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Abstract

Glucocorticoids (GCs) have been the mainstay of immunosuppressive therapy in solid
organ transplantation (SOT) for decades due to their potent effects on the innate
immunity and tissue protective effects. But, some SOT centers are reluctant to administer
GCs for long-time due to the various side effects. This review summarizes advantages
and disadvantages of GCs in SOT. PubMed and Scopus databases were searched from
2011 to April 2021 using search syntaxes cover “transplantation” and “glucocorticoids”.

GCs are used in transplant recipients, transplant donors, and organ perfusate solution to
improve transplant outcomes. In SOT recipients GCs are administered as induction and
maintenance immunosuppressive therapy. GCs are also the cornerstone to treat acute
anti-body- and T-cell-mediated rejections. Addition of GCs to organ perfusate solution
and pretreatment of transplant donors with GCs are recommended by some guidelines
and protocols to reduce ischemia-reperfusion injury peri-transplant. GCs with low
bioavailability and high potency for GC receptors such as budesonide, nanoparticle-
mediated targeted delivery of GCs to specific organs, and combination use of
dexamethasone with inducers of immune-regulatory cells are new methods of GC usage
in SOT patients to reduce side effects or induce immune-tolerance instead of
immunosuppression. Various side effects on different non-targeted organs/ tissues such
as bone, cardiovascular, neuromuscular, skin, and gastrointestinal tract have been noted
for GCs. There are also potential drug-drug interactions for GCs in SOT patients.
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Core tip: Due to their potent immunosuppressive and anti-inflammatory effects,
glucocorticoids (GCs) are widely used in solid organ transplantation (SOT). We herein
review the current status of GC usage in SOT including their different clinical uses in
transplant recipients and donors, new strategies for targeted organ delivery of GCs, and
enhancing their immune-tolerance versus immunosuppressive effects. Major concerns
about GCs such as their adverse effects on various organs and their potential drug-drug
interactions in SOT patients are also discussed.

Introduction

Glucocorticoids (GCs) have long been wused as induction and maintenance
immunosuppressive therapy as well as treatment of acute allograft rejection in solid
organ transplant (SOT) patients. However, complications of GCs make them undesirable

for long-term use. Therefore, steroid sparing regimens have been used in different types
of SOTI1-3l,

French insurance data in 2014 showed that only 54% of patients who received kidney
transplantation in 2012 were taking prednisolonel4l. A large cohort study on adult liver
transplant patients who were transplanted between 2006 and 2014 showed that during
six months after transplantation approximately 43% of the liver transplant recipients
were treated with three immunosuppressive drugs including prednisolone, a calcineurin
inhibitor (CNI), and mycophenolate/azathioprine, while 15.4% of the patients were on
steroid sparing regimens; however, approximately 34% of the patients on triple therapy
changed to steroid sparing regimen between months 7 to 12 after liver transplantation[2l.
It should be kept in mind that this data underestimates the number of patients who
discontinued steroid because patients who received only tacrolimus has been categorized
as antimetabolite sparing not steroid sparing group.

Regarding heart transplantation, a report from International Society of Heart and Lung
Transplantation Registry on adult heart recipients who were transplanted between 2000
and 2008 indicated that long-term use of steroids (use for more than 5 years after
transplantation) has declined over time from 60% in the year 2000 to 43 % in the year 2008,
and early GC withdrawal (discontinuation between 2 to 5 years after transplantation) has
increased from19% to 33% during these yearsl3l. Here, we review different advantages
and disadvantages of GCs in SOT (Figure 1).
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Figure 1: Advantages and disadvantages of glucocorticoids in solid organ transplantation
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Method

PubMed and Scopus databases were searched from January 2011 to April 2021 using
search syntaxes: (transplantation [Title/ Abstract] OR transplant [Title/ Abstract]) AND
(corticosteroid* [Title/ Abstract] OR glucocorticoid* [Title/Abstract] OR steroid*
[Title/ Abstract] OR prednisolone [Title/ Abstract] OR prednisone [Title/ Abstract] OR
methylprednisolone [Title/Abstractf OR dexamethasone [Title/Abstract] OR
hydrocortisone [Title/ Abstract]). Articles’ references were reviewed for relevant
publications.

Mechanisms of actions of corticosteroids in solid organ transplantation

For many years adaptive immunity system (T and B cells) has been focused for
preventing allograft rejection. However, innate immune system (dendritic cells,
phagocytes (monocytes, macrophages, neutrophils), and natural killer (NK) cells) also
play major roles in peritransplant immunologic process. Innate immunity is activated
peritransplant by donor brain death, ischemia-reperfusion injury (IRI), non-adherence to
immunosuppressive therapy, and infections. Innate immune activation ultimately
induces acute allograft rejection and chronic allograft damagesl®l. GCs exert a wide range
of anti-inflammatory and immunosuppressive impacts mainly through their genomic
and partly via their non-genomic effects. Their genomic effects that usually have
prolonged onset of action, are mediated by binding of GCs to their cytosolic receptors,
entering the nucleus and activating GC response elements that induce anti-inflammatory
genes (transactivation) while repressing elements that induce expression of inflammatory
factors such as nuclear factor kappa-light-chain enhancer of activated B-cells (NF-KB) and
activator protein-1 (AP1) (transrepression). Anti-inflammatory effects of GCs are related
to both transactivation and transrepression effects, while their adverse effects mainly
correlated to their transactivation impacts. Genomic effects usually depend on
cumulative dose over duration of GC administration[!- 5 6. Non-genomic mechanism of
GCs has been less known and are partly mediated by membrane receptors that modulate
anti-inflammatory and anti-oxidant effects. Their non-genomic effects are of rapid onset,
short duration of action, and happens with high or pulse doses (prednisolone doses of
more than 30mg/day)! 6 71.

Regarding the effects of GCs on innate immunity system, in dendritic cells GCs decrease
the production of inflammatory cytokines (tumor necrosis factor (TNF)-a and interleukin
(IL)-1B) in response to CD40L and lipopolysaccharide (LPS). GCs also inhibit
upregulation of costimulatory molecules (CD40, CD80, CD83, CD86 and MHC-II) in
response to LPS. In monocytes, GCs increase the expression of anti-inflammatory
cytokines (IL-10) and repress production of inflammatory cytokines (TNF-a, IL-1p, IL-
12), reduce expression of CD80 in response to inflammatory stimuli, impair monocyte
antigen presenting activity, down-regulate expression of TLR4 on the surface of
monocytes and subsequent monocyte hypo-responsiveness to endotoxin. In neutrophils,
GCs inhibit neutrophil activation (by reducing the expression of NADPH oxidase,
inducible nitric oxide synthase (iNOS), and cyclooxygenase 2), reduce chemotaxis,
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phagocytosis and cytokine secretions, increase the expression of some receptors for ILs
and proinflammatory leukotrienes (IL1R1, BLT1), and reduce neutrophil sensitivity to
apoptosis that leads to increased neutrophil life span. GCs reduce NK cell cytolytic
activity and increase their production of pro-inflammatory cytokines[8l. By repressing the
expression of IL-1, IL-2, IL-3, TNF-a, and IFN-y, T-cell activation process (a part of
adaptive immunity) is inhibited by GCsl°l. These mechanisms have been summarized in
Figure 2. Considering above-mentioned mechanisms, GCs have various advantages and
disadvantages in SOT patients that are reviewed here.

