
Arthritis Rheum. 2012;64(3):936-46

Chapter 13
Metabolic Effects of High-Dose Prednisolone 

Treatment In Early Rheumatoid Arthritis

Balance Between Diabetogenic Effects and Inflammation 
Reduction 

D. den Uyl, D.H. van Raalte, M.T. Nurmohamed, W.F. Lems, J.W.J. 

Bijlsma, J.N. Hoes, B.A.C. Dijkmans and M. Diamant



Ch
ap

te
r 1

3
Gl

uc
oc

or
tic

oi
ds

 in
 a

cu
te

 rh
eu

m
at

oi
d 

ar
th

ri
tis

250

ABSTRACT

objective: To investigate the dose-related effects of glucocorticoid (GC) treatment on 
glucose tolerance, beta-cell function and insulin sensitivity in patients with early active 
rheumatoid arthritis (RA).

Methods:  A randomized controlled, single-blind trial was conducted in 41 patients with 
early active RA. At the beginning of the trial patients had not been treated for their RA and 
were randomized to receive prednisolone 60mg daily or prednisolone 30mg daily. Before 
and at the end of 1 week of treatment, a frequently-sampled oral glucose tolerance test 
was performed. The area under glucose curve (AUCG) was calculated. In addition, beta-cell 
function and insulin sensitivity parameters were computed.

Results. Patients (age 55.5 ± 14.8 years and 54.2 ± 12.6 years in the prednisolone 60mg 
daily and prednisolone 30mg daily groups, respectively; body mass index 24.5 ± 4.1 kg/m2 

and 25.4 ± 4.2 kg/m2, respectively) had active disease at baseline (Disease Activity Score in 
44 joints 4.1 ± 0.7 and 4.0 ± 0.8, respectively; C-reactive protein (CRP): 14 (6-34) mg/liter 
and 19 (3-39) mg/liter respectively). In addition, 56% of the patients had impaired glucose 
tolerance, and 7% were found to have previously unrecognized type 2 diabetes mellitus 
(T2DM). Associations of the AUCG with erythrocyte sedimentation rate (β=2.430 [95% 
confidence interval 0.179-4.681], P=0.04) and with CRP (β=2.358 [95% confidence interval 
0.210-4.506], P=0.03) were demonstrated. Treatment with prednisolone at both dosages 
reduced CRP levels significantly. The incidence of T2DM  increased to 24% (P<0.001) 
(evenly distributed across the groups). The mean AUCG did not change in either treatment 
arm. Beta-cell function improved during prednisolone treatment 60mg daily (P=0.02) and 
30mg daily (P=0.04). Disease duration was associated with changes in AUCG (β=3.626 [95% 
confidence interval 1.077-6.174], P=0.007) and with deterioration of the glucometabolic 
state (OR=1.068; [95% confidence interval 1.017-1.122], P=0.009). 

Conclusion: In this study, short-term treatment with prednisolone 60 mg or 30 mg daily 
improved disease activity without deterioration of glucose tolerance in patients with active 
RA. However, due to individual differences, monitoring is recommended. 

Clinical Trial Registration Number: ISRCTN55552928
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INTRoDUCTIoN

Patients with rheumatoid arthritis (RA) are at increased risk of developing cardiovascular 
disease (CVD) [1]. Defects in glucose metabolism may contribute to this increased CVD risk [2]. 
Two main determinants of glucose metabolism are insulin sensitivity and beta-cell function. 
Insulin sensitivity refers to the ability of insulin to reduce plasma glucose by stimulating 
its uptake in insulin-sensitive tissues and by suppressing its production in the liver. Beta-
cell function is commonly referred to as the ability of the pancreatic beta cell to secrete the 
appropriate amount of insulin to maintain euglycemia. These processes are closely related: if 
insulin sensitivity decreases, a healthy beta cell will respond by augmenting insulin secretion, 
to prevent hyperglycemia [3]. In RA patients, impaired insulin sensitivity, as assessed in the 
fasting state using the homeostatic model assessment of insulin resistance (HOMA-IR), has 
been reported, and this was associated with measures of disease activity and plasma levels 
of inflammatory proteins, including C-reactive protein (CRP), tumor necrosis factor α and 
interleukin-6 [4, 5]. 

