Cover Page

The handle http://hdl.handle.net/1887/36116 holds various files of this Leiden University
dissertation

Author: Verhaar, Auke

Title: The development of novel anti-inflammatory drugs for IBD
Issue Date: 2015-11-12


https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/36116

Adverse effects

17



Adverse effects

As previously mentioned, the use of steroids is impeded by two major
problems. The first problem is loss of response to treatment. In some
patients response to treatment reduces over time, requiring a higher dose
to maintain the initial response. But a proportion of this group grows
entirely refractory to treatment. The underlying cause is unclear and still
subject to debate[l]. The second objection to GC treatment is its
associations with a rather large number of severe adverse effects,
particularly when using a systemic high dose. These adverse effects have
been studied quite extensively, with the intention of discovering ways to
reduce or even prevent them. With some of these adverse effects the
underlying GC driven mechanism has been fully elucidated. Here we will
discuss in broad detail which adverse effects are associated with GC
treatment and what is known about the underlying mechanism.

GCs are synthetic analogues of a steroid hormone, which in the body
serves a wide range of specific biological functions. Part of these functions
is related to conditions such as stress or anxiety, which cause the levels of
cortisol to increase[2]. In absence of stress, the level of cortisol fluctuates
with a circadian rhythm, rising just before waking in the morning. This rise
is believed to prepare people for the stress that is associated with everyday
life[3].

Secretion of cortisol is self-limiting because the hormone binds receptors in
the hypothalamus and anterior pituitary gland, reducing secretion of CRH
(corticotropin releasing hormone) and ACTH (adrenocorticotropic
hormone) and thereby inhibiting the stimulus that causes production of
cortisol. High levels of synthetic GCs have a similar effect but due to a
higher affinity for the GR and longer half-life, the effect can be much
stronger. As a result, production of cortisol can be inhibited for as long as
two months after stopping the treatment. However, this problem can be
quite easily solved by slowly decreasing the dosage before stopping
treatment.

Depending on the route of administration some adverse effects are more
prominent than others. Topically applied GCs (such as skin crémes or eye
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droplets) will have mainly local side effects. Here we will focus primarily on
side effects associated with systemic administration.

Adipogenesis

Next to the suppression of the hypothalamic-pituitary-adrenal function,
long-term treatment with GCs can cause Cushing’s syndrome. This
syndrome results from Cushing’s disease, a condition described by Harvey
Cushing in 1932[4]. Overproduction of CRH or ACTH, for example due to an
adenoma in the pituitary gland, results in elevated cortisol levels. Elevated
levels have a profound effect on the human body and this effect is similar
in patients who are treated with GCs. Striking is the change in appearance.
Patients gain weight, particularly around the waist, back of neck (buffalo
hump) and face (moonface). The cause for GC induced obesity is related to
the biological role that GCs play in adipose tissue physiology. GCs can
induce lipogenic genes (ACC, FAS) provided that insulin is present[5, 6],
regulate lipolysis (ATGL, HSL, MGL)[7-9], adipose endocrine function
(release of chemokines from the adipose tissue)[10] and restrain adipose
tissue inflammation in obesity[11]. They are required for precursor cells to
differentiate into adipocytes and necessary for keeping specific adipocyte
related genes active to prevent isolated adipocytes or adipocyte tissue
from dedifferentiation[12]. Interestingly, people suffering from obesity do
not have increased blood cortisol levels but have higher local
concentrations of cortisol in their adipose tissue. This is due to a higher
activity of 11R-hydroxysteroid dehydrogenase-1 (HSD1), which converts
the inactive cortisone to cortisol[13]. In mice adipocyte specific
overexpression of HSD1 leads to obesity with metabolic syndrome[14].

Apart from effects of GC treatment that relate to the adipose tissue,
patients can experience an increased appetite[15]. The appetite in humans
correlates with changes in adrenal steroid levels. Anorexia and weight loss
for example is a typical symptom of Addison’s disease, caused by adrenal
insufficiency. It may also provide an answer on why people feel the need to
eat under stress related conditions as stress increases cortisol levels. But
how GCs affect appetite is unclear. On a molecular level GCs have been
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found to elicit both orexigenic and anorexigenic effects. GCs increase
neuropeptides that increase the appetite (NPY and AgRP) but on the other
hand also inhibits signals that are associated with anorexia such as CRH.

Skin (thinning & striae)

Another symptom of Cushing’s syndrome is the thinning of the skin and
related to this, the appearance of striae. These symptoms are more
common to topically applied steroids but also occur during systemic
treatment. The skin adopts a paper like property, becoming fragile and
easily damaged. Histological changes include a reduction of the
epidermis[16], a decrease in keratinocyte size[17], reduction in the number
of fibroblasts[18], rearrangement of the geometry of the dermal fibrous
network[19], and a decrease in the size of both the cell layers and of the
lipid lamellae that are in between the cell layers of the stratum
corneum[20]. Because GCs reduce the production of collagen by
fibroblasts[21], the skin becomes more rigid and less flexible. As a
consequence the skin rips more easily resulting in stretch marks known as
striae. These processes are affected in the skin because under normal
conditions fibroblast proliferation, keratinocyte differentiation and
collagen production are regulated through the local production of cortisol
by HSD1[22, 23]. In has been shown in mice that the adverse effects of GC
treatment on the skin can be countered by selective inhibition of HSD1[24].

Two of the most extensively studied adverse effects of GC treatment are
loss of strength of bone and muscle[25]. The underlying mechanisms have
been largely uncovered and may help prevent these side effects when GC
treatment is compulsory.

Muscle (loss of strength)

Loss of muscle strength is a result of muscle atrophy. The breakdown of
muscle is considered to be one of the major catabolic GC mechanisms[26].
GCs cause the thickness of the muscle fibers to reduce and the protein
content of the myofibrils to decrease[27]. The decrease in protein content
is the result of an increased breakdown and decreased synthesis. The
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increased breakdown is the result of activation of the ubiquitin proteasome
and lysosomal systems by increasing the expression of so called Atrogenes,
genes that are involved in atrophy (FOXO, Atrogin-1, MuRF-1)[28]. The
decreased protein synthesis results from a direct inhibition of the mTOR
pathway by GCs[29]. The underlying cause of these changes in protein
homeostasis may be the result of differences in expression of two growth
factors which are produced in the muscle tissue; Insulin-like Growth Factor
(IGF)-1[30], a muscle anabolic growth factor and Myostatin (Mstn)[31], a
muscle catabolic growth factor. In animal models, muscle specific
overexpression of IGF-1[32] or deletion of Mstn protect against GC induced
muscle atrophy[33, 34]. GCs have been shown to inhibit IGF-I and to
stimulate Mstn. The latter contains a GRE in the promoter region of the
gene but more importantly, GCs stabilize Mstn mRNA[35].

Bone (loss of strength)

GCs can also greatly affect the health and quality of bones by suppression
of osteoblast function and a reduction of bone mineral density[25]. But
although high levels of GC can result in loss of bone, physiological
concentrations of cortisol are important for the formation of bone mass.
Tissue specific knockout of the GR in bone results in a reduction of the total
bone mass[36]. And similarly, overexpression of HSD2 in osteoblasts
reduces bone mass[37]. GC cause osteoblasts to produce Wnt proteins,
which perform a paracrine function on neighboring mesenchymal stem
cells[38]. The Wnt proteins induce Wnt signaling, which results in the
accumulation of R-catenin and the expression of transcription factor
RUNX2 which together drive differentiation of stem cells into an
osteoblastic lineage. Additionally, the Wnt proteins induce Mmpl4
production in chondrocytes[39]. This metalloproteinase is important for
the breakdown of extracellular matrix during the process of ossification.
Failure to do so causes developmental anomalies such as delayed
intramembranous ossification of the cranium as is apparent from HSD2
overexpressing mice.
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But despite, or maybe because, of the role GCs play in bone formation,
patients receiving high levels of systemic GCs can expect to lose bone, up
to 12% in the first year of treatment and 2-3% in the years thereafter[40].
High levels of GCs cause an inhibitory effect on the both the function and
differentiation of osteoblasts and induce apoptosis in this cell type[41, 42].
As a result bone formation is inhibited in a matter of hours after starting
GC treatment. In contrast to physiological concentrations, high levels of
GCs inhibit production of Wnt proteins by mature osteoblasts[43].
Consequently mesenchymal stem cells do not accumulate B-catenin or
increase production of RUNX2[44]. Moreover, GCs increase expression of
glycogen synthase kinase 3R (GSK-3R), a protein that drives R-catenin
ubiquitinylation and proteasomal degradation and increases the expression
of proteins that inhibit Wnt signaling[45]. High levels of GCs also inhibit
another important regulator of osteoblast differentiation, bone
morphogenetic protein 2 (BMP2). Expression is inhibited directly but also
by increasing the expression of follistatin and Dan, two BMP-2 antagonists
[46] and decreasing expression of IL-11[47] which stimulates expression of
BMP-2. The decrease in number of osteoblasts also decreases the amount
of proteins produced by these cells such as collagen and osteocalcin.
Although only shown in vitro, GCs arrest osteoblast cell cycle progression in
the GO, G1 (amongst others by decreasing expression of Cyclin D2 and
increasing expression of p27kipl) and G2 phase (by decreasing expression
of Cyclin A)[48]. And finally, GCs induce apoptosis in osteoblasts by
increasing the expression of pro-apoptotic genes (Bim, Bak, P53)[49] and
decreasing the expression of pro-survival genes (Bcl-XL)[48].

More than nighty percent of bone is made up of osteocytes. These cells are
situated in oblong spaces called lacunae and are interconnected through
small canals termed canaliculi. These canals serve as a way for cells to
communicate, acquire nutrients and when necessary, the recruitment of
osteoblasts. The fluid that is stored in this network of canals provides the
bone with strength. Even in the case of minimal loss of bone, high levels of
GCs reduce the number of osteoblasts which in turn causes fluid content
and vascularity of the bone to decrease which leads to a reduction of bone
strength.[50]. Furthermore osteocytes resolve cellular damage through
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autophagy[51]. Prolonged treatment causes a pathological buildup of
autophagosomes in the osteocytes[52]. Material secreted from these
autophagosomes pollutes the microenvironment of the osteocyte and
results in cell death.

Although GC treatment can also affect osteoclasts by extending their
lifespan[53], the negative effect of GC treatment on bone quality relies
mainly on osteoblasts and osteocytes. Protecting osteoclasts from GC
treatment by cell specific overexpression of HSD2, had little effect on the
quality of bone tissue[53]. This in contrast to the protection of osteoblasts
(and osteocytes) from GCs in which case the quality of bones was
maintained even in prolonged presence of high levels of GCs[41].

Glucose (diabetes)

Much as the name suggests GCs play an important role in the metabolism
and uptake of glucose[54]. GCs antagonize the effect of insulin and can
have a profound effect on blood glucose levels. Prolonged elevated blood
glucose levels (hyperglycemia) resulting from GCs is commonly referred to
as steroid induced diabetes mellitus[55]. This type of diabetes is in most
cases transient in nature and the situation will return to normal after the
GC treatment is stopped.

In response to high blood glucose levels, insulin is secreted by R-cells in the
pancreas. This causes the liver to increase conversion of glucose into
glycogen through a process called glycogenesis. Insulin stimulates a Glut4
transporter mediated uptake of glucose by adipocytes and skeletal muscle
cells. The effects of GCs on blood glucose levels are exactly opposite[56]
and cause the R-cells to dysfunction[57]. Although not all the steps in R-cell
insulin release have been elucidated, it is clear that the uptake of glucose
by B-cells causes an increase in ATP-ADP ratio which closes ATP sensitive
potassium channels resulting in depolarization of the cellular membrane,
leading to an influx of calcium and ultimately exocytosis of insulin filled
granules[58]. GCs decrease glucose metabolism in R-cells and thereby
impair insulin release, disabling the body to respond to high glucose levels.
In a similar fashion GC affects adipocytes and skeletal muscle cells,
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decreasing glucose uptake in response to insulin release. Moreover, GCs
affect insulin receptor (IR) signaling by decreasing expression of direct
downstream signaling molecules such as insulin receptor substrate 1 (IRS1),
phosphoinositide 3-kinase (P13k) and protein kinase B (PKB)[59]. In skeletal
muscle cells this effect is aided by an increase in proteolysis[56]. The
resulting increased amino acid concentration has been reported to
interfere with insulin signaling. The decrease of signaling molecules
downstream of the IR causes cells to be less sensitive to insulin, decreasing
glucose uptake. In adipocytes it has been reported that GCs increase
lipolysis through downregulation of cyclic-nucleotide phosphodiesterase
3B[9]. An increase in lipolysis leads to elevated fatty acid plasma levels,
which also negatively affects glucose uptake. And finally GCs have a direct
effect on glycogen synthesis kinase 3 (GSK3) in skeletal muscle cells[60].
This leads to inactivation, causing a decrease in glucose conversion and
thus blood glucose levels remain increased.

Blood pressure (hypertension)

Blood pressure is the cumulative result of blood volume, the viscosity of
the blood and the resistance that is caused by vascular diameter and
flexibility. This is regulated through the renin-angiotensin system and
aldosterone release, which affects both vascular diameter and body fluid
volume. Rise in blood pressure is a common side effect of GC treatment
causing the cardiovascular associated mortality rate to increase
fivefold[61]. In general it is assumed that the rise in blood pressure is the
result of increased renal sodium and water reabsorption due to binding of
GCs to the mineralocorticoid receptor (MR), also known as the aldosterone
receptor[62]. Indeed GCs bind the MR just as easily as mineralocorticoids
do. This off target effect of GC treatment will certainly play a role in GC
induced hypertension. However, there are a number of observations that
indicate that GCs induce hypertension primarily through activation of the
GR. For example the glucocorticoid budesonide, commonly used for the
treatment of asthma, can hardly bind the MR and yet, treatment induces
hypertension[63]. More importantly, treatment with the GR antagonist
RU486 protects against hypertension in patients suffering from Cushing
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syndrome even though (despite the close similarity with the GR) the MR
shows no affinity for RU486[64, 65]. And finally, blocking sodium and water
retention through treatment with the MR antagonist spironolactone does
not prevent GC induced hypertension[66].

In light of the above, GC induced hypertension is unlikely to be the result of
activation of the MR but appears to be regulated through the GR. Long-
term adjustment of blood pressure levels is regulated through the renin-
angiotensin system in the kidneys. The kidneys release renin from their
afferent arterioles. Renin hydrolyzes circulating angiotensinogen into the
peptide angiotensin |. This peptide is then converted in the lungs by
angiotensin-converting enzyme (ACE) into the potent vasoconstrictor
angiotensin Il. The GR is expressed throughout the kidneys but its role in
the kidneys is unclear. Several studies suggested a functional role for the
GR in the kidneys, in some cases even a role that may affect blood pressure
primarily through an increase in sodium reabsorption[67-70]. However,
experiments in animals have repeatedly shown that GCs induce
natriuresis[71], making these results difficult to interpret. And perhaps the
conclusion should be that GCs affect blood pressure mainly through effects
on vascular smooth muscle cells. This would also fit with the relatively
short time it takes for GC treatment to increase blood pressure. One study
revealed that phenylephrine-induced vasoconstriction of isolated aortic
rings is enhanced in a dose dependent manner by GC treatment[72]. This
effect was blocked by pretreatment with L-NAME, an endothelial specific
inhibitor of cGMP, suggesting that the effect might be dependent on
endothelial cells. Indeed, in a recent study where the GR was conditionally
knocked out in either smooth muscle cells or vascular endothelium, the
latter appeared completely resistant to GC induced hypertension
supporting a role for vascular endothelium[73]. And finally in vivo data
obtained from a hypertension model in rats revealed that the effect of GCs
on total peripheral pressure could be rescued by concomitant treatment
with the vasodilator minoxidil, even though the GC induced hypertension
remained unchanged[74]. This was explained by an increase in cardiac
output. Considering the complexity of blood pressure regulation and the
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many systems and cell types involved, further research is required to fully
clarify this adverse effect.

Eye

Over time GC treatment increases the risk of developing glaucoma or
cataract dose dependently [75]. Cataract is a clouding of the lens, which
decreases vision. Although development of cataract as an adverse effect of
GC treatment normally takes months or even years to develop, cases have
been reported in which patients on a low dose developed cataract after
only two months[76]. GCs induce a specific type of cataract, which is
located in the center (pole) at back of the lens, termed posterior
subcapsular cataract (PSC). This cataract is characterized by aberrant lens
epithelial cells that have migrated from the lens equator to the pole.
Although it has been challenged for a long time, recent studies have
revealed the presence of a functional GR in these cells[77]. Treatment with
GCs induces transcription of a number of genes of which GILZ and PAI-1[78]
are most prominent. Although no functional data is available, both are
involved in apoptosis, differentiation and migration. In GC induced cataract
the proliferation and differentiation of lens epithelial cells is confounded.
Normally the lens is replenished by new lens fibers through the
differentiation of epithelial cells on the lens equator, into fiber cells lacking
DNA and organelles. In PSC histological studies revealed the presence of
semi-differentiated cells containing degenerating nuclei and few organelles
on the posterior pole of the lens[79]. Another important mechanism in the
etiology of PSC seems to be the reduction of lens glutathione (GSH)[80].
This molecule is the body’s most potent antioxidant and protects
macromolecules against reactive oxygen species and helps with H,0,
detoxification. Reduction of GSH is considered to be the main mechanism
behind age related cataract and its role in PSC is similar. Experiments with
in vitro cultured lenses showed that the effect of GC on GSH could be
rescued with RU486[81], demonstrating involvement of the GR. The last
and longest existing hypothesis on GC induced PSC is based on an
interaction between steroids and lens proteins which eventually leads to
conformational changes and oxidation of these proteins[82]. Study results
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are often contradictory but its role cannot be denied and probably plays a
part in PSC.

A second adverse effect of GC treatment that affects the eye is GC induced
glaucoma(83]. Glaucoma is an increase of intraocular pressure that may
result in optic neuropathy if left untreated for too long. Changes in
intraocular pressure are normal and pressure reflects the diurnal cortisol
levels in the blood[84]. Adrenalectomized patients lack these diurnal
changes in pressure supporting a role for cortisol in intraocular pressure.
The pressure increases due to a decreased outflow of the aqueous
humour[85], the fluid in the anterior chamber. It is believed that GCs
increase outflow resistance by inhibiting degradation of extracellular
matrix material in the trabecular meshwork[86]. This is the tissue that
separates the anterior chamber from Schlemm’s canal, the canal that
serves to deliver the humour to the bloodstream. There is substantial
evidence that supports the deposition of extracellular matrix[87-91] but
the underlying mechanism remains to be elucidated.

The central nervous system

GCs play an important role in the central nervous system (CNS) both in
function and in homeostasis. The elevated levels that result from GC
treatment or Cushing’s syndrome can have profound effects on the
anatomy of the brain and increase the risk of developing psychiatric
diseases, cognitive impairment, mood changes and sleep disturbances[92].
GCs can pass the blood brain barrier and exert their effect anywhere in the
brain. This includes binding the GR in cerebral neurons and glial cells but
also binding of MR in the limbic system[93]. Effects of GCs on the nervous
system include non-genomic effects such as the rapid (>2 min) changes in
electrical activity of neurons[94]. Long term exposure affects regenerative
sprouting of axons that follows differentiation of hippocampal neurons[95],
one of the two places in the CNS that is allowed to regenerate. It may lead
to apoptosis, atrophy and cell death in the neurons of the
hippocampus[96].
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These effects on the CNS may have serious implications. The hippocampus
is pivotal for processing and the storage of memories[97]. A striking
example is why some distinct memories are long lasting and in great detail
while most other memories are only vaguely remembered for a short time.
The cause lies in the elevation of cortisol levels during moments of arousal,
stress or excitement. This mechanism of memory consolidation is very
likely evolved as means to ensure survival, retaining information more
easily during moments of stress or trauma[98]. However, chronic stress or
chronically elevated cortisol levels in Addison's disease or during
treatment, can induce amnesia[99] but also cause problems with visual-
spatial processing, conditional response, reasoning and verbal
fluency[100]. This is also reflected in Cushing patients who learn at a slower
pace, have a smaller short-term memory volume, memory contamination
and false appraisal of task performance[101] suggesting extrahippocampal
effects of glucocorticoids on memory impairment such as the amygdala
and prefrontal cortex. Both are involved in connecting emotions to
experience.

When considering the use of GCs, adverse effects on behavior or emotional
state are rarely contemplated. And yet 75% of patients treated with GCs
experience mood disturbance, which in 5% is quiet severe[102]. These
effects have been described since GCs entered the clinic in the early fifties.
And unlike osteoporosis, muscle atrophy or the thinning of skin, adverse
effects on the CNS can take as little as one dose. Adverse effects on the
CNS include a wide range of cognitive and emotional effects, including
agitation, anxiety, apathy, auditory and visual hallucinations, delusions,
depression, distractibility, disturbances of body image, emotional lability,
hypomania, insomnia, intermittent memory impairment, mutism,
perplexity, pressured speech, and sensory flooding[103]. In rare cases
patients can develop serious psychotic disorders or even delirium[104] and
dementia[105]. But even if there is no doubt that these adverse effects are
associated with the use of GCs, it is difficult to predict which patients are at
risk. Certainly patients with a predisposition to a certain effect are more
susceptible. Often the effects are limited, because the treatment is short,
and reversible.
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Others

The list of adverse events that accompany GC treatment is long. Some are
rare and have not been studied in great detail. Often the effects are
reversible and the inconvenience for the patient very limited. However
there are a few adverse effects that were not discussed here that can have
major implications for the patient.

GC treatment is associated with an increased risk of cardiovascular
diseases[106]. In particular ischemic heart disease, heart failure and
atherosclerosis. The latter is believed to be the result of increased lipid
levels in the blood but studies yielded contradictory results.

GCs increase the chance of adverse events in the gastrointestinal tract[107]
including gastritis, ulcer formation, and gastrointestinal bleeding. The
increase risk is small and causes most likely relate to suppression of the
immune system. GCs also increase the risk of pancreatitis. Underlying
cause is unclear.

And finally the chance of infection should be taken in account[108]. GCs
are excellent anti-inflammatory drugs that reduce the ability of both the
innate- and the adaptive- immune system to deal with invading pathogens.
Common bacteria that under normal conditions pose no threat can
become a real issue. Normal signs of infection can be absent due to
suppression of inflammatory mediators such as cytokines.
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