
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Rheumatoid arthritis : of mice and men : towards the development of innovative
therapies for rheumatoid arthritis

Gerlag, D.M.

Publication date
2008

Link to publication

Citation for published version (APA):
Gerlag, D. M. (2008). Rheumatoid arthritis : of mice and men : towards the development of
innovative therapies for rheumatoid arthritis. [Thesis, fully internal, Universiteit van
Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/rheumatoid-arthritis--of-mice-and-men--towards-the-development-of-innovative-therapies-for-rheumatoid-arthritis(25532271-5528-4bc8-8562-17f68d43d5f8).html


Chapter 10
The effects of high dosages of 

prednisolone on apoptosis induction 
in rheumatoid synovial tissue

Danielle M. Gerlag MD1, Philip Remans MD PhD1, Tineke Cantaert 
BSc1, Cristina Lebre PhD1, Karin Polzer BSc2, Georg Schett, MD PhD2, 

Dominique Baeten, MD PhD1, and Paul P. Tak MD PhD1

1Division of Clinical Immunology and Rheumatology, Academic Medical Center/

University of Amsterdam, Amsterdam, The Netherlands

2Department of Internal Medicine 3, University of Erlangen-Nuremberg, 

Erlangen, Germany

Manuscript in preparation



Ch
ap

te
r 1

0
Pr

ed
ni

so
lo

ne
 a

nd
 a

po
pt

os
is

154

Abstract

Introduction. Previous work has shown decreased synovial inflammation after predni-
solone treatment in patients with rheumatoid arthritis (RA), but the mechanism of action 
is not well understood. Therefore, we studied the effects of prednisolone treatment on 
apoptosis induction at the site of inflammation.
Patient and methods. Synovial tissue samples of twenty-one RA patients were obtained 
before and after two weeks of oral prednisolone or placebo treatment. Apoptosis induc-
tion in the synovium was investigated using active caspase-3 staining and TUNEL assays; 
we also measured nucleosome levels in the peripheral blood. In addition, we studied 
the effects of prednisolone on apoptosis induction in RA peripheral blood mononuclear 
cells (PBMCs) in vitro. To explore the effects on mechanisms involved in cell migration 
and retention, we examined the expression of adhesion molecules and the number of 
lymphatic vessels in the synovium in response to prednisolone treatment.
Results. There was a marked decrease in synovial cellularity associated with clinical 
improvement after prednisolone treatment. However, there were no signs of apoptosis 
induction as shown by active caspase-3 staining as well as TUNEL and nucleosome as-
says. Consistent with the in vivo findings, there was no apoptosis induction in cultured 
RA PBMCs after exposure to prednisolone. The expression of adhesion molecules was 
markedly decreased in the prednisolone-treated patients, but there was no clear change 
in the number of lymphatic vessels.
Conclusion. The anti-inflammatory effects of oral prednisolone on the inflammatory 
synovial membrane of RA patients are apparently not caused by apoptosis induction. 
Conceivably, the effects on cell migration and retention are sufficient to reduce synovial 
inflammation.
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Introduction

The inflamed synovium of patients with rheumatoid arthritis (RA) is characterized by 
increased cellularity combined with edema and blood vessel proliferation. In the thick-
ened intimal lining layer, mainly macrophages and fibroblast-like synovial cells (FLS) are 
located. In the underlying synovial sublining different types of inflammatory cells are 
found, in particular macrophages, plasma cells, and T cells in addition to interdigitating 
and follicular dendritic cells, B cells, natural killer cells, mast cells and neutrophils (1;2). 
After effective treatment, cellularity decreases, accompanied by a decrease in pro-
inflammatory cytokine expression.

Corticosteroids are among the most effective treatments for inflammatory joint dis-
eases. Prednisolone is a potent anti-inflammatory drug that suppresses inflammation in 
a very effective way with a rapid onset of action; it also inhibits joint destruction (3;4). 
Previous work has shown a significant decrease in the number of macrophages, B and T 
cells, plasma cells and fibroblast-like synoviocytes in the synovium of RA patients after 
only two weeks of treatment with high dosages of prednisolone taken orally (5). The 
mechanism underlying this effect is not completely understood. It has been suggested 
that prednisolone may induce apoptosis in inflammatory cells. Alternatively, predni-
solone could interfere with the expression of adhesion molecules, thereby decreasing 
the influx of inflammatory cells into the synovium. Conceivably, prednisolone may also 
enhance egress of inflammatory cells from the inflamed compartment.