Glucocorticoids (GCs) are commonly used to treat RA [6]. However, the metabolic effects of GCs 
in RA patients are uncertain. On the one hand, short-term clinical trials in healthy individuals 
have shown that GCs deteriorate glucose metabolism by reducing hepatic and peripheral 
insulin sensitivity [7] and by impairing beta-cell function [8]. In population-based studies, 
GC use was associated, in a cumulative dose-dependent manner, with incident diabetes [9] 
and need for blood-glucose lowering treatment [10]. In cross-sectional studies in RA patients, 
GC exposure was related to impaired fasting insulin sensitivity [11], and tended to predict 
development of type 2 diabetes (T2DM) [12, 13]. On the other hand, the use of GCs in chronic 
inflammatory conditions may improve glucose tolerance via anti-inflammatory and disease 
modifying effects, as has been demonstrated in a number of short-term studies [14, 15]. 

Previous studies of the effects of GC treatment on parameters of beta-cell function and insulin 
sensitivity in RA patients relied solely on measures obtained in the fasting state (i.e., HOMA 
of beta-cell function (HOMA-B) and HOMA-IR, respectively) and yielded conflicting results 
(for review, see [2]). As mentioned above, since insulin sensitivity and insulin secretion are 
interrelated, the use of these HOMA formulas, both of which are based on fasting plasma 
glucose and insulin levels, may not be appropriate for discerning changes in insulin sensitivity 
and changes in insulin secretion [16]. In addition, fasting parameters provide no information 
of the stimulated state. From dynamic tests, such as the frequently-sampled oral glucose 
tolerance test (OGTT), indices of glucose-stimulated beta-cell function and postload insulin 
sensitivity may be calculated, providing more detailed information on glucose metabolism. 
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Therefore, in the present randomized clinical study, we used frequently-sampled OGTTs 
to assess the effects of 2 different doses prednisolone, i.e., 60 mg daily and 30 mg daily, 
administered for 1 week, on glucose tolerance, beta-cell function and insulin sensitivity in 
recently diagnosed untreated RA patients. 

RESEARCH DESIGN AND METHoDS

Participants: Patients with early RA were recruited between March 2008 and july 2010 in 
three clinics in Amsterdam and Hoorn, the Netherlands. Inclusion criteria were: RA (according 
to the revised American College of Rheumatology classification criteria [17]), age ≥ 18 years, 
disease duration < 2 years and currently active disease. The latter was defined as the presence 
of 6 or more painful and swollen joints, an erythrocyte sedimentation rate (ESR) of ≥ 28 
mm/h and/or a global health score of ≥ 20mm (on a visual analogue scale 0-100). Exclusion 
criteria were: previous treatment with GCs, DMARDs (other than hydroxychloroquine (HCQ)), 
known T2DM, heart failure (i.e. New York Heart Association class 3 and -4 [18]), uncontrolled 
hypertension, ALAT/ASAT > 3 times normal values, reduced renal function (serum creatinine 
> 150 micromol), contra-indications for GC use, indications of probable tuberculosis and 
pregnancy or wish to conceive during the study. Concomitant treatment with nonsteroidal 
anti-inflammatory drugs (NSAIDs) during the study was permitted. The study was approved 
by an independent ethics committee and was conducted in accordance with the Declaration of 
Helsinki. All participants provided written informed consent before participation. 

Study design: This study was a randomized, active-controlled, single blind, multicenter trial 
and a substudy of a larger study comparing two treatment schedules for the treatment of 
early RA (www.controlled-trials.com; ISRCTN55552928). Following assessment of eligibility, 
participants were randomized to receive either prednisolone 60 mg once daily (n=21) 
or prednisolone 30mg once daily (n=20). On day 0 and day 7, a frequently-sampled OGTT 
was performed to measure glucose tolerance, parameters of beta-cell function and insulin 
sensitivity. In addition, CRP levels were determined on both study days. On day 7, study 
medication was taken 2 hours before the start of the OGTT [19]. 

