nuclear antibody and anti-
dsDNA levels were similar between the two groups
(Fig. 2¢, d) and the pattern of immunofluorescent stain-
ing remained unchanged regardless of treatment. Autoim-
mune renal disease as measured by glomerular tuft size
and the number of cells within the glomerulus was unaf-
fected by rosiglitazone treatment (Fig. 2e, f). Mild kidney
disease was not affected by rosiglitazone treatment as
demonstrated by similar glomerular morphology and
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immune complex and complement deposition within the
glomeruli (Fig. 2g). Hence, MRL.Ipr mice with the ‘mild’
phenotype did not receive striking benefits from rosiglit-
azone treatment when it was started after disease onset,
in contrast to the beneficial effects observed when treat-
ment was started before disease onset.

Severe lupus disease in MRL.Ipr mice is not
ameliorated by rosiglitazone treatment

Female MRL.Ipr mice with the ‘severe’ disease phenotype
have an average lifespan of 17 weeks.'>'® To determine
whether early treatment with rosiglitazone would be

© 2014 John Wiley & Sons Ltd, Immunology, 142, 363-373
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Figure 2. ‘Mild’ phenotype MRL.Jpr mice are unaffected by rosiglitazone treatment started after onset of disease. Twelve-week-old female

MRL.Ipr mice received normal diet (n = 8) or normal diet containing rosiglitazone at a dose of 10 mg/kg per day (n = 8) for 12 weeks. (a) Cir-

culating adiponectin levels were measured by ELISA. (b) Lymph node and spleen were weighed after tissue harvest. (c) Serum anti-nuclear anti-

body (ANA) titre as measured by staining intensity of HEp-2 immunofluorescence. (d) Circulating levels of anti-dsDNA antibodies were

examined by analysis of serial serum dilutions on Crithidia luciliae. Intensity of fluorescence is reported as arbitrary units (au). Kidney sections

stained with haematoxylin and eosin (H&E) were used to quantify (e) glomerular tuft area and (f) glomerular cell count. (g) Representative pho-

tomicrographs of kidney sections stained with H&E, and for IgG and complement C3 deposition *P < 0-05.

effective in a severe lupus model, 6-week-old ‘severe’
MRL.lpr treated with rosiglitazone for
12 weeks. Two mice in our experiment died before com-
pleting the course of treatment because of the severity of
the phenotype. Analysis of adiponectin levels after
12 weeks of rosiglitazone treatment revealed a significant

mice were

increase compared with untreated mice (Fig. 3a). No sta-
tistically significant difference was observed in body
weight or food intake regardless of treatment (Table 1).
Spleen and lymph node weight did not differ whether the
mice were treated with rosiglitazone or not (Fig. 3b);
however, as expected, these weights were significantly

© 2014 John Wiley & Sons Ltd, Immunology, 142, 363-373

increased compared with the mild phenotype MRL.[pr
mice (Fig. 2b). Rosiglitazone treatment had no effect on
the elevated ANA titres or staining pattern (Fig. 3c), nor
on anti-dsDNA analysis in this severe mouse model of
SLE (Fig. 3d). Surprisingly, treatment with rosiglitazone
was not beneficial, but instead seemed to significantly
worsen kidney disease as assessed by glomerular tuft size
and glomerular cell count (Fig. 3e, f). Further evidence of
kidney disease was observed by the presence of IgG and
C3 deposition within the glomeruli, and these observa-
tions remained unchanged of treatment

(Fig. 3g).

regardless
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Figure 3. ‘Severe’ phenotype MRL.[pr mice do not benefit from rosiglitazone treatment. Six-week-old female mice with the ‘severe’ lupus-like

phenotype received either normal diet (n = 12) or normal diet supplemented with 10 mg/kg per day rosiglitazone (n = 10). (a) Serum adiponec-

tin levels after 12 weeks of diet with rosiglitazone treatment. (b) Average weight of lymph nodes or spleen. (c) Anti-nuclear antibodies (ANA).

(d) Circulating levels of anti-dsDNA antibodies were examined by analysis of serial serum dilutions on Crithidia luciliae. Intensity of fluorescence

is reported as arbitrary units (au). Kidney sections stained with haematoxylin and eosin (H&E) were used to quantify (e) glomerular tuft area

and (f) glomerular cell count. (g) Representative photomicrographs of kidney sections stained with H&E, and for IgG and complement C3 depo-

sition. Error bars represent mean £ SEM. *P < 0-05.