To create a greater understanding of the effects of high dose oral prednisolone treat-
ment on rheumatoid synovial tissue, we investigated apoptosis induction in vitro and 
in vivo. Furthermore, we examined the effects of oral prednisolone on the expression of 
adhesion molecules, which are intimately involved in cell migration and retention at the 
site of inflammation.

Patients, Materials and Methods

Patients

Twenty-one patients, aged 18-85 years, with RA according to the 1987 criteria of the 
American College of Rheumatology (ACR)(6) were included into the study. All had active 
disease at enrollment, defined by the presence of ≥ 6 tender and ≥ 6 swollen joints 
out of 28 joints assessed. In addition, patients had one of the following: erythrocyte 
sedimentation rate (ESR) ≥ 28 mm/h, serum levels of C-reactive protein (CRP) of ≥ 1.5 
mg/dL, or morning stiffness ≥ 45 minutes. They had to be stable for at least 28 days on 
Disease Modifying Anti-Rheumatic Drugs (DMARDs).
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Following informed consent, eligible patients were randomized to receive either oral 
prednisolone 60 mg daily for the first week, followed by 40 mg daily during the second 
week (comparable to the dosages used in the COBRA study (7); n=10) or matching pla-
cebo for two weeks (n=11) in a 1:1 ratio, as described previously (5). Clinical assessment 
included a Disease Activity Score 28 (DAS28) (8). An independent assessor performed 
the clinical evaluation.

Arthroscopy

All patients underwent synovial tissue sampling at the Academical Medical Center of 
the University of Amsterdam by needle arthroscopy of an actively inflamed joint (knee, 
ankle, or wrist), performed under local anesthesia before and after 14 days of treatment, 
as described previously in detail (9). During each procedure biopsies were taken from ≥ 
6 sites of the joint to minimize sampling error (10;11). The biopsies were snap frozen en 
bloc in Tissue Tek OCT (Miles, Elkhart, IN) and stored in liquid nitrogen until sectioning. 
Five µm sections were cut in a cryostat, mounted on glass slides, and stored at -70°C 
until analysis. Sections with non-assessable tissue, defined by the absence of an intimal 
lining layer, were not analyzed.

Immunohistochemistry

To detect apoptotic cells, we used anti-caspase-3 antibody (Cell Signaling Technology, 
Leusden, The Netherlands), followed by amplification of the signal using EnVision ac-
cording to the manufacturer’s instructions (Dako, Glostrup, Denmark). Anti-intercellular 
adhesion molecule (ICAM)-1 (MEM 111, Sanbio, Belgium), anti-vascular cell adhesion 
molecule (VCAM)-1 (1G11B1, Sanbio, Belgium), and anti-E-selectin (BBIG-E4, R&D, UK) 
antibodies followed by biotinylated tyramine were used to detect adhesion molecules 
as previously described (12). Biotinylated tyramine was used as amplification. For control 
sections, the primary antibodies were omitted or irrelevant antibodies were applied.

TUNEL assay

Apoptotic cells were detected on frozen synovial tissue, using an in situ cell death assay 
according to the manufacturer’s instructions (Roche Diagnostics, Mannheim, Germany) 
(13). Using this method, DNA strand breaks are visualized by labeling the terminal de-
oxynucleotidyl transferase-mediated dUTP nick ends.
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Digital image analysis

After immunohistochemical staining, all coded sections were randomly analyzed by 
computer-assisted image analysis. For all markers, 18 high-power fields were analyzed. 
CD68 expression was analyzed separately in the intimal lining layer and the synovial 
sublining. The images of the high-power fields were analyzed using the Qwin analysis 
system (Leica, Cambridge, UK), as described previously in detail (14;15).

Nucleosomes

Serum was collected from the patients before and two weeks after treatment for the de-
tection of nucleosomes, using Cell Death Detection ELISAplus (Roche Diagnostics, Pen-
zberg, Germany). This test is based on a quantitative sandwich-enzyme-immunoassay 
principle and detects specifically mono- and oligonucleosomes (16). The ELISA assay 
reliably detects nucleosomes released by dying cells (17) and was used as validated 
previously for the detection of nucleosomes in serum (13;18;19). Serum samples were 
tested in duplicate and results calculated as the mean value from the absorbance mea-
surements (optical density).