Screening visit: At baseline, demographics were recorded and body weight, body mass 
index (BMI), waist circumference and blood pressure were determined. Disease activity was 
measured by the 44-joint Disease Activity Score (DAS44 [20]). In addition, screening blood 
tests were performed, including measurement of ESR, CRP, rheumatoid factor (RF) and anti-
cyclic citrullinated peptide (anti-CCP). 
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oral glucose tolerance test: The patients visited the research unit at 08.00 AM following an 
overnight fast of 10 hours. To obtain venous blood samples, a cannula was inserted in a vein 
within the fold of the elbow or in a wrist vein. Patients ingested 75 gram glucose solution, 
following which blood was withdrawn for the determination of plasma glucose, insulin and 
C-peptide levels at time points 0, 10, 20, 30, 60, 90 and 120 min. C-peptide is secreted by the 
pancreatic beta-cell at an equimolar rate with insulin, but is cleared from the circulation by 
urinary excretion, whereas insulin clearance is also strongly determined by the liver. Since 
insulin clearance may vary considerably between subjects [21], plasma C-peptide levels may 
provide more accurate information on beta-cell function than determination of peripheral 
insulin levels.

Laboratory measurements: Plasma glucose concentrations were determined using a 
hexokinase method (Gluco-quant, Roche Diagnostics). Insulin and C-peptide levels were 
determined using an immunometric assay (ADVIA Centaur immunoassay system, Siemens 
Medical Solutions Diagnostics). CRP concentration was determined by Immuno turbidometric 
method (Roche diagnostics). Anti-CCP levels were determined by second-generation anti-CCP 
enzyme-linked immunosorbent assay (ELISA;Axis Shield). The anti-CCP test was performed 
according to manufactures instructions with a cut-off level for positivity set at 5 Arbitrary 
Units/ml. IgM-RF was measured with an in-house ELISA. The cut-of level was set at 30 IU, 
determined on the basis of receiver operator characteristics curves as described previously 
[22].

Data analysis: Glucose tolerance state was assessed according to the American Diabetes 
Association guidelines [23]. Normal glucose metabolism was defined as fasting plasma 
glucose < 5.6 mmol/L and a glucose level < 7.8 mmol/L 2 h following a 75 g OGTT. Impaired 
glucose metabolism was defined as FPG between 5.6 – 6.9 mmol/L, or a 2 h OGTT glucose value 
between 7.8 mmol/L and 11.0 mmol/L. T2DM was diagnosed with a FPG > 6.9 mmol/L or a 
2 h OGTT glucose value >11.0 mmol/L [23]. Area under the 2 h glucose (AUCG), insulin (AUCI) 
and C-peptide (AUCCP) curves were determined by the trapezoidal rule. Insulin sensitivity 
during the OGTT was estimated by oral glucose insulin sensitivity (OGIS) index [24] and by 
homeostatic model assessment (HOMA-IR) in the fasted state [25]. We calculated empirical 
measures of beta-cell function, including total secretion C-peptide secretion divided by 
glucose levels (AUCCP/AUCG ratio) and the insulinogenic index (IGI), i.e., (insulint=30-insulint=0)/
(gluct=30-gluct=0), a marker for early phase insulin secretion. Fasting beta-cell function was 
measured by HOMA-B [25].
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Statistical analysis: Data are presented as mean ± SD or when distribution was skewed, as the 
median and interquartile range (IQR). Differences between the two prednisolone dose groups 
were analyzed using the independent-samples t-test or non-parametric Mann-Whitney U test, 
as appropriate. Within-group changes were tested using the paired-samples t-test or the non-
parametric Wilcoxon’s signed rank test. The effect of treatment on glucose tolerance state 
was analyzed by the Chi-square test. Multivariate regression analysis was used to evaluate the 
relation between disease characteristics and activity, and metabolic parameters at baseline, 
with correction for age, gender and BMI. Similarly, determinants of prednisolone-induced 
changes on AUCG, beta-cell function and insulin sensitivity were assessed in multivariate 
linear regression analyses, with correction for age, gender and BMI. Multivariate logistic 
regression analyses were used to associate disease characteristics with progression of 
glucose state, also with correction for age, gender and BMI. Pooled analysis was performed 
since treatment group was not an effect modifier in any of the tested parameters (this was 
evaluated by adding treatment group as an interaction term using multivariate regression 
analysis, P-value > 0.1). Correlation analyses included calculation of 95% confidence intervals 
(%95 CIs). All statistical analyses were run on SPSS for Windows version 15.0 (SPSS, Chicago, 
IL, USA). A P < 0.05 was considered statistically significant.