Rosiglitazone treatment ameliorates atherosclerosis in
gld.apoE ™'~ mice with established disease

To determine whether the observed lack of rosiglitazone
effect if started after disease onset in the ‘mild” MRL.Ipr
lupus model would apply to other models of SLE, we
studied the gld.apoE™'~ model. We had previously found
a reduction in disease when rosiglitazone treatment was
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started before disease onset.® We therefore started rosiglit-
azone in the gld.apoE '~ mice after disease onset by
administering a 12-week treatment of rosiglitazone to
gld.apoE~"~ mice starting at 13 weeks of age, a time-point
at which they are already ANA positive (data not shown).
Serum adiponectin levels were measured and found to be
increased in the mice treated with rosiglitazone, indicating
that sufficient rosiglitazone was being ingested to induce

© 2014 John Wiley & Sons Ltd, Immunology, 142, 363-373



effective PPARy signalling in vivo (Fig. 4a). No statistically
significant difference was observed in body weight or food
intake regardless of treatment (Table 1). Splenomegaly
and lymphadenopathy are hallmarks of the gld.apoE '~
autoimmune phenotype,"> and although there was a trend
of reduction, rosiglitazone treatment did not significantly
reduce spleen or lymph node size (Fig. 4b). Similarly,
although a trend towards reduced ANA titres was seen
with rosiglitazone treatment (Fig. 4c), this was not statisti-
cally significant and the ANA expression pattern was not
different. In addition, analysis of circulating anti-dsDNA
revealed similar titres regardless of treatment (Fig. 4d).
Assessment of renal disease demonstrated no significant
effect of rosiglitazone on glomerular tuft size or glomeru-
lar cell count (Fig. 4e, f). Deposition of IgG and C3 within
the glomeruli was observed to a similar extent in treated
or untreated mice (Fig. 4g). In contrast to the autoim-
mune phenotype, analysis of atherosclerosis revealed a
marked and statistically significant decrease in lesion area
with rosiglitazone treatment as evaluated by oil red O
staining (Fig. 4h, 1i). Therefore, when treatment was
started in gld.apoE ™'~ mice with measureable ANA titres,
rosiglitazone markedly inhibited the progression of ath-
erosclerosis. However, measures of autoimmune activity
were not significantly affected, although a possible modest
beneficial effect on lymphadenopathy and ANA titre can-
not be excluded.

Accelerated atherosclerosis in mice with exacerbated
autoimmunity is retarded by rosiglitazone treatment

The high-cholesterol Western diet markedly enhances the
severity of the disease phenotype in the gld.apoE '~
mouse model, with the development of exacerbated ath-
erosclerosis and autoimmunity compared with gld.apoE ™’
~ mice on normal chow."’ To examine the effects of ros-
iglitazone on the more severe disease phenotype, we con-
comitantly began feeding of Western diet and
rosiglitazone to 7-week-old gld.apoE™'~ mice. No statisti-
cally significant difference was observed in body weight
or food intake regardless of treatment (Table 1). We
observed that circulating adiponectin levels rose in the
treated group compared with those not receiving treat-
ment, indicating that the mice given rosiglitazone were
ingesting the diet (Fig. 5a). Despite a rise in adiponectin
levels, rosiglitazone treatment had no effect on lymph
node or spleen weight (Fig. 5b). Serum levels of ANA
and anti-dsDNA antibodies were measured using immu-
nofluorescence and revealed similar titres in both the
treated and untreated groups (Fig. 5¢, d). Quantification
of glomerular tuft size revealed a significant decrease by
rosiglitazone treatment compared with untreated mice
and a trend towards decreased glomerular cell count
(Fig. 5e, f). To further determine the extent of kidney
disease, fluorescent immunostaining was performed that

© 2014 John Wiley & Sons Ltd, Immunology, 142, 363-373
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revealed significant IgG and C3 deposition within glome-
ruli (Fig. 5g). With regard to atherosclerosis, this mouse
model with exacerbated disease receives striking beneficial
effects from rosiglitazone in terms of reducing atheroscle-
rotic lesion area (Fig. 5h, i). These data provide further
evidence that rosiglitazone is effective in inhibiting the
progression of atherosclerosis, and partially ameliorates
renal disease, even in mice on a Western diet.

