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Summary

Objective Postprandial hyperglycaemia is associated with
increased arterial stiffness and cardiovascular events. Low-dose
prednisolone causes insulin resistance that typically manifests as
postprandial hyperglycaemia. We investigated whether pred-
nisolone causes postprandial vascular dysfunction in a cohort of
patients with rheumatoid arthritis.

Design An open interventional and cross-sectional study was
undertaken.

Patients and measurements Eighteen subjects with rheuma-
toid arthritis who had not taken oral glucocorticoids for
>6 months were studied before and after prednisolone 6 mg/day
for 7 days to determine the acute effects of prednisolone. Pre-
prednisolone data were compared to 18 subjects with rheuma-
toid
(6-5 £ 1-8 mg/day) to assess the chronic effects of prednisolone.
Augmentation index (by applanation tonometry) and reactive

arthritis taking long-term (>6 months) prednisolone

hyperaemia index (by peripheral artery tonometry) were mea-
sured before and after a mixed-meal (10 kcal/kg, 45% carbohy-
drate, 15% protein, 40% fat). Insulin sensitivity was estimated
by the Matsuda index and sympathetic nervous system activity
from urinary noradrenaline excretion.

Results Matsuda index was lower after acute (2-0 £ 1-0 vs
36 £ 1-1, P=0-01) and chronic (1-9 + 1.0 vs 36 £+ 1-1,
P =0-04) prednisolone. Postprandial augmentation index was
lower after acute prednisolone (2551 &+ 197 vs 2690 £ 272%
*min, P < 0-001), but not chronic prednisolone. There were no
significant differences in reactive hyperaemia index with acute or
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chronic prednisolone. Noradrenaline excretion was lower after
acute (54 &+ 8 vs 93 £ 23 nmol/6 h, P = 0-02), but not chronic,
prednisolone.

Conclusions Prednisolone-induced insulin resistance is not
associated with postprandial vascular dysfunction in patients
with rheumatoid arthritis. Reduced sympathetic activity may
contribute to the reduction in postprandial arterial stiffness with
acute prednisolone.

(Received 5 August 2015; returned for revision 15 September
2015; finally revised 1 October 2015; accepted 19 October 2015)

Introduction

Glucocorticoids are anti-inflammatory agents that are widely
used to treat a range of inflammatory and autoimmune diseases.
Despite an expanding range of therapeutic options, the preva-
lence of glucocorticoid use is increasing.' Although high-dose
glucocorticoids are often needed acutely, daily prednisolone-
equivalent doses of less than 10 mg are usually prescribed as
long-term therapy.'

While high-dose glucocorticoid therapy is associated with an
increased risk of cardiovascular disease, the effect of low-dose
prednisolone on cardiovascular risk is uncertain.” Epidemiologic
studies, which can be confounded by indication bias, have
reported conflicting results.>* The sample size and duration of
randomized-controlled studies are insufficient to assess cardiovas-
cular events.>® Lacking definitive data, assessments of vascular
function may provide important insight into the cardiovascular
effects of low-dose prednisolone and clarify the risks of using glu-
cocorticoids to treat chronic inflammatory disease.

Augmentation index is a measure of left ventricular afterload
that is predominantly determined by arterial stiffness.” A higher
augmentation index indicative of increased arterial stiffness is
associated with an increased risk of cardiovascular disease,
independent of traditional cardiovascular risk factors. Arterial
stiffness is affected by vessel wall structure, but is also dependent

501



502 A. Radhakutty et al.

on autonomic tone and endothelial function. Studies in healthy
adults have shown impairment in microvascular function with
low-dose prednisolone.® However, long-term prednisolone did
not increase carotid intima media thickness or cause endothelial
dysfunction in patients with rheumatoid arthritis (RA),” and in
patients with polymyalgia rheumatica there was a fall in fasting
augmentation index after 4 weeks of prednisolone.'®

It is important to consider that these vascular effects of pred-
nisolone were observed in fasting patients.”'° We previously
reported that low-dose prednisolone predominantly causes post-
prandial hyperglycaemia.'’ In patients with type 2 diabetes mel-
litus or impaired glucose tolerance, when insulin resistance
results in postprandial hyperglycaemia it is more strongly associ-
B than

when insulin resistance causes fasting hyperglycaemia. Further-

ated with cardiovascular events,'? and arterial stiffness,

more, vascular dysfunction in these patients may only manifest
during the postprandial period.'*"”

We hypothesized that, similar to its adverse effects on blood
glucose concentration, prednisolone-induced insulin resistance
would predominantly adversely affect postprandial vascular
function. As such, the aim of this study was to investigate the
effect of low-dose prednisolone on postprandial glycaemia, insu-
lin sensitivity and postprandial arterial stiffness in patients with
RA. We also investigated whether changes in autonomic nervous
system activity or endothelial function underlie any changes in
arterial stiffness.