RESULTS

Characteristics of the study patients: Forty-one consecutive subjects with recent-onset 
RA were enrolled. Baseline characteristics are shown in Table 1. Patients were middle-aged 
and were not obese. The majority was female, and the median disease duration was 21 
weeks. Based on the OGTT at screening, T2DM was diagnosed in 3 patients (7%), and 23 
patients (56%) were classified as having impaired glucose metabolism. None of the baseline 
characteristics differed significantly between the 2 prednisolone dose groups (Table 1).

Inflammation profiles: Patients had active disease as indicated by DAS44, ESR and CRP values 
(Table 1). In multivariate analysis, ESR and CRP plasma levels were positively correlated with 
AUCG (for ESR, β=2.430 [95% CI 0.179-4.681], P=0.04; for CRP, β=2.358 [95% CI 0.210-4.506], 
P=0.03). Correcting for ethnicity, NSAID or HCQ usage did not alter the associations (data 
not shown). During treatment with prednisolone 60 m daily and with 30 mg daily, plasma 
CRP levels decreased to a similar extent, i.e. by 84% (to a median of 2.5 (2.0-2.7) mg/liter; 
P<0.001) and by 75% (to a median of 1.8 (1.0-4.8) mg/liter; P<0.001), respectively.  
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Table 1 Baseline characteristics of the RA study population.

Prednisolone 60 mg
(N=21)

Prednisolone 30 mg
(N=20)

Age (years) 55.5 ±14.8 54.2 ±12.6

Female (%) 62 60

Nonwhite ethnicity (N) 2 0

Symptom duration (weeks) 15 (10-30) 24 (12-52)

DAS44 (no dimension) 4.1±0.7 4.0 ±0.8

ESR (mm/hour) 28 (18-63) 21 (12-44)

CRP (mg/liter) 14 (6-34) 19 (3-39)

RF positive (%) 71 50

Anti-CCP positive (%) 81 55

BMI (kg/m2) 24.5 ±4.1 25.4 ±4.2

Waist circumference (cm) 89 ±15 92 ±13

Current smoking (%) 19 25

Impaired glucose tolerance (N;(%)) 12 (57) 11 (55)

Type 2 diabetes mellitus no (%) 3 (14) 0 (0)

Prior HCQ treatment (N) 1 0

Concurrent NSAID treatment (N) 21 19

Data are mean±SD or median (interquartile range). There were no statistically significant differences 
between the 2 treatment groups, as assessed by independent t-test, Mann-Whitney U test, or chi-square 
test. RA= rheumatoid arthritis; IQR= interquartile range; DAS44= disease activity score 44 joint count; 
ESR= erythrocyte sedimentation rate; CRP= C-reactive protein; RF= rheumatoid factor; anti-CCP= anti-
cyclic citrullinated peptide; BMI= body mass index; HCQ= hydrochloroquine; NSAID= nonsteroidal anti-
inflammatory drug. 