Discussion

In a previous study, we showed that the PPARy agonist
rosiglitazone reduced disease in the ‘mild’ phenotype
MRL.Jpr model, an effect mediated at least in part
through the induction of adiponectin.® In the current
study, we have shown that early treatment with the
PPARy agonist pioglitazone also reduces lupus disease in
the ‘mild’ phenotype MRL.IJpr model demonstrating that
this is probably a class-effect of PPARy agonists. In addi-
tion, we show, in a number of lupus models and condi-
tions, that rosiglitazone is not able to consistently
ameliorate disease progression in models of severe SLE
or if treatment is started beyond the early stage of dis-
ease (characterized by the appearance of ANA). This
expands on our previous knowledge about the beneficial
effects of rosiglitazone on SLE and SLE-related athero-
sclerosis and may guide us in selecting appropriate
patient populations to consider for clinical trials of
PPARy agonist therapy.

In all experiments in this report, the experimental
groups received treatment for a period of 12 weeks so
differences observed were not the result of different
lengths of treatment. We observed that rosiglitazone
treatment of 12-week-old ‘mild” MRL.Jpr mice or 6-week-
old ‘severe’ MRL.Ipr mice (both demonstrating the pres-
ence of serum ANA before initiation of treatment) did
not ameliorate the lupus phenotype. Similarly, 13-week-
old gld.apoE™'~ mice on normal chow did not receive
any beneficial effects from rosiglitazone on lupus disease,
whereas treatment induced a reduction in atherosclerosis.
When gld.apoE™'~ mice were fed a high-cholesterol
Western-type diet, which is known to exacerbate disease
progression,'’ rosiglitazone treatment decreased athero-
sclerosis as well as glomerular tuft size. This somewhat
surprising finding of reduced glomerular tuft size may be
explained by the fact that glomerular hypertrophy is asso-
ciated with a high-fat diet.’**! In our model, we observed
a much larger glomerular tuft size when mice were main-
tained on a Western diet (Fig. 5g) compared with the
normal diet cohort (Fig. 4g). Hence, glomerular tuft size
may be reduced as a consequence of rosiglitazone effects
on lipid metabolism rather than on lupus per se. Together
with our previous data showing that rosiglitazone has
beneficial effects in mouse models of SLE,® these new
data suggest that optimal treatment of SLE with PPARy
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Figure 4. Effect of rosiglitazone on disease manifestations in gld.apoE™~ mice when treatment is started after onset of disease. Gld.apoE ™'~
mice were maintained on a normal diet (n = 8) or normal diet supplemented with 10 mg/kg per day rosiglitazone (n = 9) for 10 weeks start-
ing at 13 weeks of age (baseline), and then disease parameters were measured (end-point; 23 weeks of age). (a) Serum adiponectin levels. (b)
Lymph node and spleen weights. (c) Serum anti-nuclear antibody (ANA) titre as determined by HEp2 immunofluorescence. (d) Circulating
levels of anti-dsDNA antibodies were examined by analysis of serial serum dilutions on Crithidia luciliae. Intensity of fluorescence is reported
as arbitrary units (au). Kidney sections stained with haematoxylin and eosin (H&E) were used to quantify (e) glomerular tuft area and (f) glo-
merular cell count. (g) Representative photomicrographs of kidney sections stained with H&E, and for IgG and complement C3 deposition.
(h) Aortic atherosclerosis lesion area. (i) Representative photomicrographs of en face aortas stained with oil red O to detect lesion deposition.
**P < 0-01.
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Figure 5. Rosiglitazone ameliorates atherosclerosis in gld.apoE ™'~ mice maintained on a high-cholesterol Western diet. Seven-week-old gld.apoE ™'~
mice were fed a Western diet (n = 12) or Western diet supplemented with 10 mg/kg per day rosiglitazone (n = 10) for 12 weeks. (a) Quantification
of serum adiponectin levels at baseline (7 weeks old) and end-point (19 weeks of age). (b) Lymph node and spleen weights. (c) Analysis of anti-
nuclear antibody (ANA) titre was determined by HEp2 immunofluorescence. (d) Circulating levels of anti-dsDNA antibodies were examined by
analysis of serial serum dilutions on Crithidia luciliae. Intensity of fluorescence is reported as arbitrary units (au). Kidney sections stained with hae-
matoxylin and eosin (H&E) were used to quantify (e) glomerular tuft area and (f) glomerular cell count. (g) Representative photomicrographs of kid-
ney sections stained with H&E, and for IgG and complement C3 deposition. (h) Total atherosclerotic lesion area was quantified after oil red O
staining. (i) Representative photographs of aortas opened longitudinally and stained with oil red O. *P < 0-05; **P < 0-01.