In vitro apoptosis assay

PBMCs were isolated from RA patients who were on methotrexate treatment using a 
Ficoll-Hypaque separation protocol. Isolated PBMCs were resuspended in IMDM plus 
10% fetal calf serum at concentrations of 1.106/ml and incubated with various concen-
trations of prednisolone (Sigma-Aldrich, St Louis, MO). After 24 and 48 hours of incuba-
tion the cells were harvested and the percentage of early and late apoptotic cells was 
determined using Annexin V/PI staining by FACS analysis (13). The cells were washed 
and resuspended in annexin buffer and stained with FITC-conjugated annexin V (BD 
Pharmigen, Bedford; 1 µg/1.0 x 106 cells). Just before analysis of the samples by flow 
cytometry (FACS-scan, Becton Dickinson, San Jose, CA), propidium iodide (PI; Sigma-
Aldrich) was added.

Lymphangiogenesis/Lyve-I staining

Lymphatic vessels were stained on tissue sections of all patients using the lymphatic 
endothelial marker Lyve-1(RELIA Tech GmbH, Germany) in a concentration of 1:400 (0.5 
µg/ml) in 10% goat serum. Positive stained vessels were counted semi-quantitatively at 
two to three hotspots with high lymphatic vessel density, as previously described (20).
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Statistical Analysis

For analysis of immunohistochemical data as well as TUNEL and nucleosome assays, 
changes within the groups were compared using the Wilcoxon Signed Rank test. To 
compare between groups, the non-parametric Mann-Whitney test was used.

Results

Demographic and clinical features

Of the 21 patients (eight male and 13 female), who were included into the trial, 10 
received prednisolone and 11 placebo treatment (5). Demographic features were com-
parable in both groups. The mean age was 49.4 (range 32-63) years for the patients in 
the prednisolone group and 55.7 (range 37-69) years in the placebo group. The median 
disease duration was 17.0 (range 4-107) and 22.0 (range 5-92) months for the predniso-
lone and placebo group, respectively. DMARD use was the same in both groups. All pa-
tients had active disease with comparable DAS28 in both groups: 6.27 (range 4.59-7.98) 
in the prednisolone group and 5.98 (range 4.56-7.59) in the placebo group. There was 
a strong positive effect of oral prednisolone treatment on the DAS28, with a decrease 
of 2.0 units (from (mean ± SD) 6.27 ± 0.95 to 4.11 ± 1.43; P=0.001). The mean DAS28 in 
the placebo group did not change after treatment (5.98 ± 0.99 before versus 5.68 ± 1.31 
after treatment) (5).

Reduced synovial inflammation after prednisolone therapy

After prednisolone treatment, a clear decrease of the cellularity of the synovial tissue 
was seen: the total cell numbers/mm2 (mean ± SD) were 2351.73 ± 788.4 and 1675.54 ± 
689.1 before and after treatment with prednisolone (P = 0.03), whereas these numbers 
were 2027.44 ± 590.1 and 2066.36 ± 779.26 in the placebo treated group, respectively 
(P = 0.95).

Active caspase-3 activity in the synovium is not increased after prednisolone 
therapy

Paired synovial tissue sections of in total 18 patients could be analyzed. There was no 
statistically significant increase in active caspase-3 activity, nor trends, after either pred-
nisolone or placebo therapy (Figure 1). In fact, there was a decrease in caspase-3 expres-
sion after prednisolone therapy. The mean (± SD) change in the number of caspase-3 
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positive cells corrected for total nuclei/mm2 was -3.0033 ± 0.0056 vs. 0.0006 ± 0.0099 
after prednisolone versus placebo treatment.

Unaltered TUNEL positive cells after prednisolone treatment

TUNEL assays on paired synovial tissue sections of 19 patients fulfilled the quality criteria 
and could be analyzed. There was no statistically significant increase, or a trend, in TUNEL 
positive cells after prednisolone (Figure 2). The mean (± SD) change in the number of 
TUNEL positive cells corrected for the total number of nuclei/mm2 was -0.0001 ± 0.0079 
and 0.0023 ± 0.0045, respectively, after prednisolone versus placebo treatment.

 
Figure 1. Caspase-3 activity was measured in synovial tissue of RA patients before and after 2 weeks 
of prednisolone or placebo. No increase in the number of caspase-3 positive cells could be detected 
after prednisolone or placebo. In fact, a reduction in the number of active caspase-3 positive cells was 
observed after prednisolone treatment (P=0.012).