Figure 1. oral glucose tolerance test results before treatment (squares connected by solid lines) 
and on day 7 of treatment with prednisolone 60 mg daily (circles connected by dashed lines). A, 
Glucose concentrations. B, Insulin concentrations. C, C-peptide concentrations. No significant changes 
were induced by treatment with prednisolone 60 mg/day. Values are the mean ± SD.
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Table 2. Parameters of beta-cell function and insulin sensitivity during the oral glucose tolerance 
test, before and after 7 days prednisolone treatment.

Prednisolone 60 mg/day Prednisolone 30 mg/day

Pre-
treatment

On-treatment P† Pre-
treatment

On-treatment P†

Fasting glucose 
(mmol/l)

5.5±0.7 5.3±0.9 NS 5.6±0.5 5.3±0.6 NS

Fasting insulin 
(pmol/l)

43 (34-69) 53 (37-77) NS 36 (30-113) 68 (44-129) 0.004

Fasting C-peptide 
(nmol/l)

0.5 (0.4-0.7) 0.8 (0.7-1.0) 0.001 0.5 (0.4-0.9) 0.9 (0.6-1.1) 0.001

AUCG
(mmol/L.120min)

1051±237 1077±341 NS 1050±172 1031±260 NS

AUCI 
(nmol/L.120min)

48 (35-74) 46 (32-83) NS 50 (28-95) 63 (33-90) NS

AUCCP  
(nmol/L.120min)

304±92 355±141 NS 339±172 389±180 NS

IGI
(no dimension)

73 (46-161) 95 (37-284) 0.02 95 (58-148) 127 (65-236) 0.04

AUCCP/AUCG
(no dimensions)

0.3 (0.2-0.4) 0.3 (0.2-0.5) NS 0.3 (0.2-0.4) 0.4 (0.2-0.5) 0.02

OGIS
(ml/min.m2)

366 ±64.2 365 ±71.4 NS 358±68 363±68 NS

HOMA-IR
(no dimension)

1.0 (0.7-1.5) 1.1 (0.8-1.6) NS 0.8 (0.7-2.5) 1.5 (1.0-2.8) 0.005

HOMA-B
(%)

84 (60-113) 104 (76-124) NS 75 (61-122) 119 (77-169) 0.001

Data are mean±SD or median (interquartile range). There were no statistically significant differences 
between the 2 treatment groups in the degree of change, as assessed by independent t-test or Mann-
Whitney U test. NS= not significant; AUCCP = area under the C-peptide curve; AUCG = area under the 
glucose curve; AUCI = area under the insulin curve; IGI= insulinogenic index; OGIS= oral glucose insulin 
sensitivity index; HOMA-IR= homeostatic model assessment of insulin resistance; HOMA-B= HOMA of 
beta-cell function. † By paired-samples t-test or Wilcoxon’s signed rank test.

Glucose profiles and glucose tolerance: Fasting glucose levels were not altered following 
prednisolone treatment (Table 2). Similarly, AUCG was not changed following treatment with 
prednisolone at either 60 mg/day or 30 mg/day (Figure 1A and 2A, Table 2); however, at 
the individual level, there was a large variation in response to prednisolone treatment. Seven 
patients with impaired glucose metabolism at baseline were classified as having T2DM after 
prednisolone treatment, resulting in an increase in the number with T2DM from 3 (7%) 
to 10 (24%) (P<0.001) after prednisolone treatment. Nine patients with impaired glucose 
metabolism at baseline exhibited normal glucose metabolism after prednisolone treatment 
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(4 in the 30 mg/day group and 5 in the 60 mg/day group). The number of patients who were 
first classified as having T2DM was equally divided between the 2 groups (data not shown). 
Patients were classified as progressor if the glucose state deteriorated with prednisolone 
treatment and as nonprogressor if the glucose state remained unaltered or showed 
improvement. Characteristics of the progressor and nonprogressor groups are shown in 
Table 3. Disease duration was significantly associated with deterioration of the glucose state 
(OR=1.068 [95% CI 1.017-1.122], p=0.009).

Table 3. Disease and anthropometric characteristics of glucometabolic state progressors and 
nonprogressors.