agonists may be achieved if they are used as a Accelerated atherosclerosis and an increased incidence
preventive treatment, rather than as treatment for active of cardiovascular disease are observed in SLE patients.*
disease. A recent study has linked arterial stiffness to metabolic
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Table 2. Experimental conditions and outcomes

Model Disease state Diet/treatment ANA Renal disease Atherosclerosis.
MRL-lpr — ‘mild”! Early NC/Rosi. ! ! n/a
gld.apoE~"! Early NC/Rosi. | l l

MRL-Ipr — ‘mild’ Early NC/Pio. l 1 n/a

MRL-Ipr — ‘mild’ Established NC/Rosi. No change No change n/a

MRL-Ipr — ‘severe’ Severe NC/Rosi. No change No change n/a

gld.apoE ™"~ Established NC/Rosi. No change No change !

gld.apoE ™'~ Severe WD/Rosi. No change l l

ANA, anti-nuclear antibodies; NC, Normal chow; WD, Western diet.
18

syndrome in SLE patients, suggesting that sub-clinical
atherosclerosis may be affected by metabolic syndrome in
patients with SLE.? In addition, there is evidence of met-
abolic dysfunction, even when maintained on a low-fat
diet, in a mouse model susceptible to lupus.** This
extends to humans, where there is an increased preva-
lence of metabolic syndrome and insulin resistance in
patients with SLE.>>*” A recently published study involv-
ing patients with SLE receiving pioglitazone demonstrated
a reduction in C-reactive protein and an increase in high-
density lipoprotein cholesterol after 4 weeks of treatment,
suggesting a beneficial effect on cardiovascular disease risk
factors associated with SLE.'* Although several years ago,
concern was raised about the association of thiazolidined-
iones with increased risk for heart failure in patients with
type 2 diabetes,”® certain restrictions placed on these
medications have recently been removed by the US Food
and Drug Administration after re-evaluating cardiovascu-
lar outcomes.”” More importantly, novel synthetic com-
pounds that bind PPARy have anti-diabetic effects in
obese mice without weight gain or fluid retention (a
known side-effect of PPARy agonists), but whether these
drugs have an associated risk of heart failure is
unknown.”® Nevertheless, these data suggest that novel
compounds targeting the PPARy pathway could be poten-
tially valuable therapeutic agents to curtail the incidence
and interactions of cardiovascular disease and metabolic
dysfunction in SLE patients.

The data presented here also demonstrate that pioglit-
azone treatment reduces disease manifestations in the
MRL.Ipr model to a similar extent as rosiglitazone treat-
ment.® This amelioration of disease provides evidence
that the effects of PPARy agonists on lupus pathogenesis
are a class effect and are not agent specific. Further evi-
dence towards this is demonstrated in two independent
studies, showing similar effects of rosiglitazone and piog-
litazone on renal disease in NZB/W mice.””! In addition,
there is some evidence that pioglitazone has a more
favourable effect than rosiglitazone on cardiovascular out-
comes and lipid profiles in human clinical trials,**?
therefore, it would be of interest to perform more

372

advanced studies using pioglitazone treatment in SLE
patients.

We have previously demonstrated that induction of
adiponectin is a major mechanism underlying the immu-
nomodulatory effects of PPARy agonists.® There are a
number of possible explanations for the lack of efficacy of
rosiglitazone on ANA levels and renal disease when admin-
istered after disease onset, despite an effective induction of
adiponectin expression. It might be that severe active
disease simply overwhelms the protective effects of PPARy
agonists and the increased adiponectin levels. Alternatively,
it might be that more advanced disease specifically impairs
adiponectin’s protective effects by, for example, down-
regulating adiponectin receptor expression. This latter pos-
sibility is suggested by work from other groups showing
that inflammatory stimuli are able to down-regulate the
expression of adiponectin receptors.***>

Our previous studies demonstrated that rosiglitazone
can ameliorate mild disease in the MRL.pr and
gld.apoE™~ models if treatment is initiated at a relatively
early point in disease development,® and here we have
shown that PPARy agonists do not exhibit such beneficial
effects if treatment is started during active or severe dis-
ease (summarized in Table 2). Early disease in the murine
models might be analogous to SLE patients with quies-
cent clinical disease, rather than to those with active dis-
ease. It is possible that PPARy agonists could play a
useful role in this large sub-group of patients to poten-
tially serve to maintain remission, allow steroid use to be
reduced, and prevent long-term sequelae — in particular,
cardiovascular complications. The data we obtained sup-
port consideration of PPARy agonists as a potential ther-
apy in this sub-group of patients.
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