 
Figure 2. The number of TUNEL positive cells was determined in the synovial tissue of RA patients before 
and after 2 weeks of prednisolone or placebo treatment. A statistically significant increase in the number 
of TUNEL positive cells could be detected after placebo (P=0.038), but not after prednisolone treatment.
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Prednisolone treatment does not induce an increase in serum nucleosome levels

Paired serum samples were available from twenty patients. In agreement with the results 
for active capsase-3 staining and TUNEL assays, there was on average no increase in 
nucleosome levels in the serum of patients treated with prednisolone (Figure 3).

 
Figure 3. Nucleosomes were detected in the serum of patients before and two weeks after placebo or 
prednisolone treatment using an ELISA assay. There was on average no increase in nucleosome levels 
after treatment with prednisolone or placebo (P = 0.95 and 0.508, respectively).

Prednisolone treatment does not induce apoptosis in RA PBMCs in vitro

Having shown that there was no evidence of apoptosis induction in vivo, which could 
explain the marked decrease in synovial cellularity after initiation of oral prednisolone 
therapy, we subsequently examined the effects of prednisolone in vitro, as we could 
not completely exclude the possibility that macrophages had removed apoptotic cells 
from their immediate environment in vivo (21). After 24 and 48 hours, as expected, the 
number of apoptotic cells increased spontaneously in cells cultured in medium. Of inter-
est and in support of the in vivo findings, there were no signs of apoptosis induction by 
prednisolone in PBMCs isolated from RA patients when these cells where incubated with 
up to 100 µM of prednisolone (at least as high as the concentrations reached in vivo after 
ingestion of 60 mg of prednisolone) for 24 and 48 hours (Figure 4). As expected, a small, 
non-significant increase in the numbers of apoptotic cells after 48 hours was found in 
all samples.

Reduced ICAM-1, VCAM-1, and E-selectin expression after prednisolone therapy

Since apoptosis could apparently not explain the marked decrease in synovial inflam-
mation after oral prednisolone therapy, we next studied the effects on the expression 
of adhesion molecules in the inflamed synovium. Adhesion molecules are critically 
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involved in the migration and retention of inflammatory cells at the site of inflamma-
tion. Of note, previous work has shown a reduction of adhesion molecule expression in 
the synovium after intravenous methylprednisolone pulse therapy (22). In accordance 
with these results, we observed a statistically significant decrease of ICAM-1 (P = 0.028), 
VCAM-1 (P = 0.037), and E-selectin expression (P = 0.009) after prednisolone treatment, 
but not after placebo treatment (Figure 5).

Figure 4. PBMCs of RA patients who were stable on 
methotrexate were treated in vitro with 0.01, 0.1, 1, 
10, and 100 µM of prednisolone or medium. After 
24 and 48 hours, no increase in the percentage 
of apoptotic cells was found in the various 
concentrations of prednisolone treated PBMCs 
compared to the medium control determined by 
FACS analysis. As expected, a small increase in the 
number of apoptotic cells was found in all samples 
after 24 hours.
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Unaltered number of Lyve-1 positive lymphatic vessels after prednisolone 
treatment

To evaluate whether prednisolone therapy could promote the proliferation of lymphatic 
vessels as a mechanism underlying increased cell egress, similar to the findings that 
we recently reported for anti-TNF therapy (20), we measured Lyve-1 expression in the 
synovial tissue samples. Exploratory studies on Lyve-1 expression could only be per-
formed on 5 and 7 paired samples of patients who were treated with prednisolone and 
placebo, respectively. There was no clear cut change in Lyve-1 expression after either 
prednisolone or placebo treatment (Figure 6).

Figure 5. ICAM-1, VCAM-1, and E-selectin expression was measured by immunohistochemistry in synovial 
tissue samples of patients with RA before and after treatment with prednisolone or placebo. A statistically 
significant decrease of ICAM-1, VCAM-1, and E-selectin expression was found after prednisolone (P=0.028, 
0.037, and 0.009, respectively), but not after placebo treatment.
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Discussion

The strong beneficial clinical effect observed in RA patients after only two weeks of high 
dose oral prednisolone was associated with a clear decrease in the number of infiltrating 
cells in the synovial tissue of these patients. To understand and evaluate the possible 
mechanism of action underlying this effect, several investigations were performed in 
the present study.

Previous work has shown that cells in the inflamed synovium exhibit impaired apoptosis 
due to various anti-apoptotic mechanisms, such as nuclear factor κB activation (23), 
a relative deficiency of functional Fas ligand and the protein called Programmed Cell 
Death 5 (PDCD5) in the RA synovium (24;25), genotoxic changes in response to the toxic 
environment (26), and the expression of anti-apoptotic proteins, including interleukin-15 
(27), FLIP-inhibitory protein (28), sentrin (29), and Mcl-1 (30).