Figure 2. Effects of GCs on immune system
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Advantages of GCs in SOT

GCs are administered pre-transplant in potential donors and organ perfusate solution to
decrease IRI and preserve organs quality, and GCs are given peri- and post-transplant to
recipients as induction or maintenance immunosuppression, treatment of acute rejection,
or for management of some post-transplant complications.

1. Transplant recipients
1.1. GCs as induction and maintenance immunosuppressive therapy

GCs are commonly used as induction and maintenance immunosuppressive agents in
SOT patients!-3l. As maintenance immunosuppressive therapy, some centers are shifting
toward steroid sparing maintenance immunosuppressive regimens by different steroid
withdrawal or avoidance protocolsll-3l. Steroid sparing means rapid, early, or late steroid
discontinuation (within one week to several months after transplantation), while steroid
avoidance refers to avoiding steroid use in regimens with or without initial high
corticosteroid induction therapy!® %-121. Although old studies on steroid sparing regimens
that usually were GC minimization or discontinuation after 3 months of transplant
surgery showed higher rates of acute rejection and graft loss, in those studies
immunosuppressive regimens contained cyclosporine as a CNI3l. Nowadays, induction
therapies with thymoglobulin or IL2 receptor antagonists and new maintenance
immunosuppressive regimens such as tacrolimus instead of cyclosporine as CNI or
mTOR inhibitors in combination with low doses of CNIs and/or mycophenolate
provided the opportunity for successful steroids sparing immunosuppression regimens!!-
911,14, 15 Although, firstly steroid sparing immunosuppressive regimens were used for
low immunologic risk patients, an analysis of 169479 renal transplant patients using
SRTR exhibited that rapid discontinuation of steroids can be used in all adult and
pediatric first kidney transplant recipients from deceased or living donor and even in
second kidney transplant recipients from living donor or patients at risk for rejection or
recurrence of underlying diseases, without decreasing patients” or graft survivals. Only
in adult patients with second kidney transplantation from deceased donor, rapid steroid
withdrawal was associated with worse graft survivall®l. Another systematic review and
meta-analysis consisting 7 cohort studies that included even high-risk kidney transplant
patients such as re-transplant patients, African-American ethnicity or recipients with
panel reactive antibody (PRA) of 20% or more found that acute rejection episodes and
graft loss were comparable between patients maintained on steroids compared with
steroid withdrawal or avoidance group. Steroid withdrawal was done within 1 week after
transplantation in many of these patients. Based on this meta-analysis, steroid
withdrawal within 1 week after transplantation was associated with significant reduced
risk of patient death[10l,

Steroid withdrawal regimens are used in most liver transplant patients. A Cochrane
systematic review consisting 1347 liver transplant patients revealed that early steroid
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withdrawal or steroid avoidance (excluding intraoperative GC use) have been beneficial
in some patients especially those at risk for hypertension or diabetes mellitus(!ll.
Although steroid avoidance after using high intraoperative dose may be beneficial in
liver transplant recipients, data showed that complete steroid avoidance (even avoiding
intraoperative use) led toward decreased patient and graft survivalll2l.

Most centers of simultaneous kidney and pancreas transplantations are also shifting
toward steroid avoidance, or early or late steroid withdrawalll6l.

Long term GC therapy had been conventionally the cornerstone of immunosuppressive
therapy in heart transplant patients. However, a report from International Society of
Heart and Lung Transplantation Registry on adult heart recipients who were
transplanted between 2000 and 2008 showed that early or late GC withdrawal has
increased among heart transplant patients. Comparing to long-term steroid users (GC
use for more than 5 years after transplantation), 10-year patient survival was significantly
higher among early (GC discontinuation between 2 to 5 years after transplantation) or
late (GC discontinuation after year 5 of transplant) steroid withdrawal (73%, 82% and
80%, respectively)Bl. Steroid discontinuation during 1 week after transplantation has also
been applied in low-risk heart transplant pediatrics with acceptable 1-year outcomes!17l.

Corticosteroids are usually a part of maintenance immunosuppression in lung transplant
patients as well. Glucocorticoid receptor (GR) in lung epithelia is essential for lung
development, and GCs are widely used to treat certain lung diseases!'8l. It seems that
there is a difference in lung transplant outcomes between patients with different variants
of glucocorticoid-induced transcript 1 gene (GLCCI1) that modulates GC sensitivity. A
study on 71 lung transplant recipients showed that compared with those with the CC
variant (wild type allele), patients with the TT variant (homozygous for mutant allele)
had lower total lung capacity and forced expiratory volume in 1 second at 3 years after
transplantation and also had significantly decreased chronic allograft dysfunction-free
survival at year 3 after transplantation[°l.

Despite available data regarding efficacy of steroid sparing regimens in SOT patients,
systemic steroids are still used at least for several weeks in maintenance
immunosuppression regimens even in low immunologic transplant types such as liver
transplantation!?)l. Budesonide is a synthetic corticosteroid with minimal systemic
bioavailability of about 10% due to extensive first pass hepatic metabolism that result in
its lower side effectl?!l. On the other hand, compared to methylprednisolone and
prednisone, budesonide possesses strong local anti-inflammatory effect in the liver due
to approximately 15-times higher affinity to GRI[?2. A phase 2 clinical study in first liver
transplant recipients compared budesonide (tapering from 9 to 3 mg over 12 weeks) with
prednisolone in the maintenance immunosuppressive regimen containing CNI and
mycophenolate. Patients were followed for two years. Biopsy proven acute cellular
rejection was the same between the two groups (5% in each group), while PTDM (0%
versus 15%) and infection rates (0% versus 30%) were significantly lower in the
budesonide taking group!l.


https://doi.org/10.20944/preprints202106.0437.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 June 2021 d0i:10.20944/preprints202106.0437.v1

1.2. Treatment of acute rejection

High doses of intravenous (methylprednisolone or dexamethasone) or oral
(prednisolone, prednisone) GCs have been historically administered for the treatment of
acute cellular and antibody mediated rejections in different types of SOT[24-28].

Recently, a US center retrospectively assessed the 6-month outcomes of 29 pediatric liver
transplant who were prescribed oral budesonide at outpatient setting for treatment of
biopsy proven (19 patients) or presumed (based on blood biochemistry tests; 10 patients)
mild to moderate acute cellular rejection. In these patients, budesonide was administered
at daily doses of 6 to 9 mg for several weeks and tapering down thereafter. Only 3 patients
needed switching to systemic GCs (methylprednisolone or prednisone). All other
patients experienced significant decreases in liver transaminases without progressive
graft injury or chronic allograft rejection[?l.

1.3. Post-transplant malignancies

A main complication after solid organ transplantation is post-transplant malignancies
including post-transplant lymphoproliferative disorders (PTLD). Immunosuppression
reduction or changes is recommended in patients with PTLD. However, GCs are a basis
of chemoimmunotherapy in some malignancies including PTLD and are usually
remained in immunosuppressive regimen of solid organ transplant recipients with
PTLDI[0l. Sometimes under the umbrella of corticosteroids, other chemotherapeutic
agents with some concerns in SOT recipients are administered. Although immune
checkpoint inhibitors are increasingly shown to be successful in treating multiple types
of cancer, there are some concerns about the risk of allograft rejection with these drugs in
SOT patientsl3l. A pilot study showed that immune checkpoint inhibitors along with
prophylactic steroids may be a safe and effective treatment for some solid organ
transplant patients with advanced cutaneous squamous cell carcinomal®2l. While a
Danish historical cohort study revealed a tendency toward higher occurrence of post-
transplant cancer in a kidney transplant center that applied steroid-free
immunosuppressive regimen compared to centers that adhered to GC-containing
immunosuppressive protocolsi33, another Danish registry analysis on over 59000 patients
found a standardized incidence risk of 1.32 (95% 1.09-1.59) for cutaneous squamous cell
cancer among GC users, however, this increased risk was seen across all patients in that
study not just transplant patients[34l.

1.4. Prevention or treatment of recurrent autoimmune diseases

Diverse de novo autoimmune diseases in different organs can happen after SOT and are
usually treated as patients in the general population that is out of the scope of this review.
Recurrent glomerulonephritis (GN) after renal transplantation is the fourth common
cause of allograft loss with reported recurrence rate of 2.6% to 50% and average graft loss
risk of 8.4% over 10 years. Data from Australia and New Zealand Dialysis and Transplant
Registry over 30 years reported that focal segmental glomeruosclerosis (FSGS), IgA
nephropathy, membranous GN, and membranoproliferative GN (MPGN) showed
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recurrence after renal transplantation. Different risk factors have been reported for these
GN recurrence. Regarding the role of GCs, when all GNs were totally included,
multivariate analysis exhibited that baseline steroid wuse in maintenance
immunosuppression had a protective effect (adjusted HR: 0.54; 95% CI 0.37-0.76,
P<0.001). When FSGS and IgA nephropathy were analyzed separately, baseline steroid
use was a protective factor only for transplant recipients with IgA nephropathy(%l.
Another study also revealed that the rate of recurrence of IgA nephropathy after kidney
transplantation was higher among patients with steroid withdrawal at any time after
transplant3¢l. There is paucity of enough evidence for treatment and outcomes of
recurrent GN after transplantation. Recurrent GN after transplantation is usually
managed similar to de novo ones in the general population, although sometimes with
some different protocols and responses. GCs are usually a part of GN management
regimenl3 38l. Recurrent IgA nephropathy after renal transplantation is treated with
GCsl¥1.

Autoimmune liver diseases (autoimmune hepatitis (AIH), primary biliary cirrhosis
(PBC), and primary sclerosing cholangitis (PSC)) may recur after liver transplantation
with varying rates of 10% to 50%. Recurrence of PBC or PSC has net been associated with
dose or duration of CGs administration or discontinuing of GCs. Recurrent PBC is
traditionally treated with ursodexycholic acid with varying results. Recurrent PSC
usually causes progressive allograft damage and need for repeat liver transplantation.
Although overall dose and duration of GC treatment pre- and post-liver transplantation
were not related to AIH recurrence, rapid weaning of GC after liver transplantation has
been associated with higher AIH recurrence rate. AIH recurrence is usually treated with
GCsl40,41].

1.5. Maintaining immunosuppression in patients with graft loss who listed for re-
transplantation

Although maintenance of low dose CNI after kidney allograft loss can decrease the
development of donor-specific antibody and repress the rise in PRA in patients listed for
repeat kidney transplantation, such effects were not observed with GCsl*2l. Meanwhile,
some clinicians continue low dose prednisolone in kidney recipients with graft loss more
than one year after transplantation who are planned for repeat renal transplantation
within 1 year[43l.

1.6. Graft versus host disease (GVHD) after SOT

Although rare after SOT, GVHD may still occur. Case series show administration of
methylprednisolone for treatment of GVHD in some SOT patients, however, there are
GC-treatment refractory patients with high mortality rate of 82% [44 451,

1.7. Hyperbilirubinemia after liver transplantation

Hyperbilirubinemia after liver transplantation is common and is sometimes due to early
allograft dysfunction. A randomized controlled trial assessed the effect of low dose
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steroid in combination with ursodeoxycholic acid in liver transplant patients. Control
group received only ursodeoxycholic acid. Patients with hyperbilirubinemia due to
biliary complications and acute rejection were excluded from the study. Both groups
were comparable regarding immunosuppressive regimen, donor and recipient
characteristics, and time after transplantation surgery. Steroid group had significantly
lower bilirubin concentration 1 day and 15 days after intervention was completed and
has shorter hospital stay compared with the control groupl4tl.

1.8. Pregnancy and lactation

GCs crosses the placenta, but near 90% of the dose of prednisolone and
methylprednisolone (and to lesser extent dexamethasone and betamethasone) are
metabolized by placenta 11B-hydroxysteroid dehydrogenase 2 (11p-HSD2) to inactive
metabolite. Although, there were concerns about oral-facial clefts, hypothalamus-
pituitary-adrenal (HPA) axis dysfunction, or retard growth in newborns from GC-taking
mothers, the risk seems minimal unless there is 113-HSD2 dysfunction (for example due
to preeclampsia in mother). It should be kept in mind that GCs may predispose pregnant
women to hypertension and preeclampsia. Taken together, GCs in daily doses equivalent
to less than 20mg prednisolone is considered acceptable in pregnant women, and GCs
are usually continued in transplanted mothers. GCs are also considered compatible with
breast-feedingl#’].

1.9. Management of other complications

The number of patients with pulmonary complications after hematopoietic stem cell
transplantation (HSCT) is increasing, and some of these patients need lung
transplantation to survive. Steroid therapy is the current treatment for pulmonary
complications in HSCT patients. A retrospective study that compared 9 patients on low-
dose and 13 patients on high-dose GCs for post-HSCT pulmonary complications and
before their lung transplantation showed that taking low-dose versus high-dose GCs
before lung transplantation in these patients was associated with significantly less
complications during first year after lung transplantation and improved long-term
survivall*sl.

1.10. New horizons of GCs use in SOT recipients

Targeted delivery of GCs to goal organ is a favorable method to reduce GC side effects
when used for treatment of inflammatory diseases and in SOT patients. After parenteral
administration, nanoparticles largely translocate into the liver by passive targeting.
Therefore, nanoparticle-mediated drug delivery would be a promising method for
treatment of inflammatory liver diseases. In several studies, different nanoparticles have
been used for transportation of dexamethasone, such as biodegradable polymers (PLGA,
PLLA, PCL, cellulose, cyclodextrin, chitosan, polyglutamic acid, and lipids), inorganic
materials, polymer micelles, liposome, and carbon nanotubes. Entrapment of
dexamethasone in these nanoparticles resulted in prolonged and sustained release of
dexamethasone, but premature release out of the target organ was an undesired matter
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yet. To overcome this issue, dexamethasone in concentrations up to 100mg/ml in olive
oil were encapsulated in core-shell silica nanocapsules. During an experimental study,
these nanocapsules were internalized by non-parenchymal murine liver cells and
resulted in suppression of inflammatory response of liver macrophages and significant
decrease in inflammatory cytokines. Pegylation of these nanocapsules led to good
stability in plasma and controlled interaction with blood proteins!4°l.

With the hope of improving efficacy while decreasing side effects, another animal study
compared liposomal encapsulated prednisolone versus conventional prednisolone in a
murine model of acute renal allograft rejection. The liposomes were 100-nm phospholipid
bilayer vesicles coated with polyethyleneglycol. These liposomes remained in blood for
several days after intravenous injection. Liposomes prevent the encapsulated drug to
diffuse over blood vessel endothelial cells and spread over the body, while they are small
enough to extravasate and accumulate in inflamed sites with increased vascular
permeability, where macrophages and other phagocytic cells digest the vesicles and
release the entrapped GC. The results of that animal study showed improved renal
bioavailability of prednisolone, increased renal perfusion, and decreased cellular
infiltrate in allograft by liposomal prednisolone compared with conventional
prednisolone. In that study, liposomes were detected in other organs such as liver,
stomach, and intestine but in much lower density than the kidney allograft>%l. More
animal studies are needed before clinical studies to bring these bench findings to the

bedside.

Inducing immune tolerance and eliminating the need for long term immunosuppressive
therapy has been an old ideal in SOT. Modulating immunoregulatory cells are a potential
target for this purpose. Myeloid derived suppressor cells (MDSCs) are novel
immunoregulatory cells and are induced by granulocyte macrophage colony stimulating
factor (GM-CSF). In an in vitro study, combination of dexamethasone with GM-CSF was
successful for enhanced production of phenotype of MDSCs with enhanced in vitro
immunosuppressive activity. Adoptive transfer of these MDSCs significantly enhanced
expansion of regulatory T cells and prolonged heart allograft survival in mice model.
Mechanistic studies showed that iNOS signaling was required for MDSCs in the control
of T-cell response. GR signaling had major role in the recruitment of transferred MDSCs
into allograft through upregulating CXCR2 expression on MDSCs. These findings
revealed that co-administration of dexamethasone and GM-CSF may be a new and
applicable strategy for the induction of immune tolerance in SOT511.

2. Transplant donors

Brain death process induces inflammatory response in the donor. Increased intracranial
pressure and decreased cerebral blood flow during brain death process activate
neurohormonal systems and inflammatory cascade. Increased release of inflammatory
cytokines, chemokines, and adhesion molecules leads to infiltration of T-lymphocytes
and macrophages into the organs/®?l. This inflammatory response causes allografts injury
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that in combination with IRI increases the risk of initial allograft poor function!33l. There
are two separate stages for IRI. Ischemia leads to cellular metabolic disturbances,
glycogen consumption, lack of oxygen supply, and ATP depletion which lead to initial
parenchymal cell death. Reperfusion injury results from both metabolic disruptions and
intense inflammatory response. IRI triggers inflammatory response mainly through
innate immune response. Innate immune activation leads to increased production of
cytokines, chemokines, and reactive oxygen species (ROS), and increased expression of
adhesion molecules. Moreover, cross-talk between innate and adaptive immunity trigger
adaptive immune response that results in tissue infiltration by lymphocytes and
monocytes and graft rejection(>4l. IRI is an important cause of early allograft dysfunction
[54]. Therefore, several investigators administered anti-inflammatory drugs to deceased
donors to ameliorate IRI. Although animall®® 5] and small clinical studiesl>”l showed that
administering GCs to brain death donors decreased IRI in kidney, heart, or liver grafts
[55-57] and is recommended by organ procurement guidelines[>8], the effect of pretreatment
of brain death donors with anti-inflammatory agents on long-term allografts outcomes
are not promising!® ¢0l. A multicenter randomized controlled trial consisting 455 kidney
transplant recipients from 306 deceased donors were followed for 5 years after
transplantation. These deceased donors were randomized to receive 1g of
methylprednisolone or placebo before organ procurement. The incidence of biopsy-
confirmed rejection (Banff>1) at 3 months after transplantation and 5-year graft survival
and the mean estimated glomerular filtration rates were comparable between steroid and
placebo groupsl®I. In addition, a meta-analysis on methylprednisolone treatment of brain
death liver donors (two studies, 183 participants) showed no effect of the treatment on
rates of acute rejection (Table 1)l Interestingly, an animal study showed that
pretreatment with methylprednisolone markedly prevented warm liver IRI in normal
rats, but aggravated IRI in the steatotic livers of the diabetic Zucker rats with deficiency
of the leptin receptor!®2l. Leptin resistance is common in diabetes. Thus, more studies are
needed to understand how deficiency in the leptin signaling may switch the GC action
from protection to aggravation in liver IRI and thus affect GC action in SOT of liver and
other organs in humans.
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Table 1. The effect of pretreatment of transplant donors with methylprednisolone on

SOT outcomes

Type of the
study

Type of
SOT

Follow-up
duration

Findings

RCTI57]

Liver

6 months

Significant lower liver enzymes in GC
versus placebo group at 1¢t and 10t
day after transplantation;

No difference in PNF rate between
groups (2 of 50 patients in GC and 3 of
50 patients in the placebo group);
Lower acute rejection during 6 months
in GC group (22% vs. 36%, P<0.05)

RCTI60]

Liver

Maximum 3
years

No difference in liver enzymes
between GC and placebo groups
during 1t week after transplantation;
Acute rejection during 3 months after
transplantation was 24% in each
group;

1-year graft loss15% in GC and 24% in
the placebo group (P=0.41);

Relative risk of acute rejection in GC
versus placebo group: 1.02 (95 CI: 0.5-
2.1; P=1);

Relative risk of mortality in GC versus
placebo group: 0.63 (95%CI: 0.29-1.36;
P=0.31)

Meta-
analysis of

two above
RCTslell

Liver

Maximum 6
months

Risk ratio for incidence of acute
rejection during 1 to 6 months after
transplantation: 0.72 (95% CI: 0.44-1.19,
P=0.2)

RCTI]

kidney

5 years

3-month BPAR:10% in GC and 12% in
placebo group(P=0.468);

5-year graft survival:84% in GC and
82% in placebo group (P=0.941);
Mean eGFR at 5 years:
47ml/min/1.73m?2 in GC and
48ml/min/1.73m? in placebo group
(P=0.756)

BPAR: biopsy-proven acute rejection; GC: glucocorticoid; PNF: primary non-function;
RCT: randomized clinical trial; SOT: solid organ transplantation
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The pro-inflammatory state induced by brain death process also decreases the quality of
lungs for donation. To preserve lung quality, methylprednisolone is administered to
donors with various doses. To assess the dose-effect association between
methylprednisolone and brain-death lung inflammation, an animal study compared low
(bmg/kg), intermediate (12.5mg/kg), and high doses (22.5mg/kg) of
methylprednisolone. All methylprednisolone doses decreased inflammatory cytokines
such as TNF-a, IL-6, and IL-1p. Intermediate and high doses of methylprednisolone also
increased protective anti-inflammatory response as established by increased IL-10
expression. Macrophage chemotaxis was attenuated with all doses of
methylprednisolone, while neutrophil chemotaxis was more evident with intermediate
and high doses of methylprednisolone. Considering dose-related side effects of
methylprednisolone, this study suggested the intermediate dose of methylprednisolone
to reduce brain death-induced inflammatory responses in donors’ lungsl®l. These
findings need human studies before extrapolation to routine clinical use.

3. Organ perfusate solutions

Animal studies have shown decreased generation of pro-inflammatory cytokines, IRl and
donated tissues edema by adding (methyl)prednisolone to perfusate STEEN and
Perfadex solutions for heart and lung graftslé4 6. Recently, normothermic ex vivo heart
perfusion using the Transmedics organ care system (OCS) has been used clinically for
preservation of hearts donated after circulatory death. Based on Transmedic OCS
protocol, methylprednisolone is added to the perfusate solution to reduce IRI and
preserve cardiac functionlé6l.

Disadvantages of GCs in SOT

The main drawback of GCs is their diverse adverse effects on various tissues. Side effects
are usually related to genomic mechanism of action of these drugs, mainly transactivation
ones; therefore, these side effects usually have prolonged onset and are associated with
cumulative dose of GC over the duration of its administration[!- > ¢l. Another aspect that
should be considered especially in SOT patients is drug interactions of GCs with other
drugs in these patients. These aspects are briefly reviewed below.

1. Side effects
1.1. Infections

Glucocorticoids increase the risk of bacterial, fungal, and viral infections [fl. A
multivariate regression analysis on data of 45164 kidney transplant recipients in 2000-
2011 from United States Renal Data System (USRDS) showed that steroid-free
immunosuppressive regimen was associated with reduced risk of pneumonia (adjusted
HR=0.89; P=0.002) and sepsis (adjusted HR=0.80; P<0.001)[¢”]. A multicenter, case-control
study on 988 episodes of Enterobacterale-induced blood stream infection among SOT
patients showed that about 40% of these episodes are caused by extended-spectrum {3-
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lactamase  (ESBL)  producing organisms. Taking  corticosteroid-containing
immunosuppressive regimens was identified as a risk factor for ESBL-Enterobacterale
induced blood stream infection (adjusted OR= 1.3, 95% CI, 1.03-1.65; P= 0.03)I¢8l.
Nocardiosis is another bacterial infection reported among immunocompromised patients
such as SOT recipients. A retrospective study compared 60 adult patients who were
hospitalized with nocardiosis to a group of 120 patients which was randomly selected
among hospitalized patients with community-acquired pneumonia. Multivariable
logistic regression analyses showed that immunosuppressive therapy was positively
associated with nocardiosis (matched OR=4.40, 95% CI 2.25-8.62; P <0.001). Among
immunosuppressive therapy, GC therapy was a typical risk factor for nocardiosis
(matched OR=4.69, 95% CI 2.45-8.99; P <0.001), especially for pulmonary nocardiosis
(matched OR=5.90, 95% CI 2.75-12.66; P <0.001). The positive association between solid
organ transplantation and nocardiosis was mitigated following adjustment for GC
administration in a multivariable model. The association between taking GC and
nocardiosis was stronger in patients with chronic pulmonary disease (OR=5.74, 95% CI
2.75-12.66; P <0.001) than in the pooled analysis of all nocardiosis casesl®l. Another
analysis on 112 patients with nocardiosis, among them 67 were immunocompromised
patients showed that pulmonary nocardiosis among immunocompromised patients was
significantly associated with taking high dose GC. Immunocompromised patients
showed more disseminated forms of infection, with the highest rate in SOT recipients,
and had significantly higher mortality compared with immunocompetent patients[70l.
Taking GCs is a risk factor for fungal infections including mucormycosis”!l and invasive
Aspergyllosisl’2 731, Although American society of transplantation suggests re-initiation of
Pneumocystis  jirovecii pneumonia (PJP) prophylaxis with intensification of
immunosuppression such as treatment of acute rejection with GCsl74, the association
between GC bolus for acute rejection and PJP remains controversiall’>l. While a French
case control study exhibited that GC bolus administration for acute rejection in kidney
transplant patients as an independent factor correlated with PJPI7¢l and a Korean study
showed that taking GCs is significantly associated with PJP[?7], a meta-analysis found that
GCs injections for acute rejection did not increase the risk of PJP[75. On the other hand, a
retrospective case series showed that adding GCs to PJP treatment of non-HIV infected
patients (3 of 28 were SOT patients) was associated with lower mortality[’8], while an
older retrospective study comparing PJP-infected non-HIV patients with or without
adjunctive steroid therapy (12 of 59 patients in GC taking group and 14 of 29 patients in
no GC group were SOT patients) found that GC use may not improve outcome of
moderate to severe PJP in these patients[”l.

Regarding viral infections, it has been reported that prednisolone daily doses of 10 mg or
higher is associated with higher risk of respiratory viral infection!®. Community
acquired viral respiratory infections (rhinovirus followed by coronavirus and respiratory
syncytial virus) has been reported in approximately 25% of lung transplant recipients
during the first year after transplantation especially in those receiving nasal
glucocorticoids/®l. Corticosteroid use is a risk factor for adenovirus infections including
urinary tract infection with this virus (OR = 3.86, 95% CI 1.21-12.24; P = 0.02 for acquiring
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urinary tract infections)[82l. It has been reported that kidney transplant patients on the
maintenance GCs are more likely to be admitted with COVID-19[8l. Some authors
reported that one of the major risk factors associated with survival among kidney
transplant patients infected with SRAS-CoV2 is receiving prednisolone, (OR= 5.98, 95%
CI 1.65-21.60); P < 0.01)[841.

BK (polyoma) virus infection is common during 6 months after renal transplantation and
may lead to BK virus associated nephropathy (BKVAN). There are case reports of
BKVAN that resulted in native kidney failure in other types of SOT patients. Taking GCs
pulse for the treatment of acute allograft rejection has been reported in these patients
before BKVANI®I. Causality assessment needs more studies.

Regarding cytomegalovirus (CMV) infection, a retrospective study evaluated 71 SOT
patients during the same time period, among them 49 patients were tested for genotypic
resistance CMV variants and 22 were not because of no clinical suspicion for resistance
variants. This study compared the patients in 3 groups; group 1 were patients with
resistant CMV infections (defined as document of failure to reach at least 1 log1o decline
in CMV DNA load after two weeks of treatment with (val)ganciclovir, foscarnet,
cidofovir and at least 1 CMV resistant genotypic mutation), group 2 refractory CMV
infection (defined as documented failure to have 1 logio or more decline in CMV DNA
level after at least two weeks of treatment with (val)ganciclovir), and group 3 (no
suspected CMV resistance and not tested for that). Results showed that patients in group
1 and 2 were taking higher mean daily doses of prednisolone compared with patients in
group 3 (10 mg a day or higher versus 5 mg daily); however, in the final model, daily GC
dose was not a significant risk factor for resistant or refractory CMV infection[®l. An
experimental study indicated that GCs activate major immediate-early promoter (MIEP)
which drives CMV gene expression. This GC effect is mediated via GR pathway and leads
to reactivation of latent CMV from primary monocytes. To investigate the clinical
relevance of this experimental finding, the same researchers retrospectively analyzed
data of liver transplant patients and found that taking prednisolone as baseline
immunosuppression and/or methylprednisolone as augmented immunosuppression
can trigger CMV reactivation in intermediate-risk patients (D+/R+) to the levels
comparable with high-risk patients (D+/R-)[87].

One-year cumulative doses of 1830 mg or more of GCs has been associated with TB
infection in patients with systemic lupus erythematosus (OR= 2.74, 95% CI 1.26-5.98;
P =0.011)[88 that may be true for SOT patients as well.

Severe Sterongyloides stercolaris infection is associated with high morbidity and mortality
among kidney transplant patients and is usually accompanied with gastrointestinal and
respiratory symptoms. A multicenter cohort study consisting 46 kidney transplant
patients with severe Sterongyloides stercolaris infection and 92 matched control patients
found that cumulative GC dose was an independent risk factor for severe Sterongyloides
stercolaris infection [median (IQR) of doses of 73.32 (40.93-157.46) mg/kg in the case
group versus 65.23 (32.05- 155.28) mg/kg in controls) (OR=1.005, 95% CI: 1.001-1.009; P=
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0.008)1891. As seen, the calculated OR is approximately 1, which may not be of clinical
importance despite statistical significance.

Although rare, visceral leshmaniasis may occur after solid organ transplantation relating
to general prevalence of this parasite in that geographic area. High dose prednisolone
within preceding 6 months has been associated with this infection in SOT patients!*0l.

1.2. Bone disorders

GCs antagonize the effects of vitamin D, decrease intestinal absorption of calcium, inhibit
secretion of growth hormone, inhibit bone formation (by inhibiting osteoblasts
differentiation and increasing their apoptosis), increase bone resorption (by enhancing
osteoclasts formation), and finally lead to osteoporosis and increased risk of fractures
especially in trabecular bonesl¢l. Chronic kidney disease-mineral bone disorder (CKD-
MBD) after kidney transplantation is a mix of pre-existing disorders and new alterations.
The final results are abnormal mineral metabolism (hypercalcemia and
hypophosphatemia) and bone changes (high or more commonly low bone turnover
disease) with consequences of decreased bone mineral density and increased risk of bone
fractures®ll. Although not completely clarified, several factors play roles in post-
transplant bone disorders such as immunosuppressive treatment especially
corticosteroids, persistently high levels of PTH, vitamin D deficiency, and
hypophosphatemia. Transplant recipients are at four-fold higher risk of fracture
compared with general population. One of the most relevant risk factors is high doses or
prolonged GC therapyl®! ®2l. Kidney transplant recipients with early steroid withdrawal
showed higher bone mineral density in lumbar spine and femoral neck and less
osteopenial®l. On the other hand, one study followed 36 renal transplant patients who
continued low daily dose of 5mg prednisolone from day 42 after transplantation onward
for 1 year. None of these patients received any treatment for bone disorders. In addition
to bone mass densitometry, novel bone quality parameters including trabecular bone
score and bone material strength index were evaluated for these patients. Findings
indicated small decrease in bone mineral density in femoral neck at 3-months and in
lumbar spine at 12-months after transplantation, while, no changes in trabecular bone
score and bone material strength index were found, showing limited effects of low daily
doses of GCs on bonel®l. Osteonecrosis of the hip is another side effects of corticosteroids
in SOT patients[®l. Although some studies showed that cumulative dose of
methylprednisolone/prednisolone after kidney transplantation has been a risk factor for
avascular osteonecrosis®® %71, a meta-analysis found little correlation between cumulative
doses and duration of administration of methylprednisolone/prednisolone and
avascular osteonecrosis of femoral head[*8l.

1.3. Growth in pediatric transplant recipients

By inducing abnormal growth hormone secretion and response, GCs impair stature
growth in children and prepubertal adolescencel®l. In contrast, GR in hepatocytes is
essential for postnatal body growth by mediating the growth hormone signaling in
micel®l. New animal data also suggests that GCs decrease longitudinal bone growth by
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upregulation of fibroblast growth factor-23 (FGF23) and its receptor (FGF23R3)
expression1®]. GC-induced growth retardation in pediatric transplant patients
encouraged SOT teams to apply steroid minimization protocols in prepubertal kidney
transplant patients with better bone health, growth outcome and comparable allograft
rejection ratesl14,101,102],

1.4. Metabolic complications and cardiovascular risks

Obesity and metabolic syndrome with three components of hyperglycemia,
hyperlipidemia, and hypertension, are common long-term side effects of GCs; these
adverse effects increase atherogenesis and the risk of cardiovascular eventsl®l. Adipocyte
GR deficiency promotes adipose tissue expandability and improves the metabolic profile
during GC exposurell®l. In contrast, GR in cardiomyocytes is essential in cardio
protection; deletion of cardiomyocyte GR increases mortality due to the development of
spontaneous cardiac pathology in both male and female micel1%4l. The mechanism of GC-
induced hyperglycemia is insulin resistance followed by increased hepatic
gluconeogenesis!!l. Post-transplant diabetes mellitus (PTDM) is associated with higher
risk of mortality and graft loss[1%l. PTDM incidence in SOT patients varies from 10% to
74% depending on the country and ethnicity of the patients and diagnostic criterial105-107],
There are several risk factors for PTDM such as viral infections, underlying kidney
diseases, and different immunosuppressive drugs that can confound causality
assessment between steroid dose and duration and PTDM in SOT patients[ll. A Malaysian
study of 168 patients without diabetes before transplantation showed the PTDM
incidence of 17% during one year after renal transplantation. In that study, daily
prednisolone dose was not associated with the development of PTDMI107l. Another 4-year
follow-up study on 400 kidney transplant patients without history of diabetes before
transplantation (96 patients on steroid-free and 304 patients on 5mg/day prednisolone in
immunosuppressive regimen) indicated that taking 5mg daily prednisolone was
associated with a small but not statistically significant increase in HbAlc and significantly
higher risk of prediabetes (RR= 1.789; 95% CI 1.007-3.040; P= 0.026) but not PTDM
compared with steroid withdrawal regimen. Although other components of
immunosuppressive regimen such as the type of CNI (tacrolimus versus cyclosporine A)
can affect PTDM risk, in the multivariate analysis of Tillmann’s study, independent of
the higher risk of tacrolimus compared with cyclosporine in inducing PTDM, higher risk
of prediabetes with long-term low dose steroid was shown!1%l. On the other hand, a meta-
analysis on more than 22 thousand kidney transplant patients showed that early steroid
withdrawal during 1 week after transplantation is associated with less PTDM risk
(RR=0.91; 95% CI 0.37-0.97; P= 0.04)[19]. Association between new onset hyperglycemia
and GC-containing maintenance immunosuppression among liver transplant recipients
is controversialll® 110l While a Japanese retrospective analysis on 461 adult liver
transplant recipients from living donors did not find any association between taking GC
and PTDMI10%], a randomized clinical trial on live donor liver transplant patients reported
significantly higher incidences of PTDM among patients taking steroids versus steroid-
free group during 3- and 6-months follow-upsl!’0l. One confounding factor in data

18


https://doi.org/10.20944/preprints202106.0437.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 June 2021 d0i:10.20944/preprints202106.0437.v1

interpretation is using different diagnostic criteria for PTDM in different studies. For
example, in Toshima et al study, fasting plasma glucose of 110 mg/dL or higher has been
used as a cut-off for PTDM definition[1%9, while based on standard criteria of American
Diabetes Association, plasma glucose level of 126 mg/dL or higher is defined as
diabetes!111.

Hyperlipidemia is another known metabolic side effect of GCs. Increased total
cholesterol, very low-density lipoprotein (VLDL) cholesterol, and triglyceride levels and
decreased HDL-cholesterol concentration have been reported with GCs, depending on
the dose and duration of their administration!®; however, a large US cohort study showed
beneficial effect of GCs on increasing HDL cholesterol among population older than 65
years old[2l. Wide ranges of mechanisms have been supposed for GC effects on lipid
profile including increased activity of acetyl-Coenzyme A carboxylase and free fatty acids
synthetase and enhanced hepatic synthesis of VLDL, inhibition of lipoprotein lipase,
alteration in insulin signal pathway, and possible inhibition of the activity of 3-hydroxy-
3-methylglutaryl Coenzyme A (HMG-CoA) reductasel®l. The latter mechanism
theoretically can have positive effects on lipid profile that may explain some
controversies regarding GC-induced lipid changes in the literature. Regarding organ
transplant patients, a study on liver transplant recipients showed that taking
maintenance GCs was an independent factor associated with hyperlipidemia but not
with the two other component of metabolic syndrome (hyperglycemia and hypertension)
in this patient population[!®l. In contrast, another study that compared steroid-free
versus steroid-taking immunosuppressive regimens in living donor liver transplant
recipient, found significant higher incidences of all components of metabolic syndrome
including new onset hyperglycemia, new-onset hypertension, and hypertriglyceridemia
among steroid-taking group!!10l.

Although the effect of steroid withdrawal on hypertension after transplantation is
controversial, a study on pediatric liver transplant patients that followed the patients
with ambulatory blood pressure monitoring showed improved blood pressure especially
nocturnal hypertension and restoring circadian rhythm of blood pressure after GC
discontinuation in these patients[13l. A Saudi study on adult kidney transplant patients
showed that steroid-sparing patients had significantly lower weigh gain and a non-
statistically significant better blood pressure and lipid controll'4l. Different mechanisms
have been reported for GC-induced arterial hypertension including salt and water
retention by activating renal mineralocorticoid receptor (MR) and regulating vascular
activity by activating GR in endothelial and vascular smooth muscle cells. Interestingly,
GRin vascular endothelial cells is required for dexamethasone-induced hypertension[119],
while loss of endothelial GR increases hemodynamic instability, inflammation, and
mortality in sepsis, and GR deficiency in endothelial cells prevents the therapeutic
protection by dexamethasone after LPS treatment!!16. 117]. Hypertension is more common
among patients taking daily doses of more than 20mg prednisolone. Metabolic changes
and hypertension increase atherogenesis and risk of cardiovascular events in long-term
GC taking patientsl6.
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1.5. Neuropsychiatric side effects

Most immunosuppressive drugs especially CNIs, glucocorticoids and mTOR inhibitors
can induce neurologic side effects. Sometimes the assessment of causality is hard and all
drugs work together to manifest the side effect(s). Glucocorticoids easily pass the blood
brain barrier and reach all brain cells and result in HPA axis suppression,
neuropsychiatric and neurodegenerative side effects. Prolonged exposure to
glucocorticoids in SOT patients and high GC doses and concentrations (e.g. during
treatment of acute rejection) increase the risk of neuropsychiatric side effects because of
structural remodeling in neurons, synoptic loss, and maladaptive alterations in glial
function[8l. GCs cause different neurologic side effects such as headache, tremor,
seizure, stroke, and pseudotumor cerebri. GC-induced psychiatric adverse effects vary
from minor mood changes and confusion, sleep disorders, anxiety to severe psychotic
featuresl® 1181,

1.6. Muscular side effects

GCs has catabolic effects on muscles, leading to muscular atrophy, cramping and
progressive symmetrical muscle deficit. They can induce acute or chronic myopathy.
Tendon rupture is a rare side effect of GCsl¢l. High doses of GCs cause muscular atrophy
via activating GR in the musclel1°].

1.7. Adrenal insufficiency

Suppression of the activity of HPA axis and the subsequent adrenal insufficiency are
well-known side effects of GCs. Adrenal insufficiency may be potentially life-threatening
because of the risk of acute adrenal crisis. A study on renal transplant patients treated
with oral prednisolone at daily doses of 5 to 7.5 mg for 6 months or more found
insufficient adrenal response to synacthen test in about 43% of the patients which shows
high prevalence of adrenal insufficiency due to long-term low dose GCs in these
patientsl120].

In addition to decrease in endogenous GC production, exogenous GC such as
prednisolone may also enhance the activity of 11p-hydroxysteroid dehydrogenase type 1
(11B-HSD1), the enzyme that is responsible for regeneration of cortisol from inactive
metabolite, cortisone. A cohort study investigated this hypothesis in prednisolone-
treated kidney transplant patients compared with healthy controls. The median daily
dose of prednisolone in these patients was 10mg (IQR of 7.5-10mg). 24-hour urinary
cortisol, cortisone, tetrahydrocorisol (THF), allotetrahydrocortisol (alloTHF), and
tetrahydrocortisone (THE) were measured. Twenty-four-hour urinary excretion of
cortisol and its metabolites were used as measures of endogenous glucocorticoid
production, while (THF + alloTHF)/THE and cortisol/cortisone ratios were used as
reflectors of 113-HSD1 activity. Findings revealed that urinary cortisol and metabolite
excretion were significantly lower (indicating reduced endogenous cortisol synthesis),
while (THF + alloTHF)/THE and cortisol/cortisone ratios were significantly higher
(indicating increased 113-HSD1 activity) in kidney transplant recipients compared with
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healthy controls. Daily doses of prednisolone had significant inverse association with
reduced endogenous cortisol synthesis and significant, positive association with markers
of 11B3-HSD1 activity. Such changes in endogenous GC production and regeneration were
associated with increased risk of mortality in kidney transplant patients even after
adjustment for confounders such as patients” age, gender, estimated glomerular filtration
rate, C-reactive protein, body surface area, and daily doses of prednisolonell?ll. Some
researchers found significant associations between HPA suppression and higher
prevalence of metabolic syndrome and its individual components (central obesity,
dyslipidemia, hypertension, and hyperglycemia) in kidney transplant patients taking
prednisolonel122].

1.8. Gastrointestinal side effects

Gastrointestinal side effects of GCs include peptic ulcers, upper gastrointestinal bleeding,
pancreatitis, diverticular perforation, and colonic malakoplakia (a chronic
granulomatous disease)!123].

Immunosuppressive therapy after solid organ transplantation may change gut
microbiota and be associated with increased rates of overall and infection-related
mortality, rates of all infections including nosocomial infections, duration of infections,
infections complications, rejection rates and graft loss. Some studies tried to differentiate
the effect of different types of immunosuppressive drugs that are used in combination in
SOT patients. Regarding corticosteroids, a study on liver transplanted mice showed that
prednisolone administration reduces the concentration of Bacteroidetes while increases the
concentration of Firmicutes in the feces. In that study, prednisolone in combination with
mycophenolate and tacrolimus increased E. Coli colonization. Serial testing of fecal
samples of kidney transplant recipients revealed that compared to those remaining on
maintenance corticosteroid, patients with early GC withdrawal had numerically, but not
statistically significant, lower Clostridiales and Erysipelotrichales124].

1.9. Dermatologic effects

Cushingoid appearance; facial erythrosis; skin thinning; rosacea and acne that may rarely
progress to nodulocystic transformation; impaired wound healing; purpura after minor
trauma; hirsutism; and striae rubrae are dermatologic side effects of GCs that are usually
dose- and treatment duration dependentl®l.

1.10. Other complications

GCs increase the risk of thrombosis due to endothelial damage and inducing
hypercoaguable state and stasisl®l. Posterior subcapsular cataract and glaucoma are dose-
related ophthalmologic side effects of GCsl¢l. Hernia occurrence is common after liver
transplantation and attributed to several factors, one of them is taking steroid[123l.

A retrospective analysis on surgery complications of 382 patients with metabolic and
bariatric surgery and prior history of SOT showed that while taking GCs are associated
with 2 folds increase in overall morbidity, it was not contributed to morbidities related to
bariatric surgery(126l.
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Pretransplant administration of GCs in patients with idiopathic pulmonary fibrosis may
decrease graft survival after lung transplantation compared with GC-free patients[127].
Although concerns have been arisen regarding airway anastomotic complications after
lung transplantation in patients who were treated with GCs before transplantation, a
retrospective study on 66 double lung transplant recipients (40 were steroid user before
transplantation) showed that early development of airway complications was not
significantly higher in patients who took steroids before lung transplantation. In
addition, in preoperative steroid users the dose of steroid was not associated with the
rate of posttransplant airway complications(128].

2. Drug-drug interactions

GCs are primarily metabolized by CYP450 3A4 isoenzyme and are also substrates for
energy-dependent efflux pump, P-glycoprotein!?? 129l GC metabolism may or may not
be affected by CYP450 3A4 inhibitors such as macrolide antibiotics, azole antifungal
medications, and protease inhibitors. Studies have shown decreased clearance of
methylprednisolone but not prednisolone with co-administration of CYP3A4
inhibitors[130, 1311, CYP450 3A4 inducers (rifampin, carbamazepine, phenobarbital,
phenytoin) can decrease GC’s serum levels!?l. GCs can induce CYP450 3A4/5
isoenzymesl'?’l and therefore, increase the metabolism of CNIs (cyclosporine and
tacrolimus) as the substrates of CYP450 3A4 /51132l Clinical studies showed significant
increase in dose-adjusted tacrolimus blood levels in patients on GC withdrawal regimens
compared with patients taking GC-containing maintenance immunosuppression [132].
Interactions between GCs and tacrolimus are more seen in patients carrying CYP3A5*1
allelel13]. GCs significantly contributes to inter-individual variability of apparent
clearance of oral tacrolimus(’3l. On the other hand, some studies reported that
cyclosporine decreases prednisolone clearance by 25-30% in kidney transplant
patients!!35], while others found no difference in dose-adjusted exposure of prednisolone
when co-administered with cyclosporine or tacrolimus[136l.

Possible need for therapeutic drug monitoring

Prednisolone is a standard component of most immunosuppressive protocols after solid
organ transplantation. Therapeutic drug level monitoring is not usually done for GCs. A
study evaluated the pharmacokinetic characteristics of prednisolone, prednisone, and
also cortisol and cortisone profiles, after treatment with prednisolone in adult kidney
transplant recipients in the early 8-week post-transplant period. Blood samples were
obtained predose and during a 24-hour dose interval. Findings showed that renal
transplant recipients experienced a relatively high prednisolone exposure, in parallel
with strong suppression of endogenous cortisol profile as confirmed by a low evening-
to-morning ratio of cortisol. A significant negative correlation (r = -0.83) between
prednisolone AUC0-24 and morning cortisol concentrations was seen. AUC0-24 of
prednisolone and cortisol varied 3-fold and 18-fold, respectively among patients. These
results reveal large inter-individual variability in both prednisolone exposure and
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suppression of endogenous cortisol that signify a possible need for therapeutic drug
monitoring of GCsl137],

Summary and perspective

GCs have been the mainstay for SOT for decades due to GC’s potent anti-inflammatory
and immunosuppressive effects on the innate immunity and the significant tissue
protective effects of GR on liver, kidney, and heart. In contrast, many of the side effects
of GCs are on the non-target organs/tissues, such as bone, neuromuscular, adipose
tissue, GI tract, and skin. Thus, specific delivery of GCs, via nanoparticles or transporter-
mediated prodrugs, to the target organs of liver, kidney, and/or heart will enhance the
efficacy and decrease the side effects of GCs in SOT. GCs’ side effects are generally
associated with long-term use of high doses of GCs. It is noteworthy that most GCs
activate both GR and MR. Recent studies indicate that some of the side effects of GCs on
the heart, kidney, and adipose tissues may be due to the activation of MR by GCs[138-141],
Therefore, GCs with higher selectivity for GR over MR, such as dexamethasone and
budesonide, may have less side effects in SOT patients[?3 142l Additionally, GCs’
metabolic actions can be modulated by AMP-activated protein kinase (AMPK), a master
regulator of energy metabolism. Activation of AMPK increased the phosphorylation of
GR at Serine-211 and reversed GC-induced hepatic steatosis and suppressed GC-
mediated stimulation of glucose production in rats™3l. Interestingly, impaired AMPK
activity was associated with steatotic graft injury in patients with living donor liver
transplantation!’#4l. Thus, whether AMPK activators can ameliorate the metabolic side
effects of GCs in SOT warrants investigation. In conclusion, approaches that enhance
GC’s GR selectivity, increase target-tissue-specific delivery of GCs, and ameliorate the
metabolic side effects of GCs will increase the efficacy and decrease the side effects of
GCs in SOT.
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