Materials and methods

Subjects and study design

Subjects aged 50 years or older with RA were recruited from the
rheumatology outpatient clinic at Repatriation General Hospital,
Adelaide, Australia. We studied 18 subjects who had not been
administered any oral glucocorticoids for at least 6 months
(non-GC users) and 18 subjects taking a stable continuous oral
prednisolone dose of 4-10 mg/day for at least 6 months (GC
users). The two groups were matched for age and sex. Non-GC
users were studied before and after a 7-day course of oral pred-
nisolone 6 mg daily to determine the acute effects of pred-
nisolone. Baseline data from non-GC users were compared with
data from chronic GC users to determine the chronic effects of
prednisolone. Subjects with atrial fibrillation, Raynaud’s phe-
nomenon, on oral hypoglycaemic medications, insulin or beta
blockers were excluded from the study. The study was approved
by the Southern Adelaide Clinical Human Research Ethics Com-
mittee, Flinders Medical Centre, and all subjects provided writ-
ten informed consent in accordance with the Declaration of
Helsinki.

Study protocol

Subjects attended the Endocrine Research Unit at Repatriation
General Hospital at 08:30 h after a 12-h overnight fast. All sub-
jects took their regular medications in the morning prior to arri-
val, including prednisolone. Basic anthropometric measures were

recorded. At each visit, after resting supine for a 20-min acclima-
tization period, subjects underwent fasting assessment of vascular
function. An intravenous cannula was then inserted and baseline
blood samples were collected to measure glucose, insulin, C-pep-
tide and non-esterified fatty acid levels (NEFA). A mixed-meal
was then administered over 15 min (10 kcal’kg body weight,
45% carbohydrate, 40% fat and 15% protein), and further blood
samples for glucose, insulin, C-peptide and NEFA were collected
at 30-min intervals for 120 min. Vascular function was reassessed
after the mixed-meal in a standardized order.

Pulse wave analysis

The augmentation index was calculated by pulse wave analysis.
Applanation tonometry was performed by one operator (AR)
with a SphygmoCor device (AtCor Medical, New South Wales,
Australia) and a high-fidelity micromanometer (SPC-301; Millar
Instruments, TX, USA). Six measurements in the fasting state
and three measurements at each specified postprandial time
point were performed and averaged. The quality control indices
within the SphygmoCor device software were used to verify
recorded waveforms. If the quality index was <80%, the wave-
form was discarded and the measurement repeated. To correct
for the effect of pulse rate, augmentation index results were nor-
malized for a heart rate of 75 beats per min (AIx75). The day-
to-day intra-class correlation for AIx75 for this operator is 0-97.
The area under the curve (AUC) for AIx75 over 2 h was calcu-
lated to estimate postprandial arterial stiffness.

Autonomic nervous system activity

Urinary noradrenaline excretion was measured during the 6-h
study period by liquid chromatography/mass spectrometry to
estimate sympathetic nervous system activity. The coefficient of
variation (CV) for urinary noradrenaline measurement is 5-1%
at 300 nmol/L

Spontaneous baroreceptor sensitivity, which predominantly
reflects parasympathetic nervous system activity, was calculated by
the sequence method using a Taskforce Hemodynamic Monitor
30401 (CNSystems, Graz, Austria).16 A continuous electrocardio-
gram recording and “flying V” finger cuff for non-invasive mea-
surement of beat-by-beat arterial pressure were placed on the
subject, allowing simultaneous computer analysis of heart rate and
blood pressure variability. After subjects had rested supine for
10 min, baroreceptor sensitivity was assessed over a 20-min period.

Peripheral arterial tonometry

Peripheral arterial tonometry was performed using an Endo-PAT
2000 device (Itamar Medical, Caesarea, Israel) to estimate
endothelial function. After a baseline pulse amplitude measure-
ment was obtained from both hands, local ischaemia to the arm
was induced by inflating a blood pressure cuff to suprasystolic
pressures for 5 min. The pulse amplitude response to hyperaemia
is recorded electronically in both fingers (the non-occluded arm
serves as control). The time period between 90 and 150 s after

© 2015 John Wiley & Sons Ltd
Clinical Endocrinology (2016), 84, 501-508



deflation was used for automated calculation of the reactive
hyperaemia index.'” The average day-to-day CV for reactive
hyperaemia index at our institution is 11-4%."®

Insulin sensitivity and secretion

Whole blood glucose was measured at the bedside immediately
after venesection on an in-house glucose analyser (YSI 2300 STAT
Plus; Yellow Springs Instrumentation, Ohio, USA) by an immobi-
lized glucose oxidase method. Insulin and C-peptide were mea-
sured by radioimmunoassay (EMD Millipore, Toronto, Ontario,
Canada). Quality control results were within one standard devia-
tion of the mean at all concentrations. Insulin sensitivity was esti-
mated by the composite insulin sensitivity index (Matsuda
index),' and insulin secretion at baseline and each 30-min time
point by the C-peptide deconvolution method.*® Glucose-sensitive
insulin secretion was then calculated by dividing the AUC for
insulin secretion over 2 h by the AUC for blood glucose over 2 h.

Physical activity

Physical activity was assessed using the Modified Baecke Ques-
tionnaire.”' The questionnaire is designed to estimate habitual
physical activity in the elderly, and is a composite score based on
household activity, sports and exercise and other leisure activities.
Higher levels of physical activity are reflected by a higher score.

Other laboratory analysis

C-reactive protein was measured using a Tinaquant immunotur-
bidimetric assay (Roche Diagnostics GMBH, Mannheim, Ger-
Roche Modular (Hitachi High-
Technologies Corporation, Tokyo, Japan). The limit of detection
was 0-3 mg/l. The between-run CV was 3:6% at a CRP of
3-9 mg/l and 2:3% at a CRP of 49-5 mg/l. NEFA concentrations
were estimated by enzyme colorimetry using a Beckman Syn-
chron CX5 analyser (WAKO NEFA C kit, Denver, CO, USA).

many) on a Analyser

Statistical analysis

Statistical analysis was performed using IBM SPSS version 20 for
Windows (IBM, New York, USA). A P-value of <0-05 was consid-
ered statistically significant. Subject characteristics are presented
as mean =+ standard deviation except characteristics that were not
normally distributed, which are expressed as median (interquartile
range). All other data are presented as mean =+ standard error of
mean. Changes in variables in non-GC users after 7 days pred-
nisolone were analysed using paired #-tests. Hereafter in the
manuscript, these results are reported as the acute effects of pred-
nisolone. GC users were compared with baseline data from non-
GC users using unpaired t-tests if normally distributed or Mann-—
Whitney U-tests if the distribution was not normal. Differences
between these two groups are reported in the manuscript as the
chronic effects of prednisolone.

The primary end-point is change or difference in the AUC for
AIx75. In the acute study, a sample size of 18 subjects has >80%
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power to detect a 500%*min change in the AUC AIx75 (assuming
a SD of 700%*min). In the chronic study, a sample size of 18 sub-
jects per group has >80% power to detect a 680%*min difference
in the AUC AIx75 (assuming a SD of 700%*min).

Results

Subject characteristics

GC wusers were taking a mean prednisolone dose of
6:5 £ 1-8 mg/day, with a mean duration of continuous pred-
nisolone therapy of 62 + 62 months. There were no significant
differences in sex distribution, age, body mass index, height, C-
reactive protein, physical activity score, use of disease-modifying
antitheumatic drugs or history of hypertension or ischaemic

heart disease between GC and non-GC users (Table 1).

Carbohydrate metabolism

Fasting glucose (5-3 &+ 0-3 vs 4-6 £ 0-1 mmol/l, P = 0-02) and
glucose AUC over 2 h (844 + 58 vs 733 £ 27 mmol/I*min,
P = 0-03) were higher after acute prednisolone. There were no
significant differences in fasting (4-9 + 0-2 vs 4-6 £ 0-1 mmol/l,
P=020) or glucose AUC over 2h (822440 s
733 £ 27 mmol/I*min, P = 0-07) with chronic prednisolone,
although the higher glucose AUC with chronic prednisolone
approached statistical significance. The Matsuda index was sig-
nificantly lower after both acute (P = 0-01) and chronic
(P = 0-04) prednisolone (Fig. 1a). There were no significant dif-
ferences in insulin secretion with either acute or chronic pred-
nisolone (Fig. 1b).

Non-esterified fatty acids

There was no significant difference in fasting (0-7 £ 0-1 wvs
0-6 £ 0-1 meq/l, P = 0-24) or NEFA AUC over 2 h (39-5 £ 3-5

Table 1. Subject characteristics

Non-GC GC users

users (n = 18) (n=18) P-value
Female, 1 (%) 12 (67) 12 (67) 1-00
Age (years) 64 +£7 66 + 7 0-33
BMI (kg/m?) 281 £ 52 279 £+ 61 0-95
Height (m) 1-65 + 0-08 1-68 + 0-07 0-24
C-reactive protein (mg/1)* 24 (1-1-4'5) 1:6 (0-5-7:6)  0-44
Physical activity score 12.8 = 5.7 10-5 = 5-5 0-22
DMARD:s (n) 11 9 0-50
Ischaemic heart disease (1) 1 1 1-00
Hypertension (n) 5 4 0-70
Statins (n) 5 3 0-69
Anti-hypertensives (1) 5 3 0-69

Data are mean + SD unless otherwise stated, * = median (interquartile
range), n = number of patients with specified variable. GC = glucocorti-
coid, BMI = body mass index, DMARDs = disease-modifying antirheu-
matic drugs.
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Fig. 1 Insulin sensitivity (Matsuda index, a) and glucose-sensitive insulin
secretion (b) in 18 subjects with rheumatoid arthritis who do not take
oral glucocorticoids (non-GC users) before (white bars) and after (grey
bars) 7 days prednisolone and 18 subjects with rheumatoid arthritis on
long-term prednisolone (GC users, black bars). Data are mean + SEM.

vs 34-5 £ 3-1 meq/l*min, P = 0-12) after acute prednisolone.
Fasting (1-0 £ 0-1 vs 0-6 £ 0-1 meq/l, P =0-002) and NEFA
AUC over 2 h (47-1 £+ 3-9 vs 34-5 £ 3-1 meq/I*min, P = 0-02)
were significantly higher in patients taking chronic prednisone.

Pulse wave analysis

There were no significant differences in fasting AIx75 with either
acute (280 =17 wvs 292 & 2:0%, P =0-46) or chronic
(29-1 £ 2-1 vs 29-2 £ 2-:0%, P = 0-98) prednisolone. Following
the meal, there was a fall in AIx75 in all groups indicating a
reduction in arterial stiffness (Fig. 2a). There was a greater
reduction in the AUC for AIX75 after acute prednisolone
(Fig. 2b, P < 0-001). The AUC for AIx75 was not significantly
different with chronic prednisolone (Fig. 2b).

Autonomic nervous system activity

There was a reduction in urinary noradrenaline excretion after
acute prednisolone (Fig. 3a, P = 0-02). Urinary noradrenaline
excretion was not significantly different with chronic pred-
nisolone (Fig. 3a). There were no significant differences in fast-
ing (data not shown) or post-meal (Fig. 3b) baroreceptor
sensitivity with acute or chronic prednisolone.
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Fig. 2 Time course for augmentation index (AIx75) over 2 h (a) and
area under the curve for augmentation index (AIx75 AUC) over 2 h (b)
in 18 subjects with rheumatoid arthritis who do not take oral
glucocorticoids (non-GC users) before (white line) and after (grey line)
7 days prednisolone and in 18 subjects with rheumatoid arthritis on
long-term prednisolone (GC users, black line). Data are mean + SEM.

Peripheral arterial tonometry

There were no significant differences in fasting reactive hyper-
aemia index with either acute (2-2 & 0-2 vs 2-4 & 0-1, P = 0-33)
or chronic (2:3 + 0-2 vs 24 £ 0-1, P = 0-90) prednisolone. Fol-
lowing the meal, there was a fall in reactive hyperaemia index in
all groups indicating a reduction in endothelial function (Fig. 4).
There was no significant difference in the post-meal reduction
in reactive hyperaemia index after acute prednisolone (Fig. 4).
In chronic prednisolone users, the post-meal fall in reactive
hyperaemia index was approximately 60% of that in non-GC
users, but this difference was not statistically significant (Fig. 4,
P = 0-09). There was not a significant correlation between the
post-meal change in reactive hyperaemia index and NEFA AUC
(r =026, P = 0-13).

Discussion

This study assessed the effects of acute and chronic low-dose
prednisolone on carbohydrate metabolism and fasting, and post-
prandial vascular function in patients with RA. We found that
low-dose prednisolone increased postprandial glucose concentra-
tion secondary to a reduction in insulin sensitivity. However,
this was not associated with adverse changes in vascular func-
tion.

© 2015 John Wiley & Sons Ltd
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Fig. 3 Urinary noradrenaline excretion (a) and postprandial barore-
ceptor sensitivity (b) in 18 subjects with rheumatoid arthritis who do
not take oral glucocorticoids (non-GC users) before (white bars) and
after (grey bars) 7 days prednisolone and 18 subjects with rheumatoid
arthritis on long-term prednisolone (GC users, black bars). Data are
mean + SEM.
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Fig. 4 Post-meal change in reactive hyperaemia index (RHI) in 18
subjects with rheumatoid arthritis who do not take oral glucocorticoids
(non-GC users) before (white bars) and after (grey bars) 7 days
prednisolone and 18 subjects with rheumatoid arthritis on long-term
prednisolone (GC users, black bars). Data are mean + SEM. *P < 0-05
for within group change in RHI after the meal, **P < 0-005 for within
group change in RHI after the meal.

High-dose glucocorticoids can cause hyperglycaemia because
they reduce insulin sensitivity and secretion.”> However, fewer
studies have investigated the effects of lower glucocorticoid
doses on carbohydrate metabolism. One cross-sectional study
reported no significant differences in insulin sensitivity and
secretion between patients with RA on long-term low-dose pred-
nisolone vs prednisolone naive patients.”> In contrast, we found
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that low-dose prednisolone in patients with inflammatory arthri-
tis reduced hepatic and peripheral insulin sensitivity, assessed
using gold standard metabolic techniques.** In this study, we
employed a physiologic (mixed-meal) test and also found that
low-dose prednisolone reduced insulin sensitivity, with no sig-
nificant change in insulin secretion. These data suggest that,
even at low doses, prednisolone has an adverse effect on carbo-
hydrate metabolism.

As glucocorticoid receptors are present in vascular endothelial
cells, prednisolone could affect vascular function directly. Alter-
natively, prednisolone could alter vascular function indirectly
secondary to reducing insulin sensitivity. Vascular tissues are an
important physiological target for insulin,” and insulin resis-
tance is an established risk factor for cardiovascular disease.*®
Acutely, insulin resistance can increase arterial stiffness because
of reduced signalling through the phosphatidyl ionositol-3
kinase pathway leading to reduced nitric oxide-mediated vasodi-
latation. Chronically, enhanced stimulation of the mitogen-acti-
vated protein kinase pathway by hyperinsulinaemia can cause
vascular smooth muscle proliferation and excessive production
of inflammatory cytokines, contributing to accelerated
atherosclerosis.”” We hypothesized that adverse changes in arte-
rial stiffness would be greater in patients taking chronic than
acute prednisolone, because of the combination of attenuated
and enhanced signalling via the phosphatidyl ionositol-3 kinase
and mitogen-activated protein kinase pathways respectively.

Patients with insulin resistance have an attenuated postpran-
dial reduction in augmentation index.'” We hypothesized that
prednisolone-induced insulin resistance would result in similar
adverse changes in vascular function. However, contrary to our
hypothesis, acute prednisolone use was associated with a greater
postprandial fall in augmentation index. In patients on long-
term prednisolone there was no suggestion of a higher postpran-
dial augmentation index indicative of increased arterial stiffness.
We previously reported that fasting augmentation index was
lower in hypopituitary patients after a 7-day increase in gluco-
corticoid dose.”® These data suggest that low-dose glucocorti-
coids do not induce deleterious changes in arterial stiffness that
will increase cardiovascular risk.

The autonomic nervous system is an important regulator of
cardiovascular function. A prednisolone dose of 20 mg/day for
7 days was reported to reduce sympathetic nervous system activ-
ity,* with in vitro studies suggesting that this effect is mediated
by non-genomic pathways.”® We found that lower prednisolone
doses are also acutely associated with reduced sympathetic ner-
vous system activity. Urinary noradrenaline excretion was also
27% lower in patients on long-term prednisone but this differ-
ence was not statistically significant. Reduced sympathetic ner-
vous system activity is a likely mechanism to explain a reduction
in augmentation index with low-dose prednisolone.

There were no significant changes in spontaneous barorecep-
tor sensitivity with either acute or chronic low-dose pred-
nisolone. These findings in patients with RA are similar to those
in young healthy men,” and hypopituitary patients,”® exposed
to mild glucocorticoid excess. Measurements of baroreceptor
sensitivity using the sequence method predominantly reflect
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parasympathetic, and not sympathetic, nervous system activity.'®
Our findings suggest that the fall in augmentation index with
low-dose prednisolone is not mediated by an increase in
parasympathetic nervous system activity.

In this study, neither acute nor chronic low-dose prednisolone
significantly affected fasting reactive hyperaemia index, a marker
of endothelial function. There were conflicting data on the
effects of glucocorticoids on fasting endothelial function. There
were no significant changes in flow-mediated dilatation with
short-term prednisolone in healthy adults,®* or long-term pred-
nisolone in patients with RA.” In contrast, there was a dose-
dependent reduction in microcapillary recruitment with acute
prednisolone in healthy young adults,® and a reduction in fast-
ing reactive hyperaemia index after 7 days of an increased gluco-
corticoid replacement dose in hypopituitary patients.”® The
contrasting findings in different studies may reflect different
methods of assessment of endothelial function, glucocorticoid
dose and formulation or susceptibility to the effects of glucocor-
ticoids in different patient groups.

Reactive hyperaemia index falls after a glucose load in patients
with insulin resistance and post-glucose load hyperglycaemia,
but not in patients with normal glucose tolerance.'* However,
despite reduced insulin sensitivity and consequent postprandial
hyperglycaemia, there was no change in the postprandial reduc-
tion in reactive hyperaemia index after acute prednisolone. Fur-
thermore, there was a trend to an attenuated postprandial fall in
reactive hyperaemia index in patients on long-term prednisolone
suggestive of better endothelial function. This occurred despite
higher NEFA concentrations in patients on chronic pred-
nisolone, which have been associated with postprandial endothe-
lial dysfunction and atherosclerosis.”> One possible explanation
for these findings is that low-dose prednisolone acts directly on
the endothelium to improve endothelial function. Alternatively
the anti-inflammatory effect of prednisolone in the long-term
could improve endothelial function, similar to other disease-
modifying drugs.’* Although, there were no significant differ-
ences in C-reactive protein or in the use of disease-modifying
antirheumatic drugs between the two groups, it is possible that
prednisolone affected a component of the inflammatory cascade
that modulates endothelial function. Whatever the mechanism,
our study suggests that in contrast to the general population,
prednisolone-induced postprandial hyperglycaemia in subjects
with rheumatoid arthritis is not associated with postprandial
endothelial dysfunction.

This study does not provide direct evidence of the effect of
low-dose prednisolone on cardiovascular events. However, aug-
mentation index,® reactive hyperaemia index,'” and baroreceptor
sensitivity,'® are all well-validated markers of cardiovascular risk
independent of traditional cardiovascular risk factors. The effect
of low-dose prednisolone on all 3 markers of cardiovascular risk
was either neutral or in a direction associated with reduced car-
diovascular events. Given the lack of direct evidence of the car-
diovascular effects of low-dose prednisolone, this study provides
some confidence that low-dose prednisolone can be used to
attenuate disease progression in this patient group without
increasing cardiovascular risk.

The strengths of this study include that we simultaneously
assessed carbohydrate metabolism and fasting and postprandial
vascular function in our patient groups. However, we acknowl-
edge this study has limitations. Firstly, in this study with a rela-
tively small sample size, the acute study analysed using paired t-
tests has greater statistical power than the chronic study, which
was analysed using appropriate statistical tests for independent
groups. A lack of statistical significance in the chronic study
may reflect its lesser statistical power rather than attenuation of
the effect of prednisolone. As such, our findings should not be
interpreted as indicating that the acute and chronic effects of
prednisolone on augmentation index and noradrenaline secre-
tion differ. However, it is relevant that the direction of change
in all measures of vascular function in the cross-sectional study
was similar to the acute study. This suggests that chronic pred-
nisolone does not exert opposite (adverse) effects on vascular
function. Secondly, inherent in any cross-sectional study is the
possibility that an unmeasured variable affected results. How-
ever, the groups were well matched for a number of key vari-
ables (Table 1). Thirdly, calculation of a Matsuda index from a
mixed-meal test is not as well validated as from a glucose load.
However, calculation of a Matsuda index from a mixed-meal
test classifies differences in insulin sensitivity in groups of
healthy adults'® and prednisolone-induced changes in insulin
sensitivity>> similarly to a euglycaemic-hyperinsulinaemic clamp.
Finally, our study does not investigate the effect of prednisolone
doses above 10 mg/day, which have been associated with a
greater risk of cardiovascular events.*

In summary, we have demonstrated that low-dose pred-
nisolone treatment in patients with RA was associated with a
higher postprandial glucose secondary to a reduction in insulin
sensitivity. However, these changes in carbohydrate metabolism
were not associated with adverse effects on markers of arterial
stiffness, endothelial function or autonomic nervous system
activity. In fact, arterial stiffness was acutely reduced by low-
dose prednisolone, which is likely to be secondary to a pred-
nisolone-induced reduction in sympathetic nervous system activ-
ity. Our findings suggest that in contrast to the relationship in
the general population, postprandial hyperglycaemia may not be
a marker of cardiovascular risk in patients with RA on low-dose
prednisolone.

Acknowledgements

The authors acknowledge the assistance of Kirsty Czechowicz,
Bone Densitometry Unit, Repatriation General Hospital, Ade-
laide, Australia for performing and analysing the DXA scans and
the rheumatologists at Repatriation General Hospital, Adelaide,
Australia for assistance with recruitment. The authors are grate-
ful to the subjects who generously volunteered for the study.

Funding

This work was supported by grants from Diabetes Australia
Research Trust (grant number: Y12G BURM) and Foundation
Daw Park. AR was supported by a National Health Medical

© 2015 John Wiley & Sons Ltd
Clinical Endocrinology (2016), 84, 501-508



Research Council, Australia Postgraduate Research Scholarship
and MGB by a South Australian Health Practitioner Fellowship.

Disclosure

The authors have no disclosures to declare.

References

1

10

11

12

13

Fardet, L., Petersen, I. & Nazareth, 1. (2011) Prevalence of long-
term oral glucocorticoid prescriptions in the UK over the past
20 years. Rheumatology (Oxford), 50, 1982—1990.

Gaujoux-Viala, C. & Gossec, L. (2014) When and for how long
should glucocorticoids be used in rheumatoid arthritis? Interna-
tional guidelines and recommendations. Annals of the New York
Academy of Sciences, 1318, 32-40.

Wei, L., MacDonald, T.M. & Walker, B.R. (2004) Taking gluco-
corticoids by prescription is associated with subsequent cardio-
vascular disease. Annals of Internal Medicine, 141, 764-770.
Listing, J., Kekow, J., Manger, B. et al. (2015) Mortality in
rheumatoid arthritis: the impact of disease activity, treatment
with glucocorticoids, TNFalpha inhibitors and rituximab. Annals
of the Rheumatic Diseases, 74, 415-421.

Svensson, B., Boonen, A., Albertsson, K. et al. (2005) Low-dose
prednisolone in addition to the initial disease-modifying anti-
rheumatic drug in patients with early active rheumatoid arthritis
reduces joint destruction and increases the remission rate: a
two-year randomized trial. Arthritis and Rheumatism, 52, 3360—
3370.

Capell, H.A., Madhok, R., Hunter, J.A. et al. (2004) Lack of radi-
ological and clinical benefit over two years of low dose pred-
nisolone for rheumatoid arthritis: results of a randomised
controlled trial. Annals of the Rheumatic Diseases, 63, 797—803.
Laurent, S., Cockcroft, J., Van Bortel, L. et al. (2006) Expert con-
sensus document on arterial stiffness: methodological issues and
clinical applications. European Heart Journal, 27, 2588-2605.

van Raalte, D.H., Diamant, M., Ouwens, D.M. et al. (2013) Glu-
cocorticoid treatment impairs microvascular function in healthy
men in association with its adverse effects on glucose metabolism
and blood pressure: a randomised controlled trial. Diabetologia,
56, 2383-2391.

Hafstrom, I., Rohani, M., Deneberg, S. et al. (2007) Effects of
low-dose prednisolone on endothelial function, atherosclerosis,
and traditional risk factors for atherosclerosis in patients with
rheumatoid arthritis—a randomized study. Journal of Rheumatol-
ogy, 34, 1810-1816.

Schillaci, G., Bartoloni, E., Pucci, G. et al. (2012) Aortic stiffness
is increased in polymyalgia rheumatica and improves after ster-
oid treatment. Annals of the Rheumatic Diseases, 71, 1151-1156.
Burt, M.G., Willenberg, V.M., Petersons, C.J. et al (2012)
Screening for diabetes in patients with inflammatory rheumato-
logical disease administered long-term prednisolone: a cross-sec-
tional study. Rheumatology (Oxford), 51, 1112-1119.

Decode Study Group EDEG (2003) Is the current definition for
diabetes relevant to mortality risk from all causes and cardiovas-
cular and noncardiovascular diseases? Diabetes Care, 26, 688—
696.

Li, CH., Wu, J.S,, Yang, Y.C. et al. (2012) Increased arterial
stiffness in subjects with impaired glucose tolerance and newly

© 2015 John Wiley & Sons Ltd
Clinical Endocrinology (2016), 84, 501-508

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

507

Vascular effects of mild glucocorticoid excess

diagnosed diabetes but not isolated impaired fasting glucose.
Journal of Clinical Endocrinology and Metabolism, 97, E658—E662.
Crandall, J.P., Shamoon, H., Cohen, HW. et al. (2009) Post-
challenge hyperglycemia in older adults is associated with
increased cardiovascular risk profile. Journal of Clinical
Endocrinology and Metabolism, 94, 1595-1601.

Greenfield, J.R., Samaras, K., Chisholm, D.]. et al. (2007) Effect
of postprandial insulinemia and insulin resistance on measure-
ment of arterial stiffness (augmentation index). International
Journal of Cardiology, 114, 50-56.

Parati, G., Di Rienzo, M. & Mancia, G. (2000) How to measure
baroreflex sensitivity: from the cardiovascular laboratory to daily
life. Journal of Hypertension, 18, 7—19.

Matsuzawa, Y., Sugiyama, S., Sugamura, K. et al. (2010) Digital
assessment of endothelial function and ischemic heart disease in
women. Journal of the American College of Cardiology, 55, 1688—
1696.

Burt, M.G., Mangelsdorf, B.L., Srivastava, D. et al. (2013) Acute
effect of calcium citrate on serum calcium and cardiovascular
function. Journal of Bone and Mineral Research, 28, 412-418.
Tan, V.M., Lee, Y.S., Venkataraman, K. ef al. (2015) Ethnic dif-
ferences in insulin sensitivity and beta-cell function among Asian
men. Nutrition and Diabetes, 5, e173.

Sze, L., Purtell, L., Jenkins, A. et al. (2011) Effects of a single
dose of exenatide on appetite, gut hormones, and glucose home-
ostasis in adults with Prader-Willi syndrome. Journal of Clinical
Endocrinology and Metabolism, 96, E1314-E1319.

Voorrips, L.E., Ravelli, A.C., Dongelmans, P.C. et al. (1991) A
physical activity questionnaire for the elderly. Medicine and
Science in Sports and Exercise, 23, 974-979.

Rizza, R.A., Mandarino, L.J. & Gerich, J.E. (1982) Cortisol-
induced insulin resistance in man: impaired suppression of glu-
cose production and stimulation of glucose utilization due to a
postreceptor detect of insulin action. Journal of Clinical
Endocrinology and Metabolism, 54, 131-138.

Hoes, J.N., van der Goes, M.C., van Raalte, D.H. et al. (2011)
Glucose tolerance, insulin sensitivity and beta-cell function in
patients with rheumatoid arthritis treated with or without low-
to-medium dose glucocorticoids. Annals of the Rheumatic Dis-
eases, 70, 1887—1894.

Petersons, C.J., Mangelsdorf, B.L., Jenkins, A.B. et al. (2013)
Effects of low-dose prednisolone on hepatic and peripheral insu-
lin sensitivity, insulin secretion, and abdominal adiposity in
patients with inflammatory rheumatologic disease. Diabetes Care,
36, 2822-2829.

Serne, E.H., de Jongh, R.T., Eringa, E.C. ef al. (2007) Microvas-
cular dysfunction: a potential pathophysiological role in the
metabolic syndrome. Hypertension, 50, 204-211.

Kim, J.A., Montagnani, M., Koh, K.K. et al. (2006) Reciprocal
relationships between insulin resistance and endothelial dysfunc-
tion: molecular and pathophysiological mechanisms. Circulation,
113, 1888-1904.

DeFronzo, R.A. (2010) Insulin resistance, lipotoxicity, type 2 dia-
betes and atherosclerosis: the missing links. The Claude Bernard
Lecture 2009. Diabetologia, 53, 1270—1287.

Petersons, C.J., Mangelsdorf, B.L., Thompson, C.H. et al. (2014)
Acute effect of increasing glucocorticoid replacement dose on
cardiovascular risk and insulin sensitivity in patients with
adrenocorticotrophin deficiency. Journal of Clinical Endocrinology
and Metabolism, 99, 2269-2276.



508 A. Radhakutty et al.

29 Lenders, J.W., Golczynska, A. & Goldstein, D.S. (1995) Gluco-
corticoids, sympathetic activity, and presynaptic alpha 2-adreno-
ceptor function in humans. Journal of Clinical Endocrinology and
Metabolism, 80, 1804—1808.

30 Park, Y.S., Ha Choi, Y., Park, C.H. et al. (2008) Nongenomic

glucocorticoid effects on activity-dependent potentiation of cate-

cholamine release in chromaffin cells. Endocrinology, 149, 4921—

4927.

van Raalte, D.H., Kwa, K.A., van Genugten, R.E. et al. (2013)

Islet-cell dysfunction induced by glucocorticoid treatment:

potential role for altered sympathovagal balance? Metabolism, 62,

568-577.

3

—

32

33

34

35

Brotman, D.J., Girod, J.P., Garcia, M.]. et al. (2005) Effects of
short-term glucocorticoids on cardiovascular biomarkers. Journal
of Clinical Endocrinology and Metabolism, 90, 3202—3208.
Steinberg, H.O. & Baron, A.D. (2002) Vascular function, insulin
resistance and fatty acids. Diabetologia, 45, 623—634.

Ablin, J.N., Boguslavski, V., Aloush, V. ef al. (2006) Effect of
anti-TNFalpha treatment on circulating endothelial progenitor
cells (EPCs) in rheumatoid arthritis. Life Sciences, 79, 2364-2369.
van Raalte, D.H., van Genugten, R.E., Linssen, M.M. et al.
(2011) Glucagon-like peptide-1 receptor agonist treatment pre-
vents glucocorticoid-induced glucose intolerance and islet-cell
dysfunction in humans. Diabetes Care, 34, 412-417.

© 2015 John Wiley & Sons Ltd
Clinical Endocrinology (2016), 84, 501-508