We asked the question if prednisolone taken orally could counteract these effects and 
induce apoptosis. Therefore, serum samples of RA patients obtained before and after 
treatment with oral prednisolone or placebo were tested for the levels of circulating 
nucleosomes, which result from DNA fragmentation in the late stages of apoptosis. Of 
importance, on average we did not find an increase in circulating nucleosome levels 
after treatment with oral prednisolone; there was no difference compared with placebo. 
Similarly, there was no increase in the number of active caspase-3 positive and TUNEL 
positive cells in the synovium after prednisolone therapy. These results are in line with 
a recently published study, which showed unaltered apoptosis in peripheral blood 
lymphocytes of patients with various renal diseases, such as lupus glomerulonephritis, 

 
Figure 6. Lyve-1 expression was determined in synovial tissue of 5 paired samples of patients treated with 
prednisolone and 7 paired samples of patients treated with placebo. No differences in Lyve-1 expression 
could be found before and after treatment with both therapies and no differences were found between 
these two treatments.
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membranous glomerulonephritis, and rapidly progressive glomerulonephritis, who 
were treated with 10-20 mg/day of oral corticosteroid (deltacortene)(31). In contrast, 
intravenous methylprednisolone did induce apoptosis in patients with kidney diseases 
(31;32) and multiple sclerosis (33). These studies show that it is possible to demonstrate 
apoptosis induction in vivo, in spite of the fact that apoptotic cells are rapidly cleared 
from the system (21).

Our data are further supported by in vitro data. We determined the percentage of 
apoptotic PBMCs of RA patients after in vitro treatment with prednisolone. To establish 
the concentration of prednisolone reached in the serum after oral ingestion of predniso-
lone, serum levels in 3 healthy volunteers were measured every hour after oral ingestion 
of 60 mg prednisolone (Cmax 1.4 µM after 1 and 2 hours; data not shown). There was no 
increase in apoptosis after incubation with concentrations up to 100 µM compared to 
medium control, while there was a small increase in the total of apoptotic cells over time 
in all samples. Taken together, we found no evidence that the reduced synovial inflamma-
tion observed after oral prednisolone therapy can be explained by apoptosis induction. 
Of interest, these results are comparable to earlier observations in the synovial tissue of 
RA patients after 2 hours, 48 hours, and 28 days of infliximab therapy. In these studies, 
there was no evidence of increased apoptosis in the inflamed synovial tissue very early 
after initiation of anti-TNF therapy, although the cell infiltrate diminished significantly 
after active treatment (13;34).

Another possible explanation for the fast disappearance of the inflammatory cells from 
the synovium could be a decreased influx of leukocytes from the bloodstream into the 
tissue. Conceivably, continuous influx of leukocytes is required to maintain the inflam-
matory cell infiltrate. The notion that prednisolone therapy may result in reduced cell 
migration towards the inflamed compartment is supported by decreased expression of 
adhesion molecules, as observed in this study. Reduced expression of adhesion mol-
ecules has also been described after treatment with intravenous methylprednisolone, 
methotrexate, leflunomide, intramuscular gold, sulfasalazine, and anti-TNF α therapy 
(35).

Reduced expression of adhesion molecules may also affect the retention of inflam-
matory cells in the inflamed synovium, resulting in increased cell egress. In addition, 
prednisolone could perhaps enhance the efflux of inflammatory cells from the synovial 
tissue through the lymphatic drainage system by stimulating neovascularisation of the 
lymphatic system. In a recently published study investigating the presence and regula-
tion of lymphatic vessels in inflamed synovial tissue of mice and man, lymphangiogen-
esis was stimulated by anti-TNFα therapy, possibly leading to an increased clearance of 
inflammatory cells and fluid out of the joint (20). Other reports, however, have shown an 
inhibitory effect of dexamethasone on lymphatic regeneration in the process of wound 
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healing (36) and in a model of prostate cancer (37). In the present study we did not find 
evidence of altered lymphangiogenesis after prednisolone therapy, but the number of 
samples that could be analyzed was quite limited.

In conclusion, the anti-inflammatory effects of oral prednisolone treatment in RA could 
not be explained by apoptosis induction in the synovial tissue, but may result in part 
from decreased influx and retention of inflammatory cells.
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