Progressors
(n=13)

Nonprogressors
(n=28)

Age (years) 57 ±10.8 53.8 ±14.8

Female (%) 46 68

Non white ethnicity (N) 7 4

Symptom duration (weeks) 36 (12-74)† 16 (8-24)

DAS44 (no dimension) 4.0 ±0.8 4.0 ±0.7

ESR (mm/hour) 33 (16-55) 27 (13-47)

CRP (mg/l) 17 (9-27) 12 (4-39)

RF positive (%) 54 64

Anti-CCP positive (%) 54 75

BMI (kg/m2) 25.0 ±4.5 24.9 ±3.9

Waist circumference (cm) 93 ±13 89 ±14

Current smoker (%) 23 25

Prior HCQ treatment (N) 0 1

Concurrent NSAIDs treatment (N) 13 27

Fasting glucose (mmol/l) 5.5 ±0.5 5.5 ±0.7

Fasting insulin (pmol/l) 43 (33-89) 36 (29-74)

Fasting C-peptide (nmol/l) 0.5 (0.3-0.8) 0.6 (0.4-0.8)

HOMA-IR (No dimension) 1.0 (0.7-2.0) 0.8 (0.6-1.8)

HOMA-B (No dimension) 81 (64-120) 82 (60-114)

Data are mean±SD or median (interquartile range). HOMA-IR= homeostatic model assessment of insulin 
resistance; HOMA-B= HOMA of the beta cell function. † P=0.04 versus nonprogressors by Mann-Whitney 

U test.

Insulin and C-peptide responses during the oGTT: Fasting insulin levels were similar 
in the 2 groups prior to treatment. AUCI and AUCCP were not different between the groups 
at baseline (Table 2). Fasting insulin levels were increased following treatment with 
prednisolone 30 mg/day, but not with prednisolone 60 mg/day, whereas fasting C-peptide 
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levels were increased significantly following prednisolone treatment at either dosage (Table 
2). Treatment with prednisolone at either dosage did not significantly affect postload insulin 
and C-peptide concentrations (Figure 1B-C, Figure 2B-C, Table 2).

Figure 2: oral glucose tolerance test results before treatment (squares connected by solid lines) 
and on day 7 of treatment with prednisolone 30mg daily (circles connected by dashed lines). A, 
Glucose concentrations. B, Insulin concentrations. C, C-peptide concentrations. No significant changes 
were induced by treatment with prednisolone 30 mg/day. Values are the mean ± SD. 

Parameters of beta-cell function: The IGI, as an index for early insulin secretion, increased 
during both prednisolone 60 mg/day (P=0.02) and prednisolone 30 mg/day (P=0.04) (Table 
2). The ratio of C-peptide levels to glucose levels during the entire OGTT was enhanced 
significantly by prednisolone 30 mg/dasy and a near-significant enhancement was observed 
with prednisolone 60 mg/day (P=0.07) (Table 2). The amount of increase in parameters of 
beta-cell function did not differ between the treatment groups (Table 2).

Insulin sensitivity: Fasting insulin sensitivity (HOMA-IR) was not changed by prednisolone 
60 mg/day, but was decreased by prednisolone 30 mg/day (P=0.005). Insulin sensitivity 
during the OGTT (OGIS) was not changed by treatment with prednisolone at either 60 mg/
day or 30 mg/day. The degree of change in parameters of insulin sensitivity did not differ 
between treatment groups (Table 2).

Determinants of prednisolone-induced changes: Multivariate analysis revealed that 
disease duration was positively associated with prednisolone-induced changes in the AUCG 
(b=3.626 [95% CI 1.077-6.174], P=0.007). Correcting for ethnicity, NSAID or HCQ usage 
did not alter this relation (data not shown). No associations of disease characteristics with 
changes in IGI or AUCCP/AUCG ratio were identified (data not shown).
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DISCUSSIoN

The main findings of the present study are that glucose metabolism is frequently impaired 
in patients with early and active RA, probably, at least partly related to inflammation, and 
that short-term treatment with high-dose prednisolone does not further deteriorate glycemic 
control, as determined in the fasted state and following an oral glucose load. There was, 
however, large variability among subjects, with some patients showing improvement, and 
others showing deterioration in glucose tolerance. Overall, an increase in patients classified as 
having T2DM was observed following 1-week prednisolone treatment. Interestingly, though, 
in 9 patients with impaired glucose metabolism at baseline, glucose metabolism reverted to 
normal after short-term GC exposure. 

The results of this study are clinically important, since GCs are frequently used as 
immunosuppressive and anti-inflammatory drugs in the treatment of RA and other 
inflammatory rheumatic diseases, such as systemic lupus erythematosus (SLE), polymyalgia 
rheumatica, polymyositis and Wegener’s disease, showing powerful effects on disease activity 
and radiological progression. However, despite compelling evidence showing the effectiveness 
of high-dose GCs in the treatment of early and active RA, rheumatologists are reluctant to 
prescribe comparably high dosages, due to fear of serious prednisolone-associated adverse 
events, including the development of hyperglycemia and diabetes [26]. 

Treatment with prednisolone 30 mg daily increased fasting insulin levels in the present study, 
but this was not found after treatment with prednisolone 60 mg. Insulin levels are known 
to have higher between and within-subject variability than C-peptide levels, as shown in 
reproducibility studies [27], which could have contributed to this unexpected finding. Fasting 
C-peptide levels, which indicate fasting insulin secretion and are known to be less affected 
by high variability, increased significantly in both groups. Furthermore, since clearance of 
C-peptide is primarily by the kidney and hepatic clearance is negligible [21], the differences 
in fasting insulin levels might be due to altered hepatic clearance of insulin. 

In a previous study of healthy individuals performed by our group, high-dose prednisolone 
treatment impaired both beta-cell function and insulin sensitivity and deteriorated glucose 
tolerance [8]. However, approximately half of the present population, i.e. RA patients with 
active disease, had glucometabolic disturbances at baseline: 56% were classified as having 
impaired glucose metabolism and 7% fulfilled the criteria of overt T2DM (an increased 
percentage as compared to the normal population). This finding is in accordance with the 
results of earlier studies in patients with active chronic RA, who showed impaired handling of 
intravenously administered glucose compared with matched controls [15, 28]. 
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Impaired glucose tolerance in RA patients has been mainly attributed to the pro-inflammatory 
state. Indeed, in the present study, we demonstrated for the first time that baseline ESR 
and plasma CRP levels were positively associated with postload glucose levels. Preclinical 
studies suggest that inflammation may impair glucose tolerance both by reducing insulin 
sensitivity and by impairing beta-cell function. Several pro-inflammatory cytokines, including 
interleukin-6 and tumor necrosis factor α, are known to interfere with the insulin-receptor 
signaling cascade resulting in impaired glucose uptake in insulin sensitive tissues [29, 30]. 
The acute-phase protein CRP was similarly shown to induce insulin resistance by impairment 
of insulin signaling in an animal model [31]. Importantly, pro-inflammatory cytokines have 
recently been shown to induce beta-cell dysfunction [32]. In addition, chronic inflammation 
may reduce beta-cell mass by stimulating apoptosis of beta-cells [33]. 

While on average no significant effects on fasting and postload glucose were observed, an 
increased number of patients met the criteria for T2DM after 1-week treatment with high-
dose GCs (with percentage increasing from 7% to 24%). Most of these patients (7 of 10) 
had impaired glucose metabolism prior to treatment. Interestingly, 9 patients with impaired 
glucose metabolism at baseline were classified as having normal glucose metabolism after 
prednisolone treatment, with the numbers equally distributed between the 2 treatment 
groups. Although our study was not designed to identify predictors of deterioration of 
the glucometabolic state, we found that patients who progressed from normal glucose 
metabolism to impaired glucose metabolism or T2DM, or from impaired glucose metabolism 
to type 2 DM, had significantly longer disease duration. It is important to note that the use of 
the OGTT is hampered by its high within-subject variability [34]. Accordingly, this study does 
not allow to distinguish the relative contributions to the observed changes in classification of 
the glucometabolic state upon retesting that were attributed to prednisolone treatment per 
se, versus the within-subject variability of the OGTT method. 

Patients with longest disease duration in the present study not only had the highest 
postload glucose levels after treatment, but were also at higher risk of progression in their 
glucometabolic classification. These results confirm the findings from preclinical studies 
which showed that prolonged inflammation has a significant negative impact on beta-cell 
function [32]. Although the disease duration in all patients in our study is relatively short, 
plasma CRP levels have been shown to be increased years before the first clinical symptoms of 
RA [35], and a cumulative effect of systemic inflammation can be expected. While we observed 
that short-term treatment with high-dose prednisolone does not further deteriorate overall 
glycemic control, an additional effect of GCs might further disrupt already impaired beta 
cells in patients with long disease duration. These observations suggest that treatment in 
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RA patients should be started early in the course of the disease, not only to slow down the 
radiological progression of the disease [36], but also to limit the development of comorbid 
conditions such as metabolic and cardiovascular disease. 

Another potential explanation for the present findings is the possible contribution of 
interindividual responses to GC treatment, due to genetic variation in the glucocorticoid 
receptor (GR) [37]. Given these differential metabolic responses to high dose prednisolone, 
further characterization of progressors versus nonprogressors might better identify 
susceptible subjects. In clinical practice, regularly follow-up measurement of plasma glucose 
levels and glycosylated hemoglobin levels during GC treatment is recommended.

It was of interest that no dose-dependent effects of prednisolone with regard to the effects on 
glucose tolerance, beta-cell function and insulin sensitivity were demonstrated in the present 
study. Results of previous studies indicated that the effects of GCs on glucose metabolism were 
dose-dependent [10, 11]. However, both dosages of prednisolone used in the present study 
are considered to be high [38], and although precise data on a dose-dependent occupation of 
the GR is lacking, we hypothesize that similar receptor saturation might explain the fact that 
we showed no differences between the 2 treatment groups.

This study has a number of limitations. First, it provides no information regarding the long-
term effects of high-dose GCs on glucose metabolism. However, in clinical practice, the GC 
dosage is rapidly tapered and patients are at low maintenance dose levels within 2 months. 
Whether the effects shown in this study will be sustained in the long term needs to be 
determined. 

Second, we used surrogate measures for beta-cell function and insulin sensitivity, as 
derived from the OGTT. The ‘gold’ standards for measurement of beta-cell function and 
insulin sensitivity are the hyperglycemic clamp and the hyperinsulinemic-euglycemic 
clamp procedures, respectively. These tests are rather laborious and were considered too 
demanding in this population. In addition, the measures derived from the OGTT as presented 
in the manuscript are well validated against the clamp methods [24] and suitable for follow-
up measurements. Another advantage of the OGTT is that glucose tolerance and parameters 
of both beta-cell function and insulin sensitivity can be derived from a single test. 

Finally, we measured whole-body insulin sensitivity by HOMA-IR and OGIS, which does not 
allow to tease out the various influences of prednisolone on different tissues. Using stable 
isotopes, it was shown that prednisolone treatment may induce insulin resistance to a 
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different extent in the various insulin-sensitive tissues, including liver, skeletal muscle and 
adipose tissue [39].  In our study we were unable to address this topic. 

We conclude that short-term treatment with prednisolone at 60mg daily or 30mg daily 
did not cause deterioration of the glucometabolic state in patients with active RA. Our data 
suggest that there is a balance in the diabetogenic effects and anti-inflammatory effects of GC 
treatment in early active RA patients, making short-term exposure to high-dose prednisolone 
a safe treatment option for most patients, from a metabolic viewpoint. Due to individual 
differences, however, regular glucose monitoring is recommended